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BAK is a key protein mediating mitochondrial outer mem-
brane permeabilization; however, its behavior in the mem-
brane is poorly understood. Here, we characterize the confor-
mational changes in BAK and MCL-1 using detergents to
mimic the membrane environment and study their interaction
by in vitro pulldown experiments, size exclusion chromatogra-
phy, titration calorimetry, and NMR spectroscopy. The non-
ionic detergent IGEPAL has little impact on the structure of
MCL-1 but induces a conformational change in BAK, whereby
its BH3 region is able to engage the hydrophobic groove of
MCL-1. Although the zwitterionic detergent CHAPS induces
only minor conformational changes in both proteins, it is still
able to initiate heterodimerization. The complex of MCL-1
and BAK can be disrupted by a BID-BH3 peptide, which acts
through binding to MCL-1, but a mutant peptide, BAK-BH3-
L78A, with low affinity for MCL-1 failed to dissociate the com-
plex. Themutation L78A in BAK prevented binding toMCL-1,
thus demonstrating the essential role of the BH3 region of BAK
in its regulation byMCL-1. Our results validate the currentmod-
els for the activation of BAK and highlight the potential value of
small molecule inhibitors that targetMCL-1 directly.

The BCL-2 family of proteins plays a major role in regulat-
ing apoptosis by regulating the integrity of the mitochondrial
outer membrane (1). Its deregulation can result in cancer,
neurodegeneration, heart disease, and diabetes (2). This fam-
ily is divided into three subgroups according to their sequence
similarities and functions. The antiapoptotic proteins (BCL-2,
BCL-w, BCL-XL, MCL-1, and A1) share up to four BCL-2 ho-
mology (BH)2 regions (BH1–4) and prevent cell death. The
proapoptotic effectors (BAX and BAK) contain three BH re-
gions (BH1–3) and directly mediate mitochondrial outer
membrane permeabilization, which leads to apoptosis. The
proapoptotic BH3-only proteins (BID, BIM, BAD, BMF, BIK,

PUMA, NOXA, HRK/DPS, NIP3, bNIP3, and MULE) share
only a common BH3 region and initiate apoptosis indirectly.
In this study, we selected one protein from each group
(MCL-1, BAK, and BID) and examined their interactions as
part of the BCL regulatory network.
BAK targets the outer membrane of mitochondria and en-

doplasmic reticulum through its C-terminal transmembrane
(TM) helix (3–5). Its soluble N-terminal domain, cBAK (6),
adopts the �-helical bundle conformation that is conserved
across all multiple BH BCL-2 family members. When apopto-
sis is induced by factors such as staurosporine, etoposide, cis-
platin, anti-Fas antibody, or detergents (3, 7–9), BAK under-
goes a conformational change, termed BAK activation, that is
characterized by the insertion of additional �-helical elements
into the membrane and the assembly of BAK into higher or-
der oligomers (10, 11). The BH1 and BH3 regions of BAK
have been reported to be important for its role in apoptosis
(12, 13), but their specific functions are not fully understood.
Further structural studies are needed to elucidate the confor-
mational changes involved in BAK activation.
MCL-1 inhibits the proapoptotic activity of BH3-only pro-

teins by accommodating their BH3 regions in its hydrophobic
groove (14–17). It has also been reported as an endogenous
BAK inhibitor, whose inhibition can be disrupted by the tu-
mor suppressor p53 and NOXA (18–20). The regulatory
mechanism remains unclear, whereas the deregulation is im-
plicated in various hematopoietic and lymphoid cancers (21–
23), which makes it an ideal therapeutic target for cancer
treatment. The elucidation of the interaction between MCL-1
and BAK will provide more information for MCL-1-targeted
drug design and screening.
BID protein is the convergent point for intrinsic and extrin-

sic apoptosis. It responds to cellular stress and initiates BAX/
BAK-mediated apoptosis (24–27). As for its activating mech-
anisms, there are two popular models in literature (Fig. 1).
The competitively activating model (CAM) (15) proposes that
BH3-only proteins release BAK from complexes with MCL-1
or BCL-XL by competitively binding to the pocket of the anti-
apoptotic proteins (19, 28, 29). The directly activating model
(DAM) posits that BH3-only activators including tBID, BIM,
and PUMA directly bind and activate BAK, and the role of the
antiapoptotic proteins is to sequester the BH3-only activators
to prevent apoptosis (4, 25–27, 30). The detection of direct
protein-protein interactions may help to resolve the long-
standing debate over CAM and DAM (29, 31–33).
To gain a deeper understanding of the BAK regulation, we

developed a mini-system consisting of BAK, MCL-1, and
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BID-BH3 peptides with detergents to mimic the membrane
environment of the cell. We used NMR spectroscopy, pull-
down assays, and size exclusion chromatography to assess
protein-protein binding and structural transitions. We find
that detergent is required for the direct interaction between
BAK and MCL-1 in vitro and that heterodimerization occurs
through binding of the BH3 region of BAK to the BH3-bind-
ing site of MCL-1.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The protein frag-
ments used are summarized in Fig. 2. FLAG-BAK-HMK-

�TM-His6 (residues 2–186 from NCBI: AAA74466), cal-
pain-proteolysed BAK (cBAK, residues 16–186 from NCBI:
AAA74466), cBAK-L78A, core domain of MCL-1 (also cal-
pain-proteolysed MCL-1, cMCL-1, residues 163–326 from
NCBI: AAF64255) and BID-BH3 peptide (residues 76–106
from NCBI: NP_001187 with an N-terminal extension of
GPLG) were purified as described previously (6, 15, 34). Esch-
erichia coli strain BL21 (DE3) containing the corresponding
plasmid was grown in LB media at 37 °C to an optical density
of 0.8 at 600 nm and then induced by 1 mM isopropyl-�-D-
thiogalactoside at 30 °C for 4 h. For NMR samples, cells were
grown in M9 media supplemented with 15N ammonium chlo-
ride. The soluble proteins were purified by batch Ni2�-NTA
or glutathione S-transferase affinity chromatography (Qia-
gen), followed by Sephadex G-75 size exclusion chromatogra-
phy (GE Healthcare) and Q-Sepharose anion-exchange chro-
matography (GE Healthcare). A calpain digestion step was
further applied to produce cBAK, cBAK-L78A, and cMCL-1,
and calpain was removed by Q-Sepharose anion-exchange
chromatography. BAK-BH3 (TMGQVGRQLAIIGDDINRRY)
and BAK-BH3-L78A (TMGQVGRQAAIIGDDINRRY) pep-
tides were synthesized chemically (Sheldon Biotechnology
Centre, McGill University) and purified on a C18 reverse-
phase column. All proteins and peptides were stored in 20 mM

HEPES (pH 6.5) and 1 mM DTT buffer by flash freezing in
liquid nitrogen and stored at �80 °C.

FIGURE 1. Models of BAK activation. In CAM, BH3-only proteins release
BAK from its complexes with MCL-1 or BCL-XL by binding competitively to
the pocket of the antiapoptotic proteins (19, 28, 29). In the DAM, BH3-only
activators including tBID, BIM, and PUMA directly bind and activate BAK,
and the role of the antiapoptotic proteins is to sequester the BH3-only acti-
vators to prevent apoptosis (4, 25–27, 30).

FIGURE 2. Summary of MCL-1, BAK, and BID constructs used in this study. The domain organization, BCL homology regions (BH1–3), calpain protease
cleavage sites, TM helices, and BH3 sequences of the different protein and peptide constructs are shown. MCL-1 has an N-terminal PEST domain that has
been suggested to regulate its turnover. Exogeneously added His6 tags, FLAG epitope, and heart muscle kinase (HMK) phosphorylation sites are shown in
gray. The BID-BH3 peptide was produced biosynthetically and includes four extra amino acids.
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Site-directed Mutagenesis—The mutation L78A in the BH3
region of BAK was generated using the QuikChange site-di-
rected mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions. The mutagenesis was carried out by
using FLAG-BAK-HMK-�TM-His6 in pET29b(�) plasmid as
a template and using oligonucleotides (CAGGTGGGACG-
GCAGGCCGCCATCATCGGGGAC) and (GTCCCCGAT-
GATGGCGGCCTGCCGTCCCACCTG) as PCR primers.
The construct was confirmed by DNA sequencing.
Analytical Size Exclusion Chromatography—MCL-1

�N151-�C7, cBAK, and their mixture were prepared at 2
mg/ml (for the mixture, the concentration for each protein is
2 mg/ml) in 20 mM HEPES (pH 6.5), 1 mM DTT and with or
without 0.1% IGEPAL (tert-octylphenoxy poly(oxyethyl-
ene)ethanol, average molecular weight 603; Sigma-Aldrich).
The size exclusion running buffer contained 25 mM HEPES
(pH 6.5), 150 mM NaCl, 1 mM DTT, and with or without 0.1%
IGEPAL. A 30-�l sample was injected for Superdex 200 PC
(3.2/30) analytical runs. The chromatographs were recorded
and analyzed on Waters Millenium HPLC software. The iden-
tities of the proteins in the peak fractions were confirmed by
SDS-PAGE.
Ni2�-NTA Pulldown Assay—Three buffers: buffer N, buffer

W and buffer E, each containing 50 mM Tris (pH 6.8), 500 mM

NaCl, 1% glycerol, 1 mM NaN3, with the addition 10 mM or 30
mM or 250 mM imidazole, respectively, were used in pulldown
assays. Detergents were added as indicated. The Ni2�-NTA
resin was first equilibrated with buffer N and excess buffer
removed to obtain a 50:50 (resin:buffer) slurry. To 50 �l of
this slurry, 50 �l of 1 mg/ml FLAG-BAK-HMK-�TM-His6,
cMCL-1, or a 1:1 mixture of FLAG-BAK-HMK-�TM-His6:
cMCL-1 were applied in the presence of different concentra-
tions of IGEPAL or CHAPS as indicated. After an incubation
time of 30 min at room temperature, the slurry was spin down
at 7,000 rpm for 30 s, and the supernatant was removed. The
resin in the pellet was washed three times with 500 �l of
buffer W and eluted with 45 �l of buffer E. The elution was
then mixed with 15 �l of 4� SDS buffer for SDS-PAGE analy-
sis. For BID-BH3 peptide competition assays, all the buffers
contained 0.1% IGEPAL. The FLAG-BAK-HMK-�TM-
His6�cMCL-1 complex was first immobilized on Ni2�-NTA
resin, and then the resin slurry was prepared similarly. A
range of BID-BH3 peptide concentrations were applied to the
resin slurry followed by incubation for 30 min at room tem-
perature, centrifugation at 7,000 rpm for 30 s, and removal of
the supernatant. The resin was washed three times with
buffer W and eluted with buffer E. The elution and superna-
tant were then mixed with 4� SDS buffer and analyzed by
SDS-PAGE.
Isothermal Titration Calorimetry (ITC) Measurements—

ITC was carried out on a MicroCal VP-ITC titration calorim-
eter controlled by the VPViewer software (MicroCal, Inc.,
Northampton, MA). Experiments were performed in 50 mM

Na�HEPES (pH 7.0) at 23 °C and consisted of 37 injections of
8 �l of 0.1 mM BAK-BH3 or BAK-BH3-L78A peptide into
1.45 ml of 0.01 mM human MCL-1 (four different constructs)
to obtain a final peptide/protein ratio of 2:1. The calorimetric

data were analyzed by ORIGIN software to determine ther-
modynamic binding constants.
NMR Titrations—NMR titrations were carried on 0.1 mM

15N-labeled cMCL-1 or 15N-labeled cBAK. Aliquots of unla-
beled binding partners such as cMCL-1, cBAK, cBAK-L78A,
BID-BH3, BAK-BH3-L78A, IGEPAL, and CHAPS stock solu-
tions were titrated in until the saturation was achieved. The
1H-15N HSQC spectra were recorded on a Bruker Avance
DRX600 MHz spectrometer at 30 °C, processed by NMRPipe
(35), and visualized by NmrViewJ (version 8.0) (36). The back-
bone assignments of cMCL-1 and BAK in free form were de-
termined previously (6, 15). Assignments in detergent were
made by following chemical shift changes during titrations.
The changes were calculated as ((�1H ppm)2 � (0.2 � �15N
ppm)2)0.5) as a function of the residue number, and mapped
onto the three-dimensional structures. The model of un-
liganded human cMCL-1 was calculated by Modeler 9 (ver-
sion 2) (37) based on the structure of theMus musculus
MCL-1 protein 1WSX (38). The structure of cBAK was from
Protein Data Bank code 2IMS (6).

RESULTS

BAK in Aqueous Solution Is Not Ready for
Heterodimerization—Regulation of BAK by MCL-1 and
BCL-XL has been proposed to occur through the engagement
of its BH3 region into the hydrophobic groove of antiapo-
ptotic proteins (18, 19). However, in the crystal structure of
BAK (6), the BH3 region is partially buried in the protein inte-
rior and unavailable for binding without a major conforma-
tional change. To investigate the interaction of BAK with the
inhibitor MCL-1, purified components were mixed in aque-
ous solution for 1 h at room temperature or overnight at 4 °C.
Neither condition resulted in the formation of a MCL-1�BAK
complex, as indicated by the failure of cMCL-1 to be retained
on Ni2�-NTA resin by FLAG-BAK-HMK-�TM-His6 in a
pulldown experiment, the absence of elution shifts in analyti-
cal size exclusion chromatography, and the absence of chemi-
cal shift changes in the NMR spectra of 15N-labeled cMCL-1
or 15N-labeled cBAK upon the addition of unlabeled partner
(data not shown). Therefore, under these conditions, we con-
clude that MCL-1 and BAK do not interact with each other.
Conformational Changes of BAK and MCL-1 in Presence of

IGEPAL—Pioneering studies on BCL-2 proteins revealed that
specific detergents can induce conformational changes and/or
their oligomerization (24, 34, 39, 40). Detergents can also in-
duce BAK-mediated apoptosis (9). These led us to test the
behavior of BAK and MCL-1 in the presence of detergents.
We used both IGEPAL (a nonionic detergent) and CHAPS (a
zwitterionic detergent) in our tests. Nonionic detergents have
been reported to artificially promote the interactions between
BCL-2 family of proteins (41), whereas CHAPS has been re-
ported to reduce the dimerization between BAX and tBID
(42).
Upon the addition of a range of IGEPAL concentrations

from four times below its critical micelle concentration
(�0.02% v/v) to 20 times above, only slight chemical shift
changes were observed in 1H-15N HSQC spectra of 15N-la-
beled cMCL-1 (Fig. 3A and data not shown). The well dis-
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persed pattern of peaks indicates that MCL-1 maintained its
three-dimensional �-helical conformation. Analysis of the
titration at 0.1% IGEPAL (Fig. 3, B and C) showed that the
largest shifts, in the range of 0.1 to 0.16 ppm, came from
the residues located in helix �2, �4, �5, and the end of �6,
which comprise the hydrophobic groove for BH3 peptide
binding. The cMCL-1 detergent interaction was transient and
did not involve the formation of a protein�micelle complex or
the oligomerization of cMCL-1, as shown by the absence of
changes in the analytical size exclusion chromatography pro-
file (Fig. 3D, blue trace, 17.2 min).
Similar titrations with cBAK resulted in a very different

behavior. At low IGEPAL concentrations, there was a gradual
disappearance of peaks in the spectrum of 15N-labeled cBAK,
and at 0.05% IGEPAL, the 1H-15N HSQC spectrum started to
display a pattern typical of unfolded proteins (Fig. 3E, red,
recorded in 0.1% IGEPAL). This suggests IGEPAL unfolds
cBAK and the small number of signals observed (Fig. 3E, red)
indicates that the majority of BAK inserts into the large
detergent micelles. Additionally, the elution time of cBAK
on analytical size exclusion chromatography shifts from
17.8 min (Fig. 3D, red trace) to 13.5 min (green trace). This

high molecular weight peak could be either oligomers of
cBAK or cBAK associated with IGEPAL micelles. Thus, we
observed a strongly altered conformation of BAK in the pres-
ence of IGEPAL.
Behavior of BAK and MCL-1 in Presence of CHAPS—In

comparison, the application of 2% (w/v) CHAPS generated
little effects on both cMCL-1 and cBAK. Titrations with
CHAPS induced only very minor chemical shift changes in
the 1H-15N HSQC spectra of both proteins (Fig. 4, A and D).
Even after overnight incubation (supplemental Fig. S1), the
shifts were under 0.19 ppm for cMCL-1 (Fig. 4B) and 0.16
ppm for cBAK (Fig. 4E), which suggests that only minor con-
formational changes occurred. Perturbations of chemical
shifts above 0.10 ppm occurred in the residues located in heli-
ces �2 to �5 and the end of �6 in cMCL-1 (Fig. 4C) and heli-
ces �3 to �5 in cBAK (Fig. 4F), indicating that the CHAPS
interacts weakly with both proteins in their putative BH3-
binding hydrophobic grooves.
BAK Interacts with MCL-1 in Presence of Detergents—In

light of the IGEPAL-mediated conformational changes in
BAK, we tested whether either detergent allows the associa-
tion of BAK with MCL-1. On analytical size exclusion chro-

FIGURE 3. Behavior of BAK and MCL-1 in the presence of IGEPAL. A, 1H-15N HSQC spectra of 15N-labeled cMCL-1 without (black) and with (red) 0. 1% (v/v)
IGEPAL. B, plot of IGEPAL-induced chemical shift changes by residue for cMCL-1. Prolines and residues that were unassigned in either the free or bound
form are labeled with asterisks. The secondary structure (helices �1 to �8) of cMCL-1 is shown for reference. C, three-dimensional model of cMCL-1 colored
according to the size of the chemical shift changes upon the addition of IGEPAL. The colors range from gray for no change to purple for the largest changes
(0.155 ppm). D, analytical size exclusion profiles for cBAK (red), cBAK in 0.1% IGEPAL (green), MCL-1 �N151-�C7 in 0.1% IGEPAL (blue), and cBAK and MCL-
1�N151-�C7 mixture in 0.1% IGEPAL (black). Peak fractions 1 to 4 were analyzed by SDS-PAGE (inset). E, 1H-15N HSQC spectra of 15N-labeled cBAK without
(black) and with (red) 0.1% (v/v) IGEPAL.
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matography (Fig. 3D), addition of MCL-1 �N151-�C7 to
cBAK in 0.1% IGEPAL gave rise to a peak that eluted at 13.2
min (black trace), which suggests the formation of a MCL-
1�BAK�micelle complex larger than either cBAK or MCL-1
�N151-�C7 alone in IGEPAL. Ni2�-NTA resin pulldown
experiments showed that 0.1% IGEPAL was sufficient for
FLAG-BAK-HMK-�TM-His6 to retain cMCL-1 on the Ni2�-
NTA resin at an �1:1 ratio (Fig. 5A). In NMR titrations, the
HSQC spectra of 15N-labeled cMCL-1 were strongly dis-
turbed in the presence of both cBAK and IGEPAL (Fig. 5B).
These results confirm a direct interaction between cBAK and
cMCL-1.
To our surprise, 2% CHAPS also sufficed to promote the

association between MCL-1 and BAK. Fig. 6A shows that a
concentration of CHAPS at 2% (above its critical micelle con-
centration of 0.5%) was sufficient for retention of cMCL-1 by
FLAG-BAK-HMK-�TM-His6 on the Ni2�-NTA resin. The
well dispersed 1H-15N HSQC spectra of both proteins in 2%
CHAPS allowed us to detect the interaction using either 15N-
labeled cBAK or cMCL-1 (Fig. 6, B and C). In both cases, the
formation of a large high molecular weight complex of cBAK
and cMCL-1 led to a loss of the majority of signals in the
spectrum.

BAK-BH3 Peptide Can Engage Hydrophobic Groove of
MCL-1—The observation of the MCL-1�BAK complex en-
couraged us to ask how BAK interacts with MCL-1. From
experiments using cell lysates (18, 19), it was proposed that
BAK associates with MCL-1 through its BH3 region. To verify
this, we involved a peptide derived from the BH3 region of
BAK, BAK-BH3, in our test. Titration of unlabeled BAK-BH3
into 15N-labeled cMCL-1 generated many chemical shift
changes in the slow exchange regime, which is indicative of
tight binding (Fig. 7A). In agreement with work from Hinds
and co-workers (17), the BAK-BH3 peptide engages the hy-
drophobic groove of MCL-1 (Fig. 7, B and C). The dissocia-
tion constants for MCL-1 constructs with different N-termi-
nal deletions (15) and BAK-BH3 peptides (wild-type and
L78A mutant) were further tested by ITC in the absence of
detergents (supplemental Fig. S2). As observed previously,
removal of the N- and C-terminal extensions increased the
affinity of MCL-1 for the BH3 peptides (15). The wild-type
BAK-BH3 bound MCL-1 tightly with affinities ranging from
0.11 to 0.021 �M. In contrast, the mutation of L78A in BAK-
BH3 decreased the affinity 160-fold (Table 1).
cBAK Interacts with cMCL-1 through Its BH3 Region—The

binding of BAK-BH3 to MCL-1 directed us to test whether

FIGURE 4. Behavior of cBAK and cMCL-1 in CHAPS. A, HSQC overlay of 15N-labeled cMCL-1 without (black) and with 2% CHAPS (red). B and E, plots of
CHAPS-induced chemical shift changes by residue for cMCL-1 (B) and cBAK (E). Prolines and residues that were unassigned in either the free or bound form
are labeled with asterisks. C and F, three-dimensional models of cMCL-1 (C) and cBAK (F) (6) colored according to the size of the chemical shift changes upon
the addition of CHAPS. The colors range from gray for no change to green (0.19 ppm) or red (0.155 ppm). D, HSQC overlay of 15N-labeled cBAK without
(black) and with 2% CHAPS for 20 min (red).
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the BAK interacted in a similar manner to the BH3 peptide.
The complex of FLAG-BAK-HMK-�TM-His6 and cMCL-1
was immobilized on Ni2�-NTA resin, and a high affinity
BID-BH3 peptide (15) was used to compete for binding to
cMCL-1. SDS-PAGE analysis of the pulldown experiment
with immobilized BAK showed that increasing concentrations
of the BID-BH3 peptide decreased the amount of cMCL-1
that was retained on the resin. When BID-BH3 was present at
four times the concentration of the complex, cMCL-1 was
fully released (Fig. 8A). This competition was also observed in
NMR titrations in 0.1% IGEPAL. Upon the addition of the
BID-BH3 peptide at a 4:1 ratio of 15N-cMCL-1�unlabeled
cBAK complex, all of the signals for cMCL-1 were recovered
and the spectrum was identical to that of the 15N-cMCL-
1�unlabeled BID-BH3 complex (Fig. 8B and supplemental Fig.
S3). Significantly, the mutant peptide BAK-BH3-L78A failed
to retrieve these signals, suggesting that the engagement of
the BH3 peptide into MCL-1 is necessary to disrupt the inter-
action with BAK. Parallel experiments with mutant cBAK-
L78A showed that the mutant protein could not recruit
cMCL-1 into IGEPAL micelles (Fig. 8B, far right panels). This
confirms that the BAK BH3 region interacts with MCL-1.

Similar conclusions were also drawn from the NMR titrations
in 2% CHAPS. The complex could be disrupted by BID-BH3
peptide (supplemental Fig. S4A), and upon release, 15N-cBAK
gave rise to a spectrum typical of an unfolded protein (supple-
mental Fig. S4B). This suggests that BAK loses its original
�-helical fold when bound to MCL-1 via its BH3 region and is
unable to refold when released.

DISCUSSION

BAX and BAK are the major proapoptotic effectors that
undergo conformational changes and oligomerization to me-
diate mitochondrial outer membrane permeabilization (43,
44). To gain insight into this process, detergents have been
used to mimic the native membrane environment of the pro-
tein. These studies have shown that BAX can be specifically
activated by detergents to form higher order aggregates (24,
39, 45). Here, we describe the behavior of BAK in the pres-
ence of detergents. The nonionic detergent IGEPAL (0.1%)
induced large changes in the spectrum of BAK (Fig. 3E),
which likely reflects the formation of large complexes as ob-
served for BAX in Triton X-100 (39, 41) and dodecyl-�-D-
maltoside (46). Due to the large size of IGEPAL micelle,
which is �90 kDa and equivalent to a BAK tetramer, we were
unable to determine the oligomeric state of BAK in IGEPAL.
In contrast, the conformation of BAK was not markedly af-
fected by the zwitterionic detergent CHAPS (2%). Only minor
perturbations were detected in the spectrum of BAK (Fig. 4,

FIGURE 5. Interaction between BAK and MCL-1 in the presence of IGEPAL.
A, Coomassie-stained SDS-gels showing the supernatant (top) and proteins
retained by the Ni2�-NTA resin (bottom) under the conditions indicated.
Conditions 1–3, respectively, mean that cMCL-1, FLAG-BAK-HMK-His6, or
their combination was loaded. Arrows labeled A show the position of FLAG-
BAK-HMK-�TM-His6, and arrows labeled B show the position of cMCL-1. The
red frame highlights the cMCL-1 retained by FLAG-BAK-HMK-�TM-His6 in
the presence of IGEPAL. B, 1H-15N HSQC spectra of 15N-labeled cMCL-1 in
0.1% IGEPAL without (black) and with (red) unlabeled cBAK.

FIGURE 6. Interaction between BAK and MCL-1 in CHAPS. A, Coomassie-
stained SDS-gels showing the supernatant (top) and proteins retained by
the Ni2�-NTA resin (bottom) in the presence of increasing concentrations of
CHAPS as indicated. Arrows labeled A show the position of FLAG-BAK-HMK-
�TM-His6, and arrows labeled B show the position of cMCL-1. The red frame
indicates the condition in which the binding between BAK and MCL-1 was
observed. B, overlay of 1H-15N HSQC spectra of 15N-labeled cBAK in 2%
CHAPS without (black) and with unlabeled cMCL-1 (red). C, overlay of 1H-15N
HSQC spectra of 15N-labeled cMCL-1 in 2% CHAPS without (black) and with
unlabeled cBAK (red).
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D–F) even after overnight incubation (supplemental Fig. S1).
This indicates that BAK maintains its global fold with the de-
tergent-induced changes restricted to the residues surround-
ing its putative BH3-binding hydrophobic groove. This result
is consistent with reports that CHAPS has little effect on BAX
oligomerization (45).
In this study, we also showed that the antiapoptotic protein

MCL-1 undergoes only minor conformational changes in
both detergents as revealed by the small changes in its NMR
spectrum (Figs. 3, A–C, and 4, A–C) and its behavior in size-
exclusion chromatography (Fig. 3D). Similar results were ob-
served for BCL-XL and BCL-w at concentration of detergents
below the critical micelle concentration; however, BCL-XL
and BCL-w both display abrupt spectral changes at concen-
tration of detergents above the critical micelle concentration
(34, 40). This suggests that resistance to detergent-induced
unfolding is not a general feature of antiapoptotic proteins.

At the level of protein-protein interactions, both IGEPAL
and CHAPS were able to promote the association of BAK
with MCL-1 (Figs. 5 and 6). Although this interaction has
been observed within a native membrane environment (18–
20), to our knowledge, this is the first time the interaction
between the intact protein domains has been characterized in
vitro. By peptide competition and site-directed mutagenesis,
we showed that the interaction involves the BH3 region of
BAK and the hydrophobic groove of MCL-1 (Fig. 8 and sup-
plemental Figs. S3 and S4). This is quite consistent with con-
clusions from in vivo studies (18–20). The absence of binding
without detergent suggests that the MCL-1-BAK interaction
requires the exposure and accessibility of the BH3 region in
BAK. This is relatively easy to imagine in the case of IGEPAL,
where we observe large conformational changes in BAK.
CHAPS does not strongly perturb the structure of BAK but
likely increases the internal dynamics and decreases the en-
ergy barrier for the exposure of the BH3 region. Interestingly,
the affinity of BAK for MCL-1 appeared to be less than the
affinity of the isolated BAK-BH3 peptide; BAK was efficiently
removed by BID-BH3, which has weaker affinity than BAK-
BH3 (15). This suggests that the BH3 region of BAK is not
fully accessible in the presence of detergents. This could be
due to residual folding, steric hindrance due to the detergent
micelles, or competing intramolecular interactions such as
observed for MCL-1 where longer constructs display lower
affinity than the core cMCL-1 domain (Table 1) (15).
We can gain some limited insight into the structure of the

heterodimeric complex in noting that the spectrum of BAK
bound to cMCL-1 in CHAPS is similar to the spectrum of free
BAK in IGEPAL. This suggests that the signals observed in
the detergents most probably arise from disordered regions
that do not interact with MCL-1 (supplemental Fig. S5).
Our data add valuable information for evaluating the exist-

ing models of BAK activation. Taking a look at CAM and
DAM in Fig. 1, we note that both models agree on the interac-
tion between MCL-1 (antiapoptotic proteins) and BID (BH3-
only proapoptotic proteins). The difference between these
two models centers on whether MCL-1 or BID directly inter-
act with BAK. Our data show that MCL-1 interacts not only
with BH3-only proteins as represented by the structures of
complexes of MCL-1 with BH3 peptides (14–17) but also
with BAK. Thus, the function of MCL-1 is not limited to the
inhibition of BH3-only proteins, and DAM does not encom-
pass the whole regulatory pathway. We also observed that the
interaction between BAK and MCL-1 is conditional on the
exposure of the BH3 region of BAK; thus, BAK is not neces-
sarily always kept in check by antiapoptotic proteins. How
free BAK can be activated to promote apoptosis is not ad-
dressed by CAM. Direct activation through BH3-only protein
binding (especially the BH3-only activators tBID, BIM, and
PUMA) has been demonstrated as a component of DAM (47),
whereas our observation of a complex of MCL-1�BAK in de-
tergent suggests that some other means may activate BAK
toward either mitochondrial outer membrane permeabiliza-
tion or inhibition by antiapoptotic proteins. Thus, drawbacks
exist for both models and point to a hybrid-activating model
as outlined in Fig. 9. In this model, BAK can be activated by

FIGURE 7. MCL-1 interacts with BAK-BH3 peptide. A, 1H-15N HSQC
spectra of cMCL-1 without (black) and with (blue) unlabeled BAK-BH3
peptide added. B, plot of BAK-BH3-induced chemical shift changes by resi-
due for cMCL-1. Prolines and residues that were unassigned in either the
free or bound form are labeled with asterisks. The secondary structure (heli-
ces �1 to �8) of cMCL-1 is shown for reference. C, three-dimensional model
of cMCL-1 colored according to the size of the chemical shift changes upon
the addition of BAK-BH3. The colors range from gray for no change to blue
(1.12 ppm).

TABLE 1
Dissociation constants tested by ITC at 23 °C

Peptides
MCL-1 Constructs

MCL-
1�C23

MCL-1�N119-
C23

MCL-1�N151-
C7

cMCL-1�N153-
C24

�M �M �M �M

BAK-BH3 0.11 0.048 0.023 0.021
BAK-BH3-
L78A

19 8.0 3.3 3.3
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either the BH3-only activators or other factors (e.g.mem-
brane alignment) that cause conformational changes; MCL-1
interacts both with BH3-only proteins and with BAK that has
its BH3 region accessible. Although our study has been lim-
ited to studying the proteins in the presence of membrane
mimics, we believe that the requirement for accessibility of
the BAK BH3 applies to BAK and MCL-1 in their native
environment.
The finding that a BID-BH3 peptide can displace BAK from

MCL-1 highlights the potential therapeutic use of compounds
that bind to MCL-1. The disruption of the MCL-1�BAK com-
plex is a critical step to incite cells to undergo apoptosis. As
an alternative to the well known tumor suppressor p53 that
can disrupt complex formation by binding to BAK (18), our
data show that the success of BID-BH3 and the failure of
BAK-BH3-L78A to displace BAK from its complex with
MCL-1 are dependent on their binding affinities to MCL-1
(Fig. 8, supplemental Fig. S4A, and Table 1) (15). This is con-
sistent with the finding that obatoclax (GX15–070) is able to
overcome MCL-1 mediated resistance to apoptosis (48, 49),
whereas ABT-737 fails to do so (50–52). Our data suggest the
need for high affinity small molecule inhibitors that target at
MCL-1. As BAK released from the complex exists in an un-
folded conformation (supplemental Fig. S4B) and may readily
be able to undergo oligomerization to promote apoptosis, the

therapeutic use of MCL-1 inhibitors should be particularly
effective in transiting cells into apoptosis.
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