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ABSTRACT

Cancerous cells develop resistance to cell death by over expression of anti-apoptotic proteins, which are specific to
interact with pro-apoptotic and BH3-only proteins of Bcl-2 family. Delineating crucial residues mediating the
heterodimer complexes (anti-apoptotic proteins — pro-apoptotic/BH3-only proteins) is indispensable to develop
specific antagonists to anti-apoptotic proteins. In these backgrounds, we have herein reported crucial residues of
hBaxBH3 and hBcl-B (an anti-apoptotic protein specifically interacts with human Bax but does not interact with
human Bak) for hetero dimerization of the polypeptides and as well validated the structural determinants of the
polypeptides through variety of virtual ‘alanine mutants’ and ‘switch mutants’ by using an array of computational
methods. Residues such as D53, S60, E61, K64, E69 and D71 of hBaxBH3 and R45, H50, F53, F54, Y57, M71, S74,
V75, R86, V88, T89, F93 and F159 of hBcl-B were found to be crucial residues of the polypeptides for
intermolecular interaction leading hetero dimerization. Moreover, ‘pharmacophoric residues’ for the hBaxBH3 and
hBcl-B have also been figured out and rationalized.
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INTRODUCTION

Resistance to apoptosis is a common trait of
cancerous cells (Hanahan and Weinberg 2000).
The apoptosis is tightly regulated by proteins of
Bcl-2 family, which are classified into three types:
anti-apoptotic, pro-apoptotic and BH3-only
proteins (Adams and Cory 1998, Reed 1998).
While pro-apoptotic proteins promote apoptosis,
anti-apoptotic  proteins resist the apoptotic
processes. The BH3-only proteins play essential
roles on upstream and as well downstream
regulations of the processes either through
interactions with anti-apoptotic or pro-apoptotic
proteins (Chipuk and Green 2008, Willis et al.
2007). Binding of the BH3-only proteins with the
apoptotic proteins have been well-reported in the
literature and the data suggest that the BH3-only
proteins are highly specific to interact with anti-
apoptotic proteins, in particular. For instance,
BH3-only proteins such as Bid, Bim and Puma
have been demonstrated to interact with all anti-
apoptotic proteins, whereas NOXA and Hrk are
shown to specifically interact with Mcl-1 and Bcl-
XL anti-apoptotic proteins, respectively (Kim et
al. 2006). Similarly, pro-apoptotic protein, Bax, is
shown to interact with all six anti-apoptotic
proteins characterized from homo sapiens to date,
whereas Bak is interacting with all anti-apoptotic
proteins other than Bcl-B (Zhai et al. 2003, Zhai et
al. 2008). Since anti-apoptotic proteins have been
reported to get overexpressed in all types of cancer
disorders, delineating crucial residues that are
structural determinants in the binding interfaces of
anti-apoptotic proteins — pro-apoptotic/BH3-only
proteins complexes is evidenced to be greatly
helpful on designing specific antagonists to the
anti-apoptotic proteins (Pinto et al. 2011,
Sivakumar & Sivaraman 2012, Sivakumar et al.
2012, Sivakumar et al. 2013).

In these backgrounds, we have probed the binding
interface of a heterodimer consisting BH3-domain
of human Bax (hBaxBH3, a pro-apoptotic protein)
and human Bcl-B (hBcl-B, an anti-apoptotic
protein) proteins in this present study. Generating
theoretic structures of the complex and its
validations have been elaborately discussed by the
authors in an early report (Sivakumar et al. 2013).
Moreover, selective binding of hBcIB with hBax
but not with hBak pro-apoptotic proteins have also
been well documented by experimental methods
(Zhai et al. 2003) and the results suggest that
hBcIB should play essential roles in regulating

apoptotic processes that are exclusively governed
by pro-apoptotic protein, hBax. In this article, we
have herein enumerated crucial residues of the
hBcl-B and hBaxBH3 that are essential for
complex formation of the proteins and as well
described validations of the crucial residues
identified for both of the proteins through various
virtual  (alanine/switch)  mutants of the
polypeptides in conjunction with molecular
docking methods in a systematic manner.

MATERIALS AND METHODS

Preparation of virtual mutants of the hBcl-B
and hBaxBH3

Primary structure of hBcl-B (Q9HD36) was
retrieved from Swiss-Prot (www.uniprot.org) and
was homology modeled using 2KUA (crystal
structure of mouse Bcl-B). The modeling
procedures and validations of the modeled three-
dimensional (3D) structure of the hBcl-B have
been described elsewhere (Sivakumar et al. 2013).
The 3D structure of 21-mer hBaxBH3 was
retrieved from 2K7W PDB structure representing
Bax-BIM complex (Gavathiotis et al. 2008).
Various types of virtual mutants
(single/triple/multiple point mutants) of the hBcl-B
and hBax-BH3 were prepared by using Swiss-Pdb
Viewer (Spdbv) 4.1.0 (Guex and Peitsch 1997). In
case of the hBcl-B, various residues (R45, L46,
H50, F53, F54, Y57, Y60, P61, L67, M71, S74,
V75, T83, G85, R86, V88, T89, F93, F159 &
F160) constituting BH3-binding groove of the
protein were mutated to alanine residue only and
all the virtual mutants were subjected to energy
minimization  followed by stereo-chemical
analyses. As far as considering backbone torsion
angles of the mutants with that of native hBcl-B,
the structures were similar, if not identical, to each
other and hence, the energy minimized virtual
mutants of the hBcl-B were directly taken for
molecular docking studies carried out in the
present study. Whereas, in case of the hBaxBH3,
various residues were mutated to alanine and as
well to corresponding amino acids present in
counterpart region of 20-mer human BakBH3
(hBakBH3 and structure of the polypeptide was
retrieved from 2IMT). The hBaxBH3 consisting of
21 amino acids SSTMGQVGRQLAIIGDDINR
ranged from 68 to 87 positions and hBakBH3
consisting of 20 amino acids
QDASTKKLSECLKRIGDELDS ranged from 52
to 72 position were subjected to global sequence
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alignments using Clustal Omega (Sievers et al.
2011) and the resultant alignments were used to
identify residues in corresponding positions of the
two peptides. All the polypeptides (hBcl-B,
hBaxBH3 and variants of the polypeptides)
generated in the present study were subjected to
energy minimization using ‘steepest descent’
algorithm with a tolerance of 1000 kJ/mol/nm,
step size of 0.01 and maximum number of
minimization steps as 10,000 by means of
Gromacs 4.5.1 (Hess et al. 2008).

Molecular docking studies

The wild type/virtual mutants of the hBaxBH3
were docked on BH3-binding groove of wild
type/virtual mutants of the hBcl-B by means of
docking tools Hex and ClusPro 2.0 using default
docking parameters (Comeau et al. 2004).
However, in the molecular dockings performed
using Hex, docking parameters such as search
order, step size and range angles were set to be 25,
7.5 and 180, respectively; correlation type was set
as shape and electrostatics. In both docking
methods, top 10 docking models were chosen for
analyzing binding poses of the hBaxBH3 on the
hBcl-B. Structural interactions of the hBcl-B —
hBaxBH3 complexes were scrutinized using
molecular visualization tools such as VMD,
PyMol 0.99 and Swiss-Pdb Viewer 4.1.0 (Delano
2002; Guex and Peitsch 1997). Herein, we would
also like to point out that various molecular
docking tools such as ZDOCK, PATCHDOCK,
HADDOCK and GRAMM-X (in addition to the
Hex and ClusPro) were also employed to study
binding interaction of native hBcl-B with native
hBaxBH3 and as well with native hBakBH3
peptides in a benchmark study and a
comprehensive analyses of the study suggested
that docking results from the Hex and ClusPro
were highly reliable and also in good agreement
with experimental data reported for the protein —
peptides complexes in the literature (the hBcl-B
interacts with hBaxBH3 but does not interact with
hBakBH3).

Molecular surface properties

Electrostatic potential maps and hydrophobic
surfaces of native and variants of the hBcl-B were
prepared by using PyMol molecular visualization
tool (Delano 2002). APBS module of PyMol was
employed to calculate surface electrostatic
potential of the protein and necessitated input files
for running the module were prepared from
PDB2PQR server (Dolinsky et al. 2004).

Eisenberg scale was used to calculate hydrophobic
surfaces of proteins (Eisenberg et al. 1984).

RESULTS AND DISCUSSION

Crucial residues of the hBcl-B to interact with
the hBaxBH3

The Bcl-B is one of six anti-apoptotic proteins
identified and structurally characterized from
homo sapiens to date (Ke et al. 2001). However,
the hBcl-B is unique in its amino acid sequence
and as well in biological functions: primary
structure of the hBcl-B shows only about 20%
sequence similarities with primary structures of
other five anti-apoptotic proteins (hBcl-2, hBcl-
XL, hBcl-W, hBfl-1 and hMcl-1); the hBcl-B
specifically interacts with human Bax (hBax) but
not with human Bak (hBak), whereas other five
anti-apoptotic proteins interact with both hBax and
hBak, pro-apoptotic proteins (Zhai et al. 2008).
Moreover,  notwithstanding  similar  three-
dimensional structures, all the 6 anti-apoptotic
proteins exhibit differential binding affinities
towards BH3-only proteins and as well small
molecular antagonists to the proteins. Intriguingly,
overexpression patterns of all the six anti-
apoptotic proteins are also different from each
other with respect to cancerous cells (Reed 1996,
Sivakumar et al. 2013). In these contexts,
delineating residues that are playing essential roles
in the interface of the hBcl-B — hBax complex
would be emphatically useful to design highly
efficient and specific small chemical molecules
modulating the interface of the complex in
particular.

Overall 3D structures of all the six anti-apoptotic
proteins are similar to each other as documented in
the literature and they have well-defined BH-
grooves and BH3-binding grooves. However,
various BH3-only proteins and BH3-domain of
pro-apoptotic proteins have been shown to have
highly specific interactions leading to the
formation of heterodimer complexes with the anti-
apoptotic proteins (Gavathiotis et al. 2008). In case
of the hBcl-B, the BH3-binding groove is
constituted by residues such as R45, L46, H50,
F53, F54, Y57, Y60, P61, L67, M71, S74, V75,
T83, G85, R86, V88, T89, FI93, F159 and F160
located in helices 2, 3, 4 & 5. In other words, the
BH3-binding groove is merely constituted by
BH1, BH2 and BH3 domains of the protein. By
replacing each of the 20 BH3-binding groove
residues with alanine one at a step, 20 single-point
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virtual mutants of the hBcl-B were generated and
energy minimized (refer methods). Binding
affinities of the hBaxBH3 with each one of the 20
virtual mutants were analyzed by using Hex
docking tool and Figure 1 depicts reduction in
binding energies of the hBaxBH3 on BH3-binding
groove of the 20 hBcl-B mutants with respect to
the binding energies of wild type hBcl-B -
hBaxBH3 complex. By setting an arbitrary cutoff
of 12% reduction in total binding energies,
residues such as R45, F53, F54, V75, R86, V88,
F93 and F159 were identified as crucial residues
of the hBcl-B to interact with the hBaxBH3.
Strikingly, the hBaxBH3 showed no binding
interaction on the BH3-binding groove of hBcl-B
in which the eight crucial residues mentioned
above were virtually mutated to alanine residue
(‘Crucial Ala-mutant’ of the hBcl-B, Table 1).
This finding suggested that the crucial residues of
hBcl-B identified through ‘virtual alanine
scanning’ strategy are quite reliable as evinced
herein. It should be mentioned that 3D
conformations of native hBcl-B and its virtual
mutants were essentially same except a subtle
structural changes at the respective site of residue
chosen for alanine substitution mutation in each
case. In other words, it is presumed that alanine
mutants of the hBcl-B are capable of adopting
compact 3D structures as if native hBcl-B adopts
its 3D folds. However, effect of the residues
chosen for alanine substitution mutation on folding
pathways of the proteins can be unambiguously
understood by using protein folding experiments
only. In general, unless until the protein mutants
adopt native 3D folds conformations, the
generated protein mutants will not be useful for
the binding studies even by experimental methods.
Notwithstanding this inherent limitation of the in
silico studies on understanding the relationships
between protein mutants and folding pathways,
virtual protein mutants have been successfully
used in drug designing strategies and as well to

understand structural interactions of various
complexes of protein mutants as reported in the
literature (Goh et al. 2002, Anthony et al. 2015,
Nagasundaram et al. 2015).

% of reduction
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Figure 1.Percentage of reductions in the docking
energies of the hBaxBH3 peptide to interact on the
BH3-binding groove of various single point alanine
substitution mutants of the hBcl-B is shown. Percentage
of reduction in the energies of hBcl-B mutants -
hBaxBH3 complexes were calculated with respect to
docking energy (-611 kcal/mol) of native hBcl-B —
hBaxBH3 complex. Crucial residues of the hBcl-B to
interact with the hBaxBH3 were identified by setting an
arbitrary cutoff at 12% of the reduction binding
energies.

The crucial residues of the hBcl-B figured out in
the previous paragraph were from molecular
docking experiments performed under ‘static’
conditions as described. It is also worthy of
mentioning that crucial residues of the hBcl-B to
interact with hBaxBH3 have also been recently
mapped out under ‘dynamic’ conditions by means
of ‘peptidodynmimetic’ computational method and
the data revealed that residues such as H50, F53,
Y57, M71, S74, V75, T89 and F93 were interface-
determinants of the protein (Sivakumar et al.
2013). In the ‘peptidodynmimetic’ method,
temperature-dependent  molecular  dynamics
simulations of the hBcl-B — hBaxBH3 complex
structure were carried out in near-physiological

Table 1- Interactions between hBaxBH3 and various virtual mutants of hBcl-B. Binding interaction
between the two polypeptides were studied by using Hex/ClusPro molecular docking tools

Docking on

Intermolecular
Intermolecular

BH3  binding Hydrogen bond non-covalent

Wild type/variants of hBcl-B groove interactions interactions
(Binding (hBcl- (within 4A)
Energy) B:hBaxBH3)
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Wild type hBcl-B

Docked
(-611 kcal/mol)

‘Crucial Ala-mutant’ of hBcl-B
(R45A, F53A, F54A, V75A, R86A, V88A,
FI93A, F159A)

H50:HD1-O:E63  A42, R45, LA46,
Y57:HH-O:T56 H50, F53, F54,
Y57:HH- Y57, Y60, P61,
OG1:T56 L67, M71, S74,
S74:HG-OE1:E61 V75, T83, G85,
S74:HG-OE2:E61 R86, V88, T89,

T89:H-OD2:D68
Y57:0H-
HG1:T56
Y57:0H-H:K57
M71:SD-
HZ1:K64
M71:SD-
HZ2:K64
M71:SD-
HZ3:K64
S74:0G-
HH12:R65
S74:0-HH22:R65

F93, F159, F160

Undocked NA NA

‘Peptidodynmimetic Ala-mutant’ of hBcl-B ~ Non-specifically Y60:0-HZ1:K57  L46, A53, F54,

(H50A, F53A, Y57A, M71A, S74A, V75A, Docked Y60:0-HZ3:K57  A56, A57, Y60,

T89A, F93A) P61, L67, L70,
A71, A74, AT5,
T83, G85, R86,
A89, L90, A93,
L97

‘Tredecuple Ala-mutant’ of hBcl-B Undocked NA NA

(R45A, H50A, F53A, F54A, Y57A, MT71A,

S74A, VT75A, R86A, V8BA, T89, F93A,

F159A)

NA — Not Applicable;

H-bond interaction between side-chain amino

conditions (pH 7.0, 1 atmospheric pressure and
ionic strength of 0.1 M NaCl) for 5 ns at 300 K,
310 K and 320 K. In order to validate the findings
of the study, the eight residues identified under
dynamic conditions were virtually replaced to
alanine and the resultant octuple mutant
(‘Peptidodynmimetic Ala-mutant’ of the hBcl-B)
of the protein was subjected to docking with the
hBaxBH3 herein. Strikingly, all top-10 poses of
the peptide-protein complexes did not establish
even a single native hydrogen bond (H-bond)
interaction indicating that resultant complex
structures of the polypeptides were presumably
due to weak and non-specific interactions between
the polypeptides. Meanwhile, only one non-native

group of K57 from the hBaxBH3 and backbone
carbonyl oxygen of Y60 from the hBcl-B were
found to present in a few of the complexes. In
contrast, the native hBcl-B - hBaxBH3 complex
depicted strong H-bond networks and the specific
interactions that have been enumerated in Tablel.
Combined analysis of date from the static (‘crucial
Ala-mutant” of  hBcl-B) and  dynamic
(‘Peptidodynmimetic  Ala-mutant’ of hBcl-B)
conditions suggested that there were 3 common
crucial residues (F53, V75 & F93) and 13 non-
redundant crucial residues of the hBcl-B to interact
with the hBaxBH3. By mutating the three common
crucial residues of the hBcl-B to alanine a ‘triple
Ala-mutant’ of the protein was generated, energy
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minimized to the level of structural convergence
and subjected to docking with the hBaxBHS3.
However, the docking outputs were not
straightforward as the ‘triple Ala-mutant’” hBcl-B —
hBaxBH3 complex formations were of mixed
docking poses: out of 10 top poses selected, only 4
poses depicted that the ‘triple Ala-mutant’ hBcl-B
was capable of accommodating the hBaxBH3 on
the BH3-binding groove with most of native
intermolecular interactions, whereas other 6 poses
suggested that interactions of the hBaxBH3 with
hBcl-B were not on the BH3-binding groove of the
protein  suggesting  non-specific ~ complex
formations. These results imply that absence of the
three common crucial residues along with other
residues as detected either under ‘static’ or
‘dynamic’ conditions is obvious prerequisite in
order to entirely preclude complex formations
between the hBcl-B and hBaxBH3. Evidently, the
hBcl-B obtained upon replacing side-chains of the
13 crucial residues to methyl groups did not
interact with the hBaxBH3 (‘Tredecuple Ala-
mutant’ of hBcl-B, Table 1). These differential
interactions of the hBaxBH3 with the native hBcl-
B and the ‘tredecuple Ala-mutant’ of hBcl-B could
be attributed to differences in the BH3-binding
grooves of the proteins (Fig. 2). The grooves of the
two proteins were found to be different from each
other in terms of geometrical orientations,
electrostatic  surfaces and distributions  of
hydrophobic batches. In these backgrounds, the
data described above suggested that residues such
as R45, H50, F53, F54, Y57, M71, S74, V75, R86,
V88, T89, F93 and F159 of the hBcl-B play
essential contributions to tether the hBaxBH3
peptide on the BH3-binding groove of the hBcl-B
through a specific network of non-covalent
interactions.

Crucial residues of the hBaxBH3 to interact
with the hBcl-B

All six anti-apoptotic proteins bind with Bax
protein from Homo sapiens as reported in the
literature and 3D structures of Bcl-2 (2XAO0), Bcl-
XL (3PL7) and Mcl-1 (3PK1) bound with
BaxBH3 peptides have also been deposited in
PDB database (Ku et al. 2011, Czabotar et al.
2011). Zhai et al. (2003) have analyzed the
binding affinities for a series alanine substituted
hBaxBH3 peptides with hBcl-B and demonstrated
that Leu70 of the hBaxBH3 was most crucial
amino acid governing binding to the protein. We
have recently identified residues of the hBaxBH3
that are essential for interacting with hBcl-B by

using temperature-dependent molecular dynamics
simulations (‘peptidodynmimetic’ method
mentioned above) in a stringent manner and
crucial residues of the peptide were found to be
D53, S60, E61, K64, E69 and D71 (Sivakumar et
al. 2013). Of the six residues, S60, E61 & K64 are
denoted as ‘pharmacophoric residues’ (essential to
design small chemical molecules mimicking the
hBaxBH3 interactions with the hBcl-B) and D53,
E69 & D71 are denoted as ‘CN tethering residues’
(essential to tether C- and N-termini of the
hBaxBH3 on BH3-binding region of the hBcl-B).
However, validations of the crucial residues
identified by the MD simulations have not yet
been systematically addressed. Herein, we
generated sextuple (‘Crucial Ala-mutant’) and two
types of triple points mutants (‘Pharmacophoric
Ala-mutant” and ‘CN tethering Ala-mutant’) of the
hBaxBH3 by alanine substitution strategy and then
the mutants were subjected to molecular dockings
with the hBcl-B protein (Table 2). The docking
data suggested that all the three mutants were
ineffective to bind on the BH3-binding groove of
the hBcl-B indicating the six residues of the
hBaxBH3 screened by the MD simulations are
absolutely prerequisite to form complex with the
hBcl-B. In other words, either in the absence of
‘pharmacophoric’ residues (S60, E61 & K64) or in
the absence of ‘CN tethering’ residues (D53, E69
& D71), the hBaxBH3 was found to be unable to
interact with the hBcl-B.

It has been unambiguously authenticated that the
hBcl-B does not bind with the hBakBH3 by using
experimental and as well by computational
methods (Ke et al. 2001, Zhai et al. 2003, Zhai et
al. 2008, Sivakumar et al. 2013). The 20-mer
hBakBH3 (SSTMGQVGRQLAIIGDDINR) and
21-mer hBaxBH3
(QDASTKKLSECLKRIGDELDS) showed 52%
sequence similarity and similar 3D structures (Fig.
3and refer methods). Moreover, the two peptides
depicted global sequence alignment with just a gap
at first amino acid of the hBakBH3 (as sequence
length of hBaxBH3 is one amino acid longer than
that of hBakBH3). On the basis of the sequence
alignments, we prepared three switch mutants of
the hBaxBH3: ‘Crucial Switch-mutant’,
‘Pharmacophoric ~ Switch-mutant’ and ‘CN
tethering Switch-mutant” (Table 2). In all the
cases, target residues of the hBaxBH3 were
substituted to the residues present in the
corresponding positions of the hBakBH3. If six
crucial residues of the hBaxBH3 identified by MD
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simulations were sole responsible on governing
binding between the hBcl-B and hBaxBH3, the
‘Crucial Switch-mutant’” must completely nullify
interaction with the hBcl-B. Strikingly, the
‘Crucial Switch-mutant’ of hBaxBH3 did not dock
on the BH3-binding groove of hBcl-B (Table2).
More importantly, the other two substitution
mutants (‘Pharmacophoric’ and ‘CN tethering’) of
the hBaxBH3 were also showed no binding with
the hBcl-B strongly supporting that the residues
mapped out by MD simulations are prerequisite
residues of the hBaxBH3 to interact with the hBcl-
B. Moreover, the docking results of ‘Switch-
mutants’ of the hBaxBH3 are also in excellent
agreement with docking results of ‘Ala-mutants’
of the hBaxBH3 described in the previous

paragraph (Table 2). To further confirm the
specific interaction between the hBaxBH3 and
hBcl-B, all residues but other than 6 crucial
residues of the hBaxBH3 were replaced with
residues that are present in the corresponding
position of the hBakBH3 and the resultant mutant
was denoted as ‘Non-crucial Switch-mutant’ of the
hBaxBH3 (Table 2). The ‘Non- crucial Switch-
mutant” was found to bind on the BH3-binding
groove of hBcl-B and binding energy was found to
be -438 kcal/mol. Residues such as R45, L46,
V75, T83, W84, G85, R86, V88, T89, F159, F160,
and R161 of the hBcl-B were found to present
within 4A proximity of the hBaxBH3 (Table 2).
Residues such

Table 2. Interactions between hBcl-B and various virtual mutants of hBaxBH3. Binding interaction between the two
polypeptides were studied by using Hex/Cluspro molecular docking tools

Docking on

Intermolecular

Intermolecular

grﬂgve binding Hydrogen bond non-covalent
(Binding Interactions mt_era_lctlons
Wild type/variants of hBaxBH3 Energy) (hBaxBH3:hBcl-B) (within 4A)
‘Crucial Ala-mutant’ of hBaxBH3 Undocked NA NA
(D53A, S60A, E61A, K64A, E69A,
D71A)
‘Pharmacophoric Ala-mutant’ of Undocked NA NA
hBaxBH3
(S60A, E61A, K64A)
‘CN tethering Ala-mutant’ of hBaxBH3 ~ Undocked NA NA
(D53A, E69A, D71A)
‘Crucial Switch-mutant’ of hBaxBH3 Undocked NA NA
(D53S, S60G, E61R, K64A, E69D,
D71N)
‘Pharmacophoric ~ Switch-mutant” of Undocked NA NA
hBaxBH3 (S60G, E61R, K64A)
‘CN tethering Switch-mutant” of Undocked NA NA
hBaxBH3
(D53S, E69D, D71N)
‘Non-Crucial Switch-mutant’ of Docked D68:0D-HG1:T83 R45, L46, V75,
hBaxBH3 (-438kcal/mol) D68:0D-HG1:T83 T83, W84, G85,

(A54S, S55T, T56M, K57G, K58Q,
L59V, C62Q, R65I, L70l, S72R)

D71:0-HH21:R86
D71:0-HH22:R86
R72:HH11-0:G85

R86, V88, T89,
F159, F160, R161

NA — Not Applicable

as D68, D71 and R72 present in C-terminal of the
‘Non-crucial Switch-mutant” hBaxBH3 showed H-
bond (hydrogen bonding) interactions with T83,
R86 and G85 (present in the BH3-binding groove)
of the hBcl-B (Table 2, Supplementary Figure S1),

respectively. Moreover, C-terminuses of both
wild-type hBaxBH3 and ‘Non-crucial Switch-
mutant’ of hBaxBH3 were found to have a
common binding region on the BH3-binding
groove of the hBcl-B (Fig. 4, Table 1) and these
findings could be attributed to presence of

Braz. Arch. Biol. Technol. v.59: 16160068, Jan/Dec 2016



8 Sivakumar, D et al.

structurally and as well chemically similar
residues in C-terminuses of the two peptides,
whereas N-terminuses of the two polypeptides
were drastically differed from each other (Fig. 3 &
Fig. 5). These striking data have clearly revealed
that D53, S60, E61, K64, E69 and D71 of the
hBaxBH3 are essential for its binding to the hBcl-
B anti-apoptotic protein. Moreover, the data have
also brought a rationalization for the differential
interactions of the hBaxBH3 and hBakBH3
towards the hBcl-B: while the native hBaxBH3
and ‘Non-crucial Switch-mutant’ of the hBaxBH3
showed binding with the hBcl-B, the native
hBakBH3 lacks binding affinity with the hBcl-B
as the hBakBH3 does not have the six crucial
residues at appropriate positions (Fig. 5). It is also
worthy of mentioning that free energy of binding
for various virtual mutants of hBaxBH3 bound
with the native hBcl-B and similarly, various
virtual mutants of hBcl-B bound with native
hBaxBH3 can be estimated using computational
methods such as  ‘umbrella  sampling’,
‘thermodynamic integration’, ‘alchemical free-
energy perturbation’, MM-PBSA, MM-GBSA and
QM-MM techniques (Michel & Essex 2010,
Steinbrecher & Labahn 2010, Genheden & Ryde
2015) in near future and such studies (though the
methods are computationally expensive and
challenging for the protein - peptide complexes)
would bring some valuable quantitative
thermodynamic parameters to the results presented
herein from molecular docking studies on the
hBcl-B — hBaxBH3 complexes.

Figure  2.Electrostatic  potential  surface and
hydrophobic  surface of wild-type hBcl-B are
represented in a) & c) respectively and the same for
‘Tredecuple Ala-mutant’ of the hBcl-B (refer text) are
represented in b) & d), respectively. BH3-binding
grooves of the proteins are outlined by a pair of dashed
lines (readers are referred to the web version of this
article for color illustrations of the figure).

A)

hBaxBH3 52 QDASTKKLSECLKRIGDELDS 72

hBakBH3 68 -SSTMGQVGRQLAIIGDDINR 87

* % k¥ 000

B) hBakBH3

hBaxBH3 L63 L78

Figure 3.Sequence and structural alignments of the
hBaxBH3 and hBakBH3 peptides. a) Identical and
similar residues are marked by asterisk (*) and colon
(:), respectively, in the sequence alignment of the
hBaxBH3 and hBakBH3. b) Side chain orientations of
four identical residues present in the two peptides as per
the structural alignment are shown in sticks (readers are
referred to the web version of this article for color
illustrations of the figure).

hBakBH3
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mutant hBaxBH3

N-terminus

hBaxBH3

Figure 4.Docked conformations of wild type hBaxBH3
and ‘Non-Crucial Switch-mutant’ of the hBaxBH3 on
BH3-binding groove of the hBcl-B are depicted. The
hBaxBH3 peptides and hBcl-B are represented in
cartoon and surface models, respectively (readers are
referred to the web version of this article for color
illustrations of the figure).

B) S68

R76

D84

Figure 5.Pharmacophoric’ (S60, E61 & K64) residues
and ‘CN tethering’ (D53, E69 & D71) residues of a) the
hBaxBH3 and residues present in the corresponding
positions of b) the hBakBH3 are illustrated in sticks
(readers are referred to the web version of this article
for color illustrations of the figure).

CONCLUSIONS

In summary, crucial residues and as well
pharmacophoric residues of the hBcl-B and
hBaxBH3 to interact each other have been

identified and also validated by using various
virtual mutants of the polypeptides in conjunction
with molecular docking strategies. While residues
such as R45, H50, F53, F54, Y57, M71, S74, V75,
R86, V88, T89, F93 and F159 could be identified
as crucial residues of the hBcl-B for complex
formation with the hBaxBH3, residues such as
F53, V75 and F93 could be defined as
‘pharmacophoric residues’ of the protein as the
three residues were characterized to be
indispensable for the hBcl-B - hBaxBH3 complex
formation under both ‘static’ and ‘dynamic’
conditions. In case of hBaxBHS3, residues such as
D53, S60, E61, K64, E69 and D71 were found to
be crucial for hetero dimerization of the hBcl-B —
hBaxBH3. The six residues could be further
divided into two categories: ‘CN tethering’
residues (D53, E69 and D71) and ‘pharmacophoric
residues’ (S60, E61 and K64). In addition, the data
presented in the present studies have also
enlightened a rationalization for differential
interactions of the hBaxBH3 and hBakBH3 on
BH3-binding groove of the hBcl-B from structural
standpoints for the first time: residues such as S68,
G75, R76, A79, D84 & NB86 of the hBakBH3
could preclude its interaction with the hBcl-B,
whereas residues such as D53, S60, E61, K64, E69
& D71 of the hBaxBH3 could be primarily
responsible to tether the peptide on BH3-binding
groove of the anti-apoptotic protein, hBcl-B.
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