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p53 can induce apoptosis through mitochondrial mem-
brane permeabilization by interaction of its DNA binding
region with the anti-apoptotic proteins BclxL and Bcl2. How-
ever, little is known about the action of p53 at the mitochon-
dria in molecular detail. By using NMR spectroscopy and
fluorescence polarization we characterized the binding of wild-
type and mutant p53 DNA binding domains to BclxL and show
that the wild-type p53 DNA binding domain leads to structural
changes in the BH3 binding region of BclxL, whereas mutants
fail to induce such effects due to reduced affinity. This was
probed by induced chemical shift and residual dipolar coupling
data. These data imply that p53 partly achieves its pro-apoptotic
function at the mitochondria by facilitating interaction between
BclxL and BH3-only proteins in an allosteric mode of action.
Furthermore, we characterize for the first time the binding
behavior of Pifithrin-u, a specific small molecule inhibitor of
the p53-BclxL interaction, and present a structural model of the
protein-ligand complex. A rather unusual behavior is revealed
whereby Pifithrin-u binds to both sides of the protein-protein
complex. These data should facilitate the rational design of
more potent specific BcIxL-p53 inhibitors.

Due to its central role in the induction of apoptosis and cell-
cycle arrest, p53 is one of the most important checkpoint pro-
teins of cell survival and genomic integrity induced by a variety
of different damage stimuli like DNA damage, oncogenic or
hypoxic stress (1). p53 can induce apoptosis via transcription-
dependent and transcription-independent functions (2). In
particular, p53 mediates its pro-apoptotic response via tran-
scriptional activation of pro-apoptotic target genes, such as
BAX and PUMA, and trans-repression of pro-survival proteins
(for review, see Ref. 3). In addition, death signals are mediated
through the transcription-independent p53 death pathway,
which acts via p53 protein-mediated direct mitochondrial
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outer membrane permeabilization (MOMP),? leading to rapid
cytochrome c release.

MOMP is believed to depend on the opening of the dynamic
Bax/Bak lipid pore and is triggered by BH3-only proteins (4, 5).
In response to a death stimulus, a fraction of stress-stabilized
p53 rapidly translocates to mitochondria in primary, immortal,
and transformed cells (6). The primary targets of p53 at the
mitochondria are pro-survival Bcl2 proteins. Members of the
Bcl2 family can be grouped into pro- and anti-apoptotic sub-
families, based on their modular content of BH1, BH2, BH3,
and BH4 (Bcl2 homology) domains. The BH1234 domain pro-
teins BclxL and Bcl2 are prototype anti-apoptotic members
that stabilize the outer mitochondrial membrane by binding
and inhibiting pro-apoptotic members via their hydrophobic
BH123 binding pocket (also called the BH3 peptide binding
pocket) (7). In contrast, BH123 domain proteins Bax and Bak
act as ultimate pro-apoptotic effector proteins. A third class,
the BH3-only proteins, like Bad, tBid, or Puma, act as key trans-
ducers of death signals and fall into two subgroups, activators
and enablers (5). Activator BH3-only proteins such as tBid
function by transiently binding to and directly activating Bax
and Bak and inducing their oligomerization (5). Enabler BH3-
only proteins such as Puma promote MOMP more indirectly.
They activate Bax/Bak by forming inhibitory complexes with
anti-apoptotic BH1-4 proteins such as Bcl2 and BclxL that
normally stabilize the outer mitochondrial membrane. As a
consequence, the activator BH3-only proteins or Bax/Bak
themselves are liberated from their inhibitory complexes with
Bcl2/xL and induce MOMP and the apoptotic cascade. Stress-
induced p53 was shown to induce oligomerization of endoge-
nous Bak and permeabilization of the outer mitochondrial
membrane, as indicated by a robust cytochrome c release from
isolated unstressed mitochondria (6, 8). In contrast, p53 vari-
ants most frequently found in cancer cell lines (called “hot spot”
mutants) are also deficient in binding to Bcl2/xL proteins at the
mitochondria (6, 9). Therefore, these mutants can be called
“double hits” because they loose the ability to promote apopto-

2 The abbreviations used are: MOMP, mitochondrial outer membrane perme-
abilization; BH, Bcl2 homology; BcIXLALT, human BclxL with missing trans-
membrane helix and missing flexible loop (residues 1-44, 85-212);
BcIXLATM, human BclxL with missing transmembrane helix (residues
1-212); DBD, DNA binding domain; MTSL, (1-oxyl-2,2,5,5-tetramethyl-A3-
pyrroline-3-methyl)methanethiosulfonate; RDC, residual dipolar coupling;
PRE, paramagnetic relaxation enhancement; PTF, Pifithrin-w; DTT, dithio-
threitol; WT, wild-type; HSQC, heteronuclear single quantrum coherence.
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sis through both transcription-dependent and -independent
pathways. However, the mechanism how p53 directly induces
MOMP at the mitochondria still remains enigmatic.

To address this question we present data on interaction
between BclxL and the p53 DNA binding domain (DBD)
and extend the previously reported binding model between
p53DBD and BclxL (10, 11). We used spin-labeled BclxL to
accurately determine the binding interface at the p53DBD by
employing paramagnetic relaxation enhancement techniques.
For the BclxL side, we used NMR chemical shift perturbation to
determine the binding interface with p53DBD. Additionally,
using residual dipolar coupling (RDC) techniques we deter-
mined the p53 binding competent conformation of BclxL. We
found that upon binding, BclxL undergoes slight structural
changes both at the p53-binding site but also at the BH123
binding pocket. This pocket forms the main interaction site of
BH3-only proteins and therefore regulates MOMP and apopto-
sis. In addition, we present the first structural data on the bind-
ing of Pifithrin-u, a specific small molecule inhibitor of the
p53-BclxL complex. To our surprise, this inhibitor binds to
both sides of the complex.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Protein Purification—Residues
94.-312 of human p53 encoding for the wild-type, G245S, and
R273H mutant p53 DNA binding domain were cloned into a
pET28a vector (Novagen) with a His, tag and a thrombin cleav-
age site using Ndel/BamHI restriction sites. Unlabeled and uni-
formly '°N-labeled p53DBD was expressed in Escherichia coli
BL21(DE3). The R248W mutant was expressed and purified
as described (12). For labeling purposes, 1 g of isotopically
enriched '®N-ammonium chloride (Eurisotope, Saarbriicken,
Germany) per liter of M9 salts medium was used. Cells were
grown at 37 °C to an A, of 0.7 and shifted to 20 °C after induc-
tion with 1 mwm isopropyl 1-thio-B-p-galactopyranoside. One
hour prior to induction 100 um ZnSO, was added to achieve a
sufficient Zn®>" concentration for protein expression. Expres-
sion was done over 16 -20 h and purification was achieved by
nickel-nitrilotriacetic acid and size exclusion chromatography.
Full-length BclxL shows very low solubility due to its hydropho-
bic transmembrane helix and the spectral quality can be signif-
icantly improved by deletion of the flexible loop without affect-
ing the binding affinity to p53DBD. Therefore, truncated
constructs of human BclxL lacking solely the transmembrane
domain (BcIxLATM, residues 1-212) and in addition the flexi-
ble loop between helices 1 and 2 (BcIxLALT, residues 1-44 and
85-212) (7) were cloned into a pET28a expression system with
an N-terminal His, tag and a thrombin cleavage site. If not
stated otherwise, BcIxXLALT was used for all in vitro experi-
ments. Buffer exchange for all protein samples to 50 mM potas-
sium phosphate, pH 6.8, 50 mm KCl, 5 mm DTT or 10 mm
sodium phosphate, pH 7.2, 1 mm DTT was achieved by passage
over G-60 or NAP-5 columns (Amersham Biosciences). The
molecular masses and purities of all samples were monitored by
SDS-PAGE and samples were concentrated to a final concen-
tration of 0.5—1 mm.

Peptide Synthesis—Peptides were synthesized using standard
Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry on a trityl-
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chloride-polystyrene resin. Purification was achieved by high
pressure liquid chromatography with a preparative C18 re-
versed phase column and the correct molecular mass was con-
firmed by ESI and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry.

Spin Labeling—Site-directed spin labeling at a single cysteine
site at position 151 of BcIxLALT was performed using the cys-
teine-selective free radical reagent (1-oxyl-2,2,5,5-tetramethyl-
A3-pyrroline-3-methyl)methanethiosulfonate (MTSL, Toronto
Research Chemicals) (13). Protein samples were changed to
non-reducing buffer conditions using NAP-5 columns (GE
Biosciences) and a 10-fold excess of spin label dissolved in ace-
tone was added immediately. The reaction was allowed to pro-
ceed for 12—-16 h at 4 °C. Excess MTSL was removed by passage
over a NAP-5 column pre-equilibrated in NMR sample buffer
(50 mm potassium phosphate, 50 mm KCI) without reducing
agents.

MOMP Assays—Release assays for apoptotic activators were
performed on mitochondria isolated from freshly harvested
mouse liver and cultured cells. Mouse liver mitochondria were
gradient-purified (6). Cultured cells were resuspended in man-
nitol buffer, swollen for 10 min, and Dounce homogenized.
Nuclei and unlysed cells were pelleted at 2,000 X g. Mitochon-
dria were recovered from the supernatant by centrifugation at
13,000 X g (14). Mitochondria (350 pwg/ml) were incubated with
purified p53, tBid (R&D Systems), Type V bovine serum albu-
min (Sigma), or buffer for 20 min at 30 °C and promptly centri-
fuged at 4 °C (6). The resulting supernatants and washed mito-
chondrial pellets were analyzed by immunoblotting. His-tagged
human p53 proteins were baculovirally (WT p53) or bacterially
expressed (WT p53 and p53 DBD mutants R175H, L194F,
G245S, R248W, R249S, R280K, and R282W; previously charac-
terized in Ref. 9. Protein purity was assessed by Coomassie gels
and quantitated by comparing against a bovine serum albumin
standard.

Immunoprecipitation and Western Blotting—RKO cells were
pretreated with 15 um PFT w for 1 h, followed by 10 um Nutlin
for an additional 6 h. Immunoprecipitations were performed
using 3 ug of anti-p53 antibody (DO-1, Santa Cruz) rotated
overnight with 1 mg of total protein lysates at 4 °C. p53 com-
plexes were pulled by protein G-agarose beads (Roche).

Fluorescence Polarization—Fluorescence polarization mea-
surements were performed at room temperature with a BMG
Polarstar Galaxy Multi-mode Reader (BMG Lab Systems,
Offenburg, Germany). Labeling of BcIxLALT and BcIxLATM
was done according to the manufacturer’s protocol using
5',6'-carboxyfluorescein succinimidyl ester (Molecular Probes)
and the free label was removed by passage over a Superdex-
200 size exclusion column (Amersham Biosciences). Label-
ing yields were between 70 and 80%. 100 nm Fluorescein-
labeled BcIxLALT was titrated with increasing amounts
(0.1-100 um) of p53DBD proteins in 10 mm sodium phosphate,
pH 7.2, 1 mm DTT (ionic strength: 20 mm) and 50 mm potas-
sium phosphate, pH 6.8, 50 mm KCl, 5 mMm DTT (ionic strength:
150 mm) on a 384-well non-binding surface plate (Corning,
Lowell, MA) using a 20-ul volume/well.

For peptide binding assays 750 nM fluorescein-labeled BH3
peptides were incubated with increasing amounts of BcIxLALT
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ranging from 0.1 to 20 um. Buffer conditions were the same as
indicated above.

Fluorescence polarization was measured using the appropri-
ate filter for fluorescein excitation and detection (excitation =
485 nm, emission = 520 nm). Five independent measurements
were conducted for each titration step and the obtained values
were averaged and analyzed with PROFIT 6.1.10 (Quantum
Soft, Uetikon am See, Switzerland). Data were fitted to a one-
site binding model using Equation 1,

P, X [Protein]
P=P,+

° " K, + [Protein] ey

where P is the measured polarization value, P, the initial polar-
ization value, and P, the polarization amplitude upon binding
of the unlabeled protein to fluorescein-labeled BclxL, K, is the
dissociation constant, and [Protein] is the concentration of the
unlabeled protein. Double-stranded con2X5 DNA (5'-cct aga
cat gcc taa t-3') with two p53 consensus sites was used for com-
petition experiments.

For peptide binding assays a different equation was used tak-
ing into account the concentration of the labeled peptide
(Equation 2) (15),

(Lr + Kp + PP — Ly — Kp — Py)? — 4L,P;
2L,

S=So+ S, %

(Eq.2)

where L is the total ligand (peptide) and P the total protein
concentration at each titration step. S, and S, are the initial and
amplitude in fluorescence polarization value and K}, is the dis-
sociation constant. This equation is used because the peptide
concentration is close to the expected K, value. As a conse-
quence, the total protein concentration at each titration step
cannot be used for curve fitting because a significant amount of
protein (>10% of total) is bound to the peptide.

Circular Dichroism (CD) Spectroscopy—CD spectroscopic
experiments were performed with a Jasco J-715 spectropola-
rimeter (Jasco, Grof3-Umstadt, Germany). For the determina-
tion of protein stability, 10 uMm protein solutions in 50 mm
potassium phosphate, pH 6.8, 50 mm KCl, 1 mm tris(2-carboxy-
ethyl)phosphine were measured in a 1-mm path length cuvette.
Upon heating with a rate of 60 K/h the ellipticity at 218 nm was
recorded using a bandwidth of 5 nm and a response of 2 s. The
obtained unfolding transitions from 20 to 90 °C were fitted with
a Boltzmann function describing the sigmoidal shape of the
unfolding process (16).

Nuclear Magnetic Resonance (NMR) Spectroscopy—NMR
spectroscopic experiments were measured at 293 K on Bruker
DMX600, DMX750, and Avance900 spectrometers (Bruker
Biospin, Rheinstetten, Germany), respectively. All titration
experiments were done using standard '*N-HSQC experi-
ments with WATERGATE water suppression scheme (17) in
either 50 mM potassium phosphate, pH 6.8, 50 mm KCl, 5 mm
DTT or 10 mm sodium phosphate, pH 7.2, 1 mm DTT in 95/5%
(v/v) H,O/D,0. 256 increments were recorded in the indirect
dimension and data were processed using Topspin version 1.3
(Bruker Biospin). For confirming the chemical shift assign-
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ments, which was necessary for the larger chemical shift devia-
tions occurring with PFTu, a *°N-edited NOESY-HSQC (18)
experiment was recorded. For paramagnetic relaxation en-
hancement (PRE) measurements, 150 um spin-labeled BclxL
was titrated into a solution of 150 um '°N-labeled p53 DBD in
50 mm potassium phosphate, pH 6.8, 50 mm KCl at 293 K and
the effect of the spin label after complex formation was moni-
tored with ">N-HSQC spectra. As a reference, a HSQC spec-
trum was recorded after the reduction of the spin label with a
10-fold molar excess of ascorbic acid for 1 h at room tempera-
ture. Chemical shift changes upon ligand titration were calcu-
lated as the average of ">N and 'H shift deviations: A, = (A,* +
AW?/25)12/2 (19), and K, values were determined with Equa-
tion 2 using the average chemical shift deviation instead of the
fluorescence polarization as an input.

For the determination of dissociation constants using NMR
peak volume measurements, the relative fraction of the bound
protein (fi,..a) Was determined using the relation: f; .4 =
Viound! Voound T Vieo) Where Vi . and V.. are the peak
volumes of the **N-HSQC signals of the bound and free forms
of the corresponding amino acid residues, respectively. For
each titration step, f;,,..q Was plotted against the concentration
of the free ligand L. = L, — L, .4 Where L. is the total ligand
concentration and L, .4 is the concentration of the bound
ligand (which is equal to the bound protein concentration).
Fitting of the titration curve was done with Equation 1.

HN RDCs were measured in 50 mMm potassium phosphate,
pH 6.8, 50 mm KCI, 5 mm DTT at 293 K with IPAP-type exper-
iments (20) using 10 mg/ml of Pfl phage (21) (Hyglos AG,
Regensburg, Germany) or 3% C12E5-hexanol mixtures (Otting
phases) (22). 256 increments were recorded in the indirect *°N-
dimension and RDC values were determined by comparing the
splitting of the HN correlation signal in the isotropic and aniso-
tropic case using Sparky (23) and in house scripts. Analysis and
back calculation was done with PALES (24). For analysis of
RDCs we first generated a minimized energy structure using
Xplor-NIH (25) with the coordinates of BclxL (Protein Data
Bank code 11xI) (26). Pairwise spin-spin distances for all heavy
atoms were calculated from the crystal structure and used for
structure calculation with experimental RDCs for refinement.
HN RDCs of BclxL were measured with and without p53DBD.
As expected, using the PALES software (24), RDCs back calcu-
lated with the resulting structure showed very good agreement
with experimental values. For comparison, the experimental
HN RDCs of BclxL in complex with p53DBD WT and the
p53DBD R273H mutant were fitted against the refined struc-
ture using PALES. An identical procedure was done with the
experimental RDC values of BclxL in the presence of p53DBD
WT. The resulting structures of BclxL refined with each RDC
set were aligned with PyMOL (55). Protein-protein and pro-
tein-ligand complexes were calculated using the HADDOCK
software package (27). All residues, which show chemical shift
differences greater than the average chemical shift deviation of
all residues plus the standard deviations, were selected as
“active” residues. All surrounding surface neighbors were de-
fined as “passive” residues forming the binding site of the
ligand/protein together. For PFTu all atoms were set as active.
Ambiguous distance restraints were defined between every
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FIGURE 1. Structural model of the p53DBD- BcIxL complex. A, chemical shift perturbation of 100 um BcIxLALT
upon titration with 150 um unlabeled wild-type p53DBD in 10 mm sodium phosphate, pH 7.2, 1 mm DTT at 293 K.
There are three regions in BclxL, which show significant chemical shift differences (above the horizontal line, which
indicates the mean value + 1 S.D.) upon p53DBD titration, localizing to BclxL residues 20-35, 100-125, and 150-
178. B, 150 um MTSL-labeled BcIxLALT was titrated into a solution of 150 um wild-type '°N-p53DBD in 50 mm
potassium phosphate, pH 6.8, 50 mm KCl, 5 mm DTT at 293 K and the intensity ratio of the signals in the ">N-HSQC
before and after reduction of the spin label with ascorbic acid was plotted. The positions of three hot spot mutants
(G245S,R248W, and R273H) in p53DBD are marked with arrows. Residues showing an intensity ratio of 0.6 (black line)
or lower are supposed to be involved in direct binding to BclxL. The lower the intensity ratio, the closer the distance
between the residues in p53DBD and the spin label in BclxL. The contact regions within p53 are residues 110-120,
180-200, 235-255, and 275-285. C, structural model of the BcIxL-p53DBD complex obtained with NMR data driven
docking. Secondary structural elements are labeled. Input data were chemical shift and spin label data shown in A
and B.Input data and structural statistics of the best energy structures are shown in supplemental Table S1. p53DBD
interacts with its basic DNA-binding site with the acidic bottom of BclxL. D, surface representation of p53DBD.
Interacting residues in BclxL are shown as sticks. The hot spot mutants of p53DBD are shown in orange. In BclxL,
mostly negatively charged residues take part in the interaction, whereas the whole positively charged DNA-binding
surface of p53DBD is covered. Single letter amino acid abbreviations are used. E, the complex between p53DBD and
BclIxL can be dissociated by the addition of p53 consensus DNA oligonucleotides containing two p53-binding sites
(con2X5). Here, 60 uMm p53DBD was incubated with 1 um fluorescein-labeled BclxL in 10 mm sodium phosphate, pH
7.2, 1 mm DTT and con2X5 DNA was titrated in the mixture. The midpoint of the titration curve monitored with
fluorescence polarization is 30 um, indicating that the complex is dissociated by the DNA and exactly two p53DBD
molecules bind to the con2X5 oligonucleotide.

60 70

active residue of the protein and every active and passive
residue of the partner and vice versa. For PFTu parameter
and topology files were generated with PRODRG (28) and
xplor2d (29) programs. The actual complex structure calcu-
lation was performed using the CNS structure calculation
package (30) with a first round rigid body docking generat-
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ing 2000 structures, a second
round simulated annealing step,
where the protein side chains and
the binding partner are allowed to
move. Finally, the best structures
were refined in explicit solvent. 200
Water-refined structures were ob-
tained and used for analysis. The
quality of the obtained structural
models was assessed by the root
mean square deviations from the
best energy structure and the
intermolecular energy term. For
visualization, the structures with
the lowest values for the intermo-
lecular energy terms were used. The
backbone geometry of the best
energy model was probed with
PROCHECK-NMR (31). Structures
were visualized using the PyMOL
software package and Chimera (32).

Saturation transfer difference ex-
periments (33) with p53DBD and
PFTu were performed at 293 K on a
Bruker DMX750 spectrometer. 50
uM p53DBD was mixed with 1 mm
PFTw in 50 mMm potassium phos-
phate, 50 mm KCI, 5 mm DTT, and
5% (v/v) dg-Me,SO. A saturation
time of 2 s with low power on-reso-
nance irradiation at 0 ppm was used
where protein methyl groups are
affected. For the control experi-
ment, saturation was done at —30
ppm where no protein resonance is
affected. Subtraction of on- and off-
resonance experiments was achieved
by appropriate phase cycling.

RESULTS

Determination of the Binding In-
terface between BclxL and pS3DBD—
Starting from previous data describing
the BclxL-p53DBD protein-pro-
tein interface (6, 10), we aimed at
getting a more precise structural
model of the complex. To this end
we used chemical shift perturba-
tion experiments for BclxL and
paramagnetic relaxation enhance-
ment data for p53DBD. Signifi-
cantly shifting signals in the *N-

HSQC spectrum of BcIxLALT in 10 mMm sodium phosphate, pH
7.2, 1 mm DTT (low salt buffer) include residues 20-30, 118 —
121, and 156-169 (Fig. 1A), which cluster at the negatively
charged bottom side of BclxL. The chemical shift deviations
were most pronounced in low-salt buffer indicating a strong
electrostatic contribution to complex formation. For p53DBD,
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main interaction sites within
p53DBD, consisting of residues
110-120, 180-200, 235-255, and
residue 275-285, which are also
involved in DNA binding. To obtain
a model of the complex structure,
we used the data shown in Fig. 1, A
and B, to identify surface-exposed
residues that form the protein-pro-
tein interface. Residues with a PRE
value of 0.6 and below for p53DBD,
and residues with chemical shift dif-
ferences greater than the average
plus the standard deviation (A, >
0.125) for BclxL were selected as
active (supplemental Table S1A).
Calculation of the complex struc-
ture was done using Haddockl.3
(27) and the CNS structure calcula-
tion package (30). The resulting best
energy structural models are shown
in Fig. 1C and the structural statis-
tics of the best 5 energy models is
shown in supplemental Table S1B.

RN

S o &
& S

*1’-— | P53

The protein-protein interface is

A\ § s"a"a
- F S & FE&E
cyto C|

formed by the positively charged

|cytoCs.n. DNA binding surface of p53DBD

[ — |
AIF‘ - — - ‘ils.n.

——— ———=&]cytoC pellet

and the negatively charged bottom

| @ ——ewemmememaw | COX, pellet

of BclxL, which encompasses BclxL

s.n.:supernatant

FIGURE 2. Mutational and functional characterization of the BcIxL-p53DBD complex. A, section of a '°N-
HSQC spectrum of '°N-labeled BcIxLALT and unlabeled wild-type p53DBD (black, BcIxLALT alone; red,
+p53DBD wt). Shifting residues are located at the direct p53DBD-binding site (GIn'®) or at the BH3-peptide
binding site (Ala'®* Leu'%®, and Ala'#?, red label) of BclxL. B, significant chemical shift changes (A, > 0.07 ppm)
upon titration of wild-type p53DBD, mapped onto the structure of BclxL (PDB code 1g5j). Shifting residues in
BcIXLALT are shown in red. For comparison, the Bad-derived BH3 peptide bound to the BH3 binding pocket is
shown in green. C, K, value determination of fluorescein-labeled BcIXxLALT and p53DBD wild-type (®) and
mutants G245S (@), R248W (A), and R273H (V). Five individual measurements were averaged and standard
errors are indicated. Corresponding K, values are shown in Table 1. D and E, isolated mitochondria from
unstressed HCT116 human colon carcinoma cells were incubated with the indicated recombinant full-length
proteins. Subsequently, aliquots were analyzed for MOMP by immunoblotting. The prototypical BH3-only
protein tBid functions exclusively via the Bax/Bak pore and serve as positive control. Only wild-type but not
mutant p53 was able to induce MOMP. AlF, apoptosis-inducing factor; BSA, bovine serum albumin; COX,

cyclooxygenase.

PRE experiments were performed (Fig. 1B) with MTSL-labeled
BelxL in 50 mMm potassium phosphate, pH 6.8, 50 mm KCl.
MTSL is a nitric oxide radical, which can be selectively attached
to cysteine residues by the formation of a disulfide bond.
The radical induces enhanced relaxation of the signals in the
I5N-HSQC spectrum, leading to a distance-dependent line
broadening and reduction in intensity of the signals. This effect
is rather long-range with maximal distances up to 25 A (13).
Using '°N-labeled p53DBD and MTSL-labeled BclxL, distances
between both proteins were monitored. Upon complex forma-
tion a significant effect of the spin label on the signals in the
1N-HSQC spectrum of p53DBD can be observed (Fig. 1B). The
PRE value is the ratio between the signal intensities in the '*N-
HSQC spectrum of p53DBD with MTSL-labeled BclxLALT
before and after reduction of the spin label with ascorbic
acid. The observed signal intensity pattern reveals three
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residues 20-30,118-121, and 156 —
169 (Fig. 1, C and D). The contact
sites on BclxL, residues Ser'®, Tyr*?
Ser?3, GIn2®, and Ser?® in helix 1 and
2, Ile’'* between helix 3 and 4, and
Val'®®, Asp'®®, and Glu'®® in helix 5
and 6 participate in polar contacts
with residues Gly''”, Ser'?!, Cys'”°,
Hisl78’ Asn239, Met243, Arg248
Gly*”?, and Arg?®*° within p53DBD.
As p53DBD interacts with its DNA-
binding surface, we reasoned that it
should be possible to dissociate the
complex with the p53 consensus DNA. Indeed, using fluores-
cence polarization measurements, the complex between fluo-
rescein-labeled BclxL and p53DBD could be disrupted by 0.5 M
eq of p53 consensus DNA (oligonucleotides con2X5 (34)) con-
taining two p53DBD binding sites (Fig. 1E).

Structural Changes in BclxL upon Binding to Wild-type
p53DBD—We previously showed that oncogenic mutations
within the p53DBD impair or abrogate the Bcl2/xL binding
ability (6, 9). To investigate these p53DBD mutants in more
detail, we performed NMR chemical shift perturbation and fluo-
rescence polarization experiments with BclxL and either wild-
type or mutant (G245S, R248W, and R273H) p53DBD. Wild-
type p53DBD induced chemical shift changes in the **’N-HSQC
spectrum of BclxL (Figs. 2A and supplemental S1) at the
p53DBD binding site (see Fig. 14), but also at the BH3 peptide-
binding site comprised of BH123 regions. In Fig. 24, a section of
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TABLE 1

Dissociation constants between BclxL and p53DBD at two different
ionic strengths (1)

p53DBD Wild-type” Wild-type® G245  R248W”  R273H”
Kp(um)I=20mm*  59*07¢ 55+13% 88+12¢ 17.4+257 17.7 + 249
Kp (um) I = 150 mm© 44 +4% 113+ 197 158 + 257

“ Fluorescein-labeled BcIxXLATM was used.

5 BcIXLALT was used.

¢ Buffer was 10 mm sodium phosphate, pH 7.2, 1 mm DTT (I = 20 mm).

45 individual measurements were used for error estimation.

¢ Buffer was 50 mm potassium phosphate, pH 6.8, 50 mm KCI, 5 mm DTT (I = 150 mm).

the "”N-HSQC spectrum of BclxLALT with (red) and without
(black) p53DBD wild-type is shown. A prototype signal from
the direct p53 binding site (GIn'®) is labeled in black, signals
corresponding to the BH123 region are labeled in red, and unla-
beled peaks do not contribute to binding. Mapping of the
p53DBD-binding site on BclxL has been previously reported by
others (10, 11), and the chemical shift changes shown here are
in very good agreement with these data. However, in addi-
tion to the chemical shift changes at the direct p53DBD-
binding site, we also see changes at the BH123 region. Using
the structure of BclxL in complex with a BH3 peptide derived
from the BH3-only protein Bad, significant shift differences can
be visualized on the structure (Fig. 2B). These effects cluster to
the BH123 region in BclxL, with its groove for BH3 peptide
(green wire in Fig. 2B) binding. The direct p53DBD binding site
is not shown in Fig. 2B but the chemical shifts for that region are
of similar magnitude compared with the BH123 region (Fig.
1A). Of note, analysis of the chemical shift differences observed
with wild-type p53DBD and structural mutant G245S or DNA
contact mutant R273H reveals differences especially in the
BH123 region. Only the wild-type p53 protein and to some
extent the G245S mutant were able to induce chemical shift
changes also in the BH3 peptide binding pocket of BclxL. In
contrast, the R273H DNA contact mutant showed only chem-
ical shift changes at the p53-binding interface of BclxL (supple-
mental Fig. S1). This is directly correlated with a reduced affin-
ity to BclxL as determined by fluorescence polarization at
two ionic strengths (see Figs. 2C and supplemental S2, and
Table 1). At both, 20 and 150 mm ionic strength, p53DBD wild-
type shows the highest affinity for BclxL. Mutants G245S and
R273H show significantly lower affinity especially at the 150
mM jonic strength. Therefore, BclxL is not saturated with
mutant p53DBD at the sample conditions of the NMR chemical
shift perturbation experiments, whereas in the presence of
wild-type p53DBD BclxL is fully saturated and shows the most
pronounced chemical shift perturbation effects. All investi-
gated p53 mutants are stable at room temperature as shown by
CD-detected thermal unfolding transitions (supplemental Fig.
S3). The thermal stability of p53DBD wild-type is 43.3 °C,
whereas the mutants show lower stability (G245S, 37.2 °C;
R273H, 41.3 °C), which is well above the temperature chosen
for all measurements (20 °C).

To test the impaired ability of p53 mutants to induce MOMP
in a cellular assay, we reasoned that tumor-derived p53DBD
mutants in the full-length protein should also be compromised
in their ability to alter the functional status of Bax and Bak in the
outer mitochondrial membrane, and possibly also alter the per-
meability transition pore components in the inner and outer
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membrane. As expected, addition of full-length recombinant
wild-type p53 protein to mitochondria that were isolated from
unstressed human colon carcinoma cells (HCT116) readily
released the apoptosis activating factors cytochrome ¢, Smac,
and AIF (apoptosis-inducing factor) into the supernatant (Fig.
2, D and E, and data not shown). In contrast, mutant full-length
p53 proteins failed to induce a significant release of these
factors, which further correlated with a pronounced decrease
to induce oligomerization of endogenous Bax and Bak (8).
Moreover, in contrast to full-length wild-type p53, full-length
mutants are markedly compromised in their ability to drive
voltage-dependent anion channel (a major outer membrane
protein and presumed component of the permeability transi-
tion pore) into high molecular weight complexes (8).

To gain further information about the mechanism of p53-
induced induction of MOMP, we measured RDCs in 50 mm
potassium phosphate, 50 mm KCl, 5 mm DTT (high salt buffer).
The concentrations of BclxL and p53DBD were 100 and 150
uM, respectively, which is well above the K, between wild-type
p53DBD and BclxL in this buffer (see Table 1). RDCs are de-
pendent on the relative orientation of the chemical bonds
between two atoms in respect to the preferred orientation of
the protein and are therefore a tool for structure validation and
refinement. RDCs can be back calculated from the three-di-
mensional structure and compared with the measured RDCs.
We used '°N-BclxLALT and measured RDCs between
the amide hydrogen and nitrogen in the protein backbone. The
measured HN RDC values of free BcIXLALT agree well with the
values back calculated from the crystal structure (PDB code
11x1, correlation » = 0.96, Fig. 3A, upper left). Structural changes
in the BH123 region were probed with a sample containing
'5N-BcIxLALT and wild-type p53DBD. Here, the correlation
between measured and calculated RDCs was significantly
decreased (r = 0.84, Fig. 34, lower left). This decrease in corre-
lation (R value) indicates that in the presence of wild-type
p53DBD, the structure of BclxL is altered. Looking at the out-
liers in the correlation plot (Fig. 34, lower left), residues mostly
located in the BH123 region (Phe'®', Tyr'**, Ser'*?, Leu'**, and
Leu'®®, red label) but also at the direct p53 binding site (GIn'®
and Val'®®, black label) can be identified. The HN bonds of
these residues experience a change in their relative orientation,
indicating that a conformational change takes place in this
region. In contrast, the measured RDCs of the p53DBD R273H
mutant in complex with BclxL show better agreement with the
structure of free BclxL (r = 0.89) where significant deviations
appear only at the direct binding site to p53DBD (data not
shown). This difference is caused by the pronounced drop in
affinity with this mutant (Table 1).

The measured HN RDCs of the BclxL-p53DBD complex can
be directly used to obtain a structural model where the basic
fold of BelxL is fixed through NOE connectivities and RDCs are
included for the refinement to induce local structural changes.
Two sets of HN RDCs measured in 10 mg/ml of Pf1 phage and
3% Otting phases were used to probe the conformational
changes. As expected, after structure refinement the resulting
structure shows much better agreement with the measured
RDC values (Fig. 34, right). The R value increases to 0.94 as
compared with 0.84 with the unbound BclxL structure for the
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FIGURE 3. Structural changes in BclxL upon binding to p53DBD monitored with residual dipolar
couplings. A, comparison of the observed and calculated HN residual dipolar couplings of BcIxLALT
(upper left) and BcIXLALT in the presence of wild-type p53DBD (lower left). Residues showing significant
deviations in the BcIxL-p53DBD sample are labeled and residues in the BH3-peptide binding site are
colored in red. In the presence of wild-type p53DBD, the correlation between observed and back calcu-
lated RDCs is decreased from 0.96 to 0.84, indicating a structural change at the BH3 binding groove in
BcIxL upon complex formation. For back calculation of the RDCs a RDC-refined structure of free BcIxL was
used. Upper right, HN RDCs of BclxL in its complex with p53DBD (using 10 mg/ml of Pf1 phage for partial
alignment) are correlated with HN RDCs back calculated from an RDC-refined structure of BcIxL in complex
with p53DBD (see B, right panel). The agreement between both sets is very high, yielding a correlation
coefficient R of 0.94 (where R ranges from 0 to 1). D,, axial component; Rh, rhomicity of the alignment
tensor obtained using single value decomposition with the refined structure of BcIxL. Lower right, HN
RDCs of the BclxL-p53DBD complex using 3% Otting phases for alignment. For back calculation an RDC-
refined structure of BclxL in complex with p53DBD was used (B). Here, the calculated correlation is even
better than found for the Pf1 phage case (r = 0.97). B, comparison between BclxL structures in the
Bad-peptide bound form (left panel), in the free form (middle panel, PDB code 1lxl), and in the RDC-refined
p53DBD-bound form (right panel). In the RDC-refined structure helices 3 and 4 move to a more open
position similar to the conformation found when in complex with BH3 peptides and thus seem to facilitate
peptide binding. In each structure, the BAD peptide is shown to visualize possible sterical clashes that can
be seen in the free conformation of BclxL (yellow circle). C, left, alignment of BH3 peptides. Especially, Bad
and Puma show high sequence conservation, whereas the similarity with Bid is less pronounced. Right,
affinities between 0.75 um fluorescein-labeled Puma and Bid BH3 peptides and BclxL measured in 10 mm
sodium phosphate, pH 7.2, 1 mm DTT at room temperature.
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phage medium (upper right) and
shows an almost perfect agreement
for the Otting phase (r = 0.97)
(lower right). A comparison be-
tween the BclxL structures in the
free, the Bad BH3 peptide-bound
form (PDB code 1g5j) (35), and the
refined p53DBD-bound form indi-
cates differences in the BH3-pep-
tide binding groove of BclxL (Fig.
3B). The biggest differences be-
tween the free and p53DBD-bound
forms are located within helices 3
and 4. The RDC-refined p53DBD-
complexed BclxL structure (right
panel in Fig. 3B) shows increased
similarity to the BclxL-Bad struc-
ture (left panel). In contrast, the
structure of free BclxL (middle
panel) isin a more closed conforma-
tion where peptide binding is hin-
dered due to sterical clashes, which
have to be overcome for binding. In
the p53DBD-bound form, these
clashes between BcIxL and the BH3
peptide are not present. Conse-
quently, this should lead to increased
affinity because the binding compe-
tent conformation of BclxL is already
significantly populated.

Influence of BH3 Peptides on
Complex Formation between BclxL
and p53DBD—The BH3 binding
pocket in Bcl2/xL is the central in-
teraction site with pro-apoptotic
BH proteins. We used fluorescence-
based BH3-peptide binding assays
and NMR spectroscopy to monitor
the affinity and interaction sites
between BclxL and three different
BH3 peptides. The sequences of
these peptides are shown in Fig. 3C.
The affinity between a Puma BH3
peptide and BclxL is at least 7 times
higher than the affinity measured
with a Bid BH3 peptide (0.14 versus
0.97 M, Fig. 3C, right). The identi-
cal peptide-binding assay with Bid
BH3 and BclxL was performed in
the presence of increasing amounts
of p53DBD wild-type. It could be
observed that p53DBD leads to an
increased binding affinity for the
Bid peptide in a concentration-de-
pendent manner (Table 2). In con-
trast, for the R273H p53DBD
mutant, which shows reduced bind-
ing affinity to BclxL, this effect
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occurs at much higher p53DBD concentrations as compared
with the wild-type protein. This correlates well with the
observed affinities between BclxL and p53DBD (Table 1).
Under these conditions BclxL forms a ternary complex with
p53DBD and the BH3 peptide and dissociation of the com-
plex is only possible when at least 150 mm NaCl is added. A
control where the Bid peptide was titrated to p53DBD
showed no binding even at 60 um p53DBD concentration.
In contrast to the BclxL-p53DBD interaction, the affinity
between the Bid BH3 peptide and BclxL is only slightly

TABLE 2

Affinity between BclxL and a fluorescein-labeled Bid BH3 peptide in
the presence of p53DBD

Buffer conditions were: 10 mm sodium phosphate, pH 7.2, 1 mm DTT at room
temperature. 750 nm FL-Bid was used.

K, (BclxL-Bid)

affected by increasing ionic strength, and the deleted flexible
loop between helices 1 and 2 in BclxL does not contribute to
peptide binding as shown by peptide-binding assays with
BcIxLATM, and BcIxLALT at different ionic strengths (sup-
plemental Fig. S4).

In addition to the affinity experiments, *>’N-HSQC experi-
ments in low salt buffer were used to characterize the binding
site of the BH3 peptides on BclxL (supplemental Fig. S5). These
data show that Bid, Bad, and Puma peptides induce strong
chemical shift differences at the BH3 binding site but additional
chemical shift changes are also observed at the p53-binding
site. The chemical shifts for the Bid peptides are smaller as
compared with the other ones because of the absence of any
aromatic amino acid (Fig. 3C).

Binding of Pifithrin-u to pS3DBD and BclxL—Next we ana-
lyzed PFT w, a recently described specific in vivo inhibitor of the
p53DBD-BclxL interaction (36). To this end, we used NMR
chemical shift perturbation experiments, molecular modeling
approaches, and cell-based assays. After titration of up to 5 mm
PFTw and to 300 um wild-type p53DBD, chemical shift changes
occur at loop 1 and helix 2 (Fig. 44). Quantitative evaluation
using peak integration of the bound and free species for each

titration point (see also “Experi-
mental Procedures”) gives a K,

[p53DBD variant] -
p53DBD wild-type p53DBD R273H
M M
0 0.97 0.97
2 0.59 1.10
5 0.51 1.49
30 0.36 0.45
=0.7F
& E
2 0.6
o
0N <05
b= ¢} ]
T o004
L c
QE, g 0.3
28 0.2
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value 0f 0.82 = 0.2 mm (Fig. 4B). Sig-
nificant chemical shift perturba-
tions were used for NMR data-
driven docking that resulted in 200
water-refined complex structural
models. Loop 1 (L1) and helix 2 (H2)
are located next to each other and
form a hydrophobic pocket upon

K, =0.8210.2 mM

100 140 180 220 260

Residue

FIGURE 4. Binding mode of Pifithrin-u to p53DBD. A, chemical shift perturbation data for the interaction
between 300 um p53DBD and PFT . measured with '>N-HSQC experiments in 50 mm potassium phosphate, pH
6.8, 50 mm KCl, 5 mm DTT at 293 K. The chemical structure of PFTw is shown in the inset. Chemical shift
differences in the slow exchange regime mostly appear at loop 1 (L7) and helix 2 (H2) (gray boxes). B, titration
curve for PFT . A K,, value of 0.82 mm was obtained by peak volume measurements of the signals correspond-
ing to the free and ligand-bound forms of p53DBD. Five individual residues were used for error estimation. Bars
indicate standard error. C, docking result using the chemical shift perturbation data. PFTp fits into a binding
pocket in p53DBD between loop 1 and helix 2. D, overlay of the five best-energy structural models of
the complex showing a root mean square deviation of 1.15 A. The sulfonamide moiety is pointing toward
the solvent and forms hydrogen bonds with amide protons of Lys'2°, Gly?”?, and Arg?®°.
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binding of PFT w (Fig. 4C). In addi-
tion, the sulfonamide moiety of
PFTu is connecting residue Lys'?°
in loop 1 with residues Gly*”® and
Arg?®® in helix 2 by forming hydro-
gen bonds (Fig. 4D). This interac-
tion should pull loop 1 closer to
helix 2 and restrict the flexibility of
loop 1, which is flexible in the ws-ms
time scale (37). The 5 best-energy
complex structural models are
shown in Fig. 4D having a root mean
square deviation of 1.15 A. Satura-
tion transfer difference NMR exper-
iments (33) confirm that the aro-
matic ring in PFT w is inserting itself
into a binding pocket in p53DBD.
Only the parts of the ligand that are
in close contact with the protein
give rise to a signal (supplemental
Fig. S6). The signal at 7.4 ppm can
be assigned to the aromatic protons
of the phenyl ring of PFTu. Loop 1
and helix 2 within p53DBD also par-
ticipate in interaction with BclxL.
Thus, distortion of this region
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best-energy models showed a root
mean square deviation of 0.96 A and
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1 all calculated models show the same
{ binding mode. A comparison of the
obtained chemical shift pattern
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{ 737 (38) shows that the binding site
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3 4 6 8 10 of PFTw is very similar to that of
PFT-[J (mM) ABT-737 (Flg. 5C). ‘The aromatic
ring of PFT u inserts into one of the
two hydrophobic pockets identified
by the screening procedure for
ABT-737 (see also supplemental
Fig. S8). To finally test the effects of
PFTu in a cell-based assay using
RKO human colon carcinoma cells
harboring wild-type p53, we stabi-
lized p53 by the addition of 10 um
Nutlin, a specific inhibitor of the
p53-MDM2 interaction, which pre-
vents proteasomal degradation of
p53 (Fig. 5D, bottom panel) (39).
The endogenous interaction be-

Nutlin
- PFTp

+ +

IP: p53
WB: Bcel-xL

IP: p53
WB: p53

FIGURE 5. Binding of PFT . to BclxL and effect of PFT . on the endogenous p53-BcIxL complex. A, chemical
shift perturbation data for the interaction between 300 um ">N-BcIxLALT and PFTw probed with '>N-HSQC
experiments in 10 mm sodium phosphate, pH 7.2, T mm DTT at 293 K. There are significant chemical shift
changes at the BH123 binding pocket where BH3 peptides of pro-apoptotic BH3-only proteins bind. The BH
regions are labeled with boxes. B, titration curve between 300 um BcIXLALT and PFTu. The chemical shift
changes upon subsequent titration of PFTu were measured with '>N-HSQC spectra, normalized, and fitted
with Equation 2 (see “Experimental Procedures”). A dissociation constant of 0.8 mm was obtained. Error bars
obtained by evaluation of 5 individual residues in BcIxL are smaller than the size of the symbols. C, chemical
shift perturbations (CSPs) of BcIxL in the presence of 10 mm PFTu mapped onto the BclxL structure. For com-
parison, ABT-737, a previously published Bcl2/xL inhibitor, is shown in green. A box indicates the binding site for
PFTw obtained by NMR data driven docking (supplemental Fig. S8). D, effect of PFTu on the endogenous
BclxL-p53 interaction. RKO cells were incubated with 15 um PFTu and/or 10 um Nutlin or left untreated. Endog-
enous p53 was immunoprecipitated with DO-1 antibody from equal amounts of cell lysates and the fraction of

tween p53 and BclxL is shown by
immunoprecipitation of p53 with
the DO-1 antibody and a subse-
quent immunoblot detecting BclxL
(Fig. 5D, right lane). In the absence
of Nutlin, only background levels of
BclxL are detectable (Fig. 5D, left
lane). Preincubation with 15 um
PFT u resulted in a loss of the inter-
action between p53 and BclxL, indi-

complexed BclxL was detected by Western blotting. IP, immunoprecipitation; WB, Western blot.

causes a reduction in the affinity between both proteins. In
support, fluorescence polarization measurements gave evi-
dence for a decrease in the p53-BclxL affinity upon addition of
PFT . Addition of 1 and 2 mm PFT w increased the K, value
from an average of 5.7 to 9.0 and 9.6 uM, respectively (supple-
mental Fig. S7). To our surprise, due to its sulfonamide moiety,
which is also present in other Bcl2/xL inhibitors, PFT w also
binds to BclxL, the other partner of the complex. As shown in
Fig. 5A, chemical shift deviations upon PFT u titration appear
mostly at the BH3 peptide binding pocket, similar to BH3 pep-
tides (supplemental Fig. S5) and other Bcl2/xL inhibitors (38).
Quantitative evaluation with NMR and by using Equation 2 for
curve fitting gave a dissociation constant of 0.8 + 0.1 mm (Fig.
5B). Subsequent docking experiments where all significantly
shifting residues were used to define the binding interface in
BcIxL resulted in a structural model where PFT u is interacting
with the BH123 groove in BclxL (supplemental Fig. S8, A and
B). The interaction is mostly based on hydrophobic contacts
with only one hydrogen bond formed between the amide moi-
ety of PFT u and the backbone carbonyl of Phe'®" in BelxL. The
polar sulfone group is pointing outwards to the solvent. The five
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cated by a drop back to background
levels of BclxL (Fig. 5D, middle
lane). A Western blot against p53 after p53 immunoprecipita-
tion serves as the input control.

DISCUSSION

An Allosteric Model of the BclxL-p53 Interaction—As dis-
cussed in various review articles (40, 41), currently there are
two models used to explain the action of Bcl2 proteins at the
mitochondria. The first model, the inactivator model or rheo-
stat model, describes that the primary function of anti-apopto-
tic proteins like Bcl2 and BclxL is to neutralize the pro-apopto-
tic effector proteins Bax and Bak by forming heterodimeric
complexes. As Bax and Bak are the effector Bcl2 proteins that
form lipid pores in the outer mitochondrial membrane, these
molecules need to be neutralized. There is a balance between
pro- and anti-apoptotic Bcl2 proteins. MOMP is initiated when
the anti-apoptotic Bcl proteins are functionally neutralized.
This is facilitated by the activation of BH3-only proteins, which
bind to anti-apoptotic Bcl2 proteins and liberate the effectors
Bax and Bak (42—44). The second model, the direct activator
model, is based on the direct activation potential of some BH3-
only proteins, i.e. Bid or Bim, which transiently bind to Bax/Bak
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and induce conformational changes within Bax/Bak required
for stable membrane insertion (41, 45). The anti-apoptotic Bcl2
proteins sequester the activator BH3-only proteins and neutral-
ize them. If the pro-apoptotic BH3 only proteins titrate out the
anti-apoptotic members, MOMP can occur.

The role of p53 in this network is on the one hand the tran-
scriptional transactivation of BH3-only proteins like Puma and
Noxa, both involved in the induction of apoptosis after expo-
sure to y- and UV-radiation (46) and of Bax, one of the effector
Bcl proteins. On the other hand, the role of p53 at the mito-
chondria is based on protein-protein interaction with the anti-
aptoptotic Bcl proteins (6, 9) but also with Bax and Bak (11).

The data presented here add new insights into the action of
p53 at the mitochondria. In agreement with previous reports at
lower resolution (6, 9, 10), we accurately defined the protein-
protein interface between p53DBD and BclxL and presented a
structural model of the complex (Fig. 1). Mutations within the
NMR-derived protein-protein interface cause weakening of the
affinity between both proteins. This was probed by fluores-
cence polarization measurements with p53DBD mutants most
frequently observed in cancer cell lines (so-called hot spot
mutants) (Fig. 2C).

In addition to the direct binding site, there are significant
structural changes taking place within BclxL located at the BH3
binding region comprised of the BH123 regions (Fig. 3). RDC
data used to gain detailed information about the conforma-
tional changes taking place upon binding. Finally, we calculated
a structural model that satisfies the RDC data obtained with
BclxL in complex with p53DBD (Fig. 3B, right panel). In this
structure, helices 3 and 4 are in an open conformation also
present in the complex with BH3 peptides. In this conforma-
tion, binding of a BH3 peptide is not hindered by sterical
clashes. The functional relevance of these structural changes on
the interaction between BclxL and BH3-only proteins was cor-
roborated by measuring increased affinity between BclxL and a
Bid BH3-peptide when p53DBD is present (see Table 2). There-
fore p53 may influence and enhance interaction between BclxL
and BH3-only proteins in an allosteric mode of action.

The observed affinity changes in the BH3 binding region of
BclxL in the presence of p53DBD are in agreement with the
rheostat model described above. Because the affinity of BclxL
for BH3-only proteins is increased in the presence of p53DBD,
p53 might facilitate the dissociation of the reformed BclxL-Bax/
Bak complexes by BH3-only proteins. In comparison to the Bid
BH3 peptide, Puma BH3 binds with increased affinity to BclxL
(0.14 versus 0.97 um), which reflects the exceptional impor-
tance of this BH3-only protein in the dissociation of the p53-
BclxL complex and in its action as an “enabler” BH3-only pro-
tein (47). p53 stabilizes a conformation in BclxL, which seems
to be more binding competent for BH3-only proteins and this
conformation might be the solution competent state, which
restricts stable membrane insertion of BclxL. Despite the
increased affinity of BclxL for BH3-only proteins when p53 is
bound, mutations in the BH3 peptide binding groove of BclxL
(G138A) cannot be restored by p53 (47).

Binding of Pifithrin-w to pS3DBD and BclxL—We also pro-
vide for the first time structural data on the small molecule
inhibitor PFT u that specifically binds to isolated domains of
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p53DBD and BclxL with weak affinity as determined by NMR.
Up to now direct binding could not be shown by others or us for
several other known small molecule p53 inhibitors. We tried
several compounds including CP-31398 (48) and PFT« (49) but
none were able to induce significant chemical shift changes in
p53DBD. In addition to the non-active compounds, we used
promazine hydrochloride, a heterocyclic aromatic amine, as
control to exclude nonspecific hydrophobic interactions. PFT u
is binding to p53DBD at loop 1 and helix 2 and is therefore
competing for binding with BclxL (Fig. 4, C and D). The inter-
action between p53DBD and PFT u shows a rather low affinity
of 0.8 = 0.2 mm (Fig. 4B). However, the binding mode of PFT
seems specific because the chemical shift changes are signifi-
cantly elevated with a maximum value of 0.7 ppm and two sig-
nal sets indicating slow exchange between the free and PFT u-
bound form of p53DBD. Despite the low in vitro affinity, the K,
values of the BclxL-p53DBD complex upon addition of increas-
ing concentrations of PFT u change from 5.5 uMm in the absence
of PFT to 9.0 and 9.5 uM in the presence of 1 and 2 mm PFT w,
respectively (supplemental Fig. S7). Of note, p53DBD hot spot
mutants lacking apoptotic functionality show similar affinities
(see Table 1). Therefore, the slight decrease in affinity of the
p53-BclxL complex in the presence of PFT u might be sufficient
to abolish the interaction in vivo. PFT u contains a sulfonamide
moiety, which is also present in some BclxL inhibitors (38). In
addition to its binding to p53, titration of **N-BclxL with PFT
gave chemical shift changes located in the BH3 peptide-binding
groove of BclxL, which binds to pro-apoptotic BH proteins (Fig.
5, A and C). This fact might contribute to the action of PFT ,
because BH3 peptides that bind to that region in BclxL are
reported to dissociate or weaken the BclxL-p53DBD complex
(9, 10, 47).

In contrast to the millimolar NMR-based affinities in vitro,
we observed that in vivo 15 um PFT u is sufficient to break the
p53-BclxL complex (Fig. 5D), in agreement with other reports
(36, 50). The difference is likely caused by other simultaneous
effects of PFT u toward BclxL/2 that weaken the complex with
p53 in cells. Specifically, as shown by Steele et al. (50), 15 um
PFT w also up-regulates Noxa, and this BH3-only protein com-
petes with p53 for BclxL/2 binding. Nutlin and other p53-
dependent cytotoxic agents induce formation of a p53-BclxL/2
complex. In contrast, PFT u not only directly interferes with the
p53-BclxL/2 complex but also indirectly does so by inducing a
competitive BclxL/2-Noxa complex (50). Of particular note,
PFT w also breaks the Bim-BclxL/2 complex (50), which is in
excellent agreement with our chemical shift perturbation data
that indicate that PFT w also interferes with the BH3 binding
pocket of BcIxL (Fig. 5, A and C). Thus, these data suggest that
PFTu only appears to be highly effective in disturbing the p53-
BclxL/2 complex in vivo. However, in a cellular context PFTu
exerts a composite effect of p53-directed and p53-independent
yet undefined cellular actions, all centering on BclxL/2. This
provides a basis for the difference in PFT w affinities as deter-
mined in vitro and in vivo. In addition, we have to keep in mind
that the NMR-based affinities were obtained with monomeric
recombinant proteins, whereas in the experiments in RKO cells
endogenous full-length p53, which is a tetramer, was used.
Drastically increased ligand binding effects due to multimeriza-
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tion are well known in the literature (51, 52). Moreover, the
physiologic concentration of p53 and BclxL in vivo is much
lower than that used in our in vitro assays, and the presence of a
(mitochondrial) membrane might also influence the binding
behavior between both proteins in vivo.

For designing a more p53-specific mode of action of PFT ., a
stepwise optimization might be achieved by either focusing on
p53DBD or BelxL. With characterization of the binding sites of
PFT pathand (Figs. 4 and 5), this task should now be feasible. At
first glance, BclxL seems to be the better suited target because
its BH3 peptide-binding groove is an ideal case for structure-
based drug design, as previously reported by using the struc-
ture-activity relationship by NMR approach (53), which
resulted in a high affinity Bcl2/xL ligand (38). Optimization of
PFT u for the p53DBD side is likely to be much more challeng-
ing because of the lack of a defined binding pocket for small
molecule ligands. In addition, a ligand targeting the DNA bind-
ing interface in p53 most likely influences the DNA binding
properties of p53, as it was observed with Pifithrin-a (49). On
the other hand, a high-affinity p53-binding small molecule
would assure that a p53-specific pathway is targeted.

In conclusion, we presented structural and biophysical data
on the influence of p53 on the conformational state of BclxL.
We provide evidence for an allosteric structural change within
the BH3 peptide-binding groove in BclxL that occurs upon
binding of p53 to the “bottom” side of BclxL. This groove opens
up and adopts a conformation similar to that found in BclxL-
BH3-peptide complexes. In addition, the affinity of BclxL for
BH3-peptides increases in the presence of p53DBD. This allows
us to expand the existing model by proposing that p53 partly
fulfils its function at the mitochondria by facilitating the inter-
action between BclxL and BH3-only proteins, which in turn
displaces Bax/Bak from the anti-apoptotic Bcl-proteins and
consequently promotes MOMP. Furthermore, we showed that
Pifithrin-p binds to p53DBD as well as to BclxL. Despite the
discrepancy between its in vivo activity and the rather low affin-
ities in vitro, which in some cases has been reported already
(54), we provide clear evidence for specific binding of PFT u to
p53DBD and BclxL and were able to determine its binding
mode to both proteins. These data should aid further optimiza-
tion of small molecule ligands targeting this essential protein-
protein interaction.
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