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a b s t r a c t
A major mechanism through which cancer cells avoid apoptosis is by promoting the association of antiapoptotic members of the pro-survival Bcl-2 protein family (like Bcl-2 and Bcl-xL) with BH3 domain-only
proteins (like Bim and Bid). Apoptosis and cell proliferation have been shown to be linked for many cancers but the molecular basis for this link is far from understood. We have identiﬁed the Bcl-xL:Bim protein–protein interface as a direct regulator of proliferation and apoptosis in pancreatic cancer cells. We
were able to predict and subsequently verify experimentally the effect of various Bcl-xL single-point
mutants (at the position A142) on binding to Bim by structural analysis and computational modeling
of the inter-residue interactions at the Bcl-xL:Bim protein–protein interface. The mutants A142N,
A142Q, and A142Y decreased binding of Bim to Bcl-xL and A142S increased this binding. The Bcl-xL
mutants, with decreased afﬁnity for Bim, caused an increase in apoptosis and a corresponding decrease
in cell proliferation. However, we could prevent these effects by introducing a small interfering RNA (siRNA) targeted at Bim. These results show a novel role played by the Bcl-xL:Bim interaction in regulating
proliferation of pancreatic cancer cells at the expense of apoptosis. This study presents a physiologically
relevant model of the Bcl-xL:Bim interface that can be used for rational therapeutic design for the inhibition of proliferation and cancer cell resistance to apoptosis.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Apoptosis is a programmed cell death mechanism used by metazoa to get rid of damaged, infected or redundant cells, so this process is necessary for the homeostasis of organisms from early
embryonic development to adult stage and in disease pathologies
[1,2]. Apoptosis is downregulated in cancer as well as autoimmune
diseases and upregulated in degenerative diseases [1].
During the past decade, signiﬁcant progress has been achieved
in understanding the molecular mechanisms of apoptosis in cancer
[3]. The information obtained suggests that the commitment to
apoptosis occurs through mitochondrial depolarization and release
of mitochondrial pro-apoptotic factors resulting in activation of
caspases, a unique family of cysteine proteases. These pathways
are all orchestrated by the Bcl-2 (B-cell lymphoma 2) family of proAbbreviations: Bcl-2, B-cell lymphoma 2; BH, Bcl-2 homology; siRNA, small
interfering RNA.
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teins [4], where different subfamilies not only control apoptosis
[5], but also other mechanisms of programmed cell death (autophagy, necrosis) [6] and cell proliferation [7]. The Bcl-2 family of proteins has been investigated intensively for understanding their
mechanistic roles in apoptosis. Less is known about their mechanistic roles in proliferation.
The Bcl-2 protein family is especially important for cancer because chemotherapeutic agents usually activate cell death involving permeabilization of the mitochondrial outer membrane
leading to the release of cytochrome c and other apoptogenic
factors into the cytosol [4,8,9]. Pro-survival Bcl-2 proteins such
as Bcl-2, Bcl-xL and Mcl-1 have the potential to hetero-dimerize
with pro-apoptotic members such as Bax, Bak, Bim and Puma
through binding of the exposed BH3 helix in a groove (dimerization domain) on the surface of anti-apoptotic members [4,10]. A
major hypothesis in the ﬁeld is that pro-survival members sequester pro-apoptotic members by hetero-dimerization resulting in the
apoptosis resistant state. The potential for therapeutics targeted to
Bcl-2 protein interactions is very high considering the central
importance of the Bcl-2 protein family in regulating the survival
and death of cancer cells [4].
It is expected that apoptosis should be coupled to cell proliferation and a vast body of literature has looked at this coupling
directly or indirectly. It has been shown that apoptosis and
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proliferation utilize mechanistically distinct signaling pathways
[6], though these pathways may intersect. Mathematical models
have also been proposed that attempt to tease out the balance between apoptosis and proliferation using limited experimental data
[11]. Multiple studies have also looked directly at the effect of
small molecules on apoptosis and proliferation in different cancers
[12–16]. This is enough to suggest that the coupling between apoptosis and cell proliferation is complex and expected to be different
in different cancers.
The Bcl-2 protein family has been directly implicated in cell
proliferation, which is not simply due to its anti-apoptotic function
[7]. Different members of the Bcl-2 family have been shown to play
a role in modulating both apoptosis and cell proliferation [17–21],
but given the large number of proteins in this family that interact
with each other [4] and the complex coupling between apoptosis
and cell proliferation, no simple model has emerged to describe
this coupling even for speciﬁc cancers.
Structures for most Bcl-2 family members have already been
determined experimentally using X-ray or NMR techniques. Many
structures are also available for protein–protein complexes, e.g.,
Bcl-xL: Bad (PDBid=2bzw), Bcl-xL:Bak peptide (1bxl), Bcl-xL:Bim
peptide (1pq1), Mcl-1:Noxa (2jm6), Mcl-1:Bim (2nl9). These structures provide a very good starting point for our computational
method to determine intra-family interactions at the atomic level
and for predicting interactions between proteins whose complexed
structures are not available yet.
This study focuses on the interaction between Bcl-xL and Bim,
two of the members of the Bcl-2 family and how this single interaction can directly affect apoptosis and cell proliferation in pancreatic cancer. We developed a computational model representing the
physiologically relevant dynamic interaction between these two
proteins and used the model to predict different Bcl-xL mutants
with increased and decreased binding for Bim. We then validated
these predictions experimentally by transfecting cancer cells with
mutants to determine the effect of the alterations in the Bcl-xL:Bim
interaction on proliferation and apoptosis in pancreatic cancer.
2. Materials and methods
2.1. Computational procedures
2.1.1. Relaxing the protein–protein complex
To understand the functional role of Bcl-xL:Bim protein–protein
interaction, we ﬁrst validated that the crystal structure of this com-
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plex is a physiologically relevant model of the interaction. For this
validation, we started with the crystal structure of this complex
from the PDB database (pdbid: 1pq1) and ﬁrst relaxed it through
conjugate gradient minimization using the Dreiding force ﬁeld [22].
2.1.2. Computational analysis of protein–protein binding interaction
The protein–protein interaction surface in the Bcl-xL:Bim was
used to identify residues on both Bcl-xLL and Bim that line the
interaction interface. Each of these residues from Bcl-xL were used
in an energy analysis to calculate their interaction energy with Bim
using the Dreiding force ﬁeld. Corresponding analysis was done for
the interface residues from Bim, whose interaction energy was calculated with Bcl-xL. The corresponding table of interaction energies is included as Table S1 in the supplementary information.
Based on this analysis and the visual inspection of the Bcl-xL:Bim
interface, we selected the Alanine residue (A142) in Bcl-xLL as
the one to mutate in order to have the greatest impact the BclxL:Bim interaction. This residue points directly at Bim (Fig. 1A),
has a low interaction energy with Bim (Table S1) and can be used
to modulate the interaction between the two proteins. The premise
was that if we can predict single-point mutations at the A142 site,
designed to increase or decrease binding between the two proteins,
and conﬁrm it with experiments then we would have validated the
relaxed (minimized) crystal structure as a good model for apoptosis and proliferation related functional studies.
2.1.3. Virtual mutation screening
The A142 position in Bcl-xL was computationally mutated to 19
other amino acids using the following protocol. All residues on BclxL and Bim proteins in the Bcl-xL:Bim complex that are within
5.0 Å of the A142 position are selected. The new mutant residue
at position 142 and previously selected residues are all optimized
at the same time to ﬁnd the most optimal side chain orientations
for all these residues. This rotamer optimization step is performed
for all 19 mutants at position 142 and the WT complex by using the
SCREAM (Side-Chain Rotamer ExcitAtion Method) program [23].
SCREAM uses a library of residue conformations ranging from a
CRMS diversity of 0.4 to 1.6 Å in conjunction with a Monte Carlo
sampling algorithm using full valence, hydrogen bond and electrostatic interactions, but special van der Waals potentials that reduce
somewhat the penalty for contacts that are slightly too short while
retaining the normal attractive interactions at full strength. This altered vdW potential enables the use of a discrete rotamer library.
The resulting structures are relaxed using 25 steps of conjugate

Fig. 1. (A) Bcl-xL:Bim complex from PDBid:1pq1. Residue A142 on Bcl-xL is shown with van der Waals spheres. (B) A142S mutant makes a hydrogen bond with backbone of
L94 on Bim.

598

R. Abrol et al. / Biochemical and Biophysical Research Communications 422 (2012) 596–601

gradient minimization using the Dreiding force ﬁeld with normal
vdW potential, which is able to relax most of the close contacts enabled by SCREAM. The resulting complexes are used to get the
binding energy between Bcl-xL and Bim using the Dreiding force
ﬁeld and the following expression:

E ¼ EðBcl-xL : BimÞ  EðBcl-xLÞ  EðBimÞ

ð1Þ

2.2. Experimental procedures
2.2.1. Reagents
Antibodies against Bim and Bcl-xL were from Cell Signaling
(Beverly, MA). All other chemicals were from Sigma–Aldrich (St.
Louis, MO).
2.2.2. Cell culture
Human pancreatic ductal adenocarcinoma cells, the poorly differentiated MIA PaCa-2 (CRL-1420) line, was obtained from the
American Type Culture Collection (Manassas, VA). MIA PaCa-2 cells
were grown in 1/1 DMEM/F-12 medium (Gibco Invitrogen Corporation, Grand Island, NY) supplemented with 15% FBS, 4 mM L-glutamine, and antibiotic/antimicotic solution (Omega Scientiﬁc,
Tarzana, CA). Cells were maintained at 37 °C in a humidiﬁed atmosphere containing 5% CO2 and used between passages 3 and 9. For
the experiments, MIA PaCa-2 cells were cultured for 48 h.
2.2.3. Plasmids construction
Bcl-xL wild type (wt) plasmid was synthesized by DNA ampliﬁcation by PCR using human cDNA as template and cloning into the
pcDNA3.1 vector (Genescript, Piscataway, NJ). Bcl-xL mutants were
synthesized by inducing point mutation in the Bcl-xL wt plasmid
(Genescript, Piscataway, NJ).
2.2.4. Transfections
Transient transfections of MIA PaCa-2 cells were performed
using the electroporation Amaxa System Nucleofector™ (Amaxa
Inc., Gaithersburg, MD) according to the manufacturer protocol.
2 lg of each plasmid was applied to 2 million cells. Control cells
were transfected with the empty vector pcDNA3.1 (Ambion, Foster
City, CA).
2.2.5. In vitro proliferation
Proliferation was assessed by measuring the level of 3H–thymidine incorporation into DNA in cells cultured for 48 h [24].
2.2.6. Measurement of apoptosis
Internucleosomal DNA fragmentation in cultured cells was
measured by using Cell Death Detection ELISAPlus kit (Roche Molecular Biochemicals, Manheim, Germany) according to the manufacturer’s instructions [25].
2.2.7. Western blot analysis
Cells were lysed in radioimmune precipitation phosphorylation
buffer (50 mM NaCl, 50 mM Tris/HCl, pH 7.2, 1% deoxycholic acid,
1% Triton X-100, 0.1% SDS, 10 mM Na2HPO4 + NaH2PO4, 100 mM
NaF, 2 mM Na3VO4, 80 lM glycerophosphate, 20% glycerol, 1 mM
phenylmethylsulfonyl ﬂuoride (PMSF), 5 lg/ml each of pepstatin,
leupeptin, chymostatin, antipain, and aprotinin), sonicated, and
centrifuged for 15 min at 16,000g at 4 °C. Proteins were separated
by SDS–PAGE and electrophoretically transferred to nitrocellulose
or PVDF membranes. Nonspeciﬁc binding was blocked for 1 h with
5% bovine serum albumin or nonfat dry milk in Tris-buffered saline
(4 mM Tris base, 100 mM NaCl, pH 7.5) containing 0.05% Tween 20.
Membranes were incubated with primary antibody for 2 h and
then for 1 h with peroxidase-conjugated secondary antibody. Blots

were developed using the SuperSignal chemiluminescent substrate
(Pierce).
2.2.8. Immunoprecipitation
Cells were collected, washed twice in a buffer containing
20 mM Tris (pH 7.5) and 10 mM DTT, and then resuspended in a lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 2 mM EGTA, 10 lg/ml
each of leupeptin and aprotinin, 1 mM PMSF, 1% IGEPAL CA-630),
and sonicated for 30 s. The lysates were clariﬁed by centrifugation,
and 1 mg of protein was subjected to immunoprecipitation with
the indicated antibodies at room temperature according to the
Catch and Release immunoprecipitation kit (Upstate Biotech
Millipore, Temecula, CA) [26]. In this and other assays, protein
concentration was measured by the Bradford assay (Bio-Rad
Laboratories).
3. Results
3.1. Validation of physiologically relevant structure for the Bcl-xL:Bim
complex
As described in the methods section, the residue A142 was selected to predict mutations that will modulate the binding between Bcl-xL and Bim in the complex. This residue was mutated
to 19 other amino acids, the local side chains optimized, and the
resulting complex minimized as described in the methods section.
The interaction energy between Bcl-xL and Bim was obtained for
each of these mutants using the Dreiding force ﬁeld [22]. This energy is shown in Table 1 relative to the interaction energy in the
WT complex. The table also breaks up the interaction energy into
its Coulombic, van der Waals and hydrogen bond (H-Bond) components, as the Dreiding force ﬁeld contains a hydrogen bond term.
As seen in Table 1, the mutants containing amino acids with
charged (R, K, D, E) and bulky (W, Y) side chains lead to the greatest
modulation of the binding energy between Bcl-xL and Bim. In order
to experimentally test these predictions to validate the structure,
we selected one mutant A142S that increased binding energy. Of
note, there were three mutants (A142S, A142R, A142K) that significantly increased binding energy, but we wanted to avoid mutations based on charged residues, so A142R and A142K were not
used for experimental testing. The A142S mutant actually gains
hydrogen bond forces between the serine hydroxyl hydrogen and

Table 1
Predicted energies of interaction (in kcal/mol) between Bcl-xL mutants and Bim,
relative to that for WT Bcl-xL.
Mutant

Energy

Coulomb

H-bond

vdW

WT
A142C
A142D
A142E
A142F
A142G
A142H
A142I
A142K
A142L
A142M
A142N
A142P
A142Q
A142R
A142S
A142T
A142V
A142W
A142Y

0.0
0.7
19.2
20.9
19.3
1.5
12.8
7.0
2.6
8.5
8.0
3.0
2.1
3.8
8.0
3.0
0.3
4.6
20.9
24.1

0.0
0.3
16.0
15.8
0.7
0.0
1.1
0.8
20.6
0.7
0.5
0.5
0.5
1.5
16.8
0.6
0.1
0.4
0.8
1.6

0.0
0.0
0.0
0.1
0.2
0.0
0.1
0.1
0.2
0.1
0.2
0.1
0.2
5.0
0.2
3.3
1.1
0.1
0.4
0.3

0.0
0.4
3.2
5.0
18.3
1.5
13.8
6.1
17.8
7.6
7.3
2.4
1.4
10.3
8.6
0.9
1.3
4.1
19.7
22.3
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the backbone carbonyl of the L94 residue on Bim protein as shown
in Fig. 1B. This increased binding energy is also demonstrated in
Table 1 which shows a 3.3 kcal/mol hydrogen bond contribution
dominating the overall interaction energy gain of 3.0 kcal/mol, as
a serine amino acid side chain is closest in size to the wild-type alanine side chain.
The three single-point mutations (A142Q, A142Y, A142 N) were
also selected for experimental testing that were predicted to decrease binding of Bcl-xL to Bim. The relative predicted ordering
of binding interaction between Bcl-xL and Bim is the following:

A142S > WT > A142N > A142Q > A142Y
This relative ordering is based on a purely enthalpic contribution to binding interaction between Bcl-xL and Bim, so entropic
change upon Bcl-xL mutant binding to Bim (relative to WT) is
being ignored as an approximation. These mutants were experimentally tested for Bcl-xL:Bim binding and the results are presented in Fig. 2A. Mutants A142Q, Y and N showed decrease in
the level of Bim binding. Whereas, mutant A142S showed increase
in Bim binding conﬁrming the predicted trend for the mutants.
3.2. Functional consequences of Bcl-xL:Bim binding
The structurally validated Bcl-xL:Bim complex and four mutants were studied for their effect on cell proliferation and apoptosis. First, we found that transfection of MIA PaCa-2 cells with Bcl-xL
WT stimulated cell proliferation (Fig. 2B). The mutant A142S,
which, showed increase in Bcl-xL:Bim binding stimulated proliferation at a level similar to Bcl-xL WT plasmid. Further, transfection
with mutants A142Q and A142Y, which, decreased Bim binding to
Bcl-xL prevented the stimulation of proliferation induced by Bcl-xL
WT (Fig. 2B). Bim inhibition using Bim siRNA prevented the proproliferation effect of Bcl-xL WT and A142S mutant indicating that
Bim is needed for inducing proliferation of MIA PaCa-2 cells
through interacting with Bcl-xL (Fig. 2B).
Differently from proliferation, Bcl-xL WT and A142S mutant
transfections did not affect apoptosis (Fig. 2C). However, transfection with A142Q, A142Y and A142 N mutants stimulated apoptosis. Figs. 2B and C show a strong correlation between the effects
of Bcl-xL mutations on proliferation and apoptosis.
4. Discussion
The interaction of Bcl-xL with Bim has been shown to be one of
the important interactions in the Bcl-2 family that affects apoptosis
[4]. Bcl-xL or Bim knockout experiments do not explore the effect
of binding strength between the two protein partners on apoptosis
or another cellular function of interest.
The availability of three forms of this protein–protein complex
allows for a functional evaluation of the role played by this binding
in apoptosis and cell proliferation. The overall study provides a
valuable tool to characterize the effect of protein–protein interactions on cellular function that doesn’t rely on simply knocking out
one of the partners in the interaction, which provides much less insight. It uses a chemically modulated (via mutations) binding gradient to truly assess the role of the interaction strength between
the protein partners (Bcl-xL and Bim) on apoptosis and cell proliferation. This molecular level understanding of the Bcl-xL:Bim
interaction also provides a promising approach for tackling pancreatic cancer and other cancers as any therapeutic agent targeting
the Bcl-xL:Bim binding interface on Bcl-xL will be capable of causing apoptosis while preventing cell proliferation.
Systematic mutational analysis of protein–protein interaction
surfaces has been normally used to assess the effect of protein–
protein binding on function for other protein–protein systems

Fig. 2. (A) A142S mutation increases the level of Bim binding to Bcl-xL. Mutations
A142Q/Y/N decrease binding of Bim to Bcl-xL MIA PaCa-2 pancreatic cancer cells
were transfected using electroporation and cultured for 48 h. Binding of Bim to BclxL was assessed by measuring the level of Bim present in Bcl-xL immunoprecipitate by Western. (B) Bim siRNA prevented the increase in proliferation
induced by Bcl-xL wt and Bcl-xL A142S suggesting that Bim is necessary for the proproliferation effect of Bcl-xL. MIA PaCa-2 pancreatic cancer cells were transfected
using electroporation and cultured for 48 h. Proliferation was assessed by measuring H-Thymidine incorporation into DNA. ⁄, p < 0.05 versus pcDNA3.1; #, p < 0.05
versus Bcl-xL WT. (C) Bcl-xL wt and A142S did not affect apoptosis; whereas,
A142Q/Y/N stimulated apoptosis. MIA PaCa-2 pancreatic cancer cells were transfected using electroporation and cultured for 48 h. Apoptosis was assessed by
measuring DNA fragmentation by ELISA. ⁄, p < 0.05 versus pcDNA3.1.

[27]. This is a very resource-intensive exercise to characterize the
protein–protein interface. A more efﬁcient method is the one presented here where structural predictions guide the experiments to
ﬁrst ﬁnd mutants that lead to a mutant protein–protein complexes
with differential binding. Then these mutants are used in functional studies to characterize the importance on this binding
strength on function.
Table 1 and Fig. 1A show results for Bcl-xL mutants that exhibit
differential binding towards Bim. Four mutants were selected to
sample the protein–protein binding energy landscape. The A142S
Bcl-xL mutant exhibited increased binding for Bim (relative to
WT Bcl-xL), and the other three mutants (A142N, A142Q, A142Y)
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sumes much less resources than doing multiple-residue scanning
mutagenesis making efﬁcient use of experimental resources.
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binding) relative to WT Bcl-xL (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article).

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.05.032.
References

exhibited decreased relative binding for Bim (relative to WT BclxL). The serine residue is the closest in size to alanine (except glycine) among the 20 amino acids, so it had the best chance to ﬁt sterically in the protein–protein interface. In addition, it gained a
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This study also exempliﬁes the use of computational predictions
to guide biological investigations, as it not only provides vital structural insights but also testing a handful of predicted mutations con-

[1] E. Ulukaya, C. Acilan, Y. Yilmaz, Apoptosis: why and how does it occur in
biology?, Cell Biochem Funct. 29 (2011) 468–480.
[2] C.S. Potten, J.W. Wilson, Apoptosis: the life and death of cells, Cambridge
University Press, Cambridge; New York, 2004.
[3] J.M. Adams, Ways of dying: multiple pathways to apoptosis, Genes Dev. 17
(2003) 2481–2495.
[4] J.M. Adams, S. Cory, The Bcl-2 apoptotic switch in cancer development and
therapy, Oncogene 26 (2007) 1324–1337.
[5] A. Shamas-Din, H. Brahmbhatt, B. Leber, D.W. Andrews, BH3-only proteins:
orchestrators of apoptosis, Biochim. Biophys. Acta Mol. Cell Res. 2011 (1813)
508–520.
[6] L. Portt, G. Norman, C. Clapp, M. Greenwood, M.T. Greenwood, Anti-apoptosis
and cell survival: a review, Biochim. Biophys. Acta Mol. Cell Res. 2011 (1813)
238–259.
[7] N. Bonnefoy-Berard, A. Aouacheria, C. Verschelde, L. Quemeneur, A. Marcais, J.
Marvel, Control of proliferation by Bcl-2 family members, Biochim. Biophys.
Acta Mol. Cell Res. 1644 (2004) 159–168.
[8] J.M. Jurgensmeier, Z.H. Xie, Q. Deveraux, L. Ellerby, D. Bredesen, J.C. Reed, Bax
directly induces release of cytochrome c from isolated mitochondria, Proc.
Natl. Acad. Sci. U. S. A. 95 (1998) 4997–5002.
[9] T. Kuwana, M.R. Mackey, G. Perkins, M.H. Ellisman, M. Latterich, R. Schneiter,
D.R. Green, D.D. Newmeyer, Bid, Bax, and lipids cooperate to form
supramolecular openings in the outer mitochondrial membrane, Cell 111
(2002) 331–342.
[10] S.W. Fesik, Insights into programmed cell death through structural biology,
Cell 103 (2000) 273–282.
[11] K. Hardy, J. Stark, Mathematical models of the balance between apoptosis and
proliferation, Apoptosis 7 (2002) 373–381.
[12] A. Catassi, D. Servent, L. Paleari, A. Cesario, P. Russo, Multiple roles of nicotine
on cell proliferation and inhibition of apoptosis: implications on lung
carcinogenesis, Mutat. Res., Rev. Mutat. Res. 659 (2008) 221–231.
[13] R.A. Hawkins, M.J. Arends, A.A. Ritchie, S. Langdon, W.R. Miller, Tamoxifen
increases apoptosis but does not inﬂuence markers of proliferation in an MCF7 xenograft model of breast cancer, Breast 9 (2000) 96–106.
[14] G.H. Kumar, R.V. Priyadarsini, G. Vinothini, P.V. Letchoumy, S. Nagini, The
neem limonoids azadirachtin and nimbolide inhibit cell proliferation and
induce apoptosis in an animal model of oral oncogenesis, Investig. New Drugs
28 (2010) 392–401.
[15] M.A. Parasramka, S.V. Gupta, Garcinol Inhibits Cell Proliferation and Promotes
Apoptosis in Pancreatic Adenocarcinoma Cells, Nutr. Cancer Int. J. 63 (2011)
456–465.
[16] F. Wieser, J. Yu, J. Park, N. Sidell, R.N. Taylor, Curcumin suppresses
angiogenesis, cell proliferation and induces apoptosis in an in vitro model of
endometriosis, Fertil. Steril. 88 (2007) S204–S205.
[17] J.D. Xu, X.X. Cao, Z.W. Long, X.P. Liu, T. Furuya, J.W. Xu, X.L. Liu, Z.D. Xu, K.
Sasaki, Q.Q. Li, BCL2L10 protein regulates apoptosis/proliferation through
differential pathways in gastric cancer cells, J. Pathol. 223 (2011) 400–409.
[18] D. Kazanov, L. Madar-Shapiro, E. Liberman, L. Strier, N. Arber, Increased
expression of Bcl2 causes transformation of normal enterocytes (IEC18) by
increasing proliferation and inhibition of apoptosis, Gastroenterology 126
(2004) A134.
[19] K.A. Fortner, P. Bouillet, A. Strasser, R.C. Budd, Apoptosis regulators Fas and
Bim synergistically control T-lymphocyte homeostatic proliferation, Eur. J.
Immunol. 40 (2010) 3043–3053.
[20] K. Haﬁd-Medheb, V. Poindessous-Jazat, Y. Augery-Bourget, N. Hanania, J.
Robert-Lezenes, Bcl-X-L induction during terminal differentiation of Friend
erythroleukaemia cells correlates with delay of apoptosis and loss of
proliferative capacity but not with haemoglobinization, Cell Death Differ. 6
(1999) 166–174.

R. Abrol et al. / Biochemical and Biophysical Research Communications 422 (2012) 596–601
[21] L. Li, S. Krajewski, J.C. Reed, Y.S. Choi, The apoptosis and proliferation of SACactivated B cells by IL-10 are associated with changes in Bcl-2, Bcl-x(L), and
Mcl-1 expression, Cell. Immunol. 178 (1997) 33–41.
[22] S.L. Mayo, B.D. Olafson, W.A. Goddard, Dreiding - a generic force-ﬁeld for
molecular simulations, J. Phys. Chem. 94 (1990) 8897–8909.
[23] V.W.T. Kam, W.A. Goddard, Flat-bottom strategy for improved accuracy in
protein side-chain placements, J. Chem. Theory Comput. 4 (2008) 2160–2169.
[24] M. Edderkaoui, I. Odinokova, I. Ohno, I. Gukovsky, V.L.W. Go, S.J. Pandol, A.S.
Gukovskaya, Ellagic acid induces apoptosis through inhibition of nuclear factor

601

kappa B in pancreatic cancer cells, World J. Gastroenterol. 14 (2008) 3672–
3680.
[25] M. Edderkaoui, P. Hong, J.K. Lee, S.J. Pandol, A.S. Gukovskaya, Insulin-like
growth factor-I receptor mediates the prosurvival effect of ﬁbronectin, J. Biol.
Chem. 282 (2007) 26646–26655.
[26] M. Edderkaoui, C. Nitsche, L. Zheng, S.J. Pandol, I. Gukovsky, A.S. Gukovskaya,
NADPH oxidase activation in pancreatic cancer cells is mediated through Aktdependent up-regulation of p22(phox), J. Biol. Chem. 286 (2011) 7779–7787.
[27] J.A. Wells, Systematic mutational analyses of protein protein interfaces,
Methods Enzymol. 202 (1991) 390–411.

