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ABSTRACT: The Bcl-2 family of proteins regulates the intrinsic pathway of apoptosis and plays a significant
role in mitochondrial outer membrane permeabilization. Bcl-2 homologues belonging to both anti- and pro-
apoptotic classes have been identified in diverse organisms. While anti-apoptotic Bcl-2 proteins possess up to
four BH sequence domains (BH1—BH4), the pro-apoptotic counterparts have either three BH (BH1—BH3)
domains or only the BH3 domain. Many anti-apoptotic viral homologues do not seem to have any detectable
BH homology regions and exhibit a very low level of sequence identity with other Bcl-2 family members.
However, structures determined for several Bcl-2 anti- and pro-apoptotic proteins and their viral homologues
show a remarkably conserved helical fold characterized by a central hydrophobic helix surrounded by five or
six amphipathic helices. In this study, we have analyzed 16 nonredundant Bcl-2 structures from human,
mouse, Caenorhabditis elegans, and five different viral species. While the length of the central hydrophobic
helix is preserved in all the Bel-2 structures, variations in length are observed for other helices. We performed
multiple-structure alignment of all 16 structures. Eighty structurally equivalent positions, the bulk of them in
the helical regions, constituted the ungapped blocks in the structure-based sequence alignment. Analysis of
helix bundle geometry indicates that helix—helix packing differed in different Bcl-2 structures. This is
presumably to accommodate disparate residue substitutions. Residue properties such as solvent accessibility,
conservation of chemical nature, and/or size and involvement in interhelical interactions were analyzed in
each position of the ungapped alignment regions. A sequence motif made up of small amino acids has been
detected in the central helix that is proposed to be important for helix—helix association. We have found that
residues in 22 positions in the helical regions are buried, exhibit conservation in hydrophobicity and/or size,
and participate in interhelical interactions in at least 12 of the 16 structures studied. We also found
15 additional positions in which residues exhibit two of the three properties investigated. We suggest that
these positions constitute the important structural core in the diverse Bcl-2 family members and could play a
significant role in the folding of the protein. Results of our studies have been used in the identification of three
putative Bel-2 homologues from three different viral organisms. This study will help in the genome-wide

identification of hitherto unrecognized Bcl-2 family members, especially in viral genomes.

The Bcl-2 family' (B cell leukemia/lymphoma 2 family) of
proteins is involved in the regulation of an evolutionarily con-
served physiological process of cell death termed apoptosis that is
critical during development, maintenance of tissue homeostasis,
and protection against pathogens (1, 2). Homologues of Bcl-2
proteins are found in mammals, birds, fish, and amphibians and
also in invertebrates such as nematodes, fruit flies, and several
types of animal viruses (3). The protein family comprises both
pro- and anti-apoptotic members that can either promote cell
death or help in cell survival. Interaction among these opposing
members is a crucial event by which the proteins regulate
apoptosis (4, 5). Since the first structure of an anti-apoptotic
member protein Bel-X; was published (6), several structures of
Bcl-2 proteins have been determined by X-ray crystallography or
NMR (7). Knowledge of Bcl-2 structures has given us valuable
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insights into their fold, molecular mechanism, and mode of
interaction of pro- and anti-apoptotic members at the molecular
level. At the primary structure level, these proteins share homo-
logy only in a small stretch of sequence domains called “Bcl-2
homology” (BH) domains (8). There are four such domains
(BH1—BH4). The anti-apoptotic class of Bcl-2 proteins contains
domains BHI-BH4. The pro-apoptotic Bcl-2 proteins are
further divided into two classes on the basis of the presence or
absence of BH domains. The “multidomain” pro-apoptotic
proteins contain domains BHI—BH3. The “BH3 only” class
has members that share sequence homology with other Bcl-2
proteins only in the BH3 domain. Moreover, recent structural
studies on viral homologues such as Myxoma virus M11L
protein (9, 10) and Vaccinia virus AS52, B14, K7, NIL, and
FIL proteins (//—14) indicate a similar fold, although no
recognizable BH domains were found in their sequences. These
studies further highlight the extent of sequential diversity among
the Bcl-2 family members. However, in spite of these sequential
differences, all anti-apoptotic proteins, all multidomain pro-
apoptotic proteins, at least one member of the BH3 only class
of pro-apoptotic proteins, and the Bcl-2 homologues of viral
proteins exhibit a very similar a-helical fold. The overall topology
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Table 1: Set of 16 Nonredundant Bcl-2 Family Protein Structures

protein source PDB entry® Uniprot entry” length® ref
Anti-Apoptotic Proteins
1 Bel-X . human 1R2D (1.95 A) Q07817 142 24
2 Bcl-2 human 1G5M P10415 164 28
3 Bel-w human IMK3 Q92843 170 22
4 Mcl-1 mouse IWSX P97287 157 29
5 Al mouse 2VOH/A (1.9 A) Q07440 150 30
6 CED-9 C. elegans 1OHU/B (2.03 A) P41958 168 31
Pro-Apoptotic Proteins
7 Bax human 1F16 Q07812 192 32
8 Bak human 2IMS (1.48 A) Q16611 163 33
9 Bid human 2BID P55957 195 34
Bcl-2 Viral Homologues
10 Bcl-2 homologue Kaposi Sarcoma virus 1K3K P90504 146 35
11 BHRF1 Epstein-Barr virus 1Q59 P03182 160 36
12 M1l y herpes virus 68 2ABO P89884 131 37
13 MI11L Myxoma virus 2042/A (291 A) Q85295 138 9
14 NIL Vaccinia virus 2139/A 2.2 A) P21054 115 13
15 A52 Vaccinia virus 2VVW/A (1.9 A) Q01220 150 11
16 B14 Vaccinia virus 2VVY/A (2.69 A) P24772 142 11

“Four-letter unique Protein Data Bank (27) entry. If the structure is determined by X-ray, then the resolution of the structure is given in parentheses. If more
than one polypeptide chain is present, then the chain considered for this study is given after the PDB entry. “UniProt (38) sequence entry. “The length of the
polypeptide chain for which the structure is determined as reported in the respective PDB entry.

consists of a central hydrophobic helix surrounded by five or six
amphipathic helices.

Protein structures are known to be evolutionarily more con-
served than their sequences (/5—20). In the case of Bcl-2 family
proteins, amino acid sequence comparison shows that there is
little sequence similarity between many members, although they
adopt a remarkably similar fold. Examples of proteins with
diverse sequences assuming the same helix bundle (/9) or sheet
structure (20) have been reported for other families of proteins.
In a quest to find a rationale for the preservation of structural
fold in these families of proteins, knowledge of structures has
been used to find some conserved features at the primary
sequence level. It must be pointed out that conventional sequence
alignment methods will not be useful in these cases.

We can detect important positions in diverse primary se-
quences having similar three-dimensional folds more efficiently
by performing a structural alignment of the homologous pro-
teins. This study aims to find conserved features in a sequentially
diverse and structurally similar Bcl-2 family of proteins. A set of
16 distinct Bcl-2 family proteins that have representatives from
diverse organisms such as viruses, Caenorhabditis elegans, mice,
and humans were considered. A multiple-structure alignment
was performed, and each structurally equivalent position in the
alignment was examined for various features such as chemical
nature or size, solvent accessibility, and its involvement in
interhelical interactions. This led to the identification of 22
positions in the helical region where all the analyzed features
are conserved. We also found additional positions where most of
the properties are conserved. On the basis of this analysis, we
conclude that these positions could be important for the con-
served helical fold observed in the Bcl-2 family of proteins. The
results obtained from the structural analysis have been used to
identify and confirm three new putative Bcl-2 homologues from
three different viral species.

MATERIALS AND METHODS

Bcl-2 Homologues Selected for the Study. As of October
2009, a total of ~70 protein structures belonging to the Bcl-2
family are deposited in the Protein Data Bank (PDB) (21). This
set is redundant since it contains the same protein structures
determined using two different experimental methods (X-ray and
NMR) (6), the same protein determined by different research
groups (22, 23), mutants of the same protein (24), or the same
protein in apo and complex forms (25—27). From this pool of
Bcl-2 structures, we selected a set of 16 distinct nonredun-
dant proteins, and they were grouped into anti-apoptotic, pro-
apoptotic, and Bcl-2 viral homologues as shown in Table 1. The
residues in the determined structures which were either histidine
tags or due to cloning artifacts were removed. Structures that had
selenomethionine as the modified residues were reconstructed as
standard methionine residues. For structures that had multiple
chains, only one chain was selected for the study as mentioned in
Table 1.

Analysis of Bel-2 Structures. For each Bcl-2 structure, the
helix bundle fold was characterized by analyzing the interhelical
angles and distances. The helix—helix crossing angle was deter-
mined as the angle between the two helix axes. The helix axis for
each helix in a Bel-2 structure was determined using the rotational
least-squares method (39, 40). The interhelical distance for each
pair of interacting helices was calculated as the shortest line
segment connecting each finite helix axis (4). For each residue in
a Bcl-2 structure, the solvent accessible surface area (SASA) (42)
was calculated using Vadar, version 1.4 (43). A probe radius of
1.4 A and van der Waals radii of atoms from the work of
Chothia (44) were used in SASA calculations. Residues involved
in interhelical atomic contacts were identified by application of
the following criterion. Residues from two different helices are
said to interact if there is at least one pair of heavy atoms, one
from each residue whose distance is less than the sum of their van
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FiGURE 1: (A) Seven helical segments of the Bel-X; protein (PDB entry 1R2D), a representative example of the Bcl-2 structural fold. All seven
helices are shown in different colors, and this coloring scheme is followed in subsequent figures. For the sake of clarity, loop segments are not
displayed. The structure is viewed approximately perpendicular to the helix axis of central helix HS. In panels B and C, pairs of Bcl-2 structures
showing the smallest [PDB entries |R2D (blue) and 1G5M (red)] and the largest [PDB entries 2BID (magenta) and 2042 (dark green)] rmsd are
superposed. The structures are viewed down the helix axis of central hydrophobic helix HS. Only helical segments H1—H6 corresponding to the
ungapped alignment blocks (see Figure 3) are shown. All molecular plots were created using the UCSF Chimera package (69).

der Waals radii + 0.6 A. The same criterion was used in earlier
studies to find interhelical interactions (44—46).

A structure-based multiple-sequence alignment for the 16
selected Bcl-2 structures was produced using MUSTANG, ver-
sion 0.3 (Multiple Structural Alignment Algorithm) (47).
Although several structural alignment programs are available,
we have chosen MUSTANG to conduct the multiple-structure
alignment since it has been shown to be more reliable in
generating quality alignment on very distantly related protein
data sets. Residues in each aligned position, their properties, and
the extent of conservation across the diverse Bcl-2 proteins were
analyzed to determine common features that could explain the
structural conservation of the Bcl-2 helical fold.

RESULTS

Variations in the Lengths of Different Helices in the Bcl-
2 Helical Fold. Tt is necessary to scrutinize all Bcl-2 structures
under uniform criteria. As a first step, we have analyzed the Bcl-2
helical fold from diverse family members. The variations
observed in the length of different helices were determined
via application of a somewhat generous and at the same time
uniform ¢, 1 criterion as follows. A residue is considered
to adopt a helical conformation if its backbone dihedral angles
¢ and v satisfy the criterion (48)

—140° < ¢ < —30° and —90° < i < 45°

A polypeptide segment is considered to be a helix if a continuous
stretch of at least four residues is found to be in the helical
conformation. The core of the Bcl-2 fold consists of seven major
helices as shown in Figure 1A, in which the central hydrophobic
helix (H5) is surrounded by other amphipathic helices. Addi-
tional C-terminal helices present in some of the Bcl-2 members
were not considered for this analysis. Similarly, helix H7 was
excluded because of different levels of C-terminal truncation. We
have examined all 16 Bcl-2 structures and found that the average
lengths (£standard deviation) of helices H1—H6 are 16.8 £ 3.7,
175 £28,9.8 £ 3.0, 145 £ 3.1, 20.1 £+ 1.8, and 22.3 £ 5.8
residues, respectively. It is obvious that the central hydrophobic
helix (H5) and the succeeding helix (H6) are the longest helices
while helix H3 is the shortest. However, the lengths of H5 and H6
show the smallest and largest variations, respectively, among the
diverse Bcl-2 family members. The length of H6 is more than
25 residues in all six anti-apoptotic Bcl-2 family members, and it
is only <15 residues long in some of the viral homologues.
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FIGURE 2: (A and B) H5—HG6 helix pairs from two Bcl-2 homologues
(PDB entries IG5M and 2139, respectively) to illustrate the variations
in the lengths of helix H6. (C and D) Packing between H4 and HS
helix pairs from two Bcl-2 homologues (PDB entries 1MK3 and
2BID, respectively) is significantly different. The w angles in the two
cases are 177.4° and 71.4°, respectively.

A representative example for each case is shown in panels A and
B of Figure 2. The region comprising short helix H3 has been
shown to exhibit flexibility in both experimental (24) and
simulation studies (49).

Structure-Based Sequence Alignment of the 16 Bcl-2
Structures. The PDB files of the structures were given as the
input for MUSTANG to generate a multiple-structure alignment.
Individual helical segments HI—H7 were found to align well
across all 16 structures. However, some manual adjustments were
required to bring some reported signatures in the BH1—BH3
sequence domains in some of the structures. This includes “GD”
and “GW” signatures in helix H2 and the beginning of H7,
respectively (7). The final structure-based sequence alignment for
helical regions is shown in Figure 3 (For details of the entire
alignment, see Figure S1 of the Supporting Information). The
ungapped alignment for all 16 structures is found in 80 posi-
tions, of which 72 lie in blocks of helical regions (Figure 3).
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FIGURE 3: Ungapped alignment regions from different helical segments produced from structure-based sequence alignment. MUSTANG (47)
was used for multiple-structure alignment. Segments belonging to different helices are indicated. The following notations are used to describe the
properties: red for buried, bold and underlined for hydrophobic, italic and underlined for hydrophilic, cyan background for interhelical
interactions, and black background for all three properties conserved. Small residues are shown in reduced font. The properties are displayed only
if residues in the structurally equivalent positions in at least 12 of 16 structures exhibit the properties. For each helical segment, the residue number
of the first residue is provided as in their respective UniProt entry (see Table 1).

These 80 residues constitute ~70% of the total sequence length
for which structural information is available in the small anti-
apoptotic Bcl-2 homologue Vaccinia virus N1L protein (PDB
entry 2139). In the case of the large pro-apoptotic protein BID
(PDB entry 2BID), this ungapped alignment region covers ~41%
of the polypeptide segment in the protein structure. It should be
mentioned that the long loop connecting helices HI and H2 is
absent in the viral Bcl-2 homologues. In the ungapped blocks of
alignments, residues at each position assumed an a-helical con-
formation in at least eight structures, and at least four such
positions were observed consecutively to form helical regions. The
rest of the analysis will focus on these ungapped alignment blocks
and more specifically on the core helical regions.

Sequence and Structure Variations in the Ungapped
Regions. We have performed pairwise sequence alignments of

Table 2: Pairwise Sequence and Structural Comparisons of All Possible
120 Bcl-2 Homologue Pairs in the Ungapped Alignment Regions®

level of sequence identity (%) >40 30—40 20—30 <20
no. of sequence pairs 3 5 27 85
rmsd (A) <2 2-3 3—4 >4
no. of structural pairs 5 23 62 30

“The ungapped alignment region was obtained from multiple-structure
alignment of 16 nonredundant Bcl-2 homologue structures. For details, see
Figure 3 and Figure S1 of the Supporting Information.

all 16 Bcl-2 sequences by considering only the 80 positions that
make up the blocks of ungapped alignments. We have analyzed
the percent sequence identity of all 120 possible pairwise sequence
alignments (Table 2 and Table S1 of the Supporting In-
formation). Only eight pairs exhibit a level of sequence identity
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Table 3: Analysis of Helix Bundle Geometry in the Bcl-2 Helical Fold
Calculated for All 16 Structures of Bcl-2 Homologues

interacting (w) (£standard deviation)* {d) (+standard deviation)”

helix pair® (deg) (A)
H5—H6 164.0+7.1 9.84+0.8
H5-H7 84.8+12.3 104£1.6
H2—-H3 87.1+14.4 11.7+1.6
H1-H6 133.7 +£14.9 93+1.3
H6—H7 96.7+15.2 15.84+2.2
H3—-HS5 58.24 18.0 10.3+1.5
H1-H7 47.0+£18.0 13.1£2.3
HI1-HS 53.9422.6 94+1.6
H2—-H7 66.3 £24.5 10.6+1.6
H2—-HS5 95.44+25.0 9.7+£1.2
H1-H2 12794252 9.7+ 1.1
H3—-H4 112.7+27.4 11.4+2.5
H4—-H6 43.54+30.5 104+1.3
H4—HS5 138.8+34.5 99+1.1

“Average and standard deviation of helix—helix crossing angles calcu-
lated for the interacting helix pairs. The data are presented accordmg to the
increasing order of standard deviation observed in . "Average and
standard deviation of interhelical distances calculated for the interacting
helix pairs.

of >30%, and 27 sequence pairs exhibit a level of sequence
identity between 20 and 30% which could be described as the
so-called twilight zone region (50). More than 80 of 120 pairs
show less than 20% sequence identity, and in the case of some of
the Bcel-2 protein pairs, the level of sequence identity falls to as
low as 5%. This clearly reveals the extent of diversity in Bcl-2
members. The low level of sequence identity observed among the
majority of Bcl-2 members even in the structurally homologous
regions will make the task of identifying potential remote Bcl-2
homologues a difficult and challenging one.

To quantify the common core helical fold and to evaluate the
extent of structural homology of Bcl-2 family proteins, we
determined the root-mean-square deviation (rmsd) for all possi-
ble structural pairs from the 16 Bcl-2 homologue structures using
MOLMOL (51). Only the backbone atoms (Ca, N, and C') in the
structurally conserved ungapped alignment regions were consid-
ered for this purpose (Figure 3). With the 120 possible pairs, the
rmsd values varied from 1.5t0 5.3 A (Table S1 of the Supporting
Information). The Bcl-2 homologues Bcl-X; (PDB entry 1R2D)
and Bcel-2 (PDB entry 1G5SM) are structurally the most similar
with a rmsd of 1.5 A. The pro-apoptotic Bid (PDB entry 2BID)
and the anti-apoptotic viral homologue M11L from Myxoma
virus (PDB entry 2042) form the most diverse pair. Overall, more
than 90 of 120 pairs analyzed have rmsd values of >3 A (Table 2).
This suggests that although the Bcl-2 family proteins have an
overall common helical fold, differences in the packing of helices
could have contributed to the higher rmsd observed in some of the
Bcl-2 structural pairs. This is clear from the superposition of the
most [PDB entries 1R2D and 1G5M (Figure 1B)] and least [PDB
entries 2BID and 2042 (Figure 1C)] similar Bel-2 structural pairs.

Characterization of the Bcl-2 Helix Bundle Fold. We have
characterized the Bcl-2 helix bundle geometry by determining the
helix—helix crossing angles (w) and interhelix distances (d) of all
the 14 interacting helix pairs (Table 3). It is clear that some helix
pairs exhibit a larger variation in these parameters compared to
others. Interactions between central hydrophobic helix HS and its
succeeding helix H6 are the most stable ones as revealed by
the standard deviation of w (164 £+ 7.1°) and d (9.8 £ 0.8 A)
However, the interhelix angle shows the largest variation with HS
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and its preceding helix H4 (138.8 & 34.5°), although the change
observed in the distance between these two interacting helices is
small. Other helix pairs involving helices H3 and H7 exhibit a
large variation in interhelix distance. Helix H3 has been sugges-
ted to undergo conformational changes upon interacting with
its partner Bcl-2 protein (27). Helix H7 is truncated at different
levels in many Bcl-2 structures. BH3-containing helix H2 and
C-terminal helix H7 both adopt a perpendicular orientation with
respect to central hydrophobic helix HS. Two other helix pairs,
H2 and H3 and H6 and H7, also assume a perpendicular
orientation with respect to each other. This analysis clearly
shows that helical packing in the core varies considerably across
the different Bcl-2 structures. A representative example of the
H4—HS5 interacting helix pair showing the largest difference in
o angle (177.4° in PDB entry IMK3 and 71.4° in PDB entry
2BID) is shown in panels C and D of Figure 2.

Helices H2, H4, and H7 along with central hydrophobic helix
HS5 together form the hydrophobic groove that is characteristic of
the Bcl-2 fold. Characterization of individual Bcl-2 homologue
structures indicates that this groove exhibits certain features
specific to a particular Bel-2 homologue (32, 33, 52). Because
this groove plays a crucial role in the binding of pro- and anti-
apoptotic proteins, we wanted to see whether there is any specific
pattern that distinguishes the hydrophobic grooves between
different groups of Bcl-2 members as classified in Table 1. The
interhelical distances among helices H2, H4, and H5 have been
used for this purpose (helix H7 is not included because of
different levels of truncation in different Bcl-2 structures). We
have determined the sum of the interhelical distances between
three helix pairs, namely, H2—HS, H4—HS5, and H2—H4. This
parameter can give an indication of whether these helices have
resulted in a narrow or broad hydrophobic groove. Our analysis
indicates that the sum of interhelical distances between the three
helix pairs in five of six anti-apoptotic Bcl-2 homologues ranges
from 35 to 38 A (only mouse Al has a broader hydrophobic
groove with a sum distance of ~42 A) Viral Bcl-2 homologues
exhibit a similar range of 30—40 A. In contrast to anti- -apoptotic
Bcl-2 proteins, pro- apoptotlc proteins Bax, Bak, and Bid resultin
a greater distance ranging from 41 to 45 A. Such a broad groove
has been noticed in the individual structures of pro-apoptotic
Bcl-2 structures (32, 33, 52). Surface plots of Bcl-2 representative
examples from anti-apoptotic, pro-apoptotic, and viral homo-
logues are depicted in Figure 4. This analysis clearly indicates that
the hydrophobic groove in anti-apoptotic homologues is some-
what narrower than that in their pro-apoptotic counterparts, and
this feature could be important for the tight binding of the BH3
helix of pro-apoptotic partners. One should also note that only
three pro-apoptotic structures have been used in this analysis.
The significance of a broader hydrophobic groove in pro-
apoptotic proteins and its biological significance should be
investigated further when more pro-apoptotic structures become
available. However, the primary aim of this study is to elucidate
the common features that give rise to a characteristic Bcl-2 fold
among the seemingly diverse sequences in different classes of Bcl-
2 proteins. Hence, we have analyzed different residue properties
at the structurally equivalent positions among all 16 Bcl-2
homologues to determine the core residues that are responsible
for this unique fold.

Residue Properties at Each Position in the Ungapped
Alignment Region. Pairwise sequence alignment clearly showed
the poor sequence identity in a majority of the Bcl-2 sequence
pairs. Although the Bcl-2 homologues adopt a similar fold, the



Article

Biochemistry, Vol. 49, No. 11, 2010 2579

FIGURE 4: Surface representation of (A) an anti-apoptotic protein Bcl-2 (PDB entry 1G5M), (B) a pro-apoptotic protein Bid (PDB entry 2BID),
and (C) a viral homologue from Vaccinia virus (PDB entry 2VVY, chain A). Molecular surface plots were created using the UCSF Chimera
package (69). The hydrophobic residues (Ala, Val, Ile, Leu, Met, Cys, Gly, Phe, Trp, and Tyr) are colored yellow. Asp and Glu are colored red.
Lys, Arg, and His are colored blue. All other residues are colored gray. The sums of pairs of interhelical distances involving helices H2, H4, and
HS5 are 37.6, 45.0, and 33.8 A, respectively, for Bcl-2, Bid, and the Vaccinia virus Bcl-2 homologue, respectively.

rmsd analysis indicated differences in packing of helices, and this
observation is obviously due to substitutions of residues at
different positions. Hence, the intriguing question is what makes
the Bel-2 family of proteins adopt the same fold despite a high
level of divergence at the sequence level. There must be some
conservation at some of the structurally equivalent positions in
the ungapped regions. To answer this question, we have analyzed
certain properties at each position, including accessible surface
area, size and chemical conservation, and the tendency to
participate in interhelical interactions for each residue in all
16 Bcl-2 structures.

Solvent Inaccessible Residues in the Bcl-2 Helical Fold.
The interior of the proteins is usually tightly packed and is not
accessible to the solvent. They generally constitute the core of a
protein, and a change in these residues is expected to disturb the
residue—residue packing. Hence, a higher degree of conservation
is expected for those residues that are buried (53, 54). To
investigate this property, we have calculated the solvent acces-
sible surface area (SASA) for all the residues in each Bcl-2
structure as described in Materials and Methods. The average
solvent accessible value was calculated for the residues in each of
the 80 structurally equivalent positions in the ungapped align-
ment block from all 16 structures. A particular position belong-
ing to the ungapped alignment region is considered to be buried if
the average accessible surface area of the residues in that position
is <20 A? (19). In total, we found that residues belonging to 27
positions can be considered as buried and 25 of them occur in
helical regions. Buried residues are colored red or have a black
background in Figure 3. The maximum number of 12 buried
positions occurs in helix HS. This is the central hydrophobic helix
surrounded by other amphipathic helices. The next helix with a
larger number of five buried residues is observed for helix HI.
Helices H2, H4, H6, and H7 together have eight positions that are
solvent inaccessible. Only two residues outside the structu-
rally conserved helical regions have solvent accessible areas of
<20 A”. Using our criterion, none of the residues in helix H3 can
be considered buried. The polar character of three of eight
positions is maintained in this helix in diverse Bcl-2 structures
(see below) which could probably explain its preference to be
exposed to the solvent.

Residue Conservation. Absolute residue conservation is not
observed in any of the 80 positions in the ungapped alignment
block. However, it is possible that the chemical nature or size of

the residues could be conserved at certain important positions.
First, we broadly classified the amino acids as either hydrophobic
(A,V.I,L M, C, G, F,W,and Y) or hydrophilic (K, R, H, D, E,
P, S, T, N, and Q) and examined each of the 80 columns. The
same classification was used in deriving a hydrophobicity scale
based on 511 protein structures (55). In total, 37 positions show
conservation in hydrophobic character, of which 33 occur in the
helical regions (bold and underlined in Figure 3). In 12 positions,
conservation of the hydrophobic nature of residues is observed in
all 16 structures. In other positions, the number of structures
retaining the hydrophobic character varies from 12 to 15. Not
surprisingly, the hydrophobic nature is conserved in a maximum
number of 13 residues in central helix HS. This is followed by
helices H1, H2, H4, and H6, and each has four residues showing
conservation of hydrophobic character. Only four residues in the
nonbhelical regions maintain their hydrophobic character.

In contrast to the number of structurally equivalent positions
retaining their hydrophobic character, only 14 positions exhibit
conservation in maintaining the hydrophilic nature of residues
(italic and underlined in Figure 3), and 11 of them lie in the helical
regions. They seem to be equally distributed in four of the seven
Bcl-2 helices, with helix H3 having the maximum number of three
hydrophilic positions. It should be pointed out that helix H3 did
not have any residues that can be considered buried. Even in
hydrophobic helix HS, two positions (one in the beginning and
the other in the end of the helix) can be considered hydrophilic in
nature. According to our classification, only helix HI does not
have any position that can be considered polar.

We have also examined the conservation of amino acids on the
basis of their size. We have examined all 80 positions in which
small and weakly polar residues (G, A, C, T, and S) are group
conserved. We found five positions, all of them in central
hydrophobic helix HS, in which the size of the residues seems
to be conserved (shown in smaller font in Figure 3). Such a group-
based conservation gives rise to a (G/S/T)xxx(A/T/G/S)xxxx(G/
A/C/S)(G/A/S)xx(C/A) sequence motif. It has been shown that
motifs such as GxxxG drive helix—helix association in trans-
membrane proteins (56, 57). In fact, in at least two families of
transmembrane helical bundle proteins, small and weakly polar
residues have been shown to be group-conserved at the he-
lix—helix interface (58, 59). It has been shown that mutagenesis of
the positions at which small and weakly polar residues at the
helix—helix interface are group conserved affects the expression
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and activity of the mutant proteins (60, 6/). Hence, a high degree
of conservation of small and weakly polar residues as a group
could be attributed to the role of these positions in tight
helix—helix association. Helix HS is the central helix around
which the other helices pack. The sequence motif consisting of
small residues would thus help in efficient packing of the
surrounding helices with this helix.

Conservation of Interhelical Interactions. We have also
determined the involvement of each residue in interhelical inter-
actions in all Bel-2 structures using the criterion described in
Materials and Methods. In the ungapped alignment region, we
determined the number of residues in each structurally equivalent
position participating in helix—helix interactions. Since contacts
between the helices are likely to play a significant role in the
preservation of the Bcl-2 fold, conservation of interhelical inter-
actions in structurally equivalent positions across the diverse
Bcl-2 proteins will be a major factor in the Bcl-2 family of
proteins. All 14 interacting helix pairs were considered for this
purpose (see Table 3 for the possible interacting helix pairs).
Except in two positions, residues in all 19 positions in helix H5 are
involved in interhelical contacts in at least 12 of the 16 structures
(cyan or black background). Helices HI and H2 are the other two
helices showing the maximum number of residues participating in
interactions with other helices. In total, 53 structurally equivalent
positions in the ungapped regions have residues that participate
in interhelical interactions in at least 12 of the 16 structures
considered in this study. Forty-eight of these positions lie in the
helical regions, and 41 of them interact with a specific helix or
helices (Table 4A) in at least 12 structures. A maximum number
of six residues from central helix HS interacts with helix Hé.
Residues from some of the positions belonging to the helical
regions of H3 (L108 and L112; residue numbers correspond to
those of PDB entry 1R2D), H4 (L130), H5 (A142 and V155), H6
(1166), and H7 (V192) show interhelical interactions in at least 12
structures, but their interacting helices are not always the same in
all the structures and hence are not included in Table 4A. We
have also looked at specific residue pairs that have been shown to
have a stable interaction in molecular dynamics simulations (49).
We found that 10 such interactions, a majority of them involving
residues from central helix H5, are observed in more than 50%
of the structures analyzed in this study (Table 4B).

DISCUSSION

In our data set, the longest and shortest polypeptide chains for
which structures are determined consisted of 195 (PDB entry
2BID) and 115 (PDB entry 2139) residues, respectively. Multiple-
structure alignment of all 16 Bcl-2 homologue structures using
MUSTANG (47) resulted in 374 columns. No gaps were
introduced in 80 positions, indicating that structurally equivalent
residues were observed in all 16 structures and a majority of 90%
of these positions lie in the seven helical regions. We have focused
our analysis mainly on the structurally equivalent positions in the
helical regions and studied properties such as solvent accessible
surface area, chemical nature, size, and their involvement in
interhelical interactions. Of 72 structurally equivalent positions in
the helical regions, 25 were considered buried, and the hydro-
phobic or hydrophilic nature of 44 positions was conserved. In
five positions in central hydrophobic helix HS, small and weakly
polar residues were group conserved. Residues in larger numbers
(48 positions) in the helical regions were found to take part in
interhelical interactions. We examined the number of positions
that are simultaneously solvent inaccessible, show conservation
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Table 4: (A) Residues in Structurally Equivalent Positions from One Helix
Involved in Interhelix Interactions with Another Specific Helix

helix residues” (interacting helix)”

HI N5 (H7), R6 (H6), L8 (H2), V9 (H6), F12 (H2, H5), L13 (H5, H6),
Y15 (H2), K16 (H5)

H2 K87 (H1), A89 (H7), L90 (H1, H7), R91 (H1), A93 (H5).
G94 (H5), F97 (H5)

H3  F105 (HS), T109 (H5)

H4  FI123 (H6), V126 (H3), V127 (H5, H6)

H5  WI37 (H7), R139 (H4), 1140 (H6), V141 (H2), F143 (H4, H6),
F144 (H1, H2, H6), S145 (H2), F146 (H3, H4), G147 (H6),
G148 (H1), A149 (H3), L150 (H3), C151 (H1, H6), E153 (H3),
S154 (H6)

H6  A167 (H1), W169 (H4), M170 (H1, H5), A171 (H1), Y173 (H4)

H7 FI191 (H2, H5)

(B) Specific Residue Pairs Which Are Shown To Exhibit Stable Interactions
in Molecular Dynamics Simulations (49) and Are Observed in More Than
50% of the Structures in the Present Data Set

interacting helices interacting residues®

HI-H5 V9..F144
F12..F144
L13..CI51
K16...V152
H4-H5 V127..F143
L130..F143
L130..R139
H4—He6 F123..W169
VI127..Y173
H5—H6 F143..M170

“The residues correspond to the sequence reported in PDB entry 1R2D.
For structurally equivalent residues in other Bcl-2 homologues, see Figure 3.
Residues shown in bold have all three properties (buried, chemical nature
and/or size, and involvement in interhelical interactions) conserved. “Spe-
cific helix with which the residues from a given helix interact in at least 12 of
16 structures. “The residues correspond to the sequence reported for the
Bcel-X | structure in PDB entry 1R2D. For structurally equivalent residues
in other Bcl-2 homologues, see Figure 3.

in chemical nature or size, and participate in interhelical interac-
tions. In total, 22 positions in the helical regions exhibit all of
these properties (Table 5; residues with a black background in
Figure 3), and central helix HS alone has 11 such positions.
Among the 11 remaining positions, helix H1 has four positions
and helices H2, H4, and H6 have two positions each. The residues
in the conserved positions in helices H1, H2, H4, and H6 are
separated by three to four residues. Outside the core helical
regions, only two positions (V163 and G187, PDB entry 1R2D
numbering) just before and after helix H6 possess all the proper-
ties that were analyzed. We have shown these positions in two
very distantly related Bcl-2 proteins, Bel-X and N1L, in Figure 5.
Bel-X; is from humans, and its anti-apoptotic homologue,
NIL, is from Vaccinia virus; they show just 9% sequence identity
in the ungapped regions. N1L does not possess any recognizable
BH sequence domains. Structural superposition shows that the
rmsd between the two structures in the ungapped alignment
regions is 3.6 A. Our systematic analysis of residue properties has
suggested the 22 positions showing conservation in solvent
accessibility, chemical nature and/or size, and interhelical inter-
actions in these disparate Bcl-2 homologues. Interestingly, most
of these positions occur in helices H1 and H4—H6 at the oppo-
site side of the hydrophobic groove. We propose that these 22
positions could constitute the core nucleus that is important for
maintaining the Bcl-2 helical fold. If we slightly relax the criteria
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for conservation, then there are another 15 positions in the helical
regions where residues in these positions possess two of the three

Table 5: Residues in Structurally Equivalent Positions Having at Least
Two of the Three Analyzed Properties

properties helix residue”

buried, hydrophobic, and  HI L8, V9, F12,L13
interhelical interactions
H2 190, G9%4
H4 F123, V127
H5 1140, V141, A142, F143, F144, F146,
G147, G148, L150, C151, S154

Hé 1166, M170

H7 F191
buried and interhelical H1 N5
interactions
H5 S145
H6 Al67
hydrophobic and H2 A93, F97

interhelical interactions
H3 F105, L108, L112
H4 V126, L130

HS5 W137
H6  WI169, Y173
hydrophilic and HS R139, E153

interhelical interactions

“Residues correspond to the sequence of the Bel-X; protein from PDB
entry 1R2D. For structurally equivalent positions in other Bcl-2 homo-
logues, see Figure 3. Residues shown in bold are those residues in which
small size is conserved. The properties are conserved in at least 12 of 16
structures analyzed in this study.
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properties (Table 5). It should be noted that many of these
additional residue positions are observed in the region where the
hydrophobic groove is located.

The Bcl-2 family of proteins has joined the group of proteins
that are sequentially diverse yet exhibit remarkable similarity at
the structural level. Other examples in this group include the
cytokines and cytochromes that form four-helix bundles (79),
hemoglobins from diverse organisms (/8), restriction endo-
nucleases (62), copper-binding cupredoxins involved in electron
transport (20), and members of the major intrinsic protein
superfamily (59, 63). The list of such examples is growing rapidly
as new structures from distantly related family members emerge.
It is not straightforward to find the sequence—structure relation-
ship in these families of proteins. In this study, our approach
is similar to that used in cytokines, cytochromes, hemoglobins,
and cupredoxins by Chothia, Lesk, and co-workers (/8—20).
Sequence diversity implies a large number of different substitu-
tions, and such disparate substitutions are accommodated by
changes in the helix packing geometry as demonstrated in our
analysis, but still they seem to maintain the overall helix bundle
fold. There could be slight variation in the number of identified
core residue positions if a stricter cutoff in solvent accessible
surface area is used to identify solvent inaccessible residues or a
different hydrophobicity scale is selected to define the chemical
nature of residues. However, we believe the choice of different
options to define these properties will not dramatically change
the conserved positions.

To exploit the results reported in this analysis, we searched the
NCBI nonredundant sequence database (http://www.ncbi.nlm.

FIGURE 5: Residues in structurally equivalent positions with conserved properties are shown in ball-and-stick representations for two diverse
Bcl-2 homologues, namely, Bel-X; from humans (A and C) (PDB entry 1R2D) and NIL from Vaccinia virus (B and D) (PDB entry 2139).
In panels A and B, labels of individual helices are shown. The position of the hydrophobic cleft is indicated with a black arrow. Panels A and B
show residue positions that conserve all three properties (buried, chemical nature and/or size, and involvement in interhelical interactions) are
shown. Panels C and D display the residue positions that have two of the three properties. See also Table 5 for details about individual residues.
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H1 H2 H3 H4
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NP 051888  16yLifRYontedRws 4IFAVEESERRDA  SSERDNVRWEL  /2SSESLERAM
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FIGURE 6: Structure-based sequence alignment corresponding to the 72 core residue positions for the putative Bel-2 homologues from the three
viral organisms. Different helical segments are indicated. For an explanation of the different notations in the alignment, see Figure 3. For the sake
of comparison, the sequence of Bcl-X; is also shown (PDB entry 1R2D). The accession numbers of the Bcl-2 homologues from V. virus, T. virus,
and R. fibroma virus are ABG43570, YP_001496997, and NP_051888, respectively. Residue properties of only the 22 core residue positions and the

15 additional positions are displayed.

F1GURE 7: Surface representation of the three putative Bel-2 viral homologues from (A) V. virus, (B) T. virus, and (C) R. fibroma virus. Molecular
surface plots were created using the UCSF Chimera package (69). The hydrophobic residues (Ala, Val, Ile, Leu, Met, Cys, Gly, Phe, Trp, and Tyr)
are colored yellow. Asp and Glu are colored red. Lys, Arg, and His are colored blue. All other residues are colored gray. A pronounced
hydrophobic groove is clearly present at the center in the putative Bcl-2 homologues. Even the distributions of charged residues seem to be
conserved at least in the top left and bottom right sides of the groove and are indicated by arrows.

nih.gov/) using PSI-BLAST (64) by considering the amino acid
sequence corresponding to the 72 structurally conserved posi-
tions (Figure 3) as a query sequence from each of the viral Bcl-2
homologues (Table 1). Each query sequence was subjected to at
least three rounds of iterations of PSI-BLAST as implemented in
the FASTA suite of packages (http://fasta.bioch.virginia.edu/
fasta_www?2/fasta_list2.shtml). We identified three sequences
that are annotated as hypothetical protein or whose func-
tion is not clear, and their accession numbers in NCBI are
ABG43570, YP_001496997, and NP_051888. They are from
Variola virus (smallpox virus), Tanapox virus, and Rabbit fibroma
virus, respectively. These viral organisms have been implicated in
various diseases, and their genome sequences are known (65—67).
The reported E values ranged from 0.004 to 7.5, and the levels
of sequence identity with the 16 Bcl-2 homologues considered
for this study varied from 10.7 to 38.2%. The highest level of
sequence identity for all the three sequences was found to be
with the Bcl-2 homologue of Vaccinia virus (PDB entry 2VVY).
We used this structure as a template to model the structure of the
three potential Bcl-2 homologues identified in the PSI-BLAST
search using MODELER (http://salilab.org/modeller/) (68)
(version 9v7). The modeling protocol for building the struc-

ture was similar to that used previously in our laboratory to
successfully model the sequentially diverse group of proteins
belonging to the superfamily of major intrinsic proteins
(MIPS) (59). The models thus generated were used for further
structural analysis. For each model, the solvent accessibility of
individual residues and interhelical interactions were determined
as described in Materials and Methods. Structure-based sequence
alignment of the three potential Bcl-2 homologues is shown in
Figure 6 along with a representative Bcl-2 homologue. This
region corresponds to the ungapped alignment block produced
for the 16 Bcl-2 homologues (Figure 3). Of the 22 core structural
positions, 16— 18 positions have all three properties conserved in
the three potential Bcl-2 homologues. Four of five residues are
either small or weakly polar residues in the central hydrophobic
helix. Among the 15 additional positions, 11 residues have two of
the three conserved properties. We have also plotted the mole-
cular surface of the modeled structures (Figure 7). The hydro-
phobic groove is clearly present in all the potential Bcl-2
homologues, and a closer examination reveals a similar distribu-
tion of charged residues present on the outer rim of the hydro-
phobic groove especially at the upper left and lower right of the
groove. Identification of these viral proteins as putative Bcl-2
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homologues in this study is a major step toward designing further
experiments that can unambiguously demonstrate Bcl-2 anti-
apototic activity.

It is likely that there are many such anti-apoptotic Bcl-2
homologues in several viral organisms that are yet to be
identified. These viral Bcl-2 proteins could be potentially good
drug targets, and identification of these homologues will be of
utmost importance. The core residue positions identified in this
study could be used to detect remote Bcl-2 homologues from viral
genomes and genomes of other organisms. Experimentally dis-
covered or computationally identified new Bcl-2 homologues can
be verified for the existence of these structurally equivalent
positions. Another 15 positions in which two of three properties
are conserved could be used as additional constraints in the
identification of new Bcl-2 family members. Satisfaction of these
additional constraints will increase the level of confidence in the
prediction of distantly related Bcl-2 family members as demon-
strated in the identification of three new putative Bcl-2 homo-
logues in this study. The interhelical interactions due to the
residues from these core residue positions could be important in
the folding of Bcl-2 homologues. Mutation experiments in these
positions can be conducted to investigate the role of individual
residues in the folding pathway that leads to the unique Bcl-2
helical fold.
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