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Background: Interactions between p53 and Bcl-2 family proteins serve a critical role in transcription-independent p53
apoptosis.
Results: We studied the interactions of p53TAD2 with anti-apoptotic Bcl-2 family proteins at the atomic level by NMR,
mutagenesis, and structure calculation.
Conclusion: Bcl-XL/Bcl-2, MDM2, and CBP/p300 share similar modes of binding to the dual p53TAD motifs.
Significance:Dual-site interaction of p53TAD is a highly conserved mechanism in the transcription-dependent and transcrip-
tion-independent p53 apoptotic pathways.

Molecular interactions between the tumor suppressor p53
and the anti-apoptotic Bcl-2 family proteins play an important
role in the transcription-independent apoptosis of p53. The p53
transactivation domain (p53TAD) contains two conserved
�XX��motifs (� indicates a bulky hydrophobic residue andX
is any other residue) referred to as p53TAD1 (residues 15–29)
and p53TAD2 (residues 39–57). We previously showed that
p53TAD1 can act as a binding motif for anti-apoptotic Bcl-2
family proteins. In this study, we have identified p53TAD2 as a
binding motif for anti-apoptotic Bcl-2 family proteins by using
NMR spectroscopy, and we calculated the structures of Bcl-XL/
Bcl-2 in complex with the p53TAD2 peptide. NMR chemical
shift perturbation data showed that p53TAD2 peptide binds to
diverse members of the anti-apoptotic Bcl-2 family independ-
ently of p53TAD1, and the binding between p53TAD2 and
p53TAD1 to Bcl-XL is competitive. Refined structuralmodels of
the Bcl-XL�p53TAD2 and Bcl-2�p53TAD2 complexes showed
that the binding sites occupied by p53TAD2 in Bcl-XL and Bcl-2
overlap well with those occupied by pro-apoptotic BH3 pep-
tides. Taken togetherwith themutagenesis, isothermal titration
calorimetry, and paramagnetic relaxation enhancement data,
our structural comparisons provided the structural basis of
p53TAD2-mediated interaction with the anti-apoptotic pro-
teins, revealing that Bcl-XL/Bcl-2, MDM2, and cAMP-response
element-binding protein-binding protein/p300 share highly
similar modes of binding to the dual p53TADmotifs, p53TAD1
and p53TAD2. In conclusion, our results suggest that the dual-
site interaction of p53TAD is a highly conserved mechanism

underlying target protein binding in the transcription-depen-
dent and transcription-independent apoptotic pathways of p53.

The tumor suppressor p53 induces apoptosis and cell cycle
arrest in response to a variety of cellular stresses such as DNA
damage, hypoxia, oncogene expression, and viral infection
(1–3). Under normal conditions, a balanced cellular level of p53
is maintained by its negative regulator, mouse double minute 2
(MDM2).3 Furthermore, the function of p53 has been shown to
be defective inmore than 50% of human cancers (4). Therefore,
restoring the wild-type p53 and/or blocking the p53/MDM2
interactions are attractive strategies for cancer therapy, because
both could result in a homeostasis of the wild-type p53 func-
tioning in cancer cells. p53 consists of a transactivation domain
(TAD), proline-rich domain, DNA-binding domain (DBD),
oligomerization domain, and C-terminal domain. The p53
transactivation domain (p53TAD) consists of N-subdomain
(residues 1–40) and C-subdomain (residues 41–61) with inde-
pendent transactivation activities (5). Each of the subdomains
contains a positionally conserved�XX��motif (where� indi-
cates a bulky hydrophobic residue and X is any other residue)
referred to as p53TAD1 (residues 15–29) or p53TAD2 (resi-
dues 39–57) (Fig. 1A). Interactions of p53TAD with compo-
nents of the basal transcriptional machinery are neutralized by
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the N-terminal domain of MDM2. Therefore, neutralization of
MDM2 could be inhibited by p53TADmimetic compounds for
cancer treatment. In particular, the�-helical structural element
observed in the 15-residue p53TAD1 peptide, which binds to
the N-terminal domain of MDM2 (6), has served as a useful
structural template for designing novel MDM2 antagonists as
anti-cancer agents.
Although previous studies have extensively focused on tran-

scription-dependent apoptotic regulation of p53, evidence for a
transcription-independentmechanism of p53 has accumulated
in recent years (7–11). Mihara et al. (11) reported that p53
exerts a direct apoptogenic role at the mitochondria. In
response to apoptotic stimuli, p53 rapidly translocates to the
mitochondria and induces apoptosis in the absence of tran-
scriptional activity of p53. This transcription-independent apo-
ptosis of p53 is mediated through its interactions with anti-
apoptotic as well as pro-apoptotic B-cell lymphoma 2 (Bcl-2)
family proteins at themitochondria. For example, p53 has been
shown to bind to the anti-apoptotic Bcl-XL andBcl-2, leading to
the formation of membrane pores by pro-apoptotic Bak/Bax at
the outer mitochondrial membrane, resulting in the subse-
quent release of cytochrome c from the mitochondria into the
cytosol (12).
The Bcl-2 protein family plays a critical role in the regulation

of apoptosis by controlling the permeability of the outer mito-
chondrial membrane and thus cytochrome c release (8, 10, 11).
This family of proteins is classified into anti-apoptotic and pro-
apoptotic subfamilies based on the modular structure of Bcl-2
homology (BH) domains. It maintains the balance between cell
death and survival through interactions between anti-apoptotic
and pro-apoptotic Bcl-2 family members. The anti-apoptotic
Bcl-2 protein family members Bcl-XL and Bcl-2 were the first
known molecular targets of mitochondrial p53. Interaction of
p53 with these proteins is important, because it links transcrip-
tion-independent apoptosis of p53 to the mitochondrial apo-
ptotic pathway. However, detailed molecular mechanisms
underlying interactions between p53 and the anti-apoptotic
Bcl-2 protein family are still unclear. Interactions of p53 with
Bcl-XL andBcl-2 have been observed at the cellular level (11),
and p53DBD was initially proposed to be the binding site for
Bcl-XL and Bcl-2 (12–14). However, Chipuk et al. (15) showed
that the p53 N-terminal domain (p53NTD) encompassing
p53TAD as well as the p53 proline-rich domain (p53PR) is both
necessary and sufficient to trigger a transcription-independent
apoptosis. Furthermore, the caspase-cleaved N-terminal frag-
ment of p53 (residues 1–186), which encompasses p53NTD,
induces a transcription-independent apoptosis by p53 (16).
These findings raise the possibility that p53NTDalone, without
p53DBD, can bind to members of the anti-apoptotic Bcl-2 pro-
tein family and mediate a transcription-independent apoptosis
outside the nucleus. Recently, we showed that the first�XX��
motif, p53TAD1, interacts with various members of the anti-
apoptotic Bcl-2 protein family, which shares a similar mode of
binding with MDM2 (17–20).
In this study, we have conducted structural studies to exam-

ine molecular interactions between the second �XX�� motif
and multiple anti-apoptotic Bcl-2 family members, by using
NMR spectroscopy. Our data supported a novel conserved bio-

logical role by the p53TAD2 motif in the transcription-inde-
pendent mechanism of p53 in coordination with the anti-apo-
ptotic Bcl-2 family proteins. Here, we demonstrated that the
�-helical p53TAD2 motif binds to hydrophobic pro-apoptotic
BH3 peptide-binding grooves in Bcl-XL and Bcl-2 in an analo-
gous manner to that of pro-apoptotic BH3 peptides. Based on
our data, we propose amodel that the dual-site interaction pat-
terns of p53TAD with the anti-apoptotic Bcl-2 family proteins
in the transcription-independent p53 apoptotic pathway
closely mimic interactions of p53TAD with MDM2 or cAMP-
response element-binding protein-binding protein (CBP)/p300
in the transcription-dependent p53 apoptotic pathway.

EXPERIMENTAL PROCEDURES

Protein Purification and Peptide Synthesis—Truncated
Bcl-XL (18), Bcl-2 (21), and Bcl-w(1–157) (22) were expressed
and purified for NMR experiments as reported previously.
Wild-type p53TAD2 (residues 39–57), its mutant peptides
(D49A, I50K, E51K, W53A, and F54A), and N-terminal Cys-
attached p53TAD2 peptide were chemically synthesized and
purified by Peptron Inc. as described previously (18).
NMR Spectroscopy—All NMR data were acquired on Bruker

Avance II 800 and 900 spectrometers equipped with a cryo-
genic probe at Korea Basic Science Institute. The two-dimen-
sional 15N-1H HSQC spectra of anti-apoptotic Bcl-2 protein
family members (Bcl-XL, Bcl-2, and Bcl-w) were obtained at
25 °C in the absence or presence of p53TAD2 peptide. The
NMR samples composed of 90% H2O, 10% D2O were prepared
in 20 mM sodium phosphate (pH 6.5), 150 mM NaCl, and 1 mM

DTT for Bcl-XL, 20 mM Tris-HCl (pH 7.8), and 5 mM DTT for
Bcl-2 and 20 mM sodium phosphate (pH 7.3), 50 mM NaCl, 0.5
mM EDTA, and 3 mM DTT for Bcl-w. For chemical shift per-
turbation experiments for the anti-apoptotic Bcl-2 family pro-
teins, aliquots of concentrated p53TAD2peptide stock solution
were added to the 15N-labeled Bcl-2 family proteins during
titration, and two-dimensional 1H-15NHSQC spectrawere col-
lected at 25 °C (for Bcl-XL and Bcl-2) or 30 °C (for Bcl-w). All
NMR data were processed and analyzed using nmrPipe/
nmrDraw and SPARKY software.
Binding Affinity Measurement by NMR Titration—To mea-

sure the binding affinity of p53TAD2 to Bcl-XL, binding curves
were obtained from a two-dimensional 1H-15NHSQC titration
of 15N-labeled Bcl-XLwith p53TAD2 peptide.Weighted chem-
ical shift perturbations were calculated using the equation
�CS � ((�1H)2 � 0.2(�15N)2)0.5, in which �1H and �15N rep-
resent the chemical shift changes on the 1H and 15N dimen-
sions. Chemical shift values were calculated by averaging the
weighted individual chemical shifts of the three residues, Ala-
93, Ala-142, and Arg-165, located in close proximity to the
binding groove. Resultant binding curves were fitted to a single
site binding model using nonlinear least squares method. The
dissociation constant was obtained by averaging the Kd values
of the three residues, which was calculated by fitting the bind-
ing curve of each residue.
Isothermal TitrationCalorimetry (ITC)—ITCmeasurements

were performed at 25 °C in a buffer containing 20 mM sodium
phosphate (pH 6.5) and 50 mM NaCl, using an Auto-iTC200
Microcalorimeter at Korea Basic Science Institute, p53TAD2
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peptide was titrated into the calorimeter cell containing 1 mM

Bcl-XL using 2-�l injections. The data were analyzed using the
MicroCal OriginTM software.
Resonance Assignment of p53TAD2 Peptide Bound to Bcl-XL—

To analyze the structure of the p53TAD2 peptide bound to
Bcl-XL, homonuclear two-dimensional 1H-1H NOESY and
total correlation spectroscopy (TOCSY) experiments of 1 mM

p53TAD2 peptide were conducted at 10 °C in the presence of
0.1mMBcl-XL.Mixing times of 65ms for TOCSY and 100–200
ms for transferredNOESYwere used to record data. Resonance
assignment of the p53TAD2 peptide was manually performed
according to a standard assignment protocol usingNOESY and
TOCSY spectra. The TOCSY spectrum was used to identify
individual spin systems of amino acids, and the NOESY spec-
trum was then used to link these systems to amino acids in the
peptide sequence.
Paramagnetic Relaxation Enhancement (PRE) Experiments—

Spin labeling at an N-terminal cysteine residue of Cys-
p53TAD2 peptide was conducted using methane thiosulfonate
(MTSL) (Toronto Research Chemicals, Toronto, Canada) (23).
The Cys-p53TAD2 peptides were incubated with MTSL for
16 h at 4 °C in nonreducing buffer, and excess MTSL was
removed by passage over a Sephadex G-10 column (Amersham
Biosciences) pre-equilibrated in NMR sample buffer (20 mM

sodium phosphate (pH 6.5), 150 mM NaCl) without DTT. The
reduced compound was generated by incubation with 1.5 mM

ascorbic acid for 1 h. The two-dimensional 1H-15NHSQC spec-
tra of 15N-labeled Bcl-XL were acquired at a 1:1 molar ratio of
Bcl-XL to MTSL-labeled Cys-p53TAD2 in the oxidized and
reduced state.
Structure Calculations—The structures of Bcl-XL�p53TAD2

and Bcl-2·p53TAD2 complexes were calculated as described
previously (18) using the programHADDOCK 2.0 (24) in com-
bination with crystallography and NMR system (CNS). The
structure of p53TAD2 residues 45–58 derived from its complex
with TFIIH Tfb1 (PDB code 2GS0) was used for docking with
Bcl-XL and Bcl-2. Ambiguous interaction restraints for Bcl-XL/
Bcl-2 and p53TAD2 were derived from NMR chemical shift
perturbation data and mutagenesis data (Table 1). The active
residues of Bcl-XL/Bcl-2 were defined as those showing chem-
ical shift perturbations larger than the average (�CS �0.05
ppm) or being substantially broadened at the protein to peptide
ratio of 1:4 with relative residue-accessible surface area larger
than 30% for either side-chain or main-chain atoms as calcu-
lated with NACCESS program. The active residues of
p53TAD2 for Bcl-XL docking were defined from site-directed
mutagenesis data. These experimental restraints were used as
input for the HADDOCK program, and default parameters
were used. Rigid-body energy minimizations were performed
with the structures of Bcl-XL (PDB code 1BXL) and Bcl-2 (PDB
code 1GM5), leading to 2000 rigid-body docking solutions. In
terms of intermolecular interaction energy, the 400 lowest
energy solutions of the complexes were selected for rigid-body
simulated annealing followed by semi-flexible simulated
annealing in torsion angle space. The resulting structures were
finally refined in explicit water using simulated annealing in
Cartesian space. The docking solutionswere clustered based on
positional rootmean square deviation values using a 3-Å cutoff.

The quality of the HADDOCK-derived structural models was
assessed usingPROCHECK (25) and analyzed byPyMOL.All of
the figures showing the structures were generated by PyMOL.

RESULTS

p53TAD2Directly Interacts with Bcl-XL—Although p53TAD
is intrinsically disordered, sequence alignment of p53TADs
from many species demonstrates that the “�XX��” sequence
motif of both p53TAD1 and p53TAD2 are highly conserved
(Fig. 1A). In previous studies, we showed that p53TAD1 acts as
a binding motif for anti-apoptotic Bcl-2 protein family mem-
bers. To investigate if p53TAD2 is also involved in binding to
anti-apoptotic Bcl-2 family proteins, we havemonitored chem-
ical shift perturbations of the 15N-labeled full-length p53TAD
in the presence of Bcl-XL using NMR spectroscopy (Fig. 1B).
Upon binding to Bcl-XL, severe line broadening and significant
NMR chemical shift perturbations were observed not only in
p53TAD1 but also in the p53TAD2, indicating that p53TAD2
binds to the anti-apoptotic Bcl-2 protein family members.
To test whether the p53TAD2 resonance change is merely

secondary effects of p53TAD1 binding, we generated a full-
length p53TAD (L22A/W22A) mutant and conducted NMR
binding experiments with Bcl-XL (Fig. 1C). As demonstrated by
much larger cross-peak intensities of p53TAD1 residues in the
Bcl-XL-bound state than those of wild-type p53TAD (Fig. 1C),
the p53TAD (L22A/W23A)mutation completely disrupted the
binding of p53TAD1 to Bcl-XL. However, the p53TAD2 resi-
dues in the p53TAD (L22A/W23A) mutant showed similar
reduction of cross-peak intensity (Fig. 1D) and chemical shift
perturbations (Fig. 1E) upon Bcl-XL binding as in wild-type
p53TAD, indicating that the p53TAD2 motif within full-
length p53TAD actively participates in direct binding to
Bcl-XL independently of p53TAD1. This suggests a direct
interaction between p53TAD2 and Bcl-XL as an alternative
mode of binding to p53TAD1.
p53TAD2Binds toDiverse Anti-apoptotic Bcl-2 Protein Fam-

ily Members—To further probe the interaction of p53TAD2
with diverse anti-apoptotic Bcl-2 family proteins, we moni-
tored the binding of 15N-labeled Bcl-XL, Bcl-2. and Bcl-w with
the isolated p53TAD2peptide by usingNMR. Fig. 2A shows the
overlaid two-dimensional 1H-15N HSQC spectra for these pro-
teins in the absence or presence of the p53TAD2 peptide. Dur-
ing NMR titration with the p53TAD2 peptide, some of 1H-15N
cross-peaks of the anti-apoptotic Bcl-2 family proteins signifi-
cantly shifted and others disappeared from the 1H-15N HSQC
spectra, indicating that the complex is in fast to intermediate
exchange on the NMR time scale. With increasing concentra-
tions of the p53TAD2 peptide, we observed significant chemi-
cal shift perturbations in all the anti-apoptotic Bcl-2 family pro-
teins tested, although the degree of chemical shift perturbations
varied (Bcl-XL � Bcl-w � Bcl-2). This suggests that p53TAD2
alone can serve as a structural motif to interact with the anti-
apoptotic Bcl-2 family proteins. The NMR chemical shift per-
turbations induced by binding to p53TAD2 were localized to a
central hydrophobic cleft composed of the BH1, BH2, and BH3
domains in the anti-apoptotic Bcl-2 family proteins (Fig. 2, B
and C). These results are in very good agreement with what
was observed in binding of the p53TAD1 peptide to the anti-
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apoptotic Bcl-2 family proteins. Thus, our results showed
that not only p53TAD1 but also p53TAD2motifs are univer-
sally involved in binding to diverse anti-apoptotic Bcl-2 fam-
ily proteins.
Competitive Binding Mechanism for Bcl-XL between p53TAD1

and p53TAD2—Based on similarity in the chemical shift per-
turbation profiles in the anti-apoptotic Bcl-2 family proteins
between p53TAD1 and p53TAD2, we postulated that
p53TAD2 can bind to the same site in anti-apoptotic Bcl-2 fam-
ily proteins in an analogous manner to p53TAD1. We have
tested this hypothesis by performing a two-dimensional 1H-15N
HSQC NMR competition experiment in which 15N-labeled
p53TAD (L22A/W23A) mutant�Bcl-XL complex was titrated
with p53TAD1 peptide (Fig. 3A). When a large excess of
p53TAD1 peptide was added, the weakened NMR resonances

of p53TAD2 (e.g. Asp-49, Ile-50, Gln-52, Trp-53, and Phe-54)
were recovered at the position of the unbound mutant
p53TAD. This result indicates that binding of p53TAD1 and
p53TAD2 to Bcl-XL is mutually exclusive, and thus p53TAD1
and p53TAD2 can compete directly for the same binding site in
Bcl-XL. Furthermore, we tested whether a p53TAD-mimetic
small molecule Nutlin-3 can also block the p53TAD2/Bcl-XL
interaction by acquiring two-dimensional 1H-15N HSQC spec-
trum with 1 mMNutlin-3 added to the p53TAD (L22A/W23A)
mutant�Bcl-XL complex (Fig. 3B). Noticeably, the HSQC spec-
trum in the presence of Nutlin-3 closely resembles that of the
unbound p53TAD mutant, indicating that Nutlin-3 effectively
blocks the interaction between p53TAD2 and Bcl-XL. Because
Nutlin-3 specifically binds to the hydrophobic cleft of Bcl-XL
(19), its disruption of the binding of p53TAD2 to Bcl-XL indi-

FIGURE 1. Interaction of p53TAD2 with Bcl-XL. A, domain organization of p53 and sequence alignment of p53TADs from different species. p53 consists of N-
and C-terminal transactivation domains (N-TAD and C-TAD), proline-rich domain (PR), DNA-binding domain (DBD), oligomerization domain (OD), and C-termi-
nal domain (CTD). � and X indicate a bulky hydrophobic residue and any other residue, respectively. Overlaid two-dimensional 1H-15N HSQC spectra for
15N-labeled wild-type p53TAD (B) and mutant p53TAD (L22A/W23A) (C) in the absence (blue) or presence (red) of Bcl-XL. D, cross-peak intensity ratio (Ibound/Ifree)
for wild-type p53TAD (blue) and mutant p53TAD (L22A/W23A) (red). E, chemical shift perturbations on wild-type p53TAD (blue) and mutant p53TAD (L22A/
W23A) (red) induced by Bcl-XL binding. Weighted �CS values were calculated using the equation �CS � ((�1H)2 � 0.2(�15N)2)0.5. Resonances that disappeared
upon binding are shown as gray bars.
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cates that the hydrophobic cleft of Bcl-XL is also the binding site
for p53TAD2 as well as p53TAD1. This result supports a com-
petitive binding mechanism for Bcl-XL between p53TAD1 and
p53TAD2, which is reminiscent of a competitiveMDM2-bind-
ing mode between p53TAD1 and p53TAD2 (26).
To determine the binding affinity of the p53TAD2 peptide to

Bcl-XL, we measured chemical shift changes of Bcl-XL as a
function of p53TAD2 peptide concentrations (Fig. 4A). Result-
ant NMR chemical shift perturbation values were calculated by
averaging the weighted individual chemical shifts of Ala-93,
Ala-142, and Arg-165 situated near the binding groove. These
values were fitted to a single-site ligand-binding model using
the nonlinear least square method (Fig. 4B). The dissociation
constant (Kd) of the p53TAD2 peptide to Bcl-XL was deter-
mined to be 0.28 mM. The binding affinity of p53TAD2 peptide
to Bcl-XL was similar to that of p53TAD1 peptide to Bcl-XL as

determined by NMR (Kd � 0.26 mM) (18). In addition, ITC
experiments showed that p53TAD2 binds to Bcl-XL with Kd �
0.62mM (Fig. 4C). Therefore, it appears that p53TAD2makes a
contribution comparable with that of p53TAD1 to the forma-
tion of the p53TAD�Bcl-XL complex.
Refined Structural Models of the Complexes between

p53TAD2 and Bcl-XL/Bcl-2—To analyze the structural charac-
teristics of the p53TAD2 peptide in complex with the anti-
apoptotic Bcl-XL, we performed NOESY experiments on the
Bcl-XL�p53TAD2 complex. A summary of the short and
medium range NOEs for the p53TAD2 peptide bound to
Bcl-XL showed the consecutive short range NH(i)/NH(i � 1)
and medium range C�H(i)/NH(i � 3) connectivities near resi-
dues Asp-48 to Phe-54 (Fig. 5, A and B). Furthermore, consec-
utive positive resonance shifts were observed for 13C� atoms of
p53TAD2 residues in the Bcl-XL-bound state, supporting the

FIGURE 2. Binding of p53TAD2 to diverse anti-apoptotic Bcl-2 family proteins. A, overlaid two-dimensional 1H-15N HSQC spectra for 15N-labeled Bcl-XL,
Bcl-2, and Bcl-w in the absence (blue) or presence (red) of p53TAD2 peptide. Binding site mapping of p53TAD2 on the structures (B) and molecular surfaces (C)
of the anti-apoptotic Bcl-2 family proteins. The residues of the anti-apoptotic Bcl-2 family proteins showing chemical shift changes of �CS � 0.08 ppm and the
disappeared residues are colored in red. The residues showing the chemical shift changes of 0.03 ppm � �CS � 0.08 ppm are colored in yellow.
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preference for �-helical conformation of the Bcl-XL-bound
p53TAD2 (Fig. 5C). Similar secondary chemical shift effects
were previously reported in the binding of p53TAD2 to CBP
Kix domain, human RPA70 and PC4 (27–29). Taken together,
the results suggest that the corresponding region in the
p53TAD2 peptide adopts mainly �-helical conformation when
bound to Bcl-XL, which is consistent with previous observa-
tions that the two peptide fragments of p53TAD, comprising
residues 33–56 and residues 45–58, bound to replication pro-
tein A and Tfb1, respectively, to form an amphipathic �-helix.

Because the Bcl-XL�p53TAD2 complex was in the fast to
intermediate exchange on the NMR chemical shift time scale
and suffered severe line broadening for the majority of interfa-
cial resonances, it was difficult to find unambiguous intermo-
lecular NOEs between the Bcl-XL and p53TAD2 peptide with
isotope-filtered NOESY experiments. Because of these experi-
mental limitations, we were not able to determine the NMR
structure of the Bcl-XL�p53TAD2 complex only by the intermo-

lecularNOEs. Thus, we calculated refined structuralmodels for
the complexes between Bcl-XL/Bcl-2 and p53TAD2 peptide by
using the HADDOCK 2.0 program (Table 1), mainly based on
the chemical shift perturbation data that were sufficient as
experimental restraints in NMR data-driven docking calcula-
tion. As shown in Fig. 6, the p53TAD2 peptide binds to the
predominantly hydrophobic groove surrounded by the BH1,
BH2, and BH3 domains of Bcl-XL or Bcl-2. Within this binding
pocket, the p53TAD2 peptide is surrounded by the hydropho-
bic side chains of Phe-97, Leu-130, Val-141, Ala-142, and Tyr-
195 of Bcl-XL or Phe-104, Tyr-108, Phe-112,Met-115, Leu-137,
and Ala-149 of Bcl-2. The overall structure of the Bcl-
XL�p53TAD2 complex is essentially the same as that of the Bcl-
2�p53TAD2 complex (Fig. 6, A and B), suggesting a highly
conserved binding mechanism of the p53TAD2 with the anti-
apoptotic Bcl-2 protein family members.
To further confirm the binding orientation of p53TAD2pep-

tide to Bcl-XL, we carried out PRENMR experiments. The two-
dimensional 1H-15N HSQC spectra of 15N-labeled Bcl-XL were
acquired in the presence of MTSL-derivatized Cys-p53TAD2
peptide in the oxidized and reduced state (Fig. 7). We observed
a specific paramagnetic broadening effect on the backbone
amide resonances of the Bcl-XL residues that aremainly located
in �2 and �5 helices (e.g. Tyr-101, Ala-104, Leu-130, Ile-140,
Ala-142, and Phe-146) (Fig. 6A). This result indicates that theN
terminus of the p53TAD2peptide orients toward the�2 and�5
helices of Bcl-XL. The disappeared cross-peaks of the Bcl-XL
residues recovered after addition of ascorbic acid, indicating
that the intensity loss of the cross-peaks was caused specifically
by paramagnetic MTSL spin label. Thus, the PRE experiments
confirmed the orientation of the p53TAD2 peptide to Bcl-XL.
Structural Basis for Transcription-independent Apoptotic

Regulation of p53TAD—A refined structural model of the Bcl-
XL�p53TAD2 peptide complex is reminiscent of the previously
determined structures of complexes between Bcl-XL and pro-

FIGURE 3. Competitive binding between p53TAD2 and p53TAD1 to Bcl-
XL. A, overlaid two-dimensional 1H-15N HSQC spectra for 0.1 mM

15N-labeled
mutant p53TAD (L22A/W23A) in the free state (blue) or in the presence of 0.2
mM Bcl-XL (red) and in the presence of 0.2 mM Bcl-XL and 1 mM p53TAD1
peptide (green). B, overlaid two-dimensional 1H-15N HSQC spectra for 0.1 mM
15N-labeled mutant p53TAD (L22A/W23A) in the free state (blue) or in the
presence of 0.2 mM Bcl-XL (red) and in the presence of 0.2 mM Bcl-XL and 1 mM

Nutlin-3 (green).

FIGURE 4. Measurement of the binding affinity of Bcl-XL with p53TAD2 peptide. A, two-dimensional 1H-15N HSQC spectra of 15N-labeled Bcl-XL upon
titration with p53TAD2 peptide (0 mM, blue; 0.12 mM, orange, 0.24 mM, cyan; 0.36 mM, yellow; and 0.48 mM, red). B, binding curves for the NMR titration of Bcl-XL
with p53TAD2 peptide. C, ITC data of a titration of Bcl-XL with p53TAD2 peptide to measure the binding affinity.
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apoptotic BH3 peptides of Bak, Bad, and Bim, where the pro-
apoptotic BH3 peptides bind to Bcl-XL via hydrophobic inter-
actions of the BH3 peptide side chains in four discrete sub-
binding sites (i, i � 4, i � 7, and i � 11 sites occupied by side
chains of Ile-90, Leu-94, Ile-97, and Phe-101 in Bim BH3 pep-
tide, respectively) within the binding groove (30). A structural
comparison betweenBcl-XL�p53TAD2peptide andBcl-XL�Bim
BH3 peptide complexes revealed that the p53TAD2 peptide
binds to anti-apoptotic Bcl-XL via a mechanism that is similar
to that of the pro-apoptotic Bim BH3 peptide (Fig. 6C). Among
the four sub-binding sites for hydrophobic residues observed in
the Bcl-XL�Bim BH3 complex, p53TAD2 peptide occupies two
of them (i � 7 and i � 11 sites). In particular, the Trp-53 ring
moiety of p53TAD2 is very well superimposed with the Phe-
101 ring of Bim BH3 peptide. In contrast, the aromatic ring of
Phe-54 in p53TAD2 contacts the Bcl-XL via the sites other than
the i, i� 4, i� 7, and i� 11 sites. This complexmodel indicates
that Glu-51 in p53TAD2 could form a salt bridge with Arg-139
in Bcl-XL like Asp-99 in the Bak BH3 peptide (Fig. 6D). Conse-

quently, despite the differences of the recognition of the hydro-
phobic residues, the binding sites occupied by p53TAD2 in
Bcl-XL and Bcl-2 overlap well with those occupied by the pro-
apoptotic BH3 peptides of Bim, Bak, and Bad, indicating that
their binding to Bcl-XL or Bcl-2 is mutually exclusive. There-
fore, it seems that, like p53TAD1 peptide, the p53TAD2 pep-
tide should compete with the pro-apoptotic BH3 peptides to
occupy the same binding site in Bcl-XL or Bcl-2. This suggests
that p53TAD2 as well as p53TAD1 are involved in the tran-
scription-independent apoptotic regulation.
Mutational Analysis on the Interaction between p53TAD2

and Bcl-XL—To further validate our structural model of the
Bcl-XL�p53TAD2 complex, we conductedNMR binding exper-
iments of Bcl-XL with mutant p53TAD2 peptides. For this, we
introduced D49A, I50K, E51K, W53A, and F54A mutations
into the highly conserved �XX�� motif, as well as into the
charged residues in the p53TAD2 peptide. The I50K and F54A
mutations weakened, and the W53A mutation substantially
reduced chemical shift perturbations of Bcl-XL seen in the pres-

FIGURE 5. p53TAD2 peptide bound to Bcl-XL adopts an �-helix. A, amide proton region in the two-dimensional 1H-1H transferred NOESY spectrum of
p53TAD2 peptide in the presence of Bcl-XL. B, summary of the short and medium range NOEs for p53TAD2 peptide in the presence of Bcl-XL. The thickness of
the bar represents the relative intensity of NOEs (strong or weak), and the gray bar indicates ambiguous NOE due to overlap. C, 13C� shifts calculated by
subtracting standard random coil values from the experimental 13C� chemical shifts. Three different random coil values from Schwarzinger et al. (46) (top
panel), Tamiola et al. (47) (middle panel), and Zhang et al. (48) (bottom panel) are used, and residues 39 –57 are shown for clarity. The HNCA spectrum was
acquired at 5 °C with 0.3 mM p53TAD in the presence of 0.3 mM Bcl-XL in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM DTT.

TABLE 1
Structural statistics for the Bcl-XL/Bcl-2 and p53TAD2 complexes
The abbreviations used are as follows: AIR, ambiguous interaction restraints; r.m.s.d., root mean square deviation.

Bcl-XL�p53TAD2 complex Bcl-2�p53TAD2 complex

Ambiguous interaction restraints
Active residues (Bcl-XL/Bcl-2) 101, 105, 129, 130, 138, 139, 142 104, 109, 114, 129, 132, 141, 142, 145
Passive residues (Bcl-XL/Bcl-2) 96, 100, 104, 132, 136 107, 108, 110, 111, 115, 118, 120, 136, 146
Active residues (p53TAD2) 50, 53, 54 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57
Passive residues (p53TAD2) 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 51, 52, 55 44, 58

Statistics of the final eight best energy water-refined structures
Haddock scorea �113.299 � 12.348 �60.488 � 10.496
Energies
Electrostatic �280.08 � 61.72 kcal/mol �149.23 � 15 kcal/mol
van der Waals �35.19 � 7.77 kcal/mol �50.81 � 7.81 kcal/mol
AIR 10.56 � 9.63 kcal/mol 70.26 � 29.44 kcal/mol
Buried surface area 1422.823 � 69.545 Å2 1334.335 � 65.171 Å2

Backbone r.m.s.d. to the average structure on interface 0.707 � 0.424 Å 0.616 � 0.318 Å
Ramachandran map regionsb,c 81.0/16.6/1.3/1.1% 80.6/15.6/1.8/2.5%

a HADDOCK score is defined as: 1.0�EvdW � 0.2�Eelec � 0.1�EAIR � 1.0�Edesolv (EvdW indicates the van der Waals energy; Eelec indicates the electrostatic energy; EAIR indicates
the ambiguous interaction restraint energy, and Edesolv indicates the desolvation energy calculated using the atomic desolvation parameters of Fernandez-Recio et al. (49)).

b Ramanchandran map region is determined using the program PROCHECK-NMR (25). Favored/additionally allowed/generously allowed/disallowed regions are displayed
with percentage unit.

c Please note that the presence of disallowed regions in the Ramachandran plot analysis originates from initial structural templates for docking (Ramachandran map regions
76.8/15.9/4.9/2.4% for free Bcl-XL (PDB code 1BXL); 78.3/18.2/1.4/2.1% for free Bcl-2 (PDB code 1GM5)), and the residues corresponding to disallowed regions (Ala-37 in
Bcl-XL; Ala-4 and Asp-31 in Bcl-2) are located in the loops distant from the p53TAD2-binding site.
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ence of the wild-type p53TAD2 peptide (Fig. 8), indicating that
the I50K and F54Amutations weakened, and theW53Amuta-
tion significantly impaired the binding of p53TAD2 peptide to
Bcl-XL. The most deleterious effect of the W53A mutation on
Bcl-XL binding is fully consistent with the structural model,
where Trp-53 makes the most significant contribution to com-
plex formation with Bcl-XL. However, D49A and E51K muta-

tions in p53TAD2 had negligible effects onNMR chemical shift
perturbations. For the interaction with Bcl-XL, one subtle dif-
ference between p53TAD2 and Bim BH3 peptides lies in the
character of the inter-molecular interactions; in addition to
hydrophobic interactions, an electrostatic interaction contrib-
utes significantly to the binding of Bcl-XL to Bim BH3 peptide
but not to p53TAD2 peptide. Our results from analysis of the
complex structural model as well as our mutagenesis data col-
lectively showed that the positionally conserved hydrophobic
residues Ile-50, Trp-53, and Phe-54 in the �XX�� motif of
p53TAD2 are key determinants for binding to Bcl-XL.
CloseMimicry between the p53TAD2/Bcl-XL Interaction and

Other p53TAD Interactions—As observed with anti-apoptotic
Bcl-2 family proteins, both the p53TAD1 and p53TAD2motifs
are involved in the binding of p53TAD toMDM2 (6, 31), CBP/
p300 (29, 32–35), humanmitochondrial single-stranded DNA-
binding protein (HmtSSB) (36), and human mitochondrial
transcription factor A (37). To elucidate the target binding
mode of the dual p53TAD motifs, we compared the structures
of the Bcl-XL�p53TAD2 complex with the previously deter-
mined Bcl-XL�p53TAD1 (18), MDM2�p53TAD1 (6), and CBP
nuclear receptor coactivator binding domain (NCBD)�p53TAD2
complexes (Fig. 9) (33). First, the overall binding mode of the
p53TAD2 peptide with anti-apoptotic Bcl-XL/Bcl-2 is quite
analogous to that of the p53TAD1 peptide with these same
proteins, although they display opposite orientation. The am-
phipathic �-helices of p53TAD1 and p53TAD2 peptides were
also seen in p53TAD�MDM2 or p53TAD�CBP complex forma-
tion (6, 19). Second, there is a noticeable structural homology in
the key binding determinants in the conserved �XX�� motif.
Similar to Phe-19, Leu-22, Trp-23, and Leu-26 (the first three
constituting the �XX�� motif) in the p53TAD1 peptide
bound to Bcl-XL and MDM2, the residues Ile-50, Trp-53, and
Phe-54 in the p53TAD2 peptide, align in one face of the
amphipathic�-helix, point into the long hydrophobic groove of
Bcl-XL andCBPNCBD, and formhydrophobic inter-molecular
interactions. In particular, as found in Trp-23 of p53TAD1, the
aromatic ring of Trp-53 in p53TAD2 fits snugly into the hydro-
phobic binding pocket, whichmakes the largest contribution to
stabilization of the complex. Overall, the way p53TAD1 or

FIGURE 6. Refined structural models of p53TAD2 in complex with anti-
apoptotic Bcl-2 family proteins. The best energy structural models of Bcl-
XL�p53TAD2 (A) and Bcl-2�p53TAD2 complexes (B) are shown. Bcl-XL and Bcl-2
proteins are colored gray and yellow, respectively, and p53TAD2 peptide is
colored blue. The BH1, BH2, and BH3 motifs of Bcl-XL are labeled. C and D,
structural comparison of the Bcl-XL�p53TAD2 peptide complex with the Bcl-
XL�Bim BH3 peptide complex (PDB code 3FDL). p53TAD2 and Bim BH3 pep-
tides are colored blue and yellow, respectively. Chemical shift perturbations of
Bcl-XL induced by p53TAD2 peptide are mapped onto the molecular surface
of Bcl-XL (red) (C). Positive and negative electrostatic potentials are colored in
blue and red, respectively (D).

FIGURE 7. PRE-NMR analysis of Bcl-XL by paramagnetically labeled p53TAD2 peptide. The two-dimensional 1H-15N HSQC spectra for 15N-labeled Bcl-XL in
the presence of equimolar MTSL-labeled Cys-p53TAD2 were acquired in the oxidized (blue) and reduced (red) state. Two different regions of the overlaid
two-dimensional 1H-15N HSQC spectra are shown in A and B.
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p53TAD2 interacts with Bcl-XL in the transcription-indepen-
dent p53 apoptotic pathwaymimics what was observed in their
binding to MDM2 or CBP NCBD in the transcription-depen-
dent p53 apoptotic pathway, despite the distinct difference in
the global folds of these target proteins.

DISCUSSION

p53 is a multifunctional protein that acts through the inter-
action of its p53TAD with various proteins. The p53TAD con-
tains two structurally homologous �XX�� motifs, referred to
as p53TAD1 and p53TAD2. Although structurally disordered,
p53TAD1 and p53TAD2 show versatile molecular interactions
withmultiple partners involved in key biological pathways such
as the transcriptional activation, DNA repair, and apoptosis.
However, there is a noticeable difference in specificity between
the two bindingmotifs; p53TAD1 is necessary and sufficient for

tight binding with TBP in TFIID (38) and human TAFII31 (39),
whereas p53TAD2 is crucial for binding of p53TAD with rep-
lication protein A (40), BRCA2 (41), p62/Tfb1 in TFIIH (42),
and positive cofactor 4 (PC4) (27). In contrast, p53TAD binds
to MDM2 and to the Taz2 (32, 34), Kix (29), or NCBD (33)
domains of CBP/p300 through both the p53TAD1 and
p53TAD2 motifs (Fig. 9).
In addition to its transcriptional activity, p53 exerts an apo-

ptogenic activity in a transcription-independent manner. In
our previous studies, it was revealed that the p53 interacts with
anti-apoptotic Bcl-2 family proteins via p53TAD1 (17, 18). Our
present biochemical and structural data showed that p53TAD2
alone, independently of p53TAD1, can bind to the same BH3
peptide-binding groove in the anti-apoptotic Bcl-2 family pro-
teins such as Bcl-XL and Bcl-2 in a similar manner to that of
p53TAD1. Thus, p53TAD2 could function as a second binding

FIGURE 8. Mutational analysis on the interaction between p53TAD2 and Bcl-XL. Chemical shift perturbations on the Bcl-XL residues by binding of wild-type
and mutant p53TAD2 peptides (D49A, I50K, E51K, W53A, and F54A). Weighted �CS values were plotted against the residue number of Bcl-XL. Resonances that
disappeared upon binding are shown as gray bars.
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site for the anti-apoptotic Bcl-2 family proteins. Because their
binding sites on the anti-apoptotic Bcl-2 family proteins are
well overlapped with those for pro-apoptotic Bak/Bax, the
interaction of p53TAD1 or p53TAD2 with the anti-apoptotic
Bcl-2 family proteins could induce transcription-independent
apoptosis at the mitochondria, which could be an alternative
way of regulating the function of Bcl-2 family proteins.
In this study, our results showed a competitive Bcl-XL-

binding mechanism between p53TAD2 and p53TAD1. These
results are very consistent with the recent observation of
a competitive MDM2-binding mechanism between p53TAD2
and p53TAD1 (26). The detailed comparison between the
p53TAD2/Bcl-XL interaction and the p53TAD2/MDM2 inter-
action reveals that the competitive bindingmechanism is highly
conserved as follows. 1) The same two binding motifs,
p53TAD1 and p53TAD2, are employed for interaction. 2) The
bindingmode of p53TAD2 closely resembles that of p53TAD1,
although the orientations of the peptides are opposite on Bcl-
XL. 3) The binding of p53TAD2 and p53TAD1 is competitive,
and their binding can be blocked by the p53TAD-mimetic
antagonist Nutlin-3. This similarity suggests that the dual
p53TAD motifs may act as modulators for regulation of
MDM2/MDMX proteins and anti-apoptotic Bcl-2 family pro-
teins in a similar manner. In particular, it is noteworthy to find
a close mimicry in the binding mode of p53TAD1 and
p53TAD2 with multiple binding partners from divergent p53
pathways (Bcl-XL/Bcl-2, CBP/p300, and MDM2/MDMX).
Taken together, our results suggest that the dual-site interac-
tion of p53TAD represents a highly conserved mechanism
underlying the p53 recognition of MDM2/MDMX and CBP/
p300 in the transcription-dependent p53 apoptotic pathway as
well as of Bcl-2/Bcl-XL in the transcription-independent p53
apoptotic pathway.
Therefore, what could be the biological role for such tan-

demly positioned dual binding motifs of p53TAD? First possi-
bility may be that the dual binding motifs capable of binding to

the same site may work in a cooperative manner to enhance
binding affinity. For example, the recruitment of transcrip-
tional coactivators by nuclear receptors during the transcrip-
tion initiation is facilitated by multiple binding motifs of
nuclear receptor coactivators (43, 44). Similarly, by increasing
local concentrations of p53TAD motifs, close location of dual
binding p53TADmotifs with the same specificity is likely to aid
the recruitment of binding partners. In fact, theMDM2binding
affinity of full-length p53TAD is much higher than that of
p53TAD1 or p53TAD2, suggesting the presence of binding
cooperativity between them (26). In particular, the tandemly
linked dual motifs in p53TAD may be more effective for com-
peting with a singular BH3 motif of pro-apoptotic Bcl-2 family
proteins for binding to the same site of anti-apoptotic Bcl-2/
Bcl-XL. Second, the dual binding motifs of p53TAD could be
recognized by the two distinct sites of a single binding partner.
Both p53TAD1 and p53TAD2 simultaneously bind to the two
distinct sites in the CBP NCBD domain (33). Finally, two dis-
tinct binding motifs may be important for cooperative regula-
tion of multifunctional p53. For example, the p53TAD1 and
p53TAD2motifs can bind simultaneously to two distinct bind-
ing partners, MDM2 and CBP/p300 domains to form a ternary
complex, whereMDM2 and CBP/p300 function synergistically
to regulate the p53 pathway (45). Therefore, the dual binding
motifs of p53TADmay play an important regulatory role in the
p53 pathway first by facilitating the recruitment of binding
partners; second, by providing co-recognition sites for this
binding, and finally, by forming a ternary complex with differ-
ent target proteins for cooperative regulation of p53.
In summary, we have discovered the competitive binding

mechanism by p53TAD2 and p53TAD1 for regulating anti-
apoptotic Bcl-2 family proteins. Our refined structural models
revealed a close mimicry in the dual site interactions of
p53TAD with the anti-apoptotic Bcl-2 family proteins, CBP/
p300 and MDM2, in divergent apoptotic p53 pathways. Our
results provide structural insights into the transcription-inde-
pendent apoptosis mechanism of p53, thus further contribut-
ing to our understanding of the pleiotropic role of p53.
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