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Abstract

BAX is a pro-apoptotic protein of the BCL-2 family stationed in the cytosol until activated by a 

diversity of stress stimuli to induce cell death. Anti-apoptotic proteins such as BCL-2 counteract 

BAX-mediated cell death. Although an interaction site that confers survival functionality has been 

defined for anti-apoptotic proteins, an activation site has not been identified for BAX, rendering 

its explicit trigger mechanism unknown. We previously developed Stabilized Alpha-Helix of 

BCL-2 domains (SAHBs) that directly initiate BAX-mediated mitochondrial apoptosis. Here we 

demonstrate by NMR analysis that BIM SAHB binds BAX at an interaction site that is distinct 

from the canonical binding groove characterized for anti-apoptotic proteins. The specificity of the 

BIM SAHB-BAX interaction is highlighted by point mutagenesis that abrogates functional 

activity, confirming that BAX activation is initiated at this novel structural location. Thus, we 

have now defined a BAX interaction site for direct activation, establishing a new target for 

therapeutic modulation of apoptosis.

The BCL-2 family comprises a network of pro-apoptotic and anti-apoptotic proteins whose 

interactions regulate the critical balance between cellular life and death1-3. The family is 

structurally defined by the presence of up to four conserved “BCL-2 homology’ (BH) 
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domains, all of which include α-helical segments4. Anti-apoptotic proteins such as BCL-2 

and BCL-XL display sequence conservation in three to four BH domains (BH1-4), whereas 

pro-apoptotic proteins are divided into multi-BH domain members such as BAX and BAK 

that contain three conserved domains (BH1-3) and “BH3-only” members such as BIM and 

BID that display homology only to the α-helical BH3 domain. The BH3-only subgroup is 

diverse and transmits pro-death signals arising from disparate stimuli to the core apoptotic 

machinery located at the mitochondrion5,6. Once deployed, the BH3 death signal is either 

neutralized by anti-apoptotic proteins or delivered to the mitochondrial executioners BAX 

and BAK, which upon activation permeabilize the outer mitochondrial membrane7,8. 

Released mitochondrial factors activate caspases that then implement the death program9.

Structural studies have established a survival paradigm for BCL-2 family interactions based 

on sequestration of the α-helical BH3 death domain by a hydrophobic groove formed by the 

juxtaposition of the BH1-3 domains (BH1: portions of helices α4-α5; BH2: α7-α8; BH3: 

α2) of anti-apoptotic members10. The selective binding interactions of pro-apoptotic BH3 

peptides and multi-BH domain pro-apoptotic proteins with anti-apoptotic BCL-2 family 

members have been well documented11-16. The small molecules ABT-737 and ABT-263, 

constructed to selectively inhibit anti-apoptotic BCL-2/BCL-XL by targeting the 

hydrophobic groove, reactivate apoptosis in select tumors17,18. Thus, there is general 

agreement that one level of apoptosis regulation is mediated by the competitive interactions 

between pro- and anti-apoptotic members at the structurally-defined anti-apoptotic groove. 

However, what directly triggers BAX/BAK activation during apoptotic stress remains a 

matter of active debate11,13,19. Indeed, this lingering question concerning the biochemical 

mechanism that initiates BAX/BAK activation has recently been characterized by Youle and 

Strasser as the “holy grail of apoptosis research”3.

BAX activation is believed to be a highly regulated, multi-step process involving an 

interaction-triggered conformational change, mitochondrial translocation, and 

oligomerization that ultimately leads to mitochondrial dysfunction and apoptosis20-23. A 

diversity of stimuli have been implicated in initiating BAX/BAK activation24-26, including 

direct engagement by select BH3 domains and BH3-only proteins13,27-34. To investigate 

the elusive initiating event for BAX activation, we studied the interaction of BAX with the 

BH3 ligand BIM SAHB, which we previously demonstrated recapitulates the α-helical 

character of native death domains and binds directly to BAX33. We report the first structural 

analysis of a BH3 α-helix bound to a full length pro-apoptotic multi-BH domain protein, 

unveiling a novel site of protein interaction for functional activation and pharmacologic 

modulation of BAX (Supplementary Fig. 1).

Identification of a Novel BH3 Interaction Site on BAX

BIM SAHB binding to BAX was monitored using Nuclear Magnetic Resonance (NMR) 

spectroscopy. Compared to the 1H-15N correlation spectrum of BAX, the addition of BIM 

SAHB broadened and shifted select NMR cross-peaks, indicating fast exchange between the 

bound and unbound conformations of BAX. The overall features of the NMR spectra are 

quite similar except for significant changes in the loop residues between α1 and α2 upon 

BIM SAHB binding. Chemical shift perturbation mapping of BAX with BIM SAHB 
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titration revealed interactions at a discrete subset of BAX residues. The degree of change in 

the 1H-15N cross-peak positions for backbone amides is shown in Figure 1a. The largest 

changes were observed for residues localized in the α1 and α6 helices, as well as residues in 

the flexible loop between α1 and α2. Significant changes were also observed for the side-

chain NH2 of Q28, Q32, and Q52 (Supplementary Fig. 2). In the BAX structure35, the α1 

and α6 helices are positioned adjacent to one another, and the residues impacted by BIM 

SAHB binding localize to a discrete site at the juxtaposition of these α-helices on one side 

of the protein structure (Fig. 1b). Of note, no residues on the carboxy terminal side of the 

protein are affected by BIM SAHB titration under these conditions, thus placing the novel 

binding site on the completely opposite face of the protein from the canonical BH3 binding 

site of anti-apoptotic proteins (Supplementary Fig. 1). The binding site of BIM SAHB on 

BAX is thus defined by the two helices α1 and α6, with the interhelical junction forming a 

hydrophobic cleft surrounded by a perimeter of hydrophilic and charged residues (Fig. 1c).

Orientation of BIM SAHB at the BAX Site

One of the challenges of capturing a BAX-activating interaction by NMR is time- and dose-

dependent BAX aggregation due to BIM SAHB addition to the NMR sample. With time, the 

size of the protein aggregate formed leads to line broadening of the NMR resonances 

beyond detection, thereby precluding acquisitions of data for the duration required to resolve 

the initial complex by conventional NMR. Nevertheless, to more precisely orient BIM 

SAHB at the BAX interaction site, we conducted paramagnetic relaxation enhancement 

(PRE) NMR experiments, which can be performed on a time-scale that is compatible with 

the lifespan of the complex under NMR conditions. 1H-15N-BAX HSQC spectra were 

acquired with methane thiosulphonate (MTSL)-derivatized BIM SAHB compounds (Fig. 

2a) in the oxidized state and then repeated after nitroxide reduction. Of note, the chemical 

shift perturbation maps of BAX in complex with BIM SAHB and the MTSL-labeled 

derivatives demonstrate consistent changes in BAX α-helices 1 and 6, and in the α1-α2 loop 

(Supplementary Fig. 3). Whereas the intensity of BAX α1 residues are predominantly 

reduced in the presence of oxidized C-terminal label, the intensity of BAX α6 residues are 

predominantly decreased by the presence of oxidized N-terminal label (Fig. 2b). As an 

example, BIM SAHB(A164C-MTSL) caused marked signal suppression of Ser16 (α1) but had 

essentially no effect on Asp142 (α6) (Supplementary Fig. 4a), whereas BIM 

SAHB(W147C-MTSL) had no effect on Ser16 (α1) but reduced the Asp142 (α6) signal 

(Supplementary Fig. 4b). Because the degree of PRE correlates with the distance between 

the nitroxide label and the affected BAX residues36, structure calculations using restraints 

derived from PRE and chemical shift perturbation data were performed to define the 

orientation of BIM SAHB at the novel BAX site. The calculated model structures converged 

to place BIM SAHB perpendicular to BAX helices α1 and α6, with the N- to C-terminus 

directionality of the peptide disposed right to left (Fig. 2c, Supplementary Table 1). Whereas 

the location of the novel BAX binding site is geographically distinct, the calculated model 

structure of the BIM BH3-BAX complex reveals an interaction topography that is strikingly 

similar to that of BIM BH3 with anti-apoptotic BCL-XL, MCL-1, and BFL1/A1, as 

previously determined by X-ray crystallography (Supplementary Fig. 5).
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Initiation of BAX Activation by BIM SAHB

In contrast to the stable inhibitory interactions of BIM BH3 with anti-apoptotic proteins, the 

BAX-activating interaction triggers a dynamic continuum of events that includes BAX 

conformational change and oligomerization (Supplementary Fig. 6). Of particular interest, 

NMR resonances of residues in the α1-α2 loop of BAX shifted significantly upon BIM 

SAHB binding (Fig. 1a, Supplementary Fig. 3). In monomeric BAX, the center of the loop 

weakly associates with residues Ile133 and Met137 of the α6 helix35. Changes observed in 

the loop residues can readily be explained by the shift of the loop conformation into an open 

form upon BIM SAHB binding. Because loop displacement upon ligand engagement may 

initiate a conformational change of BAX, we investigated whether BIM SAHB binding 

could directly activate BAX in solution. We monitored both the conversion of BAX from 

monomer to oligomer by size-exclusion chromatography (SEC) and the exposure of its 

buried N-terminal residues using the 6A7 antibody, which selectively detects the 

conformational change associated with BAX activation37. Indeed, BIM SAHB triggered 

dose-dependent oligomerization of BAX (Fig. 3a). This BIM SAHB-induced 

oligomerization correlated with exposure of the N-terminal epitope of BAX as recognized 

by the 6A7 antibody (Fig. 3b). Thus, the transient stability of the BIM SAHB-BAX complex 

we observe by NMR correlates with the interaction-triggered BAX conformational change 

and oligomerization that we detect biochemically.

To confirm that the SEC-based detection of BIM SAHB-induced BAX oligomerization 

reflects functional activation of BAX for its release activity, we performed correlative 

liposomal and mitochondrial assays. In liposomal assays that explicitly explore the capacity 

of BIM SAHB to directly trigger functional BAX activation in the absence of other factors, 

the combination of BIM SAHB and BAX yielded dose-responsive liposomal release of 

entrapped FITC-dextran (Fig. 3c). Likewise, in mitochondrial release assays that employed 

BAX/BAK doubly-deficient mouse liver mitochondria prepared from Alb-

creposBaxflox/-Bak-/- mice, BIM SAHB induced dose-responsive BAX-mediated cytochrome 

c release (Fig. 3d). Thus, in four distinct in vitro assays that measure ligand-induced BAX 

activation, BIM SAHB directly and dose-responsively triggered BAX.

Specificity of BIM SAHB-Induced BAX Activation

We next performed a “staple scan” and mutagenesis studies to demonstrate and link the 

specificity of BIM SAHB-induced BAX activation to interaction at the novel site. By 

performing a staple scan that effectively replaces pairs of amino acid residues within the 

core BH3 sequence with crosslinked norleucine-like side chains, we simultaneously address 

which residues are essential to the functional interaction between BIM BH3 and BAX, and 

further confirm which surface along the BIM BH3 α-helix is essential to BAX engagement 

(Fig. 4a). Substituting the non-natural amino acid at positions W147, A149, E151, R153, 

R154, E158, or Y162 did not disrupt BIM SAHB-induced BAX oligomerization (Fig. 4b) or 

BAX-mediated cytochrome c release (Fig. 4c, Supplementary Fig. 7a). Indeed, hydrocarbon 

staples located along the length of the α-helix at surfaces that do not face the hydrophobic 

contact site on BAX did not disrupt the functional interactions between the BIM SAHB 

analogs and BAX. However, a staple position that replaced I148 and the highly conserved 
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L152, and localizes to the hydrophobic contact surface for BAX on the BIM BH3 α-helix 

(Fig. 4a), markedly decreased BAX oligomerization (Fig. 4b) and BAX-mediated 

cytochrome c release (Fig. 4c, Supplementary Fig. 7a), findings consistent with the near 

abrogation of BIM SAHB-induced chemical shift perturbations of 15N-BAX by BIM 

SAHBC (Supplementary Fig. 8a). In addition, BAD SAHBA, which has the identical staple 

position as BIM SAHBA but otherwise contains distinct amino acid sequence, did not bind 

(Supplementary Fig. 8b) or oligomerize (Fig. 4b) BAX, or induce BAX-mediated 

cytochrome c release (Fig. 4c, Supplementary Fig. 7a).

To further examine ligand specificity, we generated and screened a panel of BIM SAHB 

compounds bearing single point mutations within the core BH3 consensus sequence, 

including I131E, R153D and D157R (Fig. 4d, Supplementary Fig. 5a). In each case, point 

mutagenesis abolished BIM SAHB-induced BAX oligomerization (Fig. 4e) and BAX-

mediated cytochrome c release (Fig. 4f, Supplementary Fig. 7b), indicating that interference 

with key hydrophobic or charge interactions specifically disrupts BIM SAHB engagement of 

the novel BAX site.

Mutagenesis of the BAX Site Impairs Activation

To examine the impact of BAX mutagenesis at the α1-α6 interaction site, we mutated 

residue K21, which exhibited the most pronounced chemical shift upon BIM SAHB binding 

(Fig. 1a). We generated recombinant BAX bearing a K21E point mutation (Supplementary 

Fig. 9) and observed that BIM SAHB-induced BAXK21E activation was significantly 

reduced compared to wild type BAX as measured by the oligomerization assay (Fig. 5a). 

BAXK21E-mediated cytochrome c release in response to BIM SAHB was likewise blunted 

(Fig. 5b). To determine if this single point mutation within the novel BAX binding site 

impacted the capacity to activate BAX in a cellular context, we retrovirally reconstituted 

Bax-/-Bak-/- mouse embryonic fibroblasts (DKO MEFs) with either wild type or BAXK21E 

and monitored apoptosis induction in response to BIM SAHB. Whereas BIM SAHB induced 

time-dependent apoptosis of BAX-reconstituted MEFs, as quantitated by annexin-V binding, 

single K21E point mutation within the new BAX binding site reduced BIM SAHB-triggered 

apoptosis (Fig. 5c). This decrease in BAXK21E-mediated apoptosis correlates with impaired 

activation of BAXK21E by BIM SAHB in both oligomerization and cytochrome c release 

assays (Fig. 5a, 5b). As a further measure of specificity, we found that R153D mutagenesis 

of BIM SAHB, which eliminated its BAX activating capacity in the oligomerization and 

cytochrome c release assays (Fig. 4e, 4f), likewise abolished BIM SAHB-induced activation 

of BAX and BAXK21E in a cellular context (Fig. 5c).

To probe the broader physiologic impact of the novel BAX activation site, we examined the 

apoptotic response of DKO MEFs reconstituted with BAX and BAXK21E to staurosporine 

(STS), a general stimulus known to operate through endogenous BH3-only proteins13,38, 

including BIM39. K21E mutagenesis impaired STS-induced apoptosis, as monitored by 

annexin-V binding over time (Fig. 5d). The reduced activity of BAXK21E was also reflected 

by impaired cytochrome c release, as detected by subcellular fractionation Western analysis 

and indirect immunofluorescence (Supplementary Fig. 10). The blunted response of 

BAXK21E-reconstituted DKO MEFs to STS is uniformly consistent with impaired activation 
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of BAXK21E by BIM SAHB in oligomerization (Fig. 5a), cytochrome c release (Fig. 5b), 

and cell-based apoptosis assays (Fig. 5c). Thus, the MEF studies extend the mechanistic 

relevance of direct BAX activation to a cellular context in which BAX-mediated apoptosis is 

impaired by single amino acid mutagenesis at the novel BH3 interaction site. Taken 

together, the in vitro and cell-based mutagenesis experiments highlight the exquisite 

specificity of the BIM BH3-BAX interaction and implicate engagement of the novel binding 

site as a trigger mechanism for initiating BAX activation.

Discussion

Our data now define an explicit binding site on BAX for BH3 engagement that directly 

initiates BAX activation. In contrast to the constitutive mitochondrial localization of pro-

apoptotic BAK, BAX is predominantly cytosolic, thereby necessitating a trigger mechanism 

for its activation and translocation to the mitochondria to induce mitochondrial outer 

membrane permeabilization40. BAX’s C-terminal α-helix folds back into its hydrophobic 

cleft35, which is homologous to the BH3-binding anti-apoptotic groove10,41 

(Supplementary Fig. 1). The amphipathic nature of BAX’s C-terminal α-helix enables the 

hydrophobic face to closely interact with the canonical hydrophobic groove, while the 

hydrophilic face promotes solubility by readily engaging the aqueous environment. In order 

for BAX to insert into the outer mitochondrial membrane during targeting, the C-terminal α-

helix must be dislodged, presumably coinciding with an induced global protein 

conformational change35 (Supplementary Fig. 6). Although the structural characteristics of 

this conformational change are unknown, the N- and C-termini of BAX have been 

implicated in locking down cytosolic BAX until structural reorganization and mitochondrial 

targeting is initiated21,37,42-44. Here, we report the first structural identification of a 

distinct BH3 binding site on BAX comprised of α-helices 1 and 6. Indeed, our findings 

support a previous observation that the first α-helix of BAX participates in an interaction 

with the BH3 peptides of BID and PUMA, as demonstrated by yeast two-hybrid and co-

immunoprecipitation analyses27. We find that BIM SAHB engagement directly triggers the 

functional activation of BAX. Further, BAX activation is specifically disrupted by 

mutagenesis of the novel interface. These data indicate that BAX can be directly targeted by 

a BH3 domain at a site that is geographically distinct from but strikingly similar in 

topography to the canonical anti-apoptotic groove, and thereby unleash the pro-apoptotic 

activity of BAX.

Structural reorganization to achieve functional activity is a unifying feature of BCL-2 family 

proteins, and for a subset of pro- and anti-apoptotic members, translocation from cytosol to 

organelle compartments is also essential21,23,35,40,45. Our identification of a novel BH3 

ligand binding site on BAX suggests that engagement of alternate BCL-2 family binding 

sites may play important roles in regulating apoptotic protein structure, intracellular 

localization, and functional activation. Whereas blockade of the novel site may effectively 

repress BAX-induced cell death, ligand engagement may trigger BAX-mediated apoptosis. 

Thus, our identification of a novel BAX activation site has important implications for the 

development of pharmacologic agents to respectively activate or inhibit apoptosis in human 

diseases characterized by unrestrained cell survival or pathologic cell death.
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METHODS SUMMARY

SAHBs were synthesized using our established method46,47 and recombinant BAX for 

NMR and biochemical analyses was generated as previously described33,35. Samples for 

HSQC and PRE NMR contained uniformly 15N-labeled BAX at 0.2 mM prepared in 10 mM 

sodium acetate solution at pH 6.0 with up to a 1:1 molar ratio of SAHB. NMR spectra were 

acquired at 32°C on Bruker 600 and 800 MHz spectrometers, and then processed and 

analyzed as described in the Full Methods. To evaluate BIM SAHB-induced BAX 

activation, four in vitro assays were performed. The oligomerization assay employed freshly 

purified monomeric BAX in combination with BIM SAHB at the indicated ratios and 

incubation durations followed by size-exclusion chromatography to quantify monomeric vs. 

oligomeric BAX. The BAX conformational change assay also employed the indicated BIM 

SAHB:BAX mixtures, which were exposed to the conformation-specific 6A7 anti-BAX 

antibody, followed by immunoprecipitation and BAX Western analysis to monitor the 

proportion of activated conformer of BAX upon BIM SAHB exposure. To determine if the 

BIM SAHB-induced BAX conformational change reflected functional activation of its 

release activity, we conducted liposomal and mitochondrial release assays as previously 

described33,48 and using the indicated doses and constructs of BIM SAHB and BAX. For 

cellular studies, DKO MEFs were reconstituted with BAX by retroviral transduction of 

BAX-IRES-GFP as previously reported7,13 and as described in the Full Methods. BAX or 

BAXK21E-reconstituted DKO MEFs were exposed to either BIM SAHBs or staurosporine, 

and cell death quantified over time by annexin-V-Cy3 staining followed by flow cytometric 

analysis.

METHODS

SAHB synthesis and characterization

Hydrocarbon-stapled peptides corresponding to the BH3 domain of BIM and its point 

mutants were synthesized, purified, and characterized using methodologies previously 

described33,46,47. BIM SAHBA used in NMR and in vitro studies is an N-acetylated, C-

amidated 20-mer: Ac-145EIWIAQELRXIGDXFNAYYA164-CONH2, where X represents 

the non-natural amino acid inserted for olefin metathesis. To generate paramagnetically-

labeled BIM SAHB compounds for PRE-NMR studies, cysteine was substituted at position 

147 or 164 and then reacted with 5 molar excess methane thiosulphonate (MTSL) reagent in 

DMSO for 30 minutes at room temperature. Once the reaction reached completion, as 

confirmed by LC/MS, excess MTSL was removed by lyophilization, the residual powder 

resuspended in methanol, and then pure MTSL-labeled SAHB precipitated with ether/

hexanes. For MEF studies, the cell-permeable N-acetylated, C-amidated 21-mer 

Ac-146IWIAQELRXIGDXFNAYYARR166-CONH 332 and its R153D mutant were 

employed.

BAX preparation

Recombinant BAX was produced as previously described33,35. Mutant BAX was generated 

by PCR-based site-directed mutagenesis followed by DNA sequencing to verify the 

construct.
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NMR sample and spectroscopy

Uniformly 15N-labeled or 13C/15N-labeled full-length human BAX was generated as 

previously described35. SAHB (1 mM stock) was added to a solution of 0.2 mM Bax to 

achieve a 1:1 molar ratio. Both peptide stock and protein samples were prepared in 10 mM 

sodium acetate solution at pH 6.0. Spectra were acquired at 32°C on a Bruker 800 MHz 

NMR spectrometer, processed using NMRPipe and analyzed with PIPP (see Supplementary 

Notes for software references). Two independent NMR titrations were performed. The pulse 

program used to acquire the correlation spectra was 1H-15N HSQC49. The weighted average 

chemical shift difference Δ at the molar ratio of 1:1 was calculated as 

 in ppm. Ribbon diagrams and molecular models were rendered 

using PYMOL50.

Paramagnetic relaxation enhancement

Samples for PRE NMR contained uniformly 15N-labeled human BAX at 0.2 mM prepared 

in 10 mM sodium acetate solution at pH 6.0. NMR spectra were acquired at 32°C on a 

Bruker 600 MHz NMR spectrometer, processed using NMRPipe and analyzed with 

NMRView (see Supplementary Notes for software references). Two 1H-15N HSQC49 

spectra for PRE NMR were acquired using a 1:1 ratio of BAX to MTSL-labeled SAHB in 

the oxidized and reduced state. The reduced compound was generated by exposure to five 

molar excess ascorbic acid for one hour. PRE effects were measured from the ratio of 

integrated peak intensities of the oxidized and reduced HSQC spectra. Peak intensities were 

normalized to account for small differences between the paramagnetic and diamagnetic 

BAX samples using cross peaks arising from unaffected BAX residues that are distant from 

the SAHB binding site. To evaluate the paramagnetic broadening effects of each BIM 

SAHBMTSL, the calculated ratios from the peak intensities of the oxidized and reduced 

spectra (Iox/Ired) were determined. BAX residues closest to a paramagnetic label have 

calculated values of Iox/Ired <0.6. Measurements for proline or overlapped residues are 

absent from the intensity ratio plot.

Structure calculations

Structure calculations using restraints derived from the chemical shift perturbation and PRE 

data were performed as described in the Supplementary Methods.

Oligomerization assay

BIM SAHB was added to a 200 μL solution (20 mM Hepes/KOH pH 7.2-7.4, 150 mM KCl) 

containing monomeric BAX (38 μM) at a ratio of 0.5:1, 1:1, 2:1 and 4:1 BIM SAHB:BAX. 

The mixtures and a sample of BAX monomer alone were incubated at 22°C for 15 minutes 

and then subjected to analysis by size exclusion chromatography (SEC) using an SD75 

column. The chromatogram demonstrates the monomeric and oligomeric peaks at ∼11.5 

min and ∼6.5 min, respectively. Protein standards (GE Healthcare) were used to calibrate 

the molecular weights of gel filtration peaks. For time-dependent analysis, BIM SAHB was 

added to monomeric BAX at a ratio of 1:1, and the mixtures were analyzed by SEC after 

incubation for 30, 60, and 90 minutes at 22°C. As a baseline for comparison, Bax monomer 
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alone was analyzed at time 0 and the above time points. Replicates were performed using at 

least two independent preparations of freshly SEC-purified monomeric BAX.

Conformational change assay

BIM SAHB was added to a 20 μL PBS solution containing monomeric BAX (9 μM) at a 

ratio of 0.5:1, 1:1, 2:1 and 4:1 BIM SAHB:BAX. The mixtures (10 μL) and a BAX 

monomer sample (10 μL) were incubated at 22°C for 15 minutes and then added to a 3% 

BSA in PBS solution (250 μL) containing 15 μL of 6A7 anti-BAX antibody for 1 hour 

incubation at 4°C. Additionally, 1 μL of each input sample (10%) was mixed with 50 μL of 

SDS-sample buffer to measure baseline BAX levels across specimens. Preclarified 

sepharose beads (50 μL) were added to the BIM SAHB:BAX and BAX monomer solutions 

for an additional 2 hour incubation at 4°C. The sepharose beads were spun down, washed 3 

times with 1 mL of 3% BSA in PBS solution, resuspended in 50 μL of SDS-sample buffer 

and boiled at 95 °C for 2 minutes. Ten microliters each of inputs and immunoprecipitation 

samples were used for analysis. Samples were separated on 12% SDS-PAGE Bis-Tris gel, 

blotted on a PVDF membrane, and Western analysis performed using the rabbit polyclonal 

N20 anti-BAX antibody (Santa Cruz Biotechnology) and chemiluminescence-based 

detection (PerkinElmer).

Release assays

Mitochondrial cytochrome c release assays33,48 were performed in triplicate on Alb-

creposBaxflox/-Bak-/- mitochondria, treated with BAX and BIM SAHBs at the indicated 

doses. Analogous treatments were employed in liposomal assays, in which BAX-induced 

release of FITC-labeled dextran-10 kD from large unilamellar vesicles was monitored using 

a FluoroMax-2 spectrofluorometer (SPEX) as previously reported33,48.

Plasmid construction and retrovirus production

BAX was cloned into the retroviral expression vector MSCV-IRES-GFP (pMIG)13. The 

mutant BaxK21E construct was generated by PCR-based site-directed mutagenesis and 

confirmed by DNA sequencing. The production of retroviruses was performed as described 

previously13. Retroviral transduction of BAX constructs were confirmed by Western 

analysis.

Cell culture, cell transfection and apoptosis assay

Bax-/-Bak-/- DKO MEFs are SV40 transformed and maintained in Dulbecco’s modified 

Eagles medium supplemented with 10% fetal bovine serum following standard culture 

conditions and procedures. Reconstitution of BAX and the indicated mutant into DKO cells 

was achieved by retroviral transduction of BAX-IRES-GFP or BAXK21E-IRES-GFP, 

followed by MoFlo sorting for GFP positive cells. Comparable expression of wild-type or 

mutant BAX protein was confirmed by anti-BAX Western analysis. For BIM SAHB 

treatment, MEFs were trypsinized, collected, and then washed twice in serum-free media 

followed by plating of cells (3-5x104/well) in 50 μL, exposure to BIM SAHB (20 μM) or 

vehicle in serum-free media for 2 hours, and serum replacement (2x serum in 50 μL media) 

for an overall treatment duration as indicated. Cell death of triplicate samples was 
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quantitated by annexin-V-Cy3 (BioVision, Mountain View, CA) staining according to the 

manufacturer’s protocol, followed by flow cytometric analysis using a FACS Caliber (BD 

Bioscience, San Jose, CA) and CellQuest software. For staurosporine treatment, plated 

MEFs in serum-containing media were exposed to drug (1 μM) and cell death of triplicate 

samples quantitated at the indicated time points by annexin-V binding as above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NMR analysis of BAX upon BIM SAHB titration
a, Chemical shift changes are plotted as a function of the residue number of BAX. Residues 

with significant backbone amide chemical shift change (>0.01 ppm) are colored orange. The 

absence of a bar indicates the presence of a proline or a residue that is overlapped or below 

detection threshold. Error bars, mean ± s.d. b, The Cα atoms of BAX residues affected by 

BIM SAHB binding are shown as orange spheres. c, Surface diagram illustrating the BAX 

binding site. Side chains of hydrophobic, positively charged, negatively charged, and 

hydrophilic residues are colored yellow, blue, red, and green, respectively.
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Figure 2. Orientation of BIM SAHB at the novel BAX binding site
a,Paramagnetically-labeled derivatives of BIM SAHB. b, Ratios of BAX crosspeak 

intensities in the presence of oxidized or reduced BIM SAHBMTSL (Iox/Ired) versus residue 

number. BAX residue intensities reduced below 0.6 are colored. c, Orientation of BIM 

SAHB at the BAX site. Based on an Iox/Ired threshold of 0.6, BAX residues impacted by 

BIM SAHB(A164C-MTSL), BIM SAHB(W147C-MTSL), or both are colored in purple, green, or 

brown, respectively.
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Figure 3. BIM SAHB directly initiates BAX activation in vitro
a, Oligomerization (a) and 6A7 immunoprecipitation (b) of BAX after BIM SAHB 

treatment. c, Liposomal FITC-dextran release in the presence of BAX and BIM SAHB. d, 
Cytochrome c release from BAX/BAK-null mitochondria upon incubation with BAX and 

BIM SAHB. Error bars, mean ± s.d.
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Figure 4. Sequence specificity of BIM SAHB-induced BAX activation
a, BIM SAHBs with differential staple positions and their activities in BAX oligomerization 

(b) and BAX-mediated cytochrome c release assays (c). d, BIM SAHBA point mutants and 

their activities in BAX oligomerization (e) and BAX-mediated cytochrome c release assays 

(f). Error bars, mean ± s.d.
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Figure 5. Mutagenesis of the BAX interaction site impairs activation and BAX-mediated 
apoptosis
a, Impact of BAX K21E mutagenesis in oligomerization and b, cytochrome c release assays. 

c, Apoptotic response of Bax-/-Bak-/- MEFs reconstituted with BAX or BAXK21E to 

treatment with BIM SAHBA or BIM SAHBA(R153D). d, Impact of BAX K21E mutagenesis 

on staurosporine (STS)-induced apoptosis of BAX-reconstituted DKO MEFs. Error bars, 

mean ± s.d.
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