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Background: The interaction between the transactivation domain of p53 with the N-terminal domains of MDM2 and
MDMX is critical for many cell functions.
Results: The binding properties of the two subdomains TAD1 and TAD2 of p53 were studied at atomic detail by NMR,
mutagenesis, and molecular dynamics simulations.
Conclusion: The binding between subdomains TAD1 and TAD2 is competitive.
Significance: Regulation of the MDM2/MDMX interactions can be modulated by both TAD1 and TAD2.

The interaction between the transactivation domain of p53
(p53TAD) and the N-terminal domain of MDM2 and MDMX
plays an essential role for cell function. Mutations in these pro-
teins have been implicated in many forms of cancer. The intrin-
sically disordered p53TAD contains two subdomains, TAD1
and TAD2. Using NMR spectroscopy, site-directed mutagene-
sis, and molecular dynamics simulations, we demonstrate that
TAD2 directly interacts with MDM2, adopting transient struc-
tures that bind to the same hydrophobic pocket of MDM2 as
TAD1. Our data show that binding of TAD1 and TAD2 to
MDM2 is competitive, which is further supported by the obser-
vation that the interaction of TAD2withMDM2 can be blocked
by the small molecule inhibitor nutlin-3. Our data further indi-
cate that TAD2 interacts with MDMX in a fashion very similar
to MDM2. Because TAD2 is known to have transcriptional
activity, the interaction of TAD2 withMDM2/MDMXmay play
a direct role in the inhibition of p53 transactivation.

The tumor suppressor protein p53 is a key transcription fac-
tor that plays an essential role in regulating cell fates (1–3).
Under normal cell cycle progression, p53 is maintained at very
low levels by negative regulatory proteins including MDM2,
MDMX, and various kinases. In response to cellular stresses,
p53 is phosphorylated and up-regulated (4–7). Activated p53
induces the transcription of a variety of target genes leading to
cell growth arrest, senescence, or apoptosis (8, 9). p53 inactiva-
tion is found in almost 50% of human cancers, often caused by
elevated levels of MDM2 or MDMX (10–14). In several inde-

pendent studies it was found that the recovery of p53 antitumor
activity leads to tumor growth inhibition in a broad spectrumof
human cancers (15–17). Understanding the molecular mecha-
nism of complex formation of p53 with MDM2/MDMX is,
therefore, of importance, and it could accelerate the discovery
of antagonistic drugs that prevent inactivation of the p53 tumor
suppression caused by MDM2/MDMX overexpression.
p53 is active as a homo-tetramer formed by four identical

chains of 393 residues each. Each p53 subunit consists of an
N-terminal transactivation domain or TAD3 (residues 1–61)
and a proline-rich region (residues 64–92) followed by a central
DNA binding domain, a short tetramerization domain, and a
C-terminal regulatory domain (Fig. 1A). TAD can be further
divided into two subdomains, TAD1 (residues 1–40) and
TAD2 (residues 41–60). The presence of extended segments in
TAD that are disordered (18, 19) enables the domain to bind to
a range of target proteins including MDM2 (20), MDMX (21,
22), human replication protein A (hRPA70) (23), and the tran-
scriptional coactivator p300/CBP (CREB-binding protein) (24).
MDM2 inhibits p53 activity through direct protein-protein
interaction. In the cytosol MDM2mediates polyubiquitination
of p53 and subsequent degradation in the proteasome, whereas
in the nucleus,MDM2prevents p53 transactivation by blocking
the TAD domain from recruiting transcriptional coactivators
(25–27). It is well established that MDM2 interacts with TAD1
through its N-terminal domain (Fig. 1B). The crystal structure
of theMDM2N-terminal domain complexed with a short pep-
tide of TAD1 revealed that the TAD1 peptide binds to a deep
hydrophobic cleft of MDM2 through a hydrophobic triad con-
sisting of the residues Phe-19, Trp-23, and Leu-26, whereby the
intrinsically partially disordered TAD1 peptide folds into an
amphipathic �-helix in the complex (20).
The crystal structure (20) highlights the hydrophobic nature

of the p53�MDM2 (the � symbol signifies an intermolecular
complex) interaction, which has promoted the development of
a number of antagonistic drug leads such as nutlin-3 (15). The
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N-terminal lid ofMDM2 (Fig. 1C), which is unobservable in the
MDM2�p53 crystal structure, self-associates with the p53 bind-
ing cleft in the apo state but is disposed away from the hydro-
phobic pocket in theMDM2�p53 complex (28, 29). By contrast,
binding to nutlin-3 still allows the lid to associate with the
pocketwith direct implications for drug design and lead screen-
ing (29).
The TAD2 domain of p53, whose amino acid sequence suc-

ceeds the one of TAD1 (Fig. 1B), has been shown to activate
various p53 response genes and induce apoptosis (30). Hence,
transcriptional activity of TAD2 in the nucleus must be sub-
jected to a regulatory mechanism. The potential interaction
between TAD2 andMDM2has been previously investigated by
NMR titration experiments, and an extended binding region of
p53TAD that includes both TAD1 and TAD2 has been impli-
cated (24). However, the disappearance of the resonances of
both the TAD1 and TAD2 subdomains in the bound state pre-
vented any detailed characterization of the p53TAD�MDM2
complex (24). In addition, the disordered TAD domain so far
has rendered it inaccessible to structure determination by
x-ray crystallography. A structural model has been proposed
on the basis of transferred NOE data in combination of
molecular docking, which suggested that the isolated TAD2
peptide comprising residues 49–54 of p53 binds to MDM2
and forms a well-folded helical turn structure (31). However,
it remains unknown how the TAD2 region in full-length
p53TAD interacts with MDM2 and how this interaction
relates to TAD1 binding. Therefore, despite of the functional
importance of both p53 transactivation subdomains TAD1
and TAD2, the mechanism for the formation and stabiliza-
tion of the complex between p53TAD and MDM2 remains
unclear.
Here, we report the characterization of the structural

dynamics of full-length p53TAD and its interaction with
MDM2 at atomistic detail. Our NMR and molecular dynamics
simulation data in combination with mutational analysis show
thatTAD2preferentially interactswith the hydrophobic cleft of
MDM2 in a manner that is competitive with TAD1 binding
without undergoing a significant change in its structural pro-
pensity. Our results provide a comprehensive structural-dy-
namic view of the full-length p53TAD in its interaction with
MDM2 as well as MDMX with important implications for the
function of this intrinsically disordered transactivation domain
of p53.

EXPERIMENTAL PROCEDURES

Sample Preparation—The DNA fragment corresponding to
residues 1–73 of the p53 transactivation domain was PCR-am-
plified from an EST clone (access number BU157354) and
cloned into the cloning vector pTBGST, which encodes a
N-terminal His6 tag with a tobacco etch virus recognition site
upstream of the cloning site. The primers for generating the
TAD1 mutations were purchased from Integrated DNA Tech-
nologies (IDT). Wild-type p53TAD and its mutants as well as
MDM2 were expressed and purified as previously described
(29). The TAD1 peptide consisting of p53 residues 17–29 was
prepared as previously described (29). The purified TAD2 pep-
tide corresponding to residues 40–57 of p53TAD was pur-

chased from Neo Group, Inc. The DNA fragment correspond-
ing to residues 14–111 of MDMX was PCR-amplified from an
EST clone (access number BC067299.1) and cloned into the
cloning vector pTBGST. The C17Smutation was introduced to
avoid protein purification problems due to low protein stability
as this mutation does not affect the ligand binding behavior of
MDMX (32, 33).
NMR Experiments—Purified proteins were concentrated

using an Amicon Ultra centrifugal filter device (Millipore) and
buffer exchanged to 50mMpH7.0HEPES that contains 100mM

NaCl, 5 mMDTT, and 0.05% (w/v) NaN3. The concentration of
the apop53TAD and its mutants were 300 �M, and the bound
samples contained 250 �M p53TAD and 300 �MMDM2. NMR
experimentswere conducted at 25 °C on aBrukerAvance II 800
MHz spectrometer equipped with a cryogenic TCI probe.
Standard triple resonance experiments were performed to
obtain the resonance assignments. The backbone T1, T1�, and
heteronuclear NOE experiments were performed as previously
described (29). All spectra were processed using NMRPipe (34)
and analyzed byNMRViewJ (35). Secondary structural propen-
sity (SSP) scores were calculated as described by Marsh et al.
(36). The dissociation constants between p53TAD F19A/
W23A and MDM2/MDMX were obtained by fitting of 1H and
15N chemical shift changes as a function of ligand concentra-
tion to a two-site binding model.
Molecular Dynamics Simulations—MD simulations of the

TAD2 domain (residues Met-40 to Asp-57) were performed at
330 K using the GROMACS software package Version 4.5.3
(37) with the TIP3P explicit watermodel and the Amber ff99SB
force field (38). As the initial state, the TAD2 peptide in an
extended conformation was placed near the hydrophobic
pocket of MDM2 followed by standard equilibration proce-
dures (39). Two independent 1-�s simulations were performed
with different starting peptide orientations.

RESULTS

MDM2 Binding Modulates NMR Resonances of Both p53
Transactivation Subdomains—To characterize the interaction
between full-length p53TAD and MDM2, a construct consist-
ing of theN-terminal 73 residues of p53 was used here, which is
known to be sufficient to activate transcription (40). The
1H,15NHSQC spectrumof apop53TAD (Fig. 1D) shows limited
dispersion of the resonances in both the 1HN and the 15N
dimensions, characteristic for an intrinsically disordered pro-
tein. Binding to MDM2 led to the disappearance of the cross-
peaks of 15 consecutive non-proline residues between Glu-17
to Leu-32, which constitute the binding interface of TAD1,
consistent with previous studies (24, 31). Importantly, for the
first time NMR signals belonging to TAD2 in the MDM2-
bound state could be observed asweak cross-peaks (Fig. 1D). As
shown in Fig. 2F, the average cross-peak intensities for these
TAD2 residues in the bound state are �20–30% of those in the
apo state at the same p53TAD concentration.
To investigate this binding process in more detail, an HSQC

titration experiment was performed by incrementally adding
non-labeled MDM2 to 15N-labeled p53TAD. The results show
that p53TAD residues located in the two termini, i.e. residues
Glu-2 to Glu-11 and residues Glu-56 to Val-73, experienced
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very little change both in terms of peak positions and peak
intensities. By contrast, resonances of residues Leu-14 to
Thr-55 in the free state gradually diminished with increasing
MDM2 concentrations without changing their positions. In
addition, a new set of peaks corresponding to the MDM2-
bound state became resolved for residues Ser-33 to Thr-55 that
encompasses most of the TAD2 subdomain as well as residues
Leu-14 to Gln-16 (Fig. 1D). These results suggest the presence
of a slow conformational exchange between the free state of
p53TAD and p53TAD�MDM2 with lifetimes of the order of
hundreds of milliseconds or slower.
Interestingly, bound-state resonances Glu-17 to Leu-32 of

TAD1 residues, which dominate the p53TAD�MDM2 interac-
tion, were too weak to be observed during the entire titration.
The severe line-broadening upon MDM2 binding by far
exceeds what is expected from a slowdown of overall rotational
diffusion due to the volume increase of the p53TAD�MDM2
complex compared with apop53TAD. Moreover, the line

widths of the resonances in 15N-MDM2were only little affected
by complex formation with TAD (see supplemental Fig. S1A),
and for the TAD1 peptide (i.e. in the absence of TAD2), the
TAD1 cross-peaks only underwent moderate broadening upon
binding to MDM2 supplemental Fig. S1B). Taken together,
these results show that TAD2 directly interferes with TAD1
binding in the p53TAD�MDM2 complex, inducing conforma-
tional exchange that leads to the broadening of the TAD1 res-
onances beyond detection. Although it is quite possible that in
the bound state the TAD1 region adopts predominantly the
type of helical structure exhibited by TAD1 peptide�MDM2 in
the x-ray crystal structure (20), TAD1 in p53TAD�MDM2must
experience significant conformational exchange between two
or more alternative structures.
TAD2 of p53TAD Interacts Directly with MDM2—To

address whether the TAD2 resonance changes are caused
merely by a tethering effect due to their vicinity to TAD1, a
mutational study was conducted. For this purpose the mutant

FIGURE 1. A, shown is the domain structure of p53. B, shown is sequence alignment of the two transactivation subdomains of p53. C, shown are the primary
sequence and a schematic representation of the secondary structural elements of the N-terminal domain of MDM2. D, shown are 1H,15N HSQC spectra of
p53TAD in the absence (red) and presence of MDM2 (blue). The concentration of apop53TAD was 300 �M, and the MDM2 bound state of p53TAD contained 250
�M p53TAD and 300 �M MDM2.
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p53TAD F19A/W23Awasmade to disrupt binding of TAD1 to
MDM2. Although wild-type TAD1 binds to the deep hydro-
phobic cleft of MDM2 with its hydrophobic amino acid triad
Phe-19, Trp-23, and Leu-26, which form the primary driving
force of the TAD1�MDM2 interaction (20), the double-point
mutation of Phe-19 and Trp-23 to alanines completely abol-
ished the interaction between TAD1 and MDM2 as was mani-
fested by large peak intensities of F19A, W23A, and other
TAD1 residues in the MDM2-bound form, which is in sharp
contrast to wild-type p53TAD�MDM2 (Fig. 2F). In fact, the
TAD1 cross-peak intensities were comparable to those of
apop53TAD, and their positions are almost unchanged upon
the addition ofMDM2 (Fig. 2,E and F). At the same time, TAD2
residues experienced peak intensity attenuations and chemical
shift perturbations, providing clear evidence that TAD2
directly interacts with MDM2 (Fig. 2, E and F). In addition,
TAD2 in the double-point mutant showed similar chemical
shift perturbations upon MDM2 binding as in wild-type
p53TAD (Fig. 2E), suggesting that TAD1 binding only weakly
affects the average TAD2 conformational ensemble in the

MDM2-bound state. This finding is further corroborated by
secondary chemical shift and SSP analysis (36) (see supplemen-
tal Fig. S2, A and B). Titration of non-labeled MDM2 to 15N-
p53TAD F19A/W23A causes the TAD2 residues to gradually
move from their positions in the free state to their positions in
the bound state, suggesting that the free and the bound forms
undergo exchange that is fast on the chemical shift timescale, a
behavior that is often accompanied by relatively low binding
affinity.
To further probe the interaction of TAD2 with MDM2, we

studied the interaction betweenMDM2 and the isolated TAD2
peptide that corresponds to TAD2 residues Met-40 to Asp-57.
The addition of the TAD2 peptide induced very similar chem-
ical shift perturbations in MDM2 as the p53TAD F19A/W23A
double-point mutant (data not shown). Therefore, the chemi-
cal shift perturbations observed in the TAD2 subdomain in
wild-type p53TAD are not secondary effects of residual TAD1
binding. They provide unambiguous evidence for the presence
of direct interactions between TAD2 andMDM2 as an alterna-
tive binding mode to TAD1�MDM2.

FIGURE 2. A, 13C ��C�-��C� secondary shifts for the apop53TAD (red) and p53TAD�MDM2 (blue) are shown. Positive numbers indicate �-helical structure, and
negative values suggest �-strand structural propensity. B, shown are 13C ��C�-��C� secondary shifts for the apop53TAD F19A/W23A (green) and p53TAD
F19A/W23A�MDM2 (black). C, shown is an SSP (Marsh et al. (36) analysis of apop53TAD (red) and p53TAD�MDM2 (blue). Positive SSP indicates propensity to form
�-helical structure, and negative SSP suggests�-strand structure. D, shown is a SSP analysis of apop53TAD F19A/W23A (green) and p53TAD F19A/W23A�MDM2 (black).
E, shown are chemical shift perturbations induced by MDM2 binding �� � �(��HN

2 � (0.15��N)2). p53TAD WT is in magenta; p53TAD F19A/W23A is in dark green).
F, experimental peak intensity ratios (Ibound/Iapo) for p53TAD WT (magenta) and p53TAD F19A/W23A (green) after and before the addition of MDM2.
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TAD2 and the Two Termini Remain Significantly Disordered
in the MDM2-bound State—Binding of p53TAD to other pro-
teins often accompanies considerable structural change of
those residues that directly participate in the interaction (20,
23, 41, 42). To gain insight into the global and local structural
changes of p53TAD in response toMDM2 binding, 13C�, 13C�,
and 13CO chemical shifts were determined for p53TAD in both
the apo state and theMDM2-bound state.��C�-��C� second-
ary chemical shifts and SSP analysis (36) both indicated that
apop53TAD is largely unfolded, whereas the TAD1 subdomain
adopts a nascent helical structure (Fig. 2, A and C), in agree-
ment with a previous NMR residual dipolar coupling study of
apop53TAD (43). In addition, two small segments in TAD2,
corresponding to residues 40–44 and residues 48–52, showed
residual propensity for helical structure. Upon binding to
MDM2, the observable residues of TAD, including those resi-
dues corresponding to TAD2 and the two termini, displayed
very little change in their secondary structure (Fig. 2, A and C).
Although the secondary structure remained unaffected,

TAD2 residues 41–55 exhibited moderately strong amide 1HN

and 15N chemical shift perturbations upon MDM2 binding,
with an average change of 0.08 ppm (Fig. 2E). Moreover, the
average intensity for TAD2 residues was only about 20–30%
that in the bound state compared with the apo state (Fig. 2F).
When taking into consideration that under the present exper-
imental conditions p53TADpredominantly exists in the bound
state according to its submicromolar dissociation constant Kd
(19, 24), these findings are indicative of the presence of a heter-
ogeneous distribution of bound TAD2 conformations that are
in medium-fast exchange. This picture was further corrobo-
rated by the microsecond MD simulation during which TAD2
sampled a broad distribution of poses (see Fig. 4). Although the
microsecondMD trajectory is too short for full equilibration, it
qualitatively illustrates the dynamic nature of TAD2 while
interactingwithMDM2. Finally, 13C�, 13C�, and 13COchemical
shifts for the p53TAD F19A/W23A double-point mutant in
both the free and the bound forms were measured. The double
mutations slightly increase the helicity of the neighboring res-
idues of the mutation sites, but the secondary structural pro-
pensity of TAD2 remained essentially unaffected; the average
observed ��C�-��C� secondary chemical shift was 0.342 ppm
for TAD2 residues 41–52 in the bound form, whereas the aver-
age value for the same segment was 0.336 ppm in the apo state.
According to a Kd of 119 �M determined by NMR titration
experiments (see “Experimental Procedures”), �50% of the
p53TAD double-point mutant populated the MDM2-bound
state under the experimental conditions of Fig. 2E (because of
limited solubility of MDM2 at concentrations of �300 �M (44,
45), this percentage cannot be easily increased). Due to fast
exchange, the observed secondary chemical shifts (Fig. 2B)
were population-weighted averages of the secondary chemical
shifts between the bound and the free states. Therefore, the
secondary chemical shifts of the fully bound state were esti-
mated by scaling up the secondary shifts of the MDM2-bound
state of p53TAD F19A/W23A by a factor of 2 (supplemental
Fig. S2C). The resulting shifts are very similar to those in the
free state, indicating minimal secondary structural changes
upon binding.

TAD2Binds to the Hydrophobic Cleft ofMDM2 andNutlin-3
Antagonizes the Interaction—An HSQC titration experiment
was performed by adding unlabeled p53TAD F19A/W23A in a
stepwise fashion to 15N-labeledMDM2 to determine the TAD2
binding interface of MDM2. A cluster of significant changes in
the amide chemical shifts was found in the N-terminal lid of
MDM2 aswell as helices�2 and�2� and strand�2� that formed
the large hydrophobic cleft (Fig. 3, A–C). Interestingly, this is
the same cleft that binds the isolated TAD1 peptide (20).
Because nutlin-3 antagonistically blocks the interaction
betweenMDM2 and the isolated TAD1 peptide (15), we tested
whether nutlin-3 can also inhibit the TAD2�MDM2 interaction
by recording an HSQC spectrum with 1 mM of nutlin-3 added
to the p53TAD F19A/W23A�MDM2 complex. Remarkably, in
the presence of nutlin-3 the spectrum closely resembles that of
free p53TAD F19A/W23A (see supplemental Fig. S3, A and B),
indicating that nutlin-3 effectively blocks the interaction
between TAD2 and MDM2. Because x-ray crystal structural
data showed that nutlin-3 specifically binds to the hydrophobic
cleft of MDM2 (15), its disruption of the binding of TAD2 sug-
gests that the hydrophobic cleft is also the binding site for
TAD2.
In apoMDM2 the N-terminal lid self-associates with the

hydrophobic cleft and thereby plays a regulatory role in ligand
binding (29). To probe the lid structure in the TAD2�MDM2
complex, the amide chemical shifts of the lid residues were
examined. SeveralMDM2 lid residues, including Ile-19, Ala-21,
and Ser-22, display substantial changes in peak position in the
TAD2-bound form, trending clearly toward the TAD1-bound
state resonances where the lid moves freely and is fully exposed
to the water solvent (supplemental Fig. S3, C–E). The shift of
the lid resonances toward the open state suggests that TAD2
significantly destabilizes self-association between the lid and
the cleft.
Competitive Binding—When bound to MDM2, the TAD2

motif in full-length p53 has a very weak helical propensity,
which only slightly exceeds that of apoTAD2. Nonetheless, this
subdomain exhibited substantially slower overall backbone
dynamics in the bound state than in the apo state (supplemental
Fig. S2, D and E), indicating that TAD2 is an active participant
in p53�MDM2 interaction. Abolishment of the TAD1�MDM2
interaction in the p53TADdouble-pointmutant led to a further
decrease of the resonance intensities of TAD2 residues (supple-
mental Fig. S2, D and E), suggesting tighter coupling between
TAD2 and MDM2 in the absence of TAD1 binding. Taken
together our data support a competitiveMDM2 bindingmech-
anism between the TAD1 and TAD2 subdomains to the hydro-
phobic cleft of MDM2: (i) interaction of both TAD1 and TAD2
regions with MDM2 can be inhibited by nutlin-3; (ii) the pres-
ence of the TAD1-peptide directly competes with p53TAD
F19A/W23A binding to MDM2, leading to the complete dis-
ruption of the p53TAD F19A/W23A�MDM2 interaction
shown in Fig. 4; (iii) competitive binding also works the other
way around (supplemental Fig. S4), where the addition ofTAD2
peptide disrupts the association ofMDM2with the TAD1 pep-
tide (17–29). Isothermal calorimetry measurements yielded for
MDM2�p53TAD andMDM2�TAD1 Kd values of 0.077 � 0.006
and 0.44 � 0.1 �M, respectively, which are consistent with
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results reported previously (24). Although the strengthening of
binding is consistent with a competitive binding mechanism
(see the supplemental binding polynomial analysis), the
observed quantitative increase of binding affinity suggests, in
addition, the presence of some degree of binding cooperativity
between TAD1 and TAD2, i.e. when either one of the TAD
domains is bound, the other domain interacts favorably with
MDM2.
TAD2 of p53TAD Interacts withMDMX in a SimilarManner

to MDM2—The MDM2 homologue MDMX cooperatively
interacts withMDM2 and impedes p53-induced tumor growth
inhibition (46, 47). Concomitant targeting of both MDM2 and
MDMX interactionswith p53 is necessary for the full activation
of p53 activity (48–51). NMR titration experiments of 15N-
labeled p53TAD with non-labeled MDMX showed a similar
behavior as in the case of MDM2. Although the bound state
resonances Glu-17–Leu-32 of TAD1, which dominate the
interactionwithMDMX,were tooweak to be observed, bound-
state resonances of TAD2 residues gradually emerged at new
peak positions with increasing MDMX concentration, charac-
teristic of slow exchange. In comparison, titration ofMDMX to
the double-point mutant p53TAD-F19A/W23A induced con-
tinuous changes of peak positions, characteristic of fast
exchange confirming the weak but direct interaction between
the TAD2 motif and MDMX. The binding affinity between
TAD2 and MDMX was determined at Kd � 52 �M by NMR
titration experiments, which corresponds tomore than a 2-fold
increase in binding affinity over MDM2 (Fig. 5).

DISCUSSION

Intrinsic disorder is a common structural motif in proteins
that play central roles in signal transduction networks (52). The
transactivation domains of transcriptional activators such as
p53TAD are capable of binding to diverse target proteins with
high specificity. As a typical molecular recognition motif (53),
binding of p53TAD to partner proteins often accompanies dis-
order-to-order transitions in partially populated helical struc-
tural segments. Regions in the TAD2 subdomain fold into an
�-helical structure upon binding to the replication protein A
(hRPA70) (23) and to the Tfb1 subunit of the yeast TFIIH (41).
Synergistic binding between both p53 transactivation sub-
domains and partner proteins has been found in the interaction
between p53TAD and four individual domains of transcription
factor p300 (24). A recent NMR structure revealed that TAD1
andTAD2 simultaneously bind to the nuclear coactivator bind-
ing domain (NCBD) ofCREB-binding protein (CBP) and forma
pair of�-helices inwhichTAD2dominates the interactionwith
NCBD with a Kd of 13.6 �M (42). Our data for p53TAD�
MDM2 binding suggest that both TAD1 and TAD2 sub-
domains actively participate in the interactionwithMDM2, but
TAD2 does not show a pronounced binding-induced folding
behavior. This differs from the previously reported formation
of a helical turn by isolated TAD2 peptide when bound to
MDM2 (31). Our results highlight the relevance of studying the
intact full-length p53 domain for elucidating the binding
behavior of its subdomains with the MDM2 binding partner.

FIGURE 3. A, chemical shift perturbations of MDM2 induced by p53TAD WT binding (blue) and p53TAD F19A/W23A binding (red) are shown. ��NH � �(��H
2 �

(0.15��N)2). Mapping of chemical shift changes (ppm) of MDM2 upon p53TAD F19A/W23A binding (B) and p53TAD WT binding (C) on the surface of MDM2
(using PDB 1YCR as template) is shown. The largest chemical shift changes are clustered around the hydrophobic cleft.
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It has been recognized that for intrinsically disordered pro-
teins involved in regulatory functions in the cell, binding to
their receptors is often accompanied by disorder-to-order tran-
sitions of various degrees (54–57). In an alternative mecha-
nism, sequence motifs may bind to a modular binding domain
via extended conformations (58).Multiple bindingmodes asso-
ciated with disordered proteins allow for highly dynamic com-
plex structures, including the interaction between CFTR regu-

latory region and nucleotide binding domain (NBD1) as well as
the interaction between the yeast cyclin-dependent kinase
inhibitor Sic1 and its cognate receptor Cdc4 (59, 60). The quan-
titative atomic-detail data presented here further adds to the
understanding of the rich structural-dynamic behavior dis-
played by ensembles of intrinsically disordered proteins
involved in protein-protein interactions.

FIGURE 4. A, evidence for competitive binding between TAD2 and TAD1 is
shown. Superimposed 1H,15N HSQC spectra of 15N-p53TAD F19AW23A (150
�M): apostate (green) in the presence of 160 �M unlabeled MDM2 (black) and
in the presence of 160 �M unlabeled MDM2 and 200 �M unlabeled TAD1-
peptide (residues 17–29; orange). B, shown is a model of competitive binding
dynamics between the two transactivation subdomains TAD1 and TAD2 of
p53 to MDM2. When interacting with the hydrophobic cleft of MDM2, the
TAD2 subdomain adopts a wide range of transient structures, including hel-
ical conformers, which undergo fast exchange on the NMR chemical shift
time scale. The MDM2�TAD2 structures shown represent snapshots selected
from two 1-�s MD trajectories in explicit solvent.

FIGURE 5. TAD2�MDMX interaction. A, amide chemical shift perturbations of
p53TAD WT (magenta) and p53TAD-F19AW23A (green) induced by MDMX
binding; �� � �(��HN

2 � (0.15��N)2). B, the calculated peak intensity ratios
(Ibound/Iapo) for p53TAD WT (magenta) and p53TAD F19A/W23A (green) after
the addition of MDMX are shown. C, fitting of the titration data using 15N-
MDMX and non-labeled TAD mutant is shown. The red curve indicates the
population of the bound state of MDMX, and blue curve represents the free
state of MDMX. The fitted Kd is 52 �M.
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Previously reported apoptotic and transcriptional activities
of both p53(�1–42) and p53 L22Q/W23S mutants further
underlined the importance of the TAD2 transactivation sub-
domain in mediating the cell cycle (30). TAD mutations asso-
ciated with transactivation deficiency, including L22Q/W23S
and W53Q/F54S double-point mutants, were found to signifi-
cantly weaken the binding of p53TAD to MDM2 or transcrip-
tion coactivator p300 (24), respectively, thus demonstrating the
determinant role of protein-protein interactions in p53 tran-
scription activity. Despite the fact that the transcriptional activ-
ity of TAD2 has been established, this subdomain has evaded
structural investigation by crystallographic methods, presum-
ably due to its disordered nature. The poor solution stability of
MDM2 as well as the reduction of TAD2 resonance intensities
also limited direct characterization of TAD2�MDM2 interac-
tion by NMR. Our optimized conditions for MDM2 stability at
300 �M enabled the discovery of a competitive MDM2 binding
mode between the TAD1 and TAD2 subdomains, reported
here for the first time with a similar mode observed for interac-
tions between p53 and MDMX. This result has direct implica-
tions for the observed linkage between TAD2 mutations and
p53 transcription deficiency. In particular, the effect of
TAD2�MDM2 associationmay be quite pronounced in the case
of MDM2 overexpression in cancer cells, considering that the
high level of MDM2 will prevent the TAD subdomain from
recruiting transcriptional activators in the nucleus and hence
prohibit p53 transactivation.Our studies underscore the signif-
icance of the simultaneous inhibition of the MDM2/MDMX
interactions with both TAD1 and TAD2 subdomains of p53.
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