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Genotoxic stress triggers a rapid translocation of p53 to the
mitochondria, contributing to apoptosis in a transcription-in-
dependent manner. Using immunopurification protocols and
mass spectrometry, we previously identified the proapoptotic
protein BAK as a mitochondrial p53-binding protein and
showed that recombinant p53 directly binds to BAK and can
induce its oligomerization, leading to cytochrome c release. In
this work we describe a combination of molecular modeling,
electrostatic analysis, and site-directed mutagenesis to define
contact residues between BAK and p53. Our data indicate that
three regions within the core DNA binding domain of p53 make
contact with BAK; these are the conserved H2 a-helix and the L1
and L3 loop. Notably, point mutations in these regions markedly
impair the ability of p53 to oligomerize BAK and to induce tran-
scription-independent cell death. We present a model whereby
positively charged residues within the H2 helix and L1 loop of
p53 interact with an electronegative domain on the N-terminal
a-helix of BAK; the latter is known to undergo conformational
changes upon BAK activation. We show that mutation of acidic
residues in the N-terminal helix impair the ability of BAK to
bind to p53. Interestingly, many of the p53 contact residues pre-
dicted by our model are also direct DNA contact residues, sug-
gesting that p53 interacts with BAK in a manner analogous to
DNA. The combined data point to the H2 helixand L1 and L3
loops of p53 as novel functional domains contributing to
transcription-independent apoptosis by this tumor suppres-
sor protein.

The tumor suppressor p53 is vital in maintaining cellular
genomic integrity and controlled cell growth (1, 2). The best
understood function of p53 is as a sequence-specific DNA-
binding protein and transcription factor. Although the mecha-
nism for p53-mediated cell cycle arrest is thought to be entirely
dependent on the transactivation function of p53 (3-5), the role
of p53 in apoptosis induction is considerably more complex.
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Transactivation of pro-apoptotic genes (such as the Bcl-2 fam-
ily members BAX, Puma, and Noxa) and trans-repression of
anti-apoptotic genes (such as survivin and Bcl-2) clearly con-
tribute to the apoptotic response (6 —10). Additionally, p53 has
an apoptotic activity that is independent of its transcriptional
functions (11-13). In response to an oncogenic or genotoxic
stimulus, this protein rapidly translocates to mitochondria,
inducing cytochrome c release from this organelle and ensuing
cell death (14-18). Targeting of p53 exclusively to the mito-
chondrial compartment is sufficient to induce apoptosis (15,
18) and renders p53 capable of functioning efficiently as a
tumor suppressor (19, 20).

Previous studies from our laboratory indicated that a single
amino acid change in human p53 resulting from a polymor-
phism at codon 72 markedly alters the apoptotic potential of
this protein along with its ability to localize to mitochondria
(18). This result prompted us to use affinity chromatography
and mass spectrometry to identify p53-interacting proteins
from highly purified mitochondria as a means to better under-
stand the p53 mitochondrial role. This approach revealed BAK
as a major mitochondrial p53-interacting protein (21). BAK
along with BAX are the gatekeepers of mitochondrial integrity
and essential effectors of programmed cell death; these contain
Bcl-2 homology-1 (BH),> BH2, and BH3 domains (22, 23). The
BH3 domain is the primary domain that mediates Bcl-2 family
member protein-protein interactions and is both necessary and
sufficient for induction of cell death by the pro-apoptotic “BH3-
only” members of the Bcl-2 family (24 -28). In response to a
death stimulus, activating BH3-only proteins have been shown
to bind to an N-terminal alpha helix in BAX, inducing a con-
formational change that renders this helix accessible to anti-
body binding, and increases the overall trypsin sensitivity of the
entire protein (29). This conformational change is believed to
expose a pocket formed by the BH1-3 domains of BAX and
BAK, which may then bind the BH3-only proteins and induce
the oligomerization of these proteins (22, 30), allowing the
release of cytochrome ¢ and Smac/Diablo, among other pro-
apoptotic proteins (22, 23). In contrast to the activating role of
certain BH3-only proteins like Bid at BAX and BAK oligomer-

2 The abbreviations used are: BH domain, Bcl-2 homology domain; BMH, bis-
maleimidohexane; DBD, DNA binding domain; GST, glutathione S-trans-
ferase; MEF, mouse embryo fibroblast; TUNEL, terminal deoxynucleotidyl-
transferase biotin-dUTP nick end labeling; siRNA, small interfering RNA;
PARP, poly(ADP-ribose) polymerase; Bis-Tris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; CHAPS, 3-[(3-cholamidopro-
pylldimethylammonio]-1-propanesulfonic acid; wt, wild type.
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ization, other BH3-only proteins such as Bad and Noxa play a
more passive role, and mediate cell death by binding and inac-
tivating the anti-apoptotic Bcl-2 proteins (22, 28). We previ-
ously showed that p53 acts analogously to ‘activating’ BH3-only
proteins; specifically, p53 can bind directly to BAK and catalyze
a conformational change in the N terminus of this protein, lead-
ing to exposure of a normally inaccessible N-terminal epitope,
increased trypsin sensitivity, and subsequent BAK oligomeriza-
tion and cytochrome c release (21). Green and co-workers (31)
found that p53 performs a similar function with BAX. Moll and
co-workers (16, 32) found that p53 can function analogous to a
passive BH3-only protein by interacting with and inhibiting
the anti-apoptotic function of Bcl-2 and Bcl-xl. A key unan-
swered question in the field has been whether p53 utilizes
the same or similar domains to bind to these Bcl-2 family
members. Additionally, the mechanism whereby p53 medi-
ates BAK and BAX oligomerization has been unclear. An
added question has been the contribution of the p53-BAK
complex versus complexes with other Bcl-2 family members
to p53-dependent apoptosis.

In this report we show that oncogene-infected mouse
embryo fibroblasts (MEFs) from the BAK-null mouse are mark-
edly impaired for p53-dependent apoptosis, supporting the rel-
evance of the p53-BAK interaction in apoptosis induction. We
show that to interact with BAK, p53 utilizes conserved residues
within the H2 helix and the L1 and L3 loop of its core DNA
binding domain. We identify several point mutations within the
H2 helix that are sufficient to abrogate ability of p53 to oli-
gomerize BAK. We show that Caenorhabditis elegans p53,
which is only loosely homologous in sequence but very similar
in structure to human p53, is also capable of mediating BAK
oligomerization, using the same amino acid contacts. Electro-
static analysis of the p53 and BAK molecules coupled with
mutation analysis and BAK binding assays suggest that p53
interacts with BAK via an electronegative region encompassing
the N-terminal a-helix of BAK, which is known to make con-
formational changes after the interaction with p53 or BH3-only
proteins (33, 34). The combined data identify the H2 helix of
p53 and the L1 and L3 loops as novel effector domains for tran-
scription-independent apoptosis and shed light on the possible
mechanism whereby p53 oligomerizes BAK.

EXPERIMENTAL PROCEDURES

Cell Culture and BAK siRNA Transfection—The p53 null
lung adenocarcinoma cell line H1299 and the p53 null osteo-
sarcoma cell line Saos-2 stably expressing temperature-sensi-
tive p53 (Saos-2-tsp53) were cultured as previously described
(21). H1299 cells stably expressing a tetracycline-regulated p53
allele (H1299-Tet-On-p53) were kindly provided by Dr. Steven
McMahon (Thomas Jefferson Medical College) and were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 units/ml penicillin G sodium,
and 100 pg/ml streptomycin. BAK SMART pool siRNA (Dhar-
macon) was transfected into Saos-2-R72 and H1299-TO-p53
cells using Dharmafect-1 according to the manufacturer’s
instructions. After 18 h of transfection, cells were washed with
phosphate-buffered saline, and growth medium was added
back to the cultures. Cells were allowed to recover from the
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transfection for 24 h before activating p53 as indicated. Cells
were lysed in Nonidet P-40 lysis buffer (50 mm Tris (pH 8.0), 5
mm EDTA, 150 mm NaCl, 0.5% Nonidet P-40) supplemented
with proteinase inhibitors, and Western blot analysis was per-
formed using antibodies specific for BAK (BAK-NT, Upstate
Biotechnology), p85 PARP (G7341; Promega), caspase 3 (9661;
Cell Signaling Technology), p53 (OP43; EMD Biosciences), and
B-actin (A1978; Sigma-Aldrich).

Mitochondria Isolation, BAK Oligomerization Assays, Cyto-
chrome c Release Assay—Mitochondria were purified from p53
null H1299 cells (35, 36), and the purity of mitochondrial frac-
tions was assessed by Western blotting (18) using antibodies to
cytochrome ¢ (556433; BD Pharmingen), Hsp60 (sc-1722; Santa
Cruz Biotechnology), Grp75 (sc-1058; Santa Cruz Biotechnol-
ogy), and proliferating cell nuclear antigen (sc-56; Santa Cruz
Biotechnology) in the cytosolic and mitochondrial fractions. In
vitro BAK oligomerization assays and cytochrome c release
assays were performed as described previously using purified
mitochondria and recombinant p53 (21). Oligomerization
products and released cytochrome c were size-fractionated on
Nupage Novex 10% Bis-Tris gels (Invitrogen) and subjected to
Western blotting (18, 21) using a BAK (BAK-NT; Upstate Bio-
technology) and cytochrome c-specific (556433; BD Pharmin-
gen) antibody.

Retroviral Infection of Mouse Embryo Fibroblasts, Apoptosis
Assays—MEFs from the BAK-null mouse were generously pro-
vided by Drs. Tulia Lindsten and Craig Thompson (University
of Pennsylvania School of Medicine). Phoenix packaging cells
(5 X 10°) were plated in 10-cm dishes, incubated for 1224 h,
and transfected using FUGENE (Roche Applied Science) rea-
gent with 5 ug of either retroviral vector alone or an E1A-con-
taining retroviral vector (generously provided by Scott Lowe,
Cold Spring Harbor Laboratory). Target MEFs (1 X 10°) were
plated in 10-cm dishes and incubated overnight. The next day
viral supernatant was collected from transfected Phoenix cells,
filtered, supplemented with 10 ug/ml Polybrene (Aldrich), and
used to infect target cells. Second and third infections were
carried out 6 and 18 h after the first infection. Infected cells
were incubated for 24 h in culture medium and then supple-
mented with hygromycin B (75 pg/ml) to select for the
expression of introduced genes. MEFs infected with either
E1A or vector alone were plated at a density of 1 X 10° cells
in a 10-cm dish. Cells were treated with adriamycin (0.5
pg/ml) for the indicated time points. The Guava TUNEL and
ViaCount assays were performed on the Guava Personal Cell
Analysis machine exactly as described by the manufacturer
(Guava Technologies).

Recombinant Protein Production, Site-directed Mutagenesis—
The human p53 cDNA corresponding to amino acids 160-318
or the core DNA binding domain (amino acids 102-292) was
cloned into the pGEX-4T or pGEX-6P vectors (GE Healthcare),
respectively. Cep-1 cDNA corresponding to the Cep-1 DNA
binding domain (amino acid 220-420) was generously pro-
vided by W. Brent Derry (The Hospital for Sick Children,
Toronto, Canada) and cloned into the pGEX-6P vector. Site-
directed mutagenesis of p53 and Cep-1 within the pGEX vector
background was performed with the QuikChange kit (Strat-
agene). Recombinant GST-tagged p53 protein was produced as
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described using glutathione-Sepharose 4B beads (GE Health-
care) (37). The recombinant proteins were either eluted with 20
mM glutathione or digested with Pre-scission protease (GE
Healthcare) according to the manufacturer’s protocol.

Immunoprecipitation, Western Blot Analysis; in Vitro Bind-
ing Assays—300 ug of whole cell lysate was immunoprecipi-
tated and subjected to Western blotting exactly as described
(18, 21). In vitro transcriptions/translations of BAK and p53
were performed with the TNT T7 quick-coupled transcription/
translation system (Promega) according to the manufacturer’s
protocol, and BAK was **S-labeled using Redivue 1-[**S]methi-
onine (GE Healthcare). GST pulldown assays were performed
as described (21); 1 ug of bacterially purified GST-p53 fusion
proteins was incubated with 25 ul of 3°S-labeled full-length
BAK proteins. Alternatively, in vitro translated *°S-labeled
BAK was incubated with in vitro translated p53 and a p53-
specific antibody (Ab-6, EMD Biosciences) at 4 °C overnight
with agitation in CHAPS buffer (50 mm Tris-HCl (pH 7.5), 5
mM EDTA, 150 mm NaCl, 0.5% or 1% CHAPS, as indicated).
p53-BAK binding complexes were captured using protein
G-agarose beads (Invitrogen). Beads were washed 3 times in 0.5
or 1% CHAPS buffer followed by 2 washes in phosphate-buff-
ered saline and suspension in SDS-PAGE loading buffer. After
SDS-PAGE, gels were fixed, incubated in Amplify (GE Health-
care), dried, and subjected to autoradiography.

BAK-p53 Molecular Modeling—Coordinates of BAK were
obtained from the recent crystal structure by Moldoveanu et
al. (47) (Protein Data Bank code 2IMT, chain A). Coordi-
nates for p53 were taken from chain A of Protein Data Bank
code 1TSR. Vacuum electrostatic surfaces were calculated
with Pymol, and solvated Poisson-Boltzmann electrostatic
surfaces were calculated with APBS (38). Docking of p53 and
BAK was performed manually to orient the two proteins
such that the positively charged C-terminal helix of p53
formed a three-helix bundle with the negatively charged sur-
face of BAK encompassing residues Asp-160 and Glu-25.
This was done in both orientations such that the p53 helix
was parallel or anti-parallel to the N-terminal helix of BAK.
Both of these models were optimized using RosettaDock
(39), allowing small rotations of the two proteins relative to
one another. The model was selected in view of the experi-
mental constraints from among the top scoring models.

Colony Formation Assay—Saos-2 cells were plated at 1 X 10°
cells in 100-mm dishes. 24 h after plating cells were transfected
with 2.5 ug of empty vector or expression vectors encoding p53
wild type (wt) or mutants proteins (R175H, R273H, C277F,
K120E, and R280A) which are fused at the N terminus to the
mitochondrial import leader of ornithine transcarbamylase
(Lp53 wt, L-p53 R175H, Lp53 R273H, Lp53 C277F, L-p53
K120E, and L-p53 R280A) using FuGENE 6. 24 h later cells were
plated in duplicate at 25,000, 50,000, and 100,000 cells in 6-well
plates in the presence of selection media (400 pg/ml gentamy-
cin sulfate). After 12—14 days of growth in selection media, cells
were stained with crystal violet. Duplicate plates were subjected
to GUAVA via count analysis (GUAVA Technologies) to deter-
mine the number of viable cells remaining after 12—14 days of
growth in selection media.
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RESULTS

We previously demonstrated that upon translocation to the
mitochondria p53 interacts with the pro-apoptotic mitochon-
drial protein BAK and induces a conformational change in this
protein, resulting in its oligomerization and subsequent cyto-
chrome c release (21). Other groups have found that p53 inter-
acts with additional Bcl-2 family members, such as BAX, Bcl-2,
Bcl-x1, and Bad (16, 31, 32, 40). We utilized MEFs from the
BAK-null mouse to assess the contribution of the p53-BAK
complex to p53-dependent cell death (41). Whereas a similar
study assessed the contribution of BAK and BAX to apoptosis,
that study did not focus on agents that induce p53-dependent
cell death (23). Therefore, we chose to analyze the impact of
BAK on apoptosis in a cell-based system that is known to rely
predominantly on p53; that is, oncogene-infected mouse
embryo fibroblasts treated with genotoxic agents (42).

Early passage mouse embryo fibroblast cell lines isolated
from the BAK-null mouse, the p53-null mouse, or wild type
littermates was infected with parental virus or a retrovirus
encoding the adenovirus E1A oncogene. After infection cells
were treated with dilution vehicle or adriamycin for 24 h to
induce apoptosis; cell death was analyzed by TUNEL assay and
flow cytometry, and lysates were monitored by Western blot for
the level of p53, E1A, and BAK. Wild type MEFs infected with
E1A and treated with adriamycin underwent extensive pro-
grammed cell death (up to 85% cell death; see Fig. 1A, second
column). This process was clearly p53-dependent, as p53-null
MEFs showed minimal cell death (Fig. 14, last column). Signif-
icantly, BAK-null MEFs were markedly impaired for p53-de-
pendent apoptosis (maximum 35% cell death); this difference
was statistically significant (p < 0.05, Student’s ¢ test). This
decrease in apoptosis in BAK-null MEFs was not due to differ-
ences in p53 stabilization, as the overall level of p53 protein
induced by adriamycin was comparable (Fig. 1B, compare lanes
2 and 4). To corroborate these results we performed similar
experiments in two cell lines routinely used to study p53-de-
pendent apoptosis. These are the Saos-2 and H1299 cell lines
that stably express wild type p53 (Saos-2-tsp53 and H1299-Tet-
On-p53). In these cell lines BAK expression was knocked down
with a pool of BAK-specific siRNA, and apoptosis in response
to p53 induction was determined by Western blotting for the
caspase cleaved products of caspase-3 and PARP. Saos-2-tsp53
cells stably express the temperature-sensitive V138A p53 pro-
tein, which is denatured and inactive at 39 °C. Upon tempera-
ture shift of cells from 39 °C to 32 °C, p53 adopts its wild type
confirmation and is active. H1299 cells express a tetracycline-
regulated p53 transgene; p53 becomes induced in these cells in
response to doxycycline treatment. As shown in Fig. 1C, trans-
fection of BAK siRNA into both cell types leads to efficient
reduction of BAK protein levels. Additionally, Saos-2-ts p53
cells (Fig. 1C, compare lanes 2 and 4) and H1299-Tet-On-p53
cells (Fig. 1D, compare lanes 6 and 8) transfected with the BAK-
specific siRNA showed reduced caspase-3 and PARP cleavage
compared with cells that were transfected with a non-targeting
control siRNA. Collectively, these data lend support to the rel-
evance of BAK to p53-mediated apoptosis in three different
experimental systems.
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FIGURE 1. BAK-null MEFs are markedly impaired for p53-dependent apo

ptosis in MEFs with wt p53 (columns 1 and 2) or from p53-null littermates (columns 5 and 6) or the BAK-null

mouse (columns 3 and 4) infected with retrovirus encoding adenovirus E1A (

and treated with adriamycin (0.5 ng/ml) for 24 h. Data depicted are the average of three independent exper-
iments, with S.E. B, Western blot analysis of p53, BAK, E1A, and B-actin control in lysates isolated from the
samples depicted in A, treated or untreated with adriamycin (ADR). C, Saos-2-tsp53 and H1299-Tet-On-p53 cells
were transfected with BAK-specific siRNA. Saos-2-tsp53 cells were temperature-shifted for 24 h from 39 °C
(mutant conformation) to 32 °C (wild type conformation) to induce p53. D, H1299-Tet-On-p53 cells were

treated for 3 h with 0.75 ug/ul doxycycline followed by a 20-h treatment

expression, actin expression, siRNA-mediated knockdown of BAK, and appearance of the caspase-cleaved
products of PARP (p85 PARP) and caspase 3 were monitored by Western blot analysis of whole cell lysates. NTC,

non-targeting control.

We previously showed that recombinant p53 protein is capa-
ble of inducing oligomerization of monomeric BAK localized
on purified mitochondria (21). In these earlier studies we iden-
tified two regions of p53 that each can independently bind and
oligomerize BAK; these mapped to amino acids 92-160 and
160-318 of p53 (21), which together comprise roughly the
entire core p53 DNA binding domain (43). For the present
study, we created a GST fusion protein encoding the core DNA
binding domain (DBD) of p53 (amino acids 102-292) along
with a protease cleavage site between the GST and p53 moi-
eties. We isolated highly purified mitochondria from p53 null
cells using a differential centrifugation procedure that consis-
tently yields highly pure mitochondria (35, 36). We incubated
these with increasing concentrations of bacterially purified
recombinant protein encompassing the p53 DNA binding
domain protein (0.25, 0.5, and 1.0 ug) either linked to GST
(GST-p53-DBD) or separated from this moiety using PreScis-
sion protease (core DBD). BAK oligomers were cross-linked
using the cysteinyl cross-linking agent BMH, separated using
SDS-PAGE, and subjected to Western blot analysis. As shown
in Fig. 2, BAK monomers and oligomers are evident in these
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420) and found that recombinant
Cep-1 DBD was equally capable of
mediating BAK oligomerization on
purified mitochondria compared
with human p53 (Fig. 2B). These
data suggest that the structure of the
p53 domain responsible for BAK
oligomerization is evolutionarily
conserved and that our efforts to
define key residues of the p53 DBD
influential in BAK oligomerization
could be complemented using Cep-1 mutants.

In an initial effort toward delineating those regions of the p53
DBD responsible for BAK oligomerization, we determined
whether common tumor-derived mutants of p53 had impaired
ability to bind or oligomerize BAK. We first tested three com-
mon p53 mutants: R175H, R273H, and C277F. R175H is classi-
fied as a structural mutant, as this residue plays a vital role in
stabilizing the p53 molecule, whereas R273H and C277F repre-
sent DNA contact mutants (43). Both R175H and R273H rep-
resent common hotspot mutations in p53 (45). Given that
tumor-derived mutant forms of p53 fail to interact with Bcl-2 or
Bcl-x1 (16, 32), we were surprised to find that the R273H and
C277F mutants retained significant ability to oligomerize BAK
in vitro to levels comparable with wild type p53 (Fig. 2C),
whereas the R175H mutant was compromised. To assess if BAK
oligomerization in this in vitro assay was sufficient to induce
cytochrome c release, we monitored release of cytochrome ¢
into the supernatant after incubation of mitochondria with
recombinant p53 proteins. As shown in Fig. 2D, we found that
all three of these tumor-derived mutant forms of p53 were
capable of inducing cytochrome c release from purified mito-

ptosis. A, TUNEL analysis of apo-

E1A) or viral vector alone (vector)

with 0.5 pg/ul adriamycin. p53
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FIGURE 2. Oligomerization of BAK by the isolated p53 DNA binding domain (102-292), C. elegans p53 Cep-1(220-420), and tumor-derived mutants
of p53. A, 20 ng of mitochondria purified from H1299 cells were incubated with 0.25, 0.5, and 1.0 ug of recombinant GST, GST-p53 (102-292), and p53 DNA
binding domain alone (102-292). The purity of mitochondrial preparations was detected by immunoblotting (/B) with antisera to controls, cytochrome ¢ (cyto
¢), GRP75, and Hsp60 (mitochondrial proteins) as well as proliferating cell nuclear antigen (cytosolic/nuclear protein) (right panel). To ensure equal input of
recombinant proteins, 0.25, 0.5, and 1.0 ng of protein were subjected to SDS-PAGE and Coomassie staining (bottom panel). B, the indicated concentrations of
recombinant GST-p53 and GST-Cep-1 (0.25, 0.5, and 1.0 ug) were incubated with 20 ug of mitochondria purified from H1299 cells and subsequently cross-
linked with BMH. BAK oligomers after BMH cross linking are depicted in the left panel; the purity of mitochondrial preparations was confirmed by immuno-
blotting as described in A. Equal input of recombinant proteins was assessed by SDS-PAGE and Coomassie staining (bottom panel). C, mitochondria purified
from H1299 cells were incubated with 1 or 4 g of wt or mutant recombinant GST-p53 (160-318) proteins for 30 min and subsequently cross-linked with BMH.
BAKmonomers and oligomers were detected by immunoblotting using a BAK-specific antibody. Arrows indicate BAK oligomers; open arrowheads indicate BAK
monomers, and the asterisk indicates an intramolecular cross-link seen with BAK monomers treated with BMH. The purity of mitochondrial preparations was
detected by immunoblotting with antisera to controls (right panel). Equal input of recombinant proteins was assessed by SDS-PAGE and Coomassie staining
(bottom panel). The slight mobility shift evident in the R175H protein reflects usage of a stop codon within the GST vector rather than in the p53 coding
sequence. D, mitochondria purified from H1299 cells were incubated with 3 ug of wt or mutant recombinant GST-p53 (160-318) proteins for 45 min. As a
positive control for cytochrome c release, 3 mm CaCl, was added to purified mitochondria. Cytochrome c release from mitochondria was detected by
immunoblotting using an antibody specific for cytochrome c. Equal input of recombinant proteins was assessed by SDS-PAGE and Coomassie staining (bottom
panel). E, Saos-2 cells stably transfected with vector or p53 mutated at codons 175, 273, or 277 were treated with camptothecin for 5 h. In parallel, Saos-2 cells
stably transfected with temperature-sensitive p53 were temperature-shifted from 39 °C (mutant conformation p53) to 32 °C (wild type conformation p53). 300
g of whole cell lysate was immunoprecipitated (IP) with a BAK-specific antibody (BAK-NT, Upstate). Immunoprecipitated complexes were captured with
protein G-agarose beads and subjected to SDS-PAGE and Western blotting with a p53 specific antibody (Ab-6, EMD, Biosciences). In the bottom panel whole cell
lysates of cells expressing mutant p53 were subjected to Western blotting with a p53-specific antibody (Ab-6, EMD Biosciences) and an actin specific antibody
(Ac-15, Sigma) to confirm equal protein loading. F, colony formation assay of Saos-2 cells transfected with an expression vector encoding either mitochondri-
ally targeted wt p53 (L-p53 wt) or mutant proteins (L-p53 R175H, L-p53 R273H, and L-p53 C277F), compared with parental vector following selection in G418.

,\@%

Coomassie

chondria to levels comparable with wild type p53. Additionally, ~whether these mutants could induce cell death in vivo when

we found that all three of these mutants retained the ability to
bind to BAK in vitro to levels similar to wt p53 (data not shown),
suggesting that multiple regions of the p53 DBD might contact
BAK. We next created p53-null Saos2 cell lines that were stably
transfected with each of these tumor-derived mutants and
tested these for binding to BAK in vivo. Immunoprecipitation-
Western blot analysis confirmed that the R175H, R273H, and
C277F mutants of p53 retain considerable ability to bind to
BAK in vivo (Fig. 2E). That the R175H mutant has significant
ability to interact with BAK yet limited ability to oligomerize
suggests binding to BAK is not sufficient to induce its
oligomerization.

Because tumor-derived mutant forms of p53 are capable of
oligomerizing BAK in vitro and inducing release of cytochrome
¢ from mitochondria, we became interested in determining
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targeted to the mitochondria. Toward this goal we created ver-
sions of these mutants and wild type p53 that localize exclu-
sively to mitochondria by virtue of fusion to the mitochondrial
leader sequence of ornithine transcarbamylase (L-p53); we and
others have previously shown that L-p53 induces programmed
cell death exclusively in a transcription-independent manner
(18-20). Although wild type L-p53 efficiently suppressed col-
ony formation of transfected Saos-2 cells, the R175H, R273H,
and C277F mutants were impaired in this activity (Fig. 2F).
Furthermore, annexin V staining of Saos-2 cells transiently
transfected with L-p53 wild type and mutant proteins demon-
strated that mitochondrially targeted wild type p53 elicited an
apoptotic response, whereas the mutant proteins failed to
induce apoptosis (supplemental Fig. 1). Collectively, our data
show that although tumor-derived mutants are able to associ-
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FIGURE 3. Mutations within the H2 a-helix of p53 and Cep-1 impair BAK oligomerization. A, alignment of the p53 H2 helix with the BH3 domains of Bid,
BAK, and Bad. Conserved residues are boxed. Residues critical for classical BH3 functions are underlined in the Bid BH3 domain. B, BAK oligomerization assays
using 20 ug of mitochondria purified from H1299 cells incubated with 0.5 g of wt p53 or the p53 mutants denoted in the backbone of GST-p53 (160-318).
After incubation and cross-linking with BMH, BAK monomers and oligomers were detected by immunoblotting (IB) using a BAK-specific antibody (left and
middle panels). Arrows indicate BAK oligomers; open arrowheads indicate BAK monomers; asterisk indicates a common intramolecular cross-link in BAK
detected after the use of BMH. To assess the integrity of purified mitochondria, levels of the mitochondrial (mito) proteins cytochrome c (cyto c), Grp75, Hsp60,
and the nuclear protein proliferating cell nuclear antigen (PCNA) were assessed by immunoblotting (right panel). To ensure equal input of recombinant
proteins, proteins were subjected to SDS-PAGE and Coomassie staining (bottom panels). C, BAK oligomerization assays using the GST fusion proteins depicted
in the backbone of the core DNA binding domain of p53 (102-292), isolated away from GST by digestion with PreScission protease. Controls for the purity of
mitochondria are depicted in the right panel. D, alignment of p53 and Cep-1 H2 a-helix. Conserved residues are indicated. Incubation of 0.5 ug of GST-Cep-1
wt and mutant proteins with 20 ng of mitochondria isolated from H1299 cells. Residues (405 and 406) within the Cep-1 a-helix were mutated to alanine. Bak
monomers and oligomers were detected by immunoblotting using a Bak-specific antibody. The purity of mitochondrial preparations was detected by
immunoblotting using antisera to the proteins indicated (right panel). Input of recombinant proteins was assessed by subjecting proteins to SDS-PAGE and
Coomassie staining (bottom panel); although considerably more R405A was used in this experiment, the impairment of this mutant in BAK oligomerization is
evident.

ate with BAK iz vivo and induce BAK oligomerization and cyto-
chrome c release in vitro, these proteins are most likely inhib-
ited for one or both of these functions in vivo.

We next chose to undertake a more comprehensive identifi-
cation of the regions of the DNA binding domain of p53 that
interact with BAK. Analysis of the structure of the p53 DBD
revealed one region of potential interest, the H2 a-helix (amino
acids 278 —286), which we found contains a limited degree of
sequence homology with a BH3 domain (Fig. 34). We used
site-directed mutagenesis to mutate amino acid residues within
and adjacent to this region; because we previously found that
two separable regions of the p53 DBD can independently bind
and oligomerize BAK (92-160 and 160-318, Ref. 25), we gen-
erated these mutants in the smaller DBD construct (amino
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acids 160-318). As shown in Fig. 3B, mutation of either Arg-
280 or -282 of the H2 helix of p53 to aspartic acid or Arg-282 to
tryptophan (which represents the common tumor-derived
mutation at this amino acid) significantly abrogates the ability
of p53 to oligomerize BAK (Fig. 3B, left panel). Additionally,
mutation of Glu-287 to alanine or Leu-289 to aspartic acid also
impairs the ability of p53 to oligomerize BAK (Fig. 3B, right
panel).

To extend these analyses, we generated a series of alanine
mutants of the H2 helix of p53 in the background of the entire
core DBD of p53 (amino acid 102-292). Several of these
mutants (R280A, D281A, and R283A) exhibited a slight but
consistently impaired ability to oligomerize BAK (Fig. 3C).
Other a-helix mutants had wild type levels of BAK oligomer-
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ization activity (G279A, T284A, and E285A), and some mutants
were impossible to generate due to poor solubility (P278A and
R282A). Notably, this approach revealed that four of the five
amino acids conserved between the H2 helix of p53 and the
BH3 domains of Bid, BAK, and Bad were all influential in the
ability of p53 to oligomerize BAK; these are Arg-280, Arg-283,
Glu-287, and Leu-289. We next mutagenized the H2 helix of
Cep-1, focusing on the residue analogous to Arg-280 of p53,
which is conserved between human p53 and Cep-1. As shown
in Fig. 3D, mutation of Arg-405 of Cep-1 (equivalent to Arg-
280) to alanine renders Cep-1 impaired for BAK oligomeriza-
tion, whereas mutation of Asp-406 (equivalent to Asp-281) had
no detectable effect. The combined data support the involve-
ment of the Arg-280 residue and the H2 helix of p53 in BAK
oligomerization.

NMR studies by Petros (46) and Tomita (32) suggested that
the L3 loop of p53 contributes to its interaction with Bcl-2 and
Bcl-x]; this finding combined with the close proximity of the L1
loop of p53 to the H2 helix (Fig. 44) prompted us to examine the
role of these regions in BAK oligomerization. We mutagenized
several residues within these two domains and measured the
ability of these mutants to oligomerize BAK. These studies
revealed that mutation of Lys-120 to glutamic acid impairs the
ability of p53 to oligomerize BAK, whereas mutation of Lys-120
to alanine has less effect (Fig. 4B). Mutation of nearby residues
(Thr-125, Ser-127, and Asn-131) had no effect on BAK oli-
gomerization (data not shown). Additionally, within the L3
loop mutation of Arg-248 to glutamine, which represents a
common tumor-derived mutation at this residue (45), slightly
but consistently impaired BAK oligomerization (Fig. 4C). To
correlate BAK oligomerization with cytochrome c release, we
tested the K120E and R280A p53 mutants for cytochrome ¢
release from the mitochondria. As shown in Fig. 4D, we found
that the K120E mutant, and less so the R280A mutant, was
impaired at inducing cytochrome c release from purified mito-
chondria compared with wild type p53. These results demon-
strate that recombinant p53 proteins that are unable to effi-
ciently induce BAK oligomerization also fail to induce
cytochrome c release. The combined findings support the pre-
mise that the L1 and L3 loops of p53, along with the H2 helix,
are involved in BAK oligomerization.

We noted that the majority of p53 residues influential in BAK
oligomerization were positively charged, prompting us to per-
form an electrostatic analysis of the p53 DBD and BAK. As
shown in the surface diagram of p53 (Fig. 5A4), the H2 a-helix,
the L1 loop, and the L3 loop together form a highly electropos-
itive region within the p53 DBD (blue shading). Electrostatic
analysis of the BAK protein (Protein Data Bank code 2imt)
revealed the existence of two electronegative regions that could
potentially interact with this region via charge-charge interac-
tions. The first includes Glu-24 and -25 with some contribution
by Asp-160 (Fig. 5B), whereas the second contains Glu-48 and
Asp-83 (not shown). We used site-directed mutagenesis to
mutate these residues on BAK and tested the ability of these
mutants to bind to p53 in vitro. As depicted in Fig. 5C, interac-
tion of p53 with BAK is readily detectable in vitro, whereas a
p53-BAX complex was undetectable, as reported previously
(31). Mutation of BAK residues Glu-32 or Glu-48 to alanine had
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FIGURE 4. Mutations within the L1 and L3 loop of p53 affect oligomeriza-
tion of BAK by p53. A, ribbon diagram of the p53 DNA binding domain,
showing the proximity of the L1 and L3 loops to the H2 helix. B, BAK oligomer-
ization assays using 20 ng of mitochondria purified from H1299 cells incu-
bated with 0.5 ug of wt p53 or the p53 L1 loop mutants denoted, in the
backbone of the core DNA binding domain of p53 (102-292) isolated away
from GST using PreScission protease digestion. After incubation and cross-
linking with BMH, BAK monomers and oligomers were detected by immuno-
blotting (IB) using a BAK-specific antibody. Arrows indicate BAK oligomers;
open arrowheads indicate BAK monomers; the asterisk indicates a common
intramolecular cross-link in BAK. To assess the integrity of purified mitochon-
dria, levels of the mitochondrial (mito)proteins cytochrome c (cyto ¢), Grp75,
Hsp60, and the nuclear protein proliferating cell nuclear antigen (PCNA) were
assessed by immunoblotting (right panel). To ensure equal input of recombi-
nant proteins, 0.5 ug of protein were subjected to SDS-PAGE and Coomassie
staining (bottom panel). C, BAK oligomerization assays using 20 ug of mito-
chondria purified from H1299 cells incubated with 0.5 ug of wt p53 or the p53
L3 loop mutant R248Q, in the backbone of the core DNA binding domain of
p53 (102-292). After incubation and cross-linking with BMH, BAK monomers
and oligomers were detected by immunoblotting using a BAK-specific anti-
body. To ensure equal input of recombinant proteins, 0.5 g of protein were
subjected to SDS-PAGE and Coomassie staining (bottom panel). D, mitochon-
dria purified from H1299 cells were incubated with 3 pg of wt or mutant
recombinant p53 (102-292) proteins for 45 min and spun down, and the
supernatant was assayed for released cytochrome ¢ by immunoblotting. As a
positive control for cytochrome c release, 3 mm CaCl, was added to purified
mitochondria. Equal input of recombinant proteins was assessed by SDS-
PAGE and Coomassie staining (bottom panel).

no effect on the ability of p53 to bind to BAK (Fig. 5C, middle
panel, lanes 3 and 4). However, mutation of Glu-24 and -25 to
alanine consistently impaired the ability of BAK to bind to p53
(Fig. 5C, middle panel, lane 2) as did mutation of Asp-160 to
alanine (Fig. 5C, right panel). These data indicate that the elec-
tronegative region of BAK including Glu-24/25 and Asp-160
likely contacts positively charged residues within the p53 DBD.

Information from the above studies allowed us to model the
p53-BAK interaction. Specifically, we used molecular modeling
programs to “dock” the p53 H2 a-helix to the BAK model gen-
erated from the recently solved crystal structure of monomeric
BAK (47). Given that mutation of Glu-24/25 and Asp-160 of
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FIGURE 5. Mutation of glutamic acids 24 and 25 within an electrostatic region of BAK diminishes binding of BAK to p53. A, surface diagram of p53
depicting electropositive (blue) and electronegative (red) areas within p53. Lysine 120, arginine 248, and arginine 280 together form an electropositive area on
p53 (lower part of the molecule). B, surface diagram of BAK depicting electropositive (blue) and electronegative (red) regions. Glutamic acids 24 and 25 and
aspartic acid 160 together form an electronegative area on BAK (lower part of the molecule). C, binding of in vitro translated p53 to **S-labeled in vitro translated
Bcl-xl and BAX (left panel). In the middle panel, in vitro translated p53 was incubated with 3>S-labeled in vitro translated wild type BAK or BAK mutated at glutamic
acids 24/25, 32, and 48 to alanine. After interaction, bound complexes were immunoprecipitated with a p53-specific antibody, washed extensively in 0.5%
CHAPS buffer, separated by SDS-PAGE, and subjected to autoradiography (middle panel). In the right panel in vitro translated p53 was incubated with the BAK
mutants indicated (E24A/E25A and D160A) in 1% CHAPS binding buffer and washed in 1% CHAPS binding buffer. Input lanes contain 1% of >*S-labeled
proteins used in the binding reaction. D, molecular model of the interaction of the p53 DBD with full-length BAK. The backbone of the p53 DBD is on the left,
colored in yellow, green, orange, and red. The p53 H2 helix is highlighted in red, whereas the L1 loop is highlighted in green. Critical p53 residues in the H2 helix
and the L1 and L3 loop involved in the interaction with BAK are shown as ball and stick. The backbone of BAK is colored in green and blue, and BAK residues 25
and 160 are denoted.

BAK affects binding to p53, we concentrated on this site for
docking. Fig. 5D depicts a model for the p53-BAK interaction,
with full-length BAK bound to the p53 core DBD; as predicted
from our mutagenesis data, this model includes a broad inter-
active surface of the p53 DBD interacting with residues on the
N-terminal helix al of BAK. As indicated in the figure, this
model contains a number of favorable interactions between p53
and BAK, including salt bridges between p53 Arg-280, Arg-248,
and Arg-273 and BAK Asp-160, p53 Lys-120 and BAK Glu-25, p53
Glu-287 and BAK Arg-36, and p53 Glu-285 and BAK Arg-156.
Our model predicts that mutations in Lys-120 and Arg-280
of p53 should be impaired for transcription-independent apo-
ptosis by p53. To address this issue, we generated stably trans-
fected Saos-2 cell lines containing the K120E and R280A
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mutants in cis with the valine 138 temperature-sensitive p53
mutation and compared them to wild type p53 for apoptosis
induction at 32 °C, where p53 is in a wild type conformation
(18). Western analysis for caspase-cleaved PARP and caspase 3
confirmed that the K120E and R280A mutants were impaired
for apoptosis induction and also for transactivation of p53 tar-
get genes (Fig. 6A4). To more specifically assess the ability of
these mutants to induce transcription-independent apoptosis,
we generated the K120E and R280A mutants in the L-p53 back-
ground. Colony suppression assays indicated that whereas the
L-p53 protein was capable of suppressing Saos-2 cells in this
assay, the K120E and R280A mutants were completely impaired
for growth suppression (Fig. 6B). Cell viability assays confirmed
that these mutants were markedly impaired for apoptosis
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FIGURE 6. The p53 K120E and p53 R280A mutants are impaired for tran-
scription-independent cell death. A, Western blot analysis of Saos-2 cells
stably transfected with temperature-sensitive wild type p53 and the p53
K120E and R280A temperature-sensitive mutants for p53-induced proteins
p21 and MDM2 and caspase-cleaved products of MDM2 (asterisk), p85 PARP,
and caspase 3 after temperature shift of cells from 39 °C (mutant conforma-
tion p53) to 32 °C (wild type conformation p53). B, colony formation assay of
Saos-2 cells transfected with an expression vector encoding either mitochon-
drially targeted wt p53 (L-p53 wt) or mutant proteins (L-p53 K120E and L-p53
R280A) compared with parental vector after selection in G418. C, percentage
of Saos-2 cells viable after transfection with wild type L-p53, L-p53 K120E, or
L-p53 R280A after selection in G418. Cell viability was determined by the
GUAVA ViaCount assay. The graph shows the average number of viable cells
and S.D. of three independent experiments.

induction (Fig. 6C). The combined data indicate that BAK oli-
gomerization and transcription-independent apoptosis both
utilize residues Arg-280 and Lys-120 of p53.

DISCUSSION

Compelling evidence has accumulated over the past several
years to support a direct apoptotic role for p53 at the mitochon-
dria. Toward elucidating this role, we and others have identified
mitochondrial proteins that interact with p53, leading several
groups to discover an interaction between p53 and members of
the Bcl-2 family, including Bcl-2 and Bcl-xl (16, 32), BAX (31),
Bad (40), and BAK (21). Whereas difficulty detecting a direct
interaction between p53 and BAX has precluded identification
of residues involved in this interaction, the interaction between
p53 and Bcl-2 and Bcl-xl has been characterized; these studies
indicate that the L3 loop of p53 (specifically, residues 239 —248),
flanked by regions 135-141 and 173-187, interacts with a
groove formed by the BH4 and BH3 domains of Bcl-xl (16).
More recently, however, NMR studies have implicated a
broader region of the DNA binding domain of p53 in the inter-
action with Bcl-xI; notably, this includes the H2 « helix of p53,
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and the Arg-280 residue of p53 is a direct contact with Bcl-xl
(46). Arg-280 represents a direct contact site in our model as
well, and the importance of this residue was validated in our
mutagenesis analysis of Cep-1. Therefore, our molecular model
of the p53-BAK interaction fits well with the NMR data for the
p53-Bcl-xl interaction and suggests that similar residues of p53
contact both Bcl-xl and BAK. This is in contrast, however, with
a recent NMR study suggesting that different regions of p53
interact with Bcl-xl and BAK (48). In that study the interaction
between p53 and BAK was predicted to be electrostatic in
nature, but a very low affinity interaction between BAK and p53
yielded minimal changes in chemical shift of p53 by BAK.

The proapoptotic multidomain members of the Bcl-2 family,
BAK and BAX, are essential gateways to apoptosis. These pro-
teins exist as inactive monomers in the mitochondria (BAK and
BAX) and cytosol (BAX) of healthy cells and must be confor-
mationally activated to oligomerize. In particular, the N-termi-
nal helix 1 of both BAK and BAX is known to negatively regu-
late the function of these proteins and to undergo activating
conformational changes upon binding to BH3-only proteins
(22, 30). We have previously shown that p53 can induce this
activated conformation of BAK (21). In the present study we
provide evidence that acidic residues within the N-terminal
helix 1 of BAK make direct contact with p53, raising the possi-
bility that p53 directly contributes to the conformational alter-
ation of this helix. Interestingly, another BAK residue we find to
be important for interaction with p53 is Asp-160. Like the
N-terminal a helix 1 of BAK, Asp-160 also plays a negative role
in BAK oligomerization by coordinating a zinc molecule in the
inactive zinc-dependent homodimer of BAK (47). Therefore, at
least two regions of BAK that normally function to keep this
protein in an inactive conformation directly contact p53 in our
model. These data led us to speculate that one mechanism
whereby p53 activates BAK is by relieving the negative regula-
tion normally exhibited by acidic residues in the N-terminal
a-helix of BAK and in the zinc-dependent dimerization
domain.

Our study implicates the L1 loop of p53 in the interaction
with Bcl-2 family members. In addition to R280D, K120E is
perhaps the most consistently and markedly impaired mutant
for BAK oligomerization. Interestingly, a previous study on p53
and cell death indicated that mutation of serine 121 to pheny-
lalanine could actually enhance the ability of p53 to induce cell
death without affecting the transcriptional function of this pro-
tein (49), thus pointing to the importance of the L1 loop in
transcription-independent cell death by p53. These “super-
killer” proteins such as S121F were predicted to shed light on
potential transcription-independent functions of p53 (49). We
recently generated the S121F recombinant form of p53 and
found that this protein has greatly superior ability to oligomer-
ize BAK, relative to wild type p53 (up to 5-fold increased ability,
see supplemental Fig. 2). Similarly, in the course of these studies
we found two other mutants of p53, S240R and C238F, that
have increased ability to oligomerize BAK (supplemental Fig.
2). The combined findings provide a potential molecular basis
for the activity of super-killer forms of p53 and likewise support
the involvement of the L1 and L3 loops in the interaction of p53
with BAK.
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Given that tumor-derived mutant forms of p53 have been
reported to be uniformly unable to bind to Bcl-2 or Bcl-xI (16,
32), we were surprised to find that many of these retain the
ability to bind to BAK in vitro and in vivo. Although p53 tumor-
derived mutants were able to oligomerize BAK in the in vitro
assays employed in this study, these mutants were not able to
elicit an apoptotic response in vivo, suggesting that factors in
addition to the direct p53-BAK interaction are involved in reg-
ulating the mitochondrial pathway of p53-induced apoptosis in
vivo. Additional mechanisms required may include association
with other proteins, displacement of inhibitory proteins, or
posttranslational modification. For example, the p53 mutant
proteins may be impaired in displacing MCL1 from BAK (21) or
may be post-translationally modified compared with wild type
p53, which may inhibit their function within the cellular con-
text. Alternatively, the purification of mitochondria away from
other intracellular components may eliminate the presence of
inhibitory factors that associate with mutant p53 proteins
within the cell and allow these mutant forms of p53 to oli-
gomerize BAK in vitro. Finally it is possible that, whereas
mutant forms of p53 are capable in our hands of oligomerizing
BAK in vitro, these mutants are impaired at the concentrations
present in the cell. Nonetheless, data from this study and others
indicate that certain tumors possess high levels of mutant p53
protein that is constitutively localized to the mitochondria,
bound to BAK (16). Moreover, three groups have recently
shown that tumor-derived mutant forms of p53 retain the abil-
ity to induce BAX oligomerization (31, 50, 51). Therefore, if the
mechanisms that inhibit oligomerization of BAK by p53 could
be identified and targeted for reversal, mutant p53 might be
explored for cancer therapy. This is particularly intriguing,
since there seems to be an inherent difference in the action of
mutant p53 on pro-apoptotic and anti-apoptotic Bcl-2 family
members, and selective activation of BAK and BAX by mutant
p53 without obstruction by Bcl-2 or Bel-xl could be exploited
for cancer therapy.
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