
Biosci. Rep. (2013) / 33 / art:e00073 / doi 10.1042/BSR20130034

Molecular interactions of Bcl-2 and Bcl-xL with
mortalin: identification and functional
characterization
Nishant SAXENA*1, Shashank P. KATIYAR†1, Ye LIU*, Abhinav GROVER†, Ran GAO*, Durai SUNDAR†2,
Sunil C. KAUL*2 and Renu WADHWA*2

*National Institute of Advanced Industrial Science and Technology (AIST), Central 4, 1-1-1 Higashi, Tsukuba Science City 305-8562, Japan,
and †Department of Biochemical Engineering and Biotechnology, Indian Institute of Technology (IIT) Delhi, Hauz Khas, New Delhi 110016,
India

Synopsis
Bcl-2 family of proteins consists of both pro-apoptotic and anti-apoptotic members that control cellular apoptosis.
They predominantly reside in the mitochondria and control the release of apoptotic factors from the mitochondria to
the cytosol by regulating its membrane potential and opening the PT (permeability transition) pore. Here we report
bioinformatics and biochemical evidence to demonstrate the interaction between Bcl-2 and Bcl-xL with a stress
chaperone, mortalin. We demonstrate that such interaction results in the abrogation of mortalin-p53 interaction
leading to nuclear translocation and transcriptional reactivation of p53 function that results in an induction of
senescence in cancer cells.
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INTRODUCTION

The Bcl-2 family proteins, of which Bcl-2 was first identified
as an oncoprotein contributing to B-cell lymphoma, have been
established as regulators of apoptosis. They fall into two groups,
one consisting of anti-apoptotic proteins such as Bcl-2, Bcl-xL,
Bcl-w, Mcl-1, and the other consisting of pro-apoptotic pro-
teins including Bcl-xS, Bax, Bak, Bid and Bad (Bcl-2/Bcl-xL-
antagonist, causing cell death). They all have up to four con-
served α-helical segments, called BH (Bcl-2 homology) domains
(BH1–4). Whereas the first N-terminal BH4 domain is important
for anti-apoptotic activity and is less conserved in pro-apoptotic
members, BH3 domain has been shown to be crucial for cell-
death activity of pro-apoptotic members. Functions of these pro-
teins, such as control of mitochondrial membrane permeability,
release of mitochondrial apoptogenic factors into the cytoplasm
and regulation of apoptosis, depend on (i) their capacity to homo-
or hetero-dimerize with BH3 domains and (ii) integration of the
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carboxy-terminal hydrophobic domain, or TM (transmembrane)
domain, into specific cytoplasmic membranes [1,2].

Bax, Bcl-2 and Bcl-xL are abundantly present in the mitochon-
drial PT (permeability transition) pore/mitochondrial megachan-
nel (a multiprotein complex formed at the contact site between the
mitochondrial inner and outer membranes). The PT pore regulates
matrix Ca2 + , pH, membrane conductance and bioenergetics of
mitochondria. Whereas the pro-apoptotic Bcl-2 family proteins
[Bak, Bax and Bim (Bcl-2-interacting mediator of cell death)] are
required for disruption of mitochondria structure and function,
release of cytochrome c into the cytosol and cell death, the anti-
apoptotic proteins (Bcl-2, Bcl-xL and Mcl-1) function to preserve
mitochondrial integrity and prevent the loss of mitochondrial
membrane potential and cell death by interfering with the action
of Bax and Bak. They are overexpressed in many cancers in con-
trast with the pro-apoptotic proteins (Bad, Bak, Bax, Bid, Bim and
Bcl-xS, transcribed as a small protein by alternative splicing from
Bcl-X mRNA, also encoding Bcl-xL) that are either lost or under
expressed [1]. Cancers with high level of Bcl-2 or Bcl-xL are
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also resistant to a wide spectrum of chemotherapeutic agents and
radiation therapy. Based on these studies, they were proposed as
attractive anti-cancer targets. The small-molecule inhibitors that
block the anti-apoptotic function of Bcl-2 or Bcl-xL leading to re-
currence of apoptosis in cancer cells have been proposed as poten-
tial new anti-cancer agents [3,4]. Pro-survival and cell cycle pro-
gression activities of Bcl-2 are regulated by its post-translational
modifications and signal transduction by protein kinases, also
called Bcl-2 kinases. It has been shown that phosphorylation of
Bcl-2 at Ser70 (single site phosphorylation) is required for anti-
apoptotic function of Bcl-2. However, multisite phosphorylation
inhibits Bcl-2 suggesting the potential wide range of functional
consequences of its post-translational modification [5].

Mortalin/mtHsp70/PBP74/Grp75 (mot-2) is a member of the
Hsp 70 (heat-shock protein 70) family, predominantly present in
mitochondria and involved in mitochondrial import, control of
membrane permeability and ROS (reactive oxygen species) pro-
duction [6–9]. Pro-proliferative function of mortalin (mot-2) has
been demonstrated by several studies including its overexpression
resulting in (i) lifespan extension of normal human fibroblasts
[8,9], (ii) growth advantage and attenuation of differentiation of
HL-60 promyelocytic leukaemia cells [10], (iii) malignant trans-
formation of mouse and human immortal cells [11,12] and (iv)
lifespan extension of worms [13]. On the other hand, suppres-
sion of mortalin caused growth arrest in human cancer cells and
progeria-like phenotype in worms [14–16]. The pro-proliferative
effects of mortalin in cancer cells have been assigned, at least
in part, to its binding with the tumour suppressor protein, p53
that results in its retention in the cytoplasm and inhibition of
its transcriptional activation and control of centrosome duplic-
ation function [17–19]. Several other studies have assigned an
anti-apoptotic function to mortalin [20–23].

Besides its well-established nuclear localization, p53 is
also located in mitochondria where it mediates transcription-
independent tumour suppression by induction of mitochondrial
permeabilization and apoptosis [24–25]. p53 has been shown
to interact with Bcl-2, Bcl-xL and mortalin (mot-2). Whereas
the interaction of Bcl-2 and Bcl-xL involves its DNA binding
domain [26], the interaction with mortalin occurs at the cyto-
plasmic sequestration domain [18]. Apoptosis induced by DNA
damage was shown to involve p53-Bcl-2 interactions that led to
abrogation of Bcl-2 and Bax binding. p53-induced production
of ROS and cellular senescence was also inhibited by Bcl-xL
[27]. Mitochondrial p53 was shown to complex with Bcl-2 and
Bcl-xL resulting in cytochrome c release and apoptosis. Of note,
p53 mutants found in tumours are defective in their binding to
Bcl-xL implying that inhibition of p53-mediated apoptosis may
contribute to continued survival of tumour cells. The interaction
of p53 and Bcl-xL is found to be blocked by binding of a 25-
residue peptide derived from the BH3 region of the pro-apoptotic
Bad protein [26]. Similarly, the carboxy-terminal peptide of p53
is able to abrogate mortalin-p53 interactions resulting in growth
arrest in cancer cells [18].

In view of the above described interaction of Bcl-2, Bcl-xL
and mortalin with p53 and their role as anti-apoptotic proteins,
we suspected that these proteins might form a complex hav-

ing functional consequences on either proliferative or apoptotic
phenotype of cells. We undertook bioinformatics and biochem-
ical studies and demonstrated that Bcl-2 and Bcl-xL interact with
mortalin and activate p53 function leading to an induction of
senescence in cancer cells.

EXPERIMENTAL

Plasmids, cell culture, transfections and antibodies
The cDNA encoding full length Bcl-xL protein was ampli-
fied from human bone marrow total RNA by RT–PCR (reverse
transcription–PCR) using Bcl-xL specific primers (sense: 5′ ATG
TCT CAG AGC AAC CGG GA 3′ and antisense: 5′ TCA TTT
CCG ACT GAA GAG TGA 3′). The amplified cDNA was cloned
into pcDNA3.1 plasmid (Invitrogen) resulting in expression of
V5-tag at the carboxy-terminus of the protein. The expressed
protein was thus detected by Western blotting with anti-V5 tag
antibody. Plasmid expressing GFP (green fluorescent protein)-
tagged Bcl-2 protein was obtained from Addgene. Protein ex-
pression was observed as either direct GFP fluorescence under
the microscope or by Western blotting with anti-GFP antibody.

Cells (U2OS; osteosarcoma) were cultured in DMEM (Dul-
becco’s modified Eagle’s medium) essential medium supplemen-
ted with 10 % (v/v) FBS (fetal bovine serum) and incubated in a
5 % CO2/95 % air humidified incubator. Plasmid DNA transfec-
tions were performed using Fugene 6 (Roche Diagnostics). Typ-
ically, 3 μg of plasmid was used per well in a 6-well dish. Cell lys-
ates were prepared in Nonidet P40 lysis buffer [10 mM Tris/HCl
(pH 7.4), 150 mM NaCl, 5 mM EDTA, 1 % Nonidet P40] sup-
plemented with a protease inhibitor cocktail (CompleteTM Mini;
Roche Diagnostics) following 48 h of transfection. Stable cells
lines were obtained by 2 weeks of selection for the transfected
gene using 800 μg/ml Gly418 (Invitrogen) in the medium, and
then maintained with 200 μg/ml Gly418 in DMEM.

The antibodies were purchased from the following sources:
monoclonal anti-Bcl-xL (Cell Signaling), monoclonal anti-V5
(Invitrogen), anti-p21WAF1 (C-19) (Santa Cruz Biotech), anti
p53 DO-1 (Santa Cruz), anti-p53 CM1 (Novocastra) and mono-
clonal anti-actin (Chemicon).

Immunoprecipitation
Cell lysates (250 μg of protein) in 400 μl Nonidet P40 lysis buffer
were incubated with the indicated polyclonal antibody overnight
at 4 ◦C. IC (immunocomplexes) were separated by incubation
with 20 μl of Protein-A/G plus Agarose (Santa Cruz Biotech)
for 1 h and centrifuged. IC was thoroughly washed with Nonidet
P40 buffer and resolved on SDS/10%PAGE, electro-blotted onto
a PVDF membrane (Millipore Corporation) using a semi-dry
transfer system (Biorad). The proteins in IC were detected by
Western blotting with the indicated monoclonal antibody and
viewed using ECL (enhanced chemiluminescence, Amersham
Pharmacia Biotech).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

798 c© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://creativecommons.org/licenses/by/3.0/


Bcl-2 and Bcl-xL interact with mortalin

Immunostaining
Cells grown to about 60 % confluency, on glass coverslips placed
in 12-well plastic dishes, were washed with cold PBS and fixed
with a pre-chilled methanol:acetone (1:1, v/v) mixture for 5 min
on ice. Fixed cells were washed with PBS, permeabilized with
0.2 % PBS-T (Triton X-100 in PBS) for 10 min, and blocked
with 2 % BSA in PBS for 20 min. Cells were probed for Bcl-xL,
mortalin and p53 using the indicated antibodies, and counter-
stained with Hoechst 33258 (Invitrogen). The antibody staining
was visualized by incubation with secondary antibodies, donkey
anti-goat IgG (Alexa Fluor® 488-conjugated) or donkey anti-
rabbit IgG (Alexa Fluor® 594-conjugated; both from Molecular
Probes). After three washes in PBS-T, the cells on coverslips were
overlaid onto frosted slides with Fluoromount (Difco). The cells
were examined using a Carl Zeiss microscope (Axiovert 200M)
attached to a Photometrics Sensys monochrome CCD (charge-
coupled-device) camera. Co-localization of the proteins was de-
termined by merging the images using Metamorph software.

Comparative modelling of mortalin, Bcl-2 and
Bcl-xL proteins
The 3D structure of mortalin has not yet been determined exper-
imentally. Though, experimental tertiary structures of Bcl-2 and
Bcl-xL has been solved, these structures are still incomplete. We
observed that the 3D coordinates of some of the residues, which
were experimentally determined to participate in the interaction
with Bcl-2 and Bcl-xL, are missing in the reported pdb struc-
tures. These coordinates are essential for carrying out detailed
computational analysis and hence we generated complete 3D
models of these proteins using comparative homology modelling
with the help of MODELLER [28]. Bcl-2 was modelled using
incomplete structure of Bcl-2 (1GJH) and its most homologous
protein structure (Bcl-xL–1LXL, Bcl-W protein–1O0L) as tem-
plates while Bcl-xL was modelled using incomplete structure
of Bcl-xL (1R2D) and other homologous protein structure (Bcl-
xL–1LXL, Bcl-W protein–1O0L) as templates. The structure of
human mortalin protein was modelled using Hsp70 (DnaK) chap-
erone (2KHO) as a template.

Docking of mortalin protein with Bcl-2 and Bcl-xL
structures
Modelled structures of mortalin, Bcl-2 and Bcl-xL were used
to perform docking analysis with each other. HADDOCK web-
server [29] was used to dock these proteins. It is crucial to provide
correct interfacial interacting residual information to HADDOCK
in order to get correct docked confirmations of complexes. Res-
ults from experimental assays along with information obtained
from Interprosurf [30] server were used to identify interacting
residues of protein interface. Docked complexes of mortalin-
Bcl-2 and mortalin-Bcl-xL were analysed using Protorp server
[31] to confirm the interaction sites between the proteins.

MD (molecular dynamics) simulation of complexes
Stability of interactions between docked complexes of mortalin-
Bcl-2 and mortalin-Bcl-xL was verified using 10 ns long MD

simulations. Desmond Molecular Dynamics System [32] with
OPLS all-atom force field 2005 was used to study the dynamics
of protein complexes. Protein–protein complexes were first pre-
pared by protein preparation wizard of Maestro interface (Maes-
tro, version 9.1, Schrödinger, LLC). These prepared structures
were then uploaded on to Desmond set up wizard for MD simu-
lations to define the boundary conditions. The systems were then
solvated with a triclinic periodic box of TIP4P water molecules.
These solvated systems were then neutralized using an appropri-
ate number of counterions. The distances between box wall and
protein complexes were set to greater than 10Å to avoid direct
interactions with their own periodic image. The complexes were
minimized using a maximum of 5000 steps in steepest descent
algorithm with a gradient threshold of 25 kcal/mol/Å. The sys-
tems were then equilibrated with the default protocol provided
in Desmond. Further MD simulations were carried out on the
equilibrated systems for 10 ns at constant temperature of 300 K
and constant pressure of 101.325 kPa (1 atm≡101.325 kPa) with
a time step of 2 fs. During the MD simulations smooth particle-
mesh Ewald method was used to calculate long-range electro-
static interactions. 9 Å radius cut-off was used for Coulombic
short-range interaction cut-off.

Analysis of MD simulation
H-bond profiling, interface analysis and conformational analysis
of complexes before and after the simulations were used as cri-
terions to analyse the stability of the protein–protein complexes.
Desmond Molecular Dynamics System and VMD [33] were used
to analyse the MD simulations.

Calculation of energy contributions of Bcl-2 and
Bcl-xL amino acids for probable mortalin binding
Protein sequences in the FASTA format were taken from PubMed.
Statistical energy contributions (DDGK) of individual amino
acids were determined within a 13-residue window by applying a
motif-based algorithm, a gift from Dr. Bernd Bukau, University
of Heidelberg, Germany [34]. DDGK value obtained for a defined
segment was inversely related to the predicted affinity (the lower
the DDGK value higher the affinity) between the Hsp70 (mortalin)
and the two target proteins, human Bcl-xL (Accn. #CAA80661)
and Bcl-2 (Accn. #P10415). Values of adjacent Hsp70-binding
segments were averaged and expressed as means+−S.D. to de-
termine the regional binding propensities.

RESULTS

Bcl-2 and Bcl-xL bind to mortalin: biochemical and
bioinformatics evidence
In order to investigate the molecular interactions between Bcl-2
and Bcl-xL with mortalin, we performed co-immunoprecipitation
assays. Bcl-2 or Bcl-xL IC from U20S cells were probed with
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Figure 1 Co-immunoprecipitation of Bcl-2 and Bcl-xL with mortalin
Bcl-2 and Bcl-xL IC were probed with anti-mortalin antibody. Control immunoprecipitation was performed with isotype
matched irrelevant antibody. (A) Mortalin was co-immunoprecipitated with Bcl-xL in control as well as Bcl-xL overexpressing
cells (lanes 2 and 3). Control antibody precipitation did not show Bcl-xL, although a faint band of mortalin was observed
as a non-specific immunoprecipitation. (B) Mortalin was co-immunoprecipitated with Bcl-2 in control as well as Bcl-2
overexpressing cells (lanes 3 and 4). Control antibody precipitation did not show Bcl-2, although a faint mortalin band
was observed as a non-specific immunoprecipitation (lane 2). Bcl-2 overexpressing cells showed high amount of mortalin
in Bcl-2 complexes (lane 4). (C and D) Bcl-xL and Bcl-2 were immunoprecipitated from cells transfected with V5-tagged
mortalin (full length or deletion mutants as indicated). IC were examined for the presence of mortalin by Western blotting
with anti-V5 tag antibody. Deletion mutant containing amino acid residues, 390–679, was not detected in either Bcl-2 (C)
or Bcl-xL (D) IC.

anti-mortalin antibody. As shown in Figures 1 (A) and (B), mor-
talin was detected in both Bcl-xL and Bcl-2 IC suggesting that
these proteins make physical complexes in cells. Lysates from
cells transfected with V5-tagged mortalin mutants were next
used for immunoprecipitation of Bcl-2 and Bcl-xL. As shown in
Figures 1 (C) and (D), we found that the deletion mutant con-
stituting of amino acid residues 1–435, 252–679, 310–679 were
able to bind to both Bcl-2 and Bcl-xL. However, the deletion
mutant constituting of 390–679 amino acid residues did not bind
to either of them suggesting that mortalin 310–390 amino acid
residues are involved in its binding to Bcl-2 and Bcl-xL proteins.

We next undertook a bioinformatics approach to define the in-
teraction between these proteins. Interprosurf server was used
to reveal the surface residues of mortalin, Bcl-2 and Bcl-
xL protein structures with high probability to interact with
other proteins (Supplementary Table S1 available at http://www.
bioscirep.org/bsr/033/bsr033e073add.htm). Similarly, mortalin
binding regions of Bcl-2 and Bcl-xL were predicted by motif-
based algorithm (Figure 2 and Supplementary Table S2 avail-
able at http://www.bioscirep.org/bsr/033/bsr033e073add.htm).
Residues that could participate in interaction between the proteins
were selected on the basis of overlapping residues (Supplement-
ary Tables S1 and S2). Residues were exposed to solvent and
found to have high possibility to participate in protein–protein
complex formation (Supplementary Table S2). When the mod-
elled structure of mortalin was subjected to in silico docking
with Bcl-2 and Bcl-xL proteins, based on the experimental data
and predicted functional residues, mortalin was able to form

complexes with Bcl-2 and Bcl-xL. The analysis of the inter-
face between mortalin-Bcl-2 and mortalin-Bcl-xL complexes re-
vealed the precise details of the residues involved in the interfacial
bindings.

Residues 373, 376, 377, 380, 381, 382, 283, 284, 386, 387 were
identified as residues of interface for mortalin. Similarly, residues
116, 229, 92, 95, 118, 226, 113 and 15, 18, 19, 21, 213, 214, 216,
226, 229, 230 were the residues of interface for Bcl-2 and Bcl-xL
proteins, respectively. All these residues occupied more than 50 %
of solvent accessible area of their respective proteins. Analysis
of mortalin-Bcl-2 docked complexes using Protorp server illus-
trated the presence of 17 hydrogen bonds and 48 salt-bridges
at the interface (results not shown). Residues were found to
be present at the interface between mortalin and Bcl-2 and in-
volved in the binding interactions (Supplementary Table S3 avail-
able at http://www.bioscirep.org/bsr/033/bsr033e073add.htm).
These residues matched well with the experimental data. Post-
simulation analysis of mortalin-Bcl-2 complex interface revealed
that almost all of the residues were conserved at the interface dur-
ing the MD simulations and found to be involved in binding even
after 10 ns (Supplementary Table S4 available at http://www.
bioscirep.org/bsr/033/bsr033e073add.htm). Though the con-
formation of mortalin-Bcl-2 complex was found to be altered
after the simulation, the interacting site did not change much and
interacting residues were conserved (Figures 3A and 3B). During
the simulation, many of the unstable H-bonds were lost and new
stable H-bonds appeared (Figures 3C and 3D). We found the oc-
cupancy of H-bonds between mortalin and BCL-2 during 10 ns
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Figure 2 Prediction of binding regions between mortalin and Bcl-xL or Bcl-2
Mortalin binding Bcl-xL (A) or Bcl-2 (B) regions were predicted by motif-based algorithm [28]. Predicted binding affinities of
the fragments are listed in the supplementary tables.

Figure 3 Structural changes in mortalin-Bcl-2 complex after MD simulations
(A) Superimposition of the structures pre-MD (green) and post-MD (red) simulations. (B) Structure of mortalin-Bcl-2
complex pre- and post-MD. Mortalin is represented in green and Bcl-2 is represented in red. H-bond interactions present
in mortalin-Bcl-2 complex pre-MD (C) and post-MD (D). Mortalin is represented in green and Bcl-2 is represented in red.

MD simulation (Supplementary Table S5 available at http://www.
bioscirep.org/bsr/033/bsr033e073add.htm). It was clear from H-
bond occupancy table that most of the bonds were formed
between the experimentally reported interfaces. During MD sim-
ulation, H-bonds with high occupancy were considered to be
stable (shown in bold in Supplementary Table S5). There were
40 salt bridges present at the interface of mortalin-Bcl-2 complex.

Analysis of mortalin-Bcl-xL docked complex by Protorp
server revealed the presence of several H-bonds and 31 salt
bridges at the interface. Many of the interface residues matched
well with the experimental data (Supplementary Table S3). Most
of these residues at the interface were also found to be present
after 10 ns long MD simulations, suggesting that the residues
at the interface are conserved and remained stable during the
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Figure 4 Structural changes in mortalin-Bcl-xL complex after MD simulations
(A) Superimposition of the structures pre-MD (green) and post-MD (red) simulations. (B) Structure of mortalin-Bcl-xL
complex pre- and post-MD. Mortalin is represented in green and Bcl-xL is represented in blue. H-bond interactions present
in mortalin-Bcl-xL complex: pre-MD (C) and post-MD (D). Mortalin is represented in green and Bcl-xL is represented in
blue.

simulations (Supplementary Table S4). Similar to the mortalin-
Bcl-2 complex, mortalin-Bcl-xL complex also changed its con-
formation during the simulation while keeping the interface un-
affected (Figures 4). Few hydrogen bond interactions between
mortalin-Bcl-xL post-simulation were found to be different from
their structure before the simulation (Figure 4). According to
Protorp server analysis, the total number of H-bonds reduced
to 12 while the number of salt bridges remained same. There
was an occupancy of H-bonds between mortalin and Bcl-2 dur-
ing 10 ns MD simulation (Supplementary Table S6 available at
http://www.bioscirep.org/bsr/033/bsr033e073add.htm; stable H-
bonds with high occupancy are highlighted in bold).

Bcl-2 and Bcl-xL overexpression cause reduction in
mortalin leading to an activation of p53 tumour
suppressor protein
In order to elucidate the significance of above described interac-
tion of Bcl-2 and Bcl-xL with mortalin, we overexpressed Bcl-
2 and Bcl-xL proteins in U2OS cells. Stably-transfected Bcl-2
and Bcl-xL-overexpressing cells showed decrease in the level of
mortalin and increase in p53 (Figures 5A and 5B). Several inde-
pendent experiments gave consistent results showing statistically
significant decrease in mortalin in Bcl-2 and Bcl-xL overexpress-
ing cells. Of note, serial decrease in mortalin was observed in a
titration experiment where cells were transiently transfected with
increasing amounts of Bcl-2 or Bcl-xL (Figures 5C and 5D).
These data revealed that the levels of Bcl-2 and Bcl-xL with mor-

talin are inversely regulated in cells. Since these proteins have
been shown to have anti-apoptotic activity, their inverse relation-
ship might be speculated as an adaptive response in which one
apoptotic protein suppresses the other. The detailed mechanism
of this inverse regulation such as involvement of transcriptional
regulation or proteasomal degradation warrants further studies.

Mortalin was earlier shown to cause cytoplasmic retention and
inactivation of p53 function in human cancer, but not in normal,
cells [18,19,35,36]. In light of these data, we anticipated that an
increase in p53 protein in Bcl-2 and Bcl-xL overexpressing cells
might be due to decreased level of mortalin and abrogation of
mortalin-p53 complexes. We examined this hypothesis by im-
munoprecipitation assay. As shown in Figures 6 (A) and (B), p53
IC were examined for the presence of mortalin by Western blot-
ting using anti-mortalin antibody. We found that the Bcl-2 or Bcl-
xL overexpressing cells had less mortalin in p53 IC as compared
with the control cells. Furthermore, by immunostaining of cells
for Bcl-2, Bcl-xL p53 and mortalin, we indeed detected strong
nuclear localization of p53 in Bcl-2 and Bcl-xL overexpressing
cells (Figures 7A and 7B). Number of cells with nuclear p53
was quantified. We found that Bcl-2 and Bcl-xL overexpress-
ing cells had nuclear p53 in about 90–95 % cells as compared
with 25–30 % in the control vector-transfected cells suggest-
ing the activation of p53 function that was further confirmed by
up-regulation of p53-downstream effector, p21 (Figures 7A and
7B). Taken together with the above data, it was evident that the
mechanism of increase in p53 function in Bcl-2/Bcl-xL over-
expressing cells involves binding of these proteins to mortalin
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Figure 5 Expression analysis of mortalin and p53 in Bcl-xL and Bcl-2 overexpressing cells
Bcl-xL was detected in Western blotting with anti-V5 antibody. Decrease in mortalin (*P < 0.05) and increase in p53
(**P < 0.005) were observed as a consequence of Bcl-xL overexpression (A). Similarly, Bcl-2 (as detected in West-
ern blotting with anti-GFP antibody) overexpressing cells showed decrease in mortalin (*P < 0.05) and increase in p53
(***P < 0.001) expression (B). Dose dependent increase in the level of Bcl-xL (C) and Bcl-2 (D) caused a serial decrease
in mortalin (*P < 0.05) and increase in p53 (*P < .05∼** P < 0.005) level. Histograms showing the quantitation of the
proteins from three independent experiments (as estimated by ImageJ2x).

causing competitive inhibition of mortalin-p53 complex forma-
tion resulting in the nuclear translocation and activation of p53
function.

Bcl-2 and Bcl-xL cause senescence like growth
arrest of cells
Cells overexpressing Bcl-2 and Bcl-xL showed expanded cell
morphology and shift in mortalin staining pattern from peri-
nuclear to pancytoplasmic type, characteristic of normal cells.
Such shift in mortalin distribution was also reported when cells
were induced to senesce by the introduction of single chromo-
somes, chromosome fragments and low doses of drugs [37–42]
suggesting that the Bcl-2/Bcl-xL overexpressing cells might be
undergoing senescence as a result of activation of p53 function.
Furthermore, in order to examine their senescent status, we per-
formed senescence associated β-gal assay in Bcl-2 and Bcl-xL
cells. As shown in Figures 8(A) and 8(B), these cells showed in-
crease in β-gal staining demonstrating induction of senescence.
Colony forming efficiency, a reliable indicator of rapid in vitro
growth and colony forming characteristic of cancer cells, also
showed reduction in Bcl-2/Bcl-xL overexpressing cells and was
consistent with induction of senescence in these cells. Taken
together with the above data on nuclear translocation of p53
and up-regulation of p21, it is suggested that Bcl-2 and Bcl-xL
overexpression caused induction of senescence by abrogation of
mortalin-p53 interaction and activation of p53 function.

DISCUSSION

Bcl-2 family proteins are the key players of survival and death
pathways in cells. Not only do the different members of this
highly conserved protein family possess contrasting functions,
the same protein may regulate cell survival and proliferation in
opposite directions. For example, depending on their level of ex-
pression and interactions, Bcl-xL and Bcl-2 may either inhibit
or enhance cell death [43]. Several studies have reported both
pro-apoptotic and anti-apoptotic activities of Bcl-2 and Bcl-xL.
These are determined by level of expression and its interacting
proteins. Interestingly, whereas transient expression of Bcl-xL
and Bcl-2 were apoptotic, the stable transfections yielded anti-
apoptotic activity. Jung et al. have suggested that the oncogenic
potential of Bcl-2 is due to its ability to inhibit senescence as
well as apoptosis by inhibiting p53, preventing generation of
ROS [27]. Complexity of Bcl-2 and Bcl-xL functionality is re-
flected by a large number of studies that have been unable to reach
consensus on their role in tumorigenesis and tumour-prognosis
[44,45]. Knowlton et al. have reported that the overexpression of
Bcl-2 in breast cancer cells slowed their in vitro growth despite
their anti-apoptotic potential that protected cells against doxoru-
bicin, and was predicted to yield favourable outcome in cancer
control [46]. Kumazaki et al [47] also reported an induction
of premature senescence in Bcl-2 overexpressing normal fibro-
blasts. These cells were shown to be more sensitive to H2O2- or
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Figure 6 Examination of mortalin-p53 complexes in Bcl-2 and Bcl-xL overexpressing cells
Effect of Bcl-xL and Bcl-2 overexpression on mortalin-p53 interactions was determined by examination of mortalin in p53
IC. Stably transfected Bcl-xL (A) and Bcl-2-GFP (B) cells showed less amount of mortalin in p53 IC.

Figure 7 Imaging of mortalin, p53 and p21 in Bcl-xL and Bcl-2 overexpressing cells
Immunostaining of Bcl-xL (A) or Bcl-2 (B) overexpressing cells showing shift in mortalin staining pattern from perinuclear
to pancytoplasmic type, enhanced level of expression of nuclear p53 and p21 proteins. (C) Quantitation as obtained from
three independent experiments is shown.

doxorubicin-induced cell death, shown to be mediated by activa-
tion of MAPK (mitogen-activated protein kinase). Other studies
reported delay in cell-cycle progression and DNA replication
with overexpression of Bcl-2 [48–50]. The mechanism of induc-
tion of growth arrest by either Bcl-2 or Bcl-xL remained unclear
in these studies. Our present study to analyse the interaction of
these proteins with mortalin demonstrate their direct binding.
Furthermore, the interaction involved the amino acid residues

in mortalin that were previously shown to be involved to inter-
act with p53 in cancer cells. The interaction between mortalin
and Bcl-2/Bcl-xL hence resulted in abrogation of mortalin-p53
binding, nuclear translocation, stabilization and activation of p53
protein causing induction of senescence. The latter was demon-
strated by the up-regulation of p21 and senescence-associated
β-gal, and decrease in colony forming efficacy in Bcl-2/Bcl-
xL overexpressing cells. These results suggest that besides their
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Figure 8 Effects of Bcl-xL and Bcl-2 overexpression on cell
proliferation
Cells stably transfected with Bcl-xL or Bcl-2 expression plasmids when
examined for senescence associated β -gal staining (A) showed induc-
tion of senescence and decrease in colony forming efficacy (B). Quant-
itation of the colony forming efficiency obtained from three experiments
is shown in (C) (**P < .005).

established role as anti-apoptotic proteins, Bcl-2 and Bcl-xL may
reactivate wild-type p53 function resulting in the induction of
senescence in cancer cells. Hence a careful consideration is war-
ranted for the use of these proteins and their antagonists in control
of cancer cell proliferation and cancer therapeutics.
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SUPPLEMENTARY DATA

Molecular interactions of Bcl-2 and Bcl-xL with
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Sunil C. KAUL*2 and Renu WADHWA*2

*National Institute of Advanced Industrial Science and Technology (AIST), Central 4, 1-1-1 Higashi, Tsukuba Science City 305-8562, Japan,
and †Department of Biochemical Engineering and Biotechnology, Indian Institute of Technology (IIT) Delhi, Hauz Khas, New Delhi 110016,
India

Table S1 Predicted amino acid residues of proteins that participate in docking

Mortalin Bcl-2 Bcl-xL

320–400 12–29, 87-103, 113–119, 215–last 8–21, 135–149, 145–170, 216–last

Table S2 List of functional residues at the interface of mortalin, Bcl-2 and Bcl-xL proteins

Protein Residues

Mortalin Val-373,Gly-376, Asp-377, Asp-380, Val-381, Leu-382, Leu-383, Leu-384, Val-386, Thr-387

Bcl-2 Ser-116, Cys-229, Val-92, Leu-95, Gln-118, Val-226, Ala-113

Bcl-xL Tyr-15, Ser-18, Gln-19, Gly-21, Trp-213, Phe-214, Thr-216, Leu-226, Leu-229, Phe-230

Table S3 Interfacial residues in docked protein–protein complexes before MD simulations

Mortalin–Bcl-2 Complex Mortalin–Bcl-xL Complex

Mortalin Bcl-2 Mortalin Bcl-xL

Asp-145, Arg-148, Glu-182,
Asp-318, Glu-320,
Pro-411, Thr-412,
Lys-413, Lys-481,
Lys-483, Gly-486, Glu-488

Arg-109, Arg-110, Ala-113, Glu-114,
Ser-117, Gln-118, His-120, Arg-164,
Pro-208, Phe-212, Leu-215, Ser-216,
Thr-219, Leu-220, Ala-224, Leu-225,
Val-226, Gly-227, Ala-228, Cys-229,
Gly-233, Ala-234, Tyr-235, Leu-236,
His-238, Lys-239

Thr-379,Asp-380, Val-381,
Leu-382, Leu-383, Leu-384,
Asp-385, Gln-463, Glu-465,
Asp-469, Asp-471, Ala-472,
Asn-473

Trp-181, Asn-185, Gly-186,
Asp-189, Thr-190,
Glu-193, Leu-194, Tyr-195

1 These authors contributed equally to this work.
2 Correspondence may be addressed to either of these authors (email renu-wadhwa@aist.go.jp or s-kaul@aist.go.jp or sundar@dbeb.iitd.ac.in).
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Table S4 Interfacial residues in docked protein–protein complexes after MD simulations

Mortalin-Bcl-2 complex Mortalin-Bcl-xL complex

Mortalin Bcl-2 Mortalin Bcl-xL

Arg-148, Lys-152, Glu-202,
Gln-204, Lys-205,
Gly-206, Val-207,
Phe-208, Glu-209,
Val-210, Lys-211, Val-378,
Thr-379, Asp-380,
Val-381, Leu-382,
Leu-383, Leu-384,
Asp-385

Arg-110, Glu-114, Ser-117, Gln-118,
His-120, Arg-164, Glu-165, Leu-223,
Val-226, Gly-237, His-238, His-239

Gln-204, Lys-205, Gly-206,
Val-207, Phe-208, Glu-209,
Leu-403, Ile-404, Asn-405,
Arg-406, Asn-407, Thr-408,
Pro-411, Thr-412, Lys-413,
Lys-414, Ser-415, Gln-416,
Val-417, Phe-418, Asp-471,
Ala-472, Asn-473

Trp-181, Glu-184, Asn-185,
Gly-186, Asp-189,
Thr-190, Glu-193,
Leu-194, Tyr-195

Table S5 H-bond occupancy of mortalin–Bcl-2 complex during
MD simulation Stable H-bonds with high occupancy are shown
in bold letters.

Mortalin Bcl-2 Occupancy

Gln-204-side Ser-117-side 42.28%

Val-381-main Val-226-main 1.15%

Asp-380-side Arg-110-side 100.00%

Glu-202-side Ser-117-side 69.08%

Glu-320-side Arg-164-side 37.97%

Val-210-main Gln-118-side 11.60%

Asp-385-side Lys-239-side 34.47%

Lys-205-main Glu-114-side 6.62%

Gly-206-main Glu-114-side 25.60%

Glu-182-side Arg-109-side 1.25%

Lys-413-side Leu-215-main 5.94%

Glu-209-side Tyr-235-main 0.72%

Asp-380-side Ala-228-main 2.83%

Glu-320-side His-120-side 1.34%

Glu-209-side Gln-118-side 8.15%

Glu-209-side Ala-234-main 32.89%

Asp-380-main Hie-238-side 0.10%

Val-207-main Glu-114-side 7.19%

Lys-413-side Thr-219-side 0.05%

Asp-380-side Cys-229-side 0.05%

Thr-379-side Arg-110-side 0.38%

Lys-481-side Asp-211-side 1.01%

Thr-379-side Arg-110-side 0.14%

Val-210-main Tyr-235-side 2.25%
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Table S6 H-bond occupancy of mortalin–Bcl-xL complex during
MD simulation Stable H-bonds with high occupancy are shown
in bold letters.

Mortalin Bcl-xL Occupancy

Lys-481-side Glu-202-side 34.52%

Lys-483-side Glu-193-side 0.96%

Glu-488-side Arg-204-side 100.00%

Asp-471-side Arg-212-side 100.00%

Lys-483-side Glu-193-main 0.62%

Asn-405-side Asp-133-side 5.32%

Asp-380-side Arg-212-side 0.62%

Asp-380-side Trp-213-main 8.44%

Ser-415-main Asn-136-side 3.79%

Asp-385-side Ser-231-side 2.73%

Gln-463-side Thr-190-side 1.25%

Lys-414-side Asn-136-side 0.14%

Val-417-main Asn-185-side 8.34%

Asp-385-side Gly-227-main 20.13%

Lys-414-side Asp-133-side 25.60%

Gln-463-side Thr-190-side 5.80%

Asn-405-side Lys-233-side 0.24%

Asn-473-side Arg-212-side 2.73%

Asp-385-side Ser-231-main 4.46%

Asn-407-side Lys-233-side 1.34%

Arg-406-main Lys-233-side 6.57%

Gln-463-side Asn-185-main 1.73%

Gln-416-side Trp-181-side 0.14%

Arg-209-side Asp-179-main 0.05%

Gln-463-side Asp-189-side 0.91%

Asn-407-side Ser-231-side 0.05%

Lys-483-side Thr-190-side 3.88%

Arg-209-side Glu-182-side 67.02%

Lys-481-side Glu-193-side 18.98%

Lys-483-side Thr-190-main 0.14%

Gln-416-side Glu-184-side 0.10%

Arg-209-side Lys-180-main 0.43%

Gln-463-side Glu-184-main 0.10%

Gln-463-side Glu-184-side 0.05%

Glu-465-side Asn-185-side 0.14%

Lys-483-side Asn-185-main 0.91%

Lys-413-side Thr-219-side 0.34%

His-536-side Glu-184-side 33.27%

Glu-543-side Gln-183-side 0.24%

Lys-413-side Phe-214-main 0.14%
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