
Elucidation of some Bax conformational changes
through crystallization of an antibody–peptide
complex
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The Bcl-2 family member Bax plays a critical role in apoptosis. In healthy resting cells, Bax resides in the cytoplasm and loosely
attached to the mitochondrial membrane. Apoptotic stimuli induce Bax activation, which is characterized by translocation and
multimerization on the mitochondrial membrane surface resulting in exposure of an amino terminal epitope recognized by the
monoclonal antibody 6A7. To understand the structural changes that occur during Bax activation, we determined the crystal
structure of a Bax peptide bound to the 6A7 Fab fragment to a resolution of 2.3 Å. The structure reveals the conformation of the
6A7 peptide epitope on Bax in the activated form and elucidates the extensive structural changes that Bax must undergo during
the conversion from its native to its activated conformation.
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The Bcl-2 family of anti- and proapoptotic proteins plays an
essential role in regulating apoptosis.1–3 All the members of
this family share at least one conserved Bcl-2 homology (BH)
domain.4 The antiapoptotic proteins (Bcl-2, Bcl-xl, Mcl-1, and
A1) have all four BH domains. The proapoptotic proteins can
be further subdivided on the basis of the number of BH
domains they possess. Members of the ‘BH3-only’ subfamily
(Bad, Bid, Bik, Bim, Noxa, and Puma) contain only the BH3
minimal death domain. In contrast, the more conserved
multidomain members (Bak, Bax, and Bok) contain the BH1,
BH2, and BH3 domains. It is the intricate interaction among
members of the Bcl-2 family of proteins that represents a
critical checkpoint in apoptosis.

One of the hallmarks of apoptosis is the loss of mitochon-
drial membrane potential followed by the release of cyto-
chrome c and other cytotoxic factors.5,6 Studies in knockout
mice have demonstrated a requirement for either Bak or Bax
in the initiation of mitochondrial dysfunction and in the death of
T cells.7 In healthy cells, Bax exists as a monomer either in the
cytosol or loosely attached to the outer mitochondrial
membrane,8 whereas during apoptosis it is thought to function
mainly as an oligomer at the mitochondrial membrane
surface.4,9 In fact, the cytosolic and loosely attached Bax
(native) can be distinguished from the Bax inserted into the
mitochondria membrane (activated) by a conformational
change in the amino-terminus that alters its recognition by
two different monoclonal antibodies (Mabs), 5B7 and
6A7.8,10–12 Specifically, the 5B7 antibody recognizes an
epitope comprised of amino acids 7–14 of Bax which is
accessible on both the native and activated forms of Bax. In

contrast, the 6A7 antibody recognizes an epitope comprised of
amino acids 13–19 of Bax, which is only accessible on the
activated form (Figure 1a). Thus, the exposure of the 6A7
antibody epitope marks an important transition and conforma-
tional change in the Bax-mediated apoptosis pathway. How-
ever, to date there is no crystallographic information regarding
the structural rearrangements that occur to Bax upon activation.

Because of the significance associated with Bax exposure
of the 6A7 epitope, we sought to determine the extent of the
structural changes that Bax undergoes during apoptosis.
Structural determination of the proapoptotic Bcl-2 family
members has been difficult for several reasons. The
propensity of these proteins to induce death across multiple
kingdoms limits their production in typical protein expression
systems.13 In addition, in vitro detergent-mediated activation
of recombinant Bax protein results in the spontaneous
aggregation and precipitation of the protein, a state which
cannot easily be analyzed structurally.11 This is further
illustrated by the fact that the majority of the crystal structures
involving these proteins are complexes of either Bcl-2 or Bcl-xl
and a proapoptotic peptide fragment rather than the intact
proapoptotic protein.13–17 To overcome these technical
difficulties, we have solved the crystal structure of a 6A7
Fab fragment in complex with a peptide fragment of Bax. The
structure reveals the conformation of the Bax peptide epitope
in the activated form. In addition, the structure demonstrates
why the 6A7 antibody cannot bind to the native Bax. Finally,
the structure suggests that Bax undergoes considerable
structural changes when it converts from its native to its
activated conformation.
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Results

Structure determination of a 6A7 Fab–Bax peptide
complex. When Bax is in its soluble monomeric
conformation (called here ‘native’), the stretch of amino
acids recognized by the 6A7 antibody, Bax 13–19
(PTSSEQI), is intimately associated with the globular
core of Bax and is not recognized by 6A7.11,18 Coincident
with activation and translocation to the mitochondrial
membrane, Bax undergoes a conformation change that
exposes the 6A7 epitope and induces oligomerization.11,19

This conformational change can be mimicked in vitro by
the addition of nonionic detergents such as NP-40 and Triton
X-100.11 Because detergent-activated Bax spontaneously
oligomerizes and aggregates in vitro,11,20 it is technically
difficult to crystallize Bax in this conformation. Therefore, to
determine the structural changes, which occur to Bax
following activation, the crystal structure of a 6A7 Fab–Bax
peptide complex was determined at 2.3 Å resolution.

Concentrated 6A7 Fab–peptide complexes were crystal-
lized by hanging-drop vapor diffusion. Crystals grew within
1–2 weeks and were harvested and frozen in liquid nitrogen
for X-ray data collection. The data were indexed into space
group P21212 with four 6A7 Fab–peptide complexes per
asymmetric unit (49.06% solvent content) (Table 1). The
structure was determined by molecular replacement using an
unliganded germline mouse Fab Protein Data Bank (PDB
identifier 1Q9 V) as the initial search model.21

Because the four averaged molecules in the asymmetric
unit were similar, only molecule 1 will be described here
(Figure 1b). The 6A7 Fab–Bax peptide complex had good
stereochemistry with only A151 from the light chain in the
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Figure 1 Structure of the full-length Bax protein. (a) A ribbon representation of the first of 20 lowest energy NMR structures of human Bax (PDB 1F16).18 Helices are
distinguished by different colors. Residues S16-A35, a1; A54-D71, a2; M74-A81, a3; R89-M99, a4; G108-C126, a5; P130-E146, a6; L149-D154, a7; W158-Y164, a8; and
W170-W188, a9. The fragment of Bax (P13-I19) that binds the 6A7 Fab is shown in wire frame; gray, carbon; red, oxygen; blue, nitrogen. (b) Structure of a peptide fragment of
Bax bound to the 6A7 Fab. Ribbon diagram of the 6A7 Fab bound to a peptide fragment of Bax (P13 – I19). Cyan, 6A7 Fab heavy chain; yellow, 6A7 Fab light chain; wire
frame, Bax peptide. (c) Peptide omit electron density map (Fo-Fc, 2.25s) surrounding the Bax peptide. The figure was made using Swiss PDBViewer

Table 1 Data collection and refinement statistics

Data collection 6A7 Fab and Bax P13-I19

Space group P21212
Unit cell dimensions (Å) a¼166.528, b¼183.897,

c¼ 67.081
Unit cell angles (1) a¼90, b¼90, g¼90
No. of molecule in AU 4
Resolution limits (Å) 49.58–2.2 (2.28–2.20)a

Unique reflections 106 760
Completeness (%) 99.9 (100.0)
Average redundancy 5.71 (5.68)
Average I/s 7.3 (1.6)
Rmerge (%)b 10.6 (63.0)

Refinement
Resolution (Å) 20–2.3 (2.38–2.30)
Rejection criteria Fp0
Total reflections 91 909 (9 033)
Reflections used for Rfree 4 606 (458)
Rworking

c (%) 23.32 (30.54)
Rfree

c (%) 27.41 (34.42)
Average B factors (Å2) 42.98

Ramachandran data
Number of residues in (%):

Favored regions 1 255 (88.6)
Allowed regions 153 (10.8)
Generously allowed regions 4 (0.3)
Disallowed regions 4 (0.3)

Rmsd
Bonds (Å) 0.0061
Angles (1) 1.340
B factor main chain (Å2) 4.867
B factor side chain (Å2) 7.745
Cross-validated coord. error (Å) 0.39

aAll data (outer shell). bRmerge¼S(|I�/IS|)/S(I). cRworking/free-
S||Fo|�|Fc||/S|Fo|.
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disallowed region (Table 1), which is a highly conserved g turn
in most antibody structures.22 The electron density omit map
clearly defined the orientation and conformation of the Bax
peptide in the 6A7 binding site (Figure 1c). The only peptide
side chain residue with poorly defined electron density was
solvent-exposed Q18.

Native and Fab bound conformations of Bax P13-I19. The
Bax 6A7 epitope is located near the N-terminus of the
Bax protein in an orientation, which is inaccessible to the
6A7 antibody (Figure 1a). In this native conformation, P13,
T14, and S15 are in an extended conformation whereas S16,
E17, Q18, and I19 make the first canonical a-helical turn
of Bax a1 (Figure 2a). In addition, multiple intraepitope
hydrogen bonds are observed between the amino–acid
side chains and backbone atoms of this portion of Bax
as well as characteristic a-helical hydrogen bonds between
the main chain carbonyl oxygen and amino groups
(Figure 2a). Finally, the longest distance between the
nitrogen of P13 and the carbonyl oxygen of I19 is only
12.84 Å. Although the fragment of Bax shown here
represents only one of 20 solution structures for the native
conformation of Bax,18 the average distance between the

nitrogen of P13 and the carbonyl oxygen of I19 is 13.61 Å.
Thus, the overall conformation of the 6A7 epitope in the
native conformation of Bax is relatively a-helical and
compact.

Interestingly, the peptide from the same region of Bax
assumed an entirely different conformation when bound to the
6A7 Fab (Figure 2b). Although P13, T14, and S15 were still in
an extended conformation, S16 – I19 were also bound to the
Fab in a fully extended conformation. Moreover, the only
observed intraepitope hydrogen bonds occurred between
P13, T14, and S15. The binding of the Bax peptide to the 6A7
Fab was stabilized by an extensive network of hydrogen
bonds between all but two residues of the peptide, multiple
water molecules, and residues from both the 6A7 heavy and
light chains. The only two peptide residues that were not
directly interacting with the Fab were S16 and Q18, which are
completely solvent-exposed. The extended conformation of
the Bax peptide measured 14.5 Å from P13 to I19, a 6%
increase in length compared to the native structure.

In addition to the conformational changes that were
observed between the native and 6A7-bound Bax epitope,
the orientation of the Bax peptide in the Fab binding site
suggests that the amino terminus of Bax cannot simulta-
neously be bound by the Fab and also retain its binding to the
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Figure 2 Details of the P13-I19 fragment of Bax. Shown are the wire frame representations of the P13-I19 fragment of Bax in the native (a) and Fab bound (b)
conformations. (a) Gray, Bax P13-I19 carbon; yellow, Bax M20-T22 carbon; red, oxygen; blue, nitrogen. (b) Gray, Bax peptide carbon; yellow, Fab light chain carbon; cyan,
Fab heavy chain carbon; red, oxygen; blue, nitrogen. Hydrogen bonds are shown as green dashed lines. Black dotted line indicates the longest distance from P13 to I19 in both
conformations. (c) Steric hindrance prevents binding between 6A7 Fab and native Bax. A ribbon representation of Bax bound to the 6A7 Fab. Yellow, Bax (PDB 1F16)18

truncated at M20; blue, Fab light chain; green, Fab heavy chain. Bax P13-I19 is depicted in wire frame with gray, carbon; red, oxygen; blue, nitrogen. Red residues indicate
amino acid side chains that are clashing in the complex
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Bax protein. In fact, the way in which the 6A7 Fab binds to the
Bax peptide epitope implies that a drastic structural change
must occur to Bax to permit binding to the 6A7 antibody.
Specifically, in the native Bax, the a1 helix tightly interacts with
the hydrophobic interior of the protein through multiple van der
Waals contacts with a2, a5, a6, and a7 helices. The extended
conformation of the Bax epitope when bound to the 6A7
precludes some of these interactions with the protein interior.
For example, I19 is buried within the hydrophobic core in the
native Bax structure (Figure 1a) and is flanked by the CDR2 and
CDR3 loops when bound to the 6A7 Fab (Figure 1b). The
intimate involvement of I19 in both the native and 6A7-bound
conformations of Bax immediately implies the need for additional
structural changes to Bax to facilitate 6A7 antibody binding.

Predicted Fab binding to full-length Bax. The two Bax-
specific Mabs 5B7 and 6A7 possess remarkably different
binding characteristics despite having overlapping epitopes.
5B7 has been shown to recognize both the native and the
activated conformations of Bax whereas 6A7 recognizes only
the latter form.10,11 To assess additional structural changes
that Bax must undergo in order to allow binding to the 6A7
antibody, we modeled the 6A7 Fab bound to the previously
published structure of native Bax.18 To create the 6A7 Fab–
Bax complex, we first removed the amino terminal 19
residues of native Bax (Bax D19). The M20 of Bax D19
was then covalently linked to I19 of the 6A7 Fab–Bax peptide
complex. Rotation of the complex about the Bax I19 – M20
peptide bond revealed numerous clashes between the 6A7
Fab and Bax. In fact, in the best orientation, no fewer than 27
residues and backbone atoms of the Fab–Bax complex
clashed (Figure 2c). Specifically, in this orientation one
residue of the 6A7 light chain (K30), 10 residues of the 6A7
heavy chain (F27, D31, N52A – N52D, Y53, R69, N96, and
S98), two residues of the Bax P13 – I19 peptide (Q18 and
I19), and 14 residues of the rest of the Bax protein (Bax D19)
(M20, K21, G23, A24, L47, L141, D142, L144 – E146, L149,
I152, G156, and G157) were found to clash. In addition, K21
of Bax was found to clash with the N-linked carbohydrate of
N96 on the CDR3 loop of the 6A7 heavy chain. Thus, when
Bax is in its native conformation a significant degree of steric
hindrance precludes binding of the 6A7 Fab to the Bax protein.

To estimate the extent of additional rearrangements to Bax
that are required to facilitate binding of the 6A7 Fab, we
separated the Fab–Bax peptide complex from the Bax D19
protein (Figure 3a). To eliminate all of the observed steric
hindrance, the 6A7 Fab–Bax peptide complex had to be
moved a minimum of 9.5 Å away from the Bax D19 protein
(Figure 3b). Even at this position, several residues of the 6A7
Fab heavy chain were still close enough to the Bax D19
protein to form an extensive hydrogen-bonding network (data
not shown). Finally, these data support the notion that Bax
undergoes a significant structural change when converting
from the native to the activated conformation.

Discussion

This study details one of the structural changes that
is required of Bax when it converts from its native conforma-
tion to its activated conformation during apoptosis. Because

full-length activated Bax protein spontaneously aggregates,
we crystallized a small peptide fragment of Bax with the
conformation-specific 6A7 antibody. Nevertheless, the 2.3 Å
resolution structure details the significant changes that occur
to the N-terminus of the Bax protein following activation.
Specifically, it shows the shift of the Bax 6A7 peptide epitope
from a compact a-helical conformation to an extended
conformation. Moreover, we have shown that the 6A7
recognition requires far more than just lengthening of this
epitope. Computer modeling clearly demonstrated that the
epitope must be moved at least 9.5 Å away from the rest of the
protein to eliminate steric hindrances between the 6A7 Fab
and the native Bax protein.

To accommodate the required 9.5 Å displacement of
the Bax 6A7 epitope, at least two scenarios can be
envisioned. The first scenario requires additional unwinding
of the a1 helix of Bax. We know that each amino acid of an
a-helix increases the length of the helix by 1.5 Å, whereas
the maximum distance between the carbonyl oxygen of
two sequential amino acids of a polypeptide chain in a
fully extended conformation is approximately 3.5 Å.
Therefore, a gain of 9.5 Å would require the additional
unwinding of one to two turns of Bax a1. Importantly, of the
four residues comprising the 1.33 helical turns following
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Figure 3 Minimal separation of the Bax and 6A7 Fab complex required to
eliminate amino acid side chain clashes. (a) A ribbon representation of Bax and the
6A7 Fab bound to Bax P13-I19. (b) Close-up view of the separated Bax and 6A7
Fab complex. Yellow, Bax (PDB 1F16)18 truncated at M20; blue, Fab light chain;
green, Fab heavy chain. Bax P13-M20 is depicted in wire frame with gray, carbon;
red, oxygen; blue, nitrogen. Black dotted line indicates the distance between Bax
I19 and M20 when no amino acid side chains are clashing
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the 6A7 epitope, only M20 and T22 are engaged in van der
Waals contacts with internal Bax residues. Furthermore, the
fourth residue is G23, which could provide a pivot point for
unwinding and dissociation of the a1 helix from the Bax
protein, given its flexibility and lack of helical propensity. Thus,
further unwinding of the a1 helix represents one plausible
model of the conformational changes Bax undergoes during
apoptosis.

The second scenario involves movement of the entire a1
helix away from the hydrophobic core about the loop that
connects a1 and a2. Although a conformational change of this
magnitude would require significant rearrangement of other
parts of the protein, there is evidence to suggest that such a
change occurs. First, the Bax a1 helix has been shown to
interact directly with the BH3-only family member Bid.
Moreover, this interaction is inhibited with the addition of
soluble peptide spanning the entire a1 helix suggesting that
the interaction requires the complete a1 helix.12,23,24 Second,
the a1 helix of Bax has been shown to control its mitochondrial
addressing, a process that probably requires displacement of
a1.25,26 Finally, and most importantly, three-dimensional NMR
analysis of the detergent-induced conformation changes of
Bax, that are thought to mimic Bax activation, shows that the
a1 helix and the a1/a2 loop are flexible and solvent-exposed in
Bax oligomers.18

The NMR solution structure of native Bax shows substantial
flexibility of Bax at the N-terminus with the length of the 6A7
epitope ranging between 10.68 and 15.98 Å.18 In addition, it is
known that Bax exposure of the 6A7 epitope is a reversible
event that precedes oligomerization.27–29 Taken together,
these events favor a model where seemingly minimal
changes, such as the additional unwinding of a1, to the
overall structure of Bax would permit the transient exposure of
the 6A7 epitope in the absence of complete Bax activation and
oligomerization. Although it is likely that a complete unpacking
and/or unwinding of the a1 helix from the hydrophobic core
would disrupt additional regions of the Bax protein, this may in
fact represent the initiating event for the subsequent down-
stream effects of Bax.

Although it is not known for certain what regions of Bax are
required for oligomerization, biochemical experiments and
crystallographic modeling suggests that cysteines in a2 and
a5 are involved in Bax homodimerization.20 Moreover,
whereas it is well established that a9 contains a putative
transmembrane domain, it has also been suggested that a5
and a6 contribute to the formation of a multispanning
monomer that then oligomerizes to form a pore in the
mitochondrial membrane.30 In both of these cases, destabi-
lization of Bax by displacement of the a1 helix from the
hydrophobic core may drive the formation of the more stable
multispanning complexes that are found tightly bound to the
mitochondrial membrane.31–33 Although we cannot defini-
tively conclude from this crystal structure which, if either, of
the two scenarios is occurring with the activation of Bax, it is
clear that additional alterations are required to permit 6A7
antibody binding to Bax. Moreover, these data represent
the first crystallographic indication of the nature of the
conformational changes, which occur when the proapoptotic
BH3-family member Bax converts from its innocuous to its
activated form.

Materials and Methods
Expression and purification. The 6A7 anti-Bax N-terminal Mab was
prepared from supernatants of the 6A7 cell line, generously provided by Dr. Richard
Youle (National Institutes of Health, Bethesda, MD, USA).11 The 6A7 Mab was
originally produced by fusing NS-1 myeloma cells with immunoreactive mouse
splenocytes. Because the NS-1 cell line expresses an endogenous lambda light
chain and the 6A7 Mab utilizes a kappa light chain, Protein L (Pierce) was used to
purify 6A7 Mab from nonspecific contaminating antibodies found in the 6A7
hybridoma supernatant. The 6A7 antibody was eluted from the Protein L column
with 0.1 M glycine-HCl, pH 2.7, and immediately neutralized with 1 M Tris, pH 9.0.
The fractions containing 6A7 Mab were combined, concentrated and buffer
exchanged into PBS using an Amicon Ultra filter with 30 KDa molecular weight
cutoff (Millipore). Fab fragments from the purified antibody were prepared by
overnight digestion at 371C with papain (Sigma) using 5 units/2.5 mg of 6A7
antibody in the presence of 10 mM b-mercaptoethanol. The reaction was stopped
by buffer exchanging into PBS using an Amicon Ultra filter with 10 KDa molecular
weight cutoff (Millipore). Fab fragments were then poured over Protein L (Pierce),
eluted with 0.1 M glycine-HCl, pH 2.7, and immediately neutralized upon collection
with 1 M Tris, pH 9.0, and buffer exchanged into 20 mM Tris-HCl, pH 8.0. Fragments
were further purified by anion-exchange using a Mono Q HR 5/5 column on an
AKTA FPLC (Pharmacia) using a linear gradient from 0 to 1.0 M NaCl in 10 mM Tris-
HCl, pH 8.0. Fractions containing 6A7 Fab fragments were combined, concentrated
and buffer exchanged to 10 mg/ml in PBS.

Crystallization and data collection. A synthetic peptide corresponding to
the defined 6A7 epitope from Bax (AA 13–19, PTSSEQI)11 was premixed with
purified 6A7 Fab fragments at a 10 : 1 molar ratio and incubated at 181C for 1 h. The
6A7 Fab–peptide complex was purified and concentrated to 10 mg/ml using an
Amicon Ultra filter with 10 KDa molecular weight cutoff. The complex was
crystallized by hanging-drop vapor diffusion at 181C. Drops were assembled with
2 ml 6A7 Fab–peptide complex mixed with 2ml of well solution containing 20%
polyethylene glycol (PEG) 8000, 0.1 M Tris-HCl, pH 7.35, 0.4 M lithium sulfate.
Crystals typically appeared within 1–2 weeks. Single crystals were harvested into
28% PEG 8000, 0.1 M Tris-HCl, pH 7.35, 0.4 M lithium sulfate and frozen in liquid
nitrogen. These crystals typically diffracted to 3.5 Å at home source. A complete
data set for a single 6A7 Fab–peptide complex were collected at 100 KDa at the
Molecular Biology Consortium beamline 4.2.2, at the Advanced Light Source
(Berkeley, CA, USA). 6A7 Fab–peptide complex crystals diffracted to 2.3-Å
resolution and belonged to space group P21212, with a¼ 166.528, b¼ 183.897,
c¼ 67.081 with four Fab molecules per asymmetric unit. Synchrotron data were
indexed and scaled using the program d*TREK (Rigaku Inc.).34

Structure determination. The structure of the 6A7 Fab–peptide complex
was solved by molecular replacement using the program AMoRe.35,36 The search
model was an unliganded mouse germline Fab ((PDB) identifier 1Q9V) with the
loops connecting the constant and variable regions removed.21 The initial model
was improved with rigid body refinement using the program Crystallography & NMR
System (CNS).37 Multiple rounds of refinement with CNS and model building with O
were used to improve the model when the peptide was added.38 The final model of
the 6A7 Fab–Bax peptide complex had 2183 amino acids. In the later stages of
refinement, a single N-acetyl glucosamine was added to asparagines (N96) based
on positive electron density in Fo-Fc maps. In addition, 436 water molecules were
added. Refinement and final model statistics are listed in Table 1. For figures,
average structures were calculated from the four molecules in the asymmetric unit
using noncrystallographic symmetry and the program CNS. Coordinates have been
submitted to the PDB (available at http://www.rcsb.org/pdb/ under accession
number 2G5B).
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