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The interaction between tumor suppressor p53 and the anti-apoptotic Bcl-2 family proteins serves a crit-
ical role in the transcription-independent apoptosis mechanism of p53. Our previous studies showed that
an MDM2-inhibiting motif (residues 15-29) in the p53 transactivation domain (p53TAD) mediates the
interaction with anti-apoptotic Bcl-2 family proteins. In this study, we provided structural models of
the complexes between the MDM2-inhibiting p53TAD peptide and Mcl-1, Bcl-w, and Kaposi sarcoma-
associated herpes virus (KSHV) Bcl-2 using NMR chemical shift perturbation data. The binding mode of
the MDM2-inhibiting p53TAD peptide is highly conserved among the anti-apoptotic Bcl-2 family proteins
despite their distinct specificities for pro-apoptotic Bcl-2 family proteins. We also identified the binding
of a phage-display-derived MDM2-inhibiting peptide 12-1 to anti-apoptotic Bcl-X; protein by using NMR
spectroscopy. The structural model of the Bcl-X;/12-1 peptide complex revealed that the conserved
residues Phe4, Trp8, and Leull in the MDM2-inhibiting peptide fit into a hydrophobic cleft of Bcl-X;
in a manner similar to that of pro-apoptotic Bcl-2 homology 3 (BH3) peptides. Our results shed light
on the mechanism underlying dual-targeting of the FxxxWxxL-based a-helical motif to MDM2 and
anti-apoptotic Bcl-2 family proteins for anticancer therapy.
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1. Introduction

Tumor suppressor p53 is a transcription factor that leads to cell
cycle arrest, apoptosis, and senescence in response to stress signals
such as DNA damage, ultraviolet light, hypoxia, and oncogene
activation [1-4]. In more than half of human cancers, p53 function
is impaired by mutation of the TP53 gene or partial abrogation of
p53 regulation. Under normal conditions, p53 levels are precisely
regulated by MDM2. MDM?2 is an E3 ubiquitin ligase that inhibits
p53 function through direct interaction with the p53 transactiva-
tion domain (p53TAD) or ubiquitination-dependent degradation
[5,6]. In cancer cells, the p53TAD-MDM?2 interaction neutralizes
the interaction between p53TAD and the transcriptional machin-
ery and is thus an attractive target for anticancer therapy [7,8].
Based on the crystal structure of the MDM2/p53TAD peptide
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complex [9], a variety of p53TAD-peptidomimetic MDM2 inhibi-
tors have been developed. For example, Nutlin derivatives are cur-
rently under evaluation as cancer therapeutics in clinical trials
[8,10]. A potent 12-mer MDM2-inhibiting peptide, termed 12-1
(MPRFMDYWEGLN), was derived from a phage-displayed peptide
library [11]. The 12-1 peptide binds to MDM2 with a Ky of
239nM [12]. This is comparable to the Ky of racemic Nutlin
(K4 22201 nM) and is 6.5-28-fold lower than that of the wild-type
p53TAD-derived peptides [12,13].

The Bcl-2 family of proteins serves an important role in regulat-
ing intrinsic apoptosis by governing outer mitochondrial
membrane permeability and cytochrome c release [14,15]. The
pro-apoptotic Bcl-2 family effectors, Bax and Bak, mediate
oligomerization to form membrane pores, triggering intrinsic
apoptotic cell death via outer mitochondrial membrane permeabi-
lization and cytochrome c release. On the other hand, the anti-
apoptotic Bcl-2 family proteins bind and sequester Bax and Bak,
thereby blocking their membrane pore formation. Anti-apoptotic
Bcl-2 family proteins are important anticancer therapeutic targets
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because they are overexpressed in many tumors and confer resis-
tance to anticancer chemo- and radiotherapies [16,17]. The Bcl-2
inhibitor ABT-737 induces regression of solid tumors [18] and its
derivatives are in the early clinical phase as cancer therapeutics.
However, it targets Bcl-2, Bcl-X;, and Bcl-w, but not Mcl-1, which
induces resistance against apoptotic cell death triggered by
ABT-737 [19,20]. Thus, indiscriminate inhibition of diverse anti-
apoptotic Bcl-2 family members is required for effective anticancer
therapy.

Recent studies have shown the transcription-independent pro-
apoptotic effects of cytoplasmic p53 [21-23]. Interaction between
p53 and anti-apoptotic Bcl-2 family proteins is essential in the
transcription-independent apoptosis mechanism of p53. Our
biochemical and structural studies showed that an MDM2-inhibit-
ing motif in p53TAD (residues 15-29) can act as a binding motif for
anti-apoptotic Bcl-2 family proteins such as Bcl-2 and Bcl-X;
[24-26]. To understand the structural basis for binding of the
MDM2-inhibiting p53TAD motif to diverse anti-apoptotic Bcl-2
family proteins, we generated the structural models of p53TAD
peptide in complex with Mcl-1, Bcl-w, and Kaposi sarcoma-associ-
ated herpes virus (KSHV) Bcl-2 based on NMR chemical shift per-
turbation data. Our results revealed a highly conserved binding
mode of the MDM2-inhibiting p53TAD peptide among the anti-
apoptotic Bcl-2 family proteins. We also monitored the binding
of phage-display-derived MDM2-inhibiting peptide 12-1 to Bcl-
X; by NMR spectroscopy. The structural model of the Bcl-X;/12-1
peptide complex showed that the 12-1 peptide binds to Bcl-X; in
a manner similar to that of pro-apoptotic Bcl-2 homology 3
(BH3) peptides. These results might have application in dual-
targeting anticancer therapy for MDM2 and anti-apoptotic Bcl-2
family proteins.

2. Materials and methods
2.1. Preparation of proteins and peptides

The truncated Bcl-X; [27], hMcl-1BR chimera [28], Bcl-w (resi-
dues 1-157) [29], and KSHV Bcl-2 [30] constructs were expressed
and purified for NMR experiments as previously reported. The
P53TAD (residues 15-29) and 12-1 peptides were chemically syn-
thesized and purified by Peptron Inc as described previously
[31,32].

2.2. NMR spectroscopy

All the NMR data were acquired using a Bruker Avance II
800 MHz spectrometer at the Korea Basic Science Institute. The
NMR samples comprised 90% H,0/10% D,O and were prepared in
20 mM sodium phosphate (pH 6.5), 150 mM NacCl, and 1 mM DTT
for Bcl-X;; 20 mM sodium phosphate (pH 7.3), 50 mM Nadl,
0.5 mM EDTA, and 3 mM DTT for Bcl-w; and 50 mM Tris-HCI (pH
8.0), 150 mM NaCl, 10 mM 2-mercaptoethanol, 0.5 mM EDTA,
0.5 mM benzamidine, and 0.1 mM PMSF for Mcl-1; 20 mM Tris-HCl
(pH 7.8), and 5 mM DTT for KSHV Bcl-2. The 2D >N-'H HSQC spec-
tra of Mcl-1, Bcl-w, and KSHV Bcl-2 were obtained in the absence
or presence of the p53TAD peptide. The 2D '>N-'H HSQC spectra
of Bcl-X; were acquired in the absence or presence of the 12-1
peptide. For the chemical shift perturbation experiments with
the anti-apoptotic Bcl-2 family proteins, aliquots of the concen-
trated peptide (p53TAD and 12-1) stock solution were titrated into
the '>N-labeled Bcl-2 family proteins and the 2D '>N-'H HSQC
spectra were collected at 25°C (for Bcl-X;, Mcl-1, and KSHV
Bcl-2) or 30 °C (for Bcl-w). The backbone 'H and '°N resonances
of >N-labeled Bcl-X;, Mcl-1, Bcl-w, and KSHV Bcl-2 bound to the
p53TAD and 12-1 peptides were assigned using the previously

reported chemical shift assignments for the unbound proteins
[33-35]. All the NMR data were processed and analyzed using
NMRPipe/NMRDraw [36] and SPARKY software.

2.3. Structure calculation

The structures of the Mcl-1/p53TAD, Bcl-w/p53TAD, KSHV Bcl-
2/p53TAD, and Bcl-X;/12-1 peptide complexes were calculated
using the program HADDOCK 2.0 [37] in combination with crystal-
lography and NMR system (CNS). Ambiguous interaction restraints
(AIRs) were defined on the basis of the NMR chemical shift pertur-
bation data. The “active” residues of Mcl-1, Bcl-w, KSHV Bcl-2, and
Bcl-X; were defined as those showing a significant chemical shift
perturbation value with relatively large per-residue solvent
accessibility for either the side-chain or main-chain atoms. All of
the surrounding surface residues near the active residues were
defined as “passive” residues. The structure of 9-mer region
(RFMDYWEGL) in the 12-1 peptide bound to MDM2 was used as
initial structural template (PDB code: 1T4F) [38]. Starting from
the structures of Bcl-w (PDB code: 1MK3), Mcl-1 (PDB code:
2NLA), KSHV Bcl-2 (PDB code: 1K3K), Bcl-X; (PDB code: 1BXL)
[39], and p53TAD peptide (residues 15-29) (PDB code: 1YCR), rigid
body energy minimization was performed, leading to 1000 rigid
body docking solutions. In terms of intermolecular interaction
energy, the 200 lowest structures were selected for rigid body
simulated annealing followed by semi-flexible simulated anneal-
ing in torsion angle space. Finally, the resulting structures were
refined in explicit water by using simulated annealing in Cartesian
space. The docking solutions were clustered based on positional
root mean square deviation (rmsd) values by using a 3 A cut-off.
The complex models were selected for visualization based on their
rmsd from the best energy structure and HADDOCK energy score.
Figures of the model were drawn using the PyMOL software
package [40].

3. Results and discussion

3.1. Conserved binding mechanism of the MDM2-inhibiting p53TAD
peptide with diverse anti-apoptotic Bcl-2 family proteins

In previous studies, GST pull-down assays and NMR-binding
data showed that an MDM2-inhibiting p53TAD motif (residues
15-29) is involved in binding of anti-apoptotic Bcl-2 family
proteins such as Bcl-2 and Bcl-X;. To understand the structural
basis for interactions between the p53TAD peptide and diverse
anti-apoptotic Bcl-2 family proteins, we performed NMR experi-
ments for binding of >N-labeled Mcl-1, Bcl-w, and KSHV Bcl-2 with
the p53TAD peptide (Supplementary Fig. S1). Based on the observed
NMR chemical shift perturbation data, we calculated structural
models of the p53TAD peptide in complex with Mcl-1, Bcl-w, and
KSHV Bcl-2 by using the program HADDOCK 2.0 [26] (Fig. 1A).
The complex structures showed that the residues Phe19, Trp23,
and Leu26 in the o -helical p53TAD peptide bind to the elongated
hydrophobic clefts of the anti-apoptotic Bcl-2 family proteins via
the BH1, BH2, and BH3 regions, similar to the binding mechanism
of pro-apoptotic BH3 peptides (Fig. 1B). The structural comparison
of these complex models revealed that the binding mechanism of
the p5S3TAD peptide is highly conserved among various members
of the anti-apoptotic Bcl-2 family. It is interesting to note that
these proteins display elaborately distinct specificity for the pro-
apoptotic Bcl-2 family members: Bcl-2, Bcl-X; and Bcl-w recognize
Bad whereas Mcl-1 and A1 specifically bind to Noxa [15,41]. Indis-
criminate binding of p53TAD might contribute to more effective
neutralization of multiple anti-apoptotic Bcl-2 family proteins in
the transcription-independent apoptosis pathway of p53.
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Fig. 1. Structural models of the complexes formed between p53TAD peptide and the anti-apoptotic Bcl-2 family proteins. (A) Ribbon representation of the structural models
of the Mcl-1/p53TAD, Bcl-w/p53TAD, and KSHV Bcl-2/p53TAD complexes. The p53TAD peptide is represented as red ribbon model. The BH1, BH2, and BH3 motifs of Mcl-1 are
labeled. (B) Molecular surface representation of the Mcl-1/p53TAD (left panel), Bcl-w/p53TAD (middle panel), and KSHV Bcl-2/p53TAD (right panel) complexes. The key
binding residues (Phe19, Trp23, and Leu26) in the p53TAD peptide are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

3.2. Binding of MDM2-inhibiting peptide 12-1 to anti-apoptotic Bcl-X;

Based on the high similarity in binding mode of p53TAD peptide
to MDM2 and anti-apoptotic Bcl-2 family proteins, we hypothe-
sized that p53TAD-peptidomimetic MDM2 inhibitors may also
bind to anti-apoptotic Bcl-2 family proteins. Our recent studies
showed that the potent MDM2 antagonist Nutlin-3 binds to the
anti-apoptotic proteins Bcl-X; and Bcl-2 with a similar mode of
binding as to MDM2 [42,43]. To further test our hypothesis, we
monitored binding of the MDM2-inhibiting peptide 12-1 (Fig. 2A)
to anti-apoptotic Bcl-X; protein by NMR spectroscopy. The overlaid
2D ">N-"H HSQC spectra of Bcl-X, in the absence or presence of the
12-1 peptide indicated significant chemical shift perturbations in
many of the >N-'H crosspeaks in Bcl-X, (Fig. 2B). Upon binding
to 12-1 peptide, some crosspeaks of Bcl-X; disappeared and others
moved because they underwent fast-to-intermediate exchange on
the NMR chemical shift time scale. Although the chemical shift
perturbations induced by the 12-1 peptide were much stronger
than those induced by the p53TAD peptide (residues 15-29)
[25,26], the affected residues in Bcl-X; remain similar (Fig. 2C).
Thus, the 12-1 and p53TAD peptides share the same binding site
in Bcl-X;. To determine the binding site at the three-dimensional
level, we mapped the chemical shift perturbations induced by
the 12-1 peptide onto the structures of Bcl-X; (Fig. 2D) and found
that they took place in an elongated hydrophobic cleft composed of
the BH1, BH2, and BH3 regions of Bcl-X;.

3.3. Structural basis for the binding mechanism of the MDM2-
inhibiting 12-1 peptide to Bcl-X;

To further investigate the binding mechanism of 12-1 peptide
and the anti-apoptotic Bcl-2 protein family, we calculated
structural models for the complex between the 12-1 peptide and
Bcl-X, by using the program HADDOCK 2.0 [26] (Fig. 3A). In the
complex structure, an amphipathic o-helix of the 12-1 peptide
binds to an elongated hydrophobic cleft in Bcl-X; (Fig. 3B). This
region corresponds to a conserved site for binding the BH3
peptides of the pro-apoptotic Bcl-2 family proteins Bak, Bad, and

Bim. Superimposition of the Bcl-X;/12-1 peptide and Bcl-X;/Bak
BH3 peptide complex structures revealed that the 12-1 peptide
binds to Bcl-X; in an analogous manner as the pro-apoptotic BH3
peptide of Bak (Fig. 3C). It is worth noting that the amphipathic
o-helical backbones overlap between the 12-1 and Bak BH3
peptides. The pro-apoptotic BH3 peptide-binding cleft of Bcl-X;
consists of four discrete sites occupied by the hydrophobic side-
chains of Val74, Leu78, Ile81, and Ile85 in the Bak BH3 peptide
(referred to as thei,i+4,i+7,and i+ 11 sites, respectively). Three
of these sites in Bcl-X; (i+4, i+ 7, and i+ 11) were filled up by the
bulky hydrophobic residues, Phe4, Trp8, and Leull in the 12-1
peptide (Fig. 3C). The overlap between 12-1 and BH3 peptides in
the binding site of Bcl-X; suggests that the 12-1 peptide may
directly compete with the pro-apoptotic BH3 peptides. Thus,
targeting of the 12-1 peptide to Bcl-X; can sequester pro-apoptotic
Bcl-2 family proteins such as Bak and Bax from the Bcl-X;-bound
complex, triggering transcription-independent apoptosis.

3.4. Structural insights into the mechanism underlying dual-targeting
with the 12-1 peptide for anticancer therapy

The structural model of the Bcl-X;/12-1 peptide complex pro-
vided molecular insight into how the 12-1 peptide could target
two different anticancer targets (Bcl-X; and MDM2), despite the
clear difference between their structures. A structural comparison
between the Bcl-X;/12-1 peptide and MDM2/12-1 peptide
complexes revealed substantial similarity in the binding mode of
12-1 peptide for these proteins (Fig. 4). Similarly, the amphipathic
o-helix of the 12-1 peptide comes into contact with the hydropho-
bic clefts of Bcl-X; and MDM2. In particular, the bulky hydrophobic
side-chains of Phe4, Trp8, and Leul1 (absolutely conserved resi-
dues in the FxxxWxxL consensus motif) in the 12-1 and p53TAD
peptides serve the most critical role in binding to Bcl-X; and
MDM2. This hydrophobic triad in the 12-1 peptide binds to three
sub-binding sites in MDM2 and Bcl-X;, which are occupied by
Phe19, Trp23, and Leu26 of the p53TAD peptide (Fig. 4). This is
consistent with the previous observation that mutagenesis of these
three residues in p53TAD significantly impaired binding to both
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Fig. 2. Binding of the 12-1 peptide to anti-apoptotic Bcl-X; protein. (A) Sequence alignment of the 12-1 peptide with the wild-type p53TAD peptide. (B) The overlaid 2D
15N-"H HSQC spectra for '>N-labeled Bcl-X, in the absence (blue) or presence of the 12-1 peptide (red). (C) NMR chemical shift perturbations on Bcl-X; induced by binding to
the 12-1 peptide. Resonances of Bcl-X; that disappeared upon binding of the 12-1 peptide are shown as gray bars. The weighted chemical shift perturbations were calculated
by the equation, ACS = (A'H? + (0.2A"°N)?)°>, in which A'H and AN are the chemical shift changes on the 'H and '°N dimensions [42], and plotted against the residue
number of the Bcl-X;. (D) Binding site mapping for the 12-1 peptide on the structure of Bcl-X,. The Bcl-X; residues that disappeared upon the 12-1 peptide binding are shown
in red and the residues showing chemical shift changes of ACS > 0.02 ppm are shown in orange. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 3. Structural model of the Bcl-X;/12-1 peptide complex. An ensemble of 6 structural models (A) and the best-energy structural model (B) of Bcl-X;/12-1 peptide complex
are shown. Bcl-X; and 12-1 peptide are shown in gray and blue, respectively. (C) Superposition of the Bcl-X;/12-1 peptide and Bcl-X;/Bak BH3 peptide complexes (PDB code:
1BXL). The 12-1 and Bak BH3 peptides are colored in blue and green, respectively. Positive and negative electrostatic potentials on the molecular surface of Bcl-X; are in blue
and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

proteins [44]. Therefore, the FxxxWxxL-based helical motif serves
a critical role in the mechanism underlying dual-targeting to
MDM?2 and anti-apoptotic Bcl-2 family proteins.

Since cancer is caused by multiple factors, the efficacy of single-
target-based anticancer therapy is limited. In contrast, multi-
targeting therapy or combination drugs can improve therapeutic
efficacy, safety, and resistance profiles [45-47]. Multi-kinase
targeting of marketed drugs has proven beneficial in cancer treat-
ment [45,48]. MDM2 and anti-apoptotic Bcl-2 family proteins may

be promising targets for multi-targeting or combination drugs
because co-treatment with Nutlin-3 and ABT-737 synergistically
increased the sensitivity of high MDM2-expressing cells to apopto-
tic cell death [49]. Thus, the concomitant inhibition of MDM2 and
anti-apoptotic Bcl-2 family proteins may be a multi-target-based
strategy to trigger tumor cell death. The structures of FxxxWxXL
motif-based peptides bound to anti-apoptotic Bcl-2 family proteins
could be used as a template for structure-based design of dual-
targeting anticancer drugs.
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Fig. 4. Structural basis for the mechanism underlying for dual-targeting of the 12-1 peptide to Bcl-X; and MDM2. Structural comparison between the Bcl-X;/12-1 peptide (A)
and MDM2/12-1 peptide (B) complexes. The 12-1 peptide is represented as blue ribbon model, and Bcl-X; and MDM2 are shown in gray and pink, respectively. The key
binding residues Phe4, Trp8, and Leu11 in the 12-1 peptide are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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