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Abstract A monomeric model for murine antiapoptotic
protein Bcl-2 was constructed by comparative modeling
with the software suite MPACK (EXDIS/DIAMOD/
FANTOM) using human Bcl-xL as a template. The
monomeric model shows that murine Bcl-2 is an all a-
helical protein with a central (helix 5) hydrophobic helix
surrounded by amphipathic helices and an unstructured
loop of 30 residues connecting helices 1 and 2. It has been
previously shown that phosphorylation of Ser 70 located
in this loop region regulates the anti-apoptotic activity of
Bcl-2. Based on our current model, we propose that this
phosphorylation may result in a conformational change
that aids multimer formation. We constructed a model for
the Bcl-2 homodimer based on the experimentally
determined 3D structure of the Bcl-xL: Bad peptide
complex. The model shows that it will require approx-
imately a half turn in helix 2 to expose hydrophobic
residues important for the formation of a multimer.
Helices 5 and 6 of the monomeric subunit Bcl-2 have
been proposed to form an ion-channel by associating with
helices 5 and 6 of another monomeric subunit in the
higher-order complex. In the multimeric model of Bcl-2,
helices 5 and 6 of each subunit were placed distantly
apart. From our model, we conclude that a global
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Introduction

Programmed cell death (apoptosis) is a highly conserved
process in the development of eukaryotic cells, leading to
the removal of appropriate cells during development.
Apoptosis also takes place in response to intracellular
damage. [1] Dysregulation of apoptosis can lead to patho-
logical states such as cancer by defective cell accumulation
or neurodegeneration by cell loss. An understanding of the
apoptotic machinery is therefore crucial for developing
successful therapeutics of these diseases. [2]

Proteins that belong to the Bcl-2 family regulate the
central death pathway and they are found in diverse
members of eukaryotes. [1, 3, 4, 5, 6] The Bcl-2 family
comprises several members with pro-apoptotic and anti-
apoptotic functions, [7] and is characterized by four
conserved domains referred to as Bcl-2 homology domains
or BH domains. [3, 4, 8, 9] A delicate balance, essential for
cellular homeostasis, exists between pro- and anti-apop-
totic members in normal cells at physiological state. The
exact homeostatic mechanism and apoptotic pathway
constituted by Bcl-2 family members is not clear. Members
of the Bcl-2 family are thought to function by forming
homo- or hetero-dimers and tend to modulate the effect of
opposite members within the family. [3, 4, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19] For example Bcl-2, an anti-apoptotic
member interacts and chelates Bax, a pro-apoptotic
member, by forming a hetero-dimer that prevents Bax
from associating with itself to form a killer ion-channel
that disrupts the potential across the mitochondrial mem-
brane. [12] Anti-apoptotic members also interact among
themselves, which results in the formation of homodimers
or homogeneous higher order complexes. [19] It is
considered that such complexes form homeostatic ion-



channels that help to maintain the integrity of mitochondria
during stress. [20, 21, 22, 23, 24, 25, 26, 27, 28]
Dimerization by both Bcl-2/Bax and Bcl-2/Bcl-2 was
inhibited by BH3 peptides derived from Bax and Bak,
indicating that there is a common binding site that mediates
Bcl-2 homodimerization and heterodimerization with Bax.
[29] Structural studies by both X-ray crystallography and
NMR spectroscopy have been reported for several Bcl-2
family members such as anti-apoptotic Bcl-xL, Bcl-2 and
pro-apoptotic Bid and Bax. [17, 30, 31, 32] To date, the
only available structural information about multimeric
forms of the Bcl-2 family comprise the NMR structure of
the heteromeric complex of Bcl-xL with a short peptide
from Bak and Bad. [16, 17, 33, 34] The complete structure
of a multimeric form of Bcl-2 is still unknown due to
experimental difficulties in obtaining large quantities of
soluble multimeric forms for X-ray and NMR structure
determination. Theoretical methods like comparative mod-
eling, [35] and docking techniques [36, 37, 38, 39] are
alternative procedures for investigating the structural
details of such complexes. We have used our modeling
suite to construct homology models for human decay
accelerating factor, [40] measles virus receptor CD46 [41]
and pollen allergen Jun a 3. [42] Here we construct a 3D
multimeric model of the murine anti-apoptotic protein Bcl-
2 and relate its 3D structure to its regulatory function. In
this paper, we describe our strategy for a flexible docking
procedure in the construction of a Bcl-2 dimer using our
distance geometry approach, [31, 43, 44] and present a
detailed hypothesis for a conformational change of Bcl-2 in
the transition from a monomeric to a dimeric form.

Methods

Template identification

Murine protein sequence (P10417) was obtained from the annotated
protein database SWISSPROT. [45] A BLAST search with murine
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Bcl-2 as the query was performed in the PDB sequence database.
[46] Human Bcl-2 (PDB code: 1GJH, 1G5M), human Bcl-xL(PDB
code: 1LXL,1IMAZ), rat Bcl-xL(PDB code:1AF3), human Bcl-xL-
Bak peptide complex (PDB code:1BXL), and human Bcl-xL-Bad
peptide complex (PDB code:1G5J) were identified with high scores
ranging from 276 to 167 bits and all expectation values below
0.001. Bcl-2 and Bcl-xL are closely related proteins by function and
have significant sequence identity of 47%. They also share all the
Bcl-2 homology domains (BH1-BH4). The only information on
dimeric structures is currently available from the two Bcl-xL
peptide complexes. Since the structure of the Bcl-xL-Bad peptide
complex is comprised of 25 residues bound to the dimerization
groove of Bcl-xL with a binding affinity of Kd = 0.6 nM, which
compares to 16 residues of Bak peptide in the structure of Bcl-
xL:Bak peptide complex with a binding affinity of Kd = 480 nM,
we used the Bcl-xL-Bad peptide complex to extract geometric
constraints for the Bcl-2 dimeric model. [16] We rationalized that
additional interactions observed in the Bcl-xL:Bad peptide com-
pared to the Bcl-xL:Bak peptide will enable more precise docking
of two Bcl-2 monomers to form a homodimer.

Sequence alignment for modeling

All sequence alignments were performed with the program
CLUSTALW (version 1.8). [47] To construct a homodimer of
Bcl-2, we identified a region in the Bcl-2 sequence that matches
with the Bad peptide, as shown in Fig. 1a,b. All residues of Bcl-2
outside this peptide-matching region were modeled based on Bcl-
xL. The co-ordinates for the Bcl-xL: Bad peptide complex were
used to extract geometric constraints for the dimeric structure as
follows:

Extraction of geometrical constraints and generating
the final model

Distance and dihedral constraints were extracted from the Bcl-xL-
Bad complex using our geometry extraction program EXDIS, [44]
included in our modeling suite MPACK. Structurally conserved
regions or the fragments in the alignment defined by excluding gaps
were used for extracting constraints. In order to handle insertions
and deletion in the target sequence, we relaxed the constraints at the
start and end of the fragments along with the inserted residues by
setting ¢ and ¥ angles of the backbone at 180°. If the residue type
between the target and the template agree in the alignment then we
also extract dihedral angles ({ angles) for the side chain or else set
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Fig. 2 Different Bcl-family homology domains (BH) and helices
important for the formation of the dimerization domain. (leff) BH1
domain (133-152) is shown in red, BH2 domain (184-199) in
green, BH3 domain (90-104) in blue, BH4 domain (10-30) in
orange. (right) Shown in blue is helix 2 (89-104), yellow is

their values to 180°. Upper and lower distance constraints were
fixed either by adding or subtracting a threshold of 0.5 A to the
actual distance. Similarly, 10° was added or subtracted to define the
upper- and lower-bound dihedral angle constraints. A total of 15
distance constraints per atom were extracted from the matching
regions of the template.

To direct the docking of one monomer of Bcl-2 into another, we
extracted constraints from the Bcl-xL:Bad peptide by defining an
axis for helix 2 of Bad at 1A intervals. This corresponds to the axis
of helix 2 of monomer B in the Bcl-2 dimer. Using our distance
geometry program, we applied constraints between the monomer A
(constraints obtained from Bcl-xL) and the monomer B (helix 2
constraints from the Bad peptide in the complex and the remaining
residues from the Bcl-xL). Fifty models were generated starting
from random conformations and the top ten models ranked
according to increasing values of the target function were
considered for visual analysis. The final model was energy
minimized using the program FANTOM. [48] During the initial
steps of constrained energy minimization, we used a fourth power
energy penalty function and later on systematically reduced it to
second power for violations above a threshold. The total confor-
mational energy of the final model was negative. The geometry of
the model was evaluated using PROCHECK. [49]

Results

Model for Bcl-2

Murine Bcl-2 is a 236-residue protein with a molecular
weight of approximately 26 KDa. It has a long unstruc-
tured loop (residues 53-85), inferred by homology with
Bcl-xL, with a phosphorylation site at Ser 70. This site is
known to be important for the regulation of its anti-
apoptotic activity. [50] The complete sequence of Bcl-2
also contains a 21-residue transmembrane region consti-
tuted by hydrophobic residues and considered to form a
helix. This region anchors the cytoplasmic domain of Bcl-
2. [51] The unstructured loop and the 21-residue C-
terminal membrane anchor were not modeled due to the
lack of a suitable template. The final model of murine
Bcl-2 was highly similar to the human Bcl-2 structure

distorted helix 3 (111-118) and helix 4 (123-134), which forms the
dimerization groove, helix 5 (140-160) and helix 6 (165-180) are
shown in red and thought to form the ion-channel in a multimeric
complex after insertion into a membrane

with an RMSD of 1.0 A. Murine Bcl-2 is an all-a-helical
protein made up of seven helices with helix 5 completely
buried (Fig. 2). Two monomers (A, B) of Bcl-2 dimerize
in the hydrophobic pocket of monomer A, constituted by
the BH3 and BH1 domains, with the helix 2 (BH3) of
monomer B. In the monomeric form of Bcl-2, helix 2
consists of buried hydrophobic residues. In the dimer
these hydrophobic residues were exposed as in the case of
Bad/Bak peptides that interact with the hydrophobic
groove of Bcl-xL. Helices 5 and 6 have structural
similarity to ion-channel forming proteins like diphtheria
toxin and Colicin. [23, 25, 26, 31] Previous studies have
demonstrated that Bcl-2 forms a selective ion-channel.
However, in our d}mer model, these helices are located
approximately 40 A apart, indicating that an ion-channel
might be composed of a higher order multimeric struc-
ture. This possibility is further supported by our model as
the dimerization groove of one of the monomers and the
helix 2 of the other monomer remain exposed, suggesting
further potential interactions that lead to higher order
multimerization.

Discussion

Conformational changes required for dimerization

The monomeric forms of human Bcl-2 and human Bel-xLL
show that the hydrophobic residues in helix 2 (BH3
domain) are buried. In contrast, the hydrophobic residues
in the Bak or Bad peptide that correspond to helix 2 of
Bcl-2 are located on the monomeric surface in the Bel-xL/
peptide complex poised for interaction with the dimer-
ization groove formed by helices 3, 4 and 5. A rigid body
docking procedure utilizing the available human Bcl-2
monomer and these hydrophobic interactions for dimer-
ization cannot be successful. Our initial attempts to satisfy



Fig. 3 Hydrophobic interactions in the dimerization groove are
shown. Helix 2’ of monomer B interacts through residues V90,
H91, L94, A97, G98, F101, Y105 with the hydrophobic surface
formed by residues in helices 3, 4, and 5 of the monomer A. Shown
here is a lateral view of monomer A depicted in a surface model
with hydrophobic regions in red. The backbone of helix is shown
using neon representation in yellow and the interacting side chains
are in blue

these hydrophobic interactions between helix 2 of one
monomer and the dimerization groove of helices 3, 4 and
5 resulted in severe steric clashes (Fig. 3).

In the flexible docking procedure, we extracted
constraints for residues outside the dimerization interface
from the template structure and combined them with
constraints of the interface as in the heteromeric complex
of the Bcl-xL protein and peptide Bak. A 3D model
consistent with these combined constraints is then calcu-
lated with our distance geometry approach. This resulted
in a 3D dimeric model in which helix 2 (residues 90-104)
underwent an approximately half turn rotation in order to

Fig. 4 Comparison of the murine Bcl2 model (right) and the
structure of human Bcl-2 isomer (left) (PDB code:1G5M). The
hydrophobic residues (V93, L97, F104, Y108) that are essential for
multimer formation in the dimer model in helix 2 (residues 90-105)

301

expose hydrophobic residues buried in the corresponding
monomeric forms of Bcl-2 (Fig. 4).

This conformational requirement may be induced by
regulation at the upstream-unstructured loop due to
phosphorylation at Ser 70 or by interaction with other
proteins subsequent to phosphorylation. [50, 52] Phos-
phorylation at Asp 54 in the receiver domain of the
bacterial enhancer-binding protein NtrC (nitrogen regu-
latory protein C) leads to an axial rotation of a helical
segment and subsequent exposure of a hydrophobic
surface that acts as a signal for transcriptional activation.
[53, 54, 55] It has been shown for other members of the
Bcl-2 family that the long unstructured loop is cleaved by
caspases before the protein is activated. [56] If such a
cleavage occurs in Bcl-2, it may reduce the strain while
facilitating the possibility of helix 2 turning and forming a
dimer.

Based on our model, we hypothesize that higher order
multimers of Bcl-2 form homeostatic ion-channels, which
apart from chelating pro-apoptotic members, play a
critical role during stress. Under stress, some of the Bcl-
2 proteins are activated and undergo conformational
change in the helix 2 to form an ion-channel. At this stage
it is also capable of chelating pro-apoptotic members. We
base our hypothesis on the observation of Ito et al., who
demonstrated that phosphorylation of Bcl-2 at Ser 70
results in increased anti-apoptotic activity of murine Bcl-
2, critical for cell survival during stress. [50]

Dimeric model reveals higher order multimer possibility

It has been previously shown that the current conducted
by the ion-channels formed by Bcl-xL stepped up with
time and in electrophysiological studies Bcl-2, Bcl-xL.
forms higher ordered multimers (greater than 2) with
increasing time. [22, 23, 25] Our observation from the
model reveals that helix 2 of monomer A and helices of 3,
4 and 5 of monomer B are free to associate with other

are exposed, whereas they are buried in the monomer structure. The
residue numbers in murine Bcl-2 are shifted by +3 to match the
human Bcl-2 numbering
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Fig. 5 Top (left) and bottom view (right) of murine Bcl-2 dimer
model. Helices 5 and 6 that form the ion-channel are shown in red,
helix 2 is shown in blue. Helices 3 (distorted) and helix 4 are shown
in yellow. In monomer A the helices 3 and 4 form the dimerization

monomers progressively forming a higher ordered com-
plex (Fig. 5). Preliminary attempts to generate a higher
order closed complex suggest that it may take up to five
monomers.

Conclusion

Our 3D model of the Bcl-2 dimer suggests a specific
conformational change, a half-turn rotation of helix 2, in
the monomer to dimer transition. We hypothesize that this
conformational change may be facilitated by regulatory
signals like phosphorylation and/or other regulatory
proteins that bind to the loop region of Bcl-2 upon
phosphorylation of Ser 70. Our model also suggests that
higher order multimers of Bcl-2 can be formed when all
constituting members have their hydrophobic amino acids
in the helix 2 exposed to favor interaction with the
hydrophobic groove of another monomer. Our current
method can also be applied to constructing homodimers
and heteromers among pro- and anti-apoptotic members
of Bcl-2.
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