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Molecular Basis of Bcl-xL’s Target Recognition
Versatility Revealed by the Structure of Bcl-xL in
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Beclin-1, originally identified as a Bcl-2 binding protein, is an evolutionarily
conserved protein required for autophagy. The direct interaction between
Beclin-1 and Bcl-2 or Bcl-xL provides a potential convergence point for
apoptosis and autophagy, two programmed cell death processes. Given the
functional significance of the interaction between Beclin-1 and Bcl-2/Bcl-xL,
we performed detailed biochemical and structural characterizations of this
interaction. We demonstrated that the Bcl-xL-binding domain of Beclin-1
contains a BH3 domain. Therefore, Beclin-1 is a new member of the BH3only family proteins. The structure of Bcl-xL in complex with the Beclin-1
BH3 domain was determined at high resolution by NMR spectroscopy.
Although similar to other known BH3 domains, the Beclin-1 BH3 domain
displays its own distinct features in the complex with Bcl-xL. Systematic
analysis of all known Bcl-xL/BH3 domain complexes helped us to identify
the molecular basis underlying the capacity of Bcl-xL to recognize diverse
target sequences.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction
Apoptosis, the most intensively studied form of
programmed cell death, is a fundamental cellular
activity, in which an internally controlled and evolutionarily conserved suicide program is launched to
maintain cell homeostasis throughout the entire life
cycle of multi-cellular organisms.1 Apoptosis can
be triggered by either an extrinsic pathway through
the stimulation of death receptors (e.g. TNF-R1) or
an intrinsic pathway via the release of signaling
factors by mitochondria. The pathways converge at
the step of activating the cysteine aspartyl proteases
(caspase) that are the executors of apoptosis.2–6 The
Bcl-2 family proteins are key regulators of the intrinsic pathway through the control of the release of
cytochrome c.7–13 Members of the anti-apoptotic Bcl† W.F. and S.H. contributed equally to this work.
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2 family proteins (e.g. Bcl-2, Bcl-xL, Bcl-w, and Mcl-1)
contain up to four Bcl-2 homology (BH) domains. In
response to certain death signals, a related family of
proteins called BH3-only proteins (e.g. Bim, Bid,
Puma and Noxa) bind to the anti-apoptotic Bcl-2
proteins and neutralize their anti-apoptotic functions.14,15 Mechanistically, binding of the BH3-only
proteins prevents the anti-apoptotic Bcl-2 family
proteins from sequestering pro-apoptotic multi-BH
domain proteins such as Bak and Bax.16
A series of studies of the 3D structures of the antiapoptotic Bcl-2 family protein, Bcl-xL, in complex
with the BH3 domains from pro-apoptotic proteins
(e.g. Bcl-xL/Bak, Bcl-xL/Bad, Bcl-xL/Bim) offered
structural insights into the interaction between BclxL and the neutralizing BH3 domain proteins.14–16
In these complexes, BH1-4 domains of Bcl-xL adopt
helical structures and together assemble into a
bacterial toxin-like folding structure. The BH3
domain from each binding partner to Bcl-xL forms
an amphipathic α-helix, and fits snugly into a
hydrophobic pocket formed by the BH1, BH2 and
BH3 domains of Bcl-xL.14–16 Although all known
Bcl-xL-binding BH3 domains form amphipathic
helices upon binding to Bcl-xL, the amino acid
sequence identity of these BH3 domains is not high.

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

224
Nevertheless, Bcl-xL can interact with these BH3
domain-containing proteins with high affinity.14,16
Therefore, Bcl-xL is intrinsically adapted to be
capable of responding to different BH3-domain
binding partners.
Autophagy is a catabolic process in which a cell’s
own components are cannibalized by a vacuole/
lysosome-mediated pathway.17–19 The outcome of
this process is the breakdown of non-vital components and the release of nutrients, ensuring that vital
processes can continue. Although autophagy was
initially regarded as a pro-survival cellular process
that shuffles building blocks of macromolecules to
the most fundamental biological processes when
nutrients are scarce, recent evidence suggests that
autophagy is capable of promoting cell death
independent of apoptosis. It has, hence, been
designated as the second type of programmed cell
death.19–24 However, the dichotomous functions of
autophagy await experimental clarification.
Yeast autophagy protein Atg6/Vps30 associates
with Vps34 (phosphatidylinositol 3-kinase) and
Atg14 to form the phosphatidylinositol 3-kinase
complex essential for the nucleation of autophagosomal vesicles.19,20 Beclin-1, the mammalian ortholog of yeast Atg6/Vps30, also associates with phosphatidylinositol 3-kinase, and has a critical role in
mammalian autophagy. 25,26 Recently, Beclin-1
attracted extensive attention, as the protein was
shown to be a haploinsufficient tumor suppressor. 27,28 Furthermore, the anti-apoptotic Bcl-2
family proteins, Bcl-2 and Bcl-xL, interact directly
with Beclin-1 and subsequently inhibit Beclin-1
dependent autophagy. This finding is particularly
interesting, as the interaction between Bcl-2/Bcl-xL
and Beclin-1 can be regarded as a point of convergence of apoptosis and autophagy.29–31 Despite
the potential importance of the regulatory role of
Bcl-2/Bcl-xL in Beclin-1-dependent autophagy, the
structural basis of the Bcl-2/Bcl-xL and Beclin-1
interaction remains obscure.
Here, we report the mapping and biochemical
characterization of the minimal Bcl-xL-binding
domain of Beclin-1. The solution structure of BclxL in complex with the Bcl-xL-binding domain of
Beclin-1 was determined at high resolution by NMR
spectroscopy. The complex structure shows that
Beclin-1 contains a BH3 domain in its N-terminal
region. Detailed biochemical and structural analysis
of the interface between Bcl-xL and Beclin-1 provides insights into the versatile targeting properties
of Bcl-xL.

Results and Discussion
A short stretch of the sequence containing the
BH3-like domain in Beclin-1 specifically
interacts with Bcl-xL
We used purified recombinant human Bcl-xL and
various fragments of human Beclin-1 to characterize
the interaction between the two proteins. The Bcl-xL
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recombinant protein used throughout this study
has its flexible loop (residues 45–84) and the
transmembrane domain (residues 197–233) deleted,
as such deletions are necessary for preparation and
handling of Bcl-xL samples in vitro.16 A 72 residue
fragment (residues 104–175) in the N-terminal
region of Beclin-1 was found to bind robustly to
Bcl-xL in a pull down assay (Figure 1(a)). Deletion of
residues 104–131 eliminated interaction between
Beclin-1 and Bcl-xL (Figure 1(a)), indicating that
this 28 residue fragment of Beclin-1 is required for
the protein to interact with Bcl-xL. Next, we purified
a thioredoxin-fused Beclin-1 fragment containing
this 28 residue fragment (Trx-Beclin-1 (104-131)),
and this Trx-Beclin-1 fragment could bind to glutathione-S-transferase (GST)-Bcl-xL (Figure 1(b)).
We further noted that Trx-Beclin-1 (104-131) binds
to GST-Bcl-xL in a similar manner when compared
to Trx-Beclin-1 (104-175), suggesting that the 28
residue fragment of Beclin-1 (residues 104–131) is
likely to be sufficient for binding to Bcl-xL. Mixing a
peptide fragment encompassing Beclin-1 (104-131)
(Figure 1(d) and (e)), but not its immediate Cterminal fragment (residues 132–175, data not
shown), with Bcl-xL induced large chemical shift
changes to a subset of resonances in the 1H-15N
heteronuclear single quantum coherence (HSQC)
spectrum of 15N-labeled Bcl-xL, further supporting
that the 28 residue fragment of Beclin-1 (residues
104–131) binds to Bcl-xL specifically. Finally, we
measured the binding affinity between Beclin-1
(104-131) and Bcl-xL using the fluorescence polarization method. In this assay, an increasing amount
of Bcl-xL was titrated into fluorescence-labeled TrxBeclin-1 (104-131), and the binding curve was fit
with the simple two-component-binding equation.
We found that Bcl-xL binds to Beclin-1 (104-131)
with a relatively high affinity (Kd ∼1.4 μM) (Figure 1
(c)). Longer Beclin-1 fragments with extensions in
both the N and C termini of this 28 residue peptide
did not increase the binding affinity of Beclin-1 to
Bcl-xL (data not shown), further demonstrating that
the 28 residue peptide fragment identified here
represents the complete Bcl-xL-binding domain of
Beclin-1.
Amino acid sequence alignment analysis revealed that the Bcl-xL-binding domain of Beclin-1 is
highly conserved across species, from flies to
humans (Figure 2). Since Bcl-xL is known to bind
to its targets via their respective BH3 domains, we
reasoned that the Bcl-xL-binding domain of Beclin1 may also encompass a BH3 domain, and Beclin-1
may be a new member of BH3-only family
proteins. This hypothesis is consistent with our
NMR-based titration experiment showing that the
binding of the Bcl-xL-binding domain of Beclin-1
induced chemical shift changes restrained to a
region known as the BH3 domain-binding pocket
of Bcl-xL (Figure 1(e)). Next, we aligned the amino
acid sequence of the Bcl-xL-binding domain of
Beclin-1 with those of all previously defined BH3
domains (Figure 2(b)). Except for the residue in the
P3 position, the Bcl-xL-binding domain of Beclin-1
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Figure 1. Characterization of the interaction between Beclin-1 and Bcl-xL. (a) GST-tagged Beclin-1 fragments (residues
132–175 and 104–175) were used to pull down Myc-tagged Bcl-xL expressed in HEK293T cells. Beclin-1 (104–175), but not
Beclin-1 (132–175), was able to pull down Bcl-xL, indicating that Beclin-1 (104–131) is required for Bcl-xL binding. The
Bcl-xL loading control contained 10% of total cell lysate (TCL). (b) GST-tagged Bcl-xL was used to capture purified
Trx-tagged Beclin-1 fragments. Both Beclin-1 fragments (residues 104–131 and 104–175, indicated with arrow) were found
to bind specifically to GST-tagged Bcl-xL. The loading controls contained 20% of the total input of Trx-tagged Beclin-1
fragments. (c) Quantitative measurement of the binding affinity between Trx-Beclin-1 (104–131) and Bcl-xL and between
Trx and Bcl-xL by fluorescence polarization assay. (d) Superimposed HSQC spectra of 15N-labeled Bcl-xL with or without
a saturating amount of unlabeled Beclin-1 (104–131) fragment. Binding of Beclin-1 (104–131) induced chemical shift
changes to a subset of peaks, indicating a direct interaction between Bcl-xL and Beclin-1. (e) Mapping of the Beclin-1induced chemical shift changes onto the 3D structure of Bcl-xL. The amide backbones of Bcl-xL that display significant
chemical shift changes upon binding to Beclin-1 are drawn in yellow, and these residues are restrained within the socalled BH3 domain-binding pocket (formed by α2-α5) of Bcl-xL.

aligns well with the BH3 domains of other known
targets. Specifically, as in all other BH3 domains,
the amino acid residues at the P1, P2 and P4
positions of Beclin-1 are hydrophobic. Additionally,
the Bcl-xL-binding domain of Beclin-1 also contains
a signature Gly-Asp motif between the P3 and P4
positions (Figure 2). Our biochemical data, together
with the amino acid sequence analysis, suggest that
the Bcl-xL-binding domain of Beclin-1 is a BH3
domain. To prove that the Bcl-xL-binding domain
of Beclin-1 indeed forms an amphipathic BH3 helix
upon binding to Bcl-xL, we determined the
structure of Bcl-xL in complex with its binding
domain from Beclin-1 using NMR spectroscopy.

Overall structure of the Bcl-xL/ Beclin-1 complex
To facilitate the chemical shift assignment and
structural determination of the Bcl-xL/Beclin-1
complex, we covalently fused the Beclin-1 (104131) fragment to the N terminus of Bcl-xL. A flexible
(Gly-Ser-)5 linker was inserted between Beclin-1 and
Bcl-xL to ensure that the Beclin-1 fragment would
interact with Bcl-xL in an intramolecular manner.
Analytical gel-filtration chromatogram showed that
the Beclin-1-Bcl-xL single-chain fusion protein was
eluted at a molecular mass indicative of a monomer
(data not shown). Except for several residues from
the N terminus and some amino acids that are in
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Figure 2. Beclin-1 is a new
member of BH3-only protein. (a)
Domain organization of Beclin-1,
which contains an N-terminal BclxL/Bcl-2 binding domain, a central
coiled-coil domain and a C-terminal
evolutionarily conserved region
(ECR). (b) Amino acid sequence
alignment of the Bcl-xL-binding
domain of Beclin-1 from different
species (top), and the sequence alignment of Beclin-1 BH3 domain with all
other known human proteins containing BH3 domains. In this alignment, the conserved hydrophobic
residues are shown in yellow, negative residues in red, positive residues
in cyan, and other conserved residues in green. The amino acid
residue number of Beclin-1 and the
secondary structure of the BH3 helix
are labeled on the top of the alignment. The conserved hydrophobic
residues in the BH3 helices that are
critical for binding to Bcl-xL are
labeled P1 to P4.

close vicinity to the N terminus of Bcl-xL, the HSQC
spectrum of Bcl-xL in complex with an isolated
Beclin-1 (104-131) fragment overlapped well with
the spectrum of the Beclin-1-(GS)5-Bcl-xL fusion
protein, indicating that the covalent linking of the
Beclin-1 fragment with Bcl-xL does not change the
overall conformation of this complex (Supplementary Data, Figure S1). The quality of the NMR
spectra of the Beclin-1-(GS)5-Bcl-xL fusion protein is
significantly better (i.e. sharper and more homogenous lineshapes) than the Bcl-xL/Beclin-1 complex (Supplementary Data, Figure S1(a)), and this
was advantageous for NMR-based structure determination. Covalent linking of the Beclin-1 peptide to
Bcl-xL has further simplified the structure determination of the complex, as the nuclear Overhauser
enhancements (NOEs) between Bcl-xL and Beclin-1
were simplified as intramolecular NOEs in the
fusion protein.
The structure of the Beclin-1-(GS)5-Bcl-xL fusion
protein was determined at high resolution by standard heteronuclear, multidimensional NMR spectroscopy using unlabeled, 15 N-labeled, 15 N,13 Clabeled, and 2H,15N,13C-labeled samples.32,33 For
easier comparison with other Bcl-xL/BH3 domain
complexes, we refer to the Beclin-1-(GS)5-Bcl-xL
fusion protein as the Bcl-xL/Beclin-1 complex.
Except for the two termini, the linker connecting
the α1 and α2 helices of Bcl-xL and the (GS)5 linker,
the rest of the Bcl-xL/Beclin-1 complex structure is
well defined (Figure 3 and Table 1). The Bcl-xLbinding domain of Beclin-1 forms an amphipathic
α-helix in the complex, confirming our prediction

that Beclin-1 is a BH3 domain-only Bcl-xL-binding
protein. As seen in all other known Bcl-xL/BH3
domain complexes, Bcl-xL contains eight α-helices
(α1–α8), among which the completely hydrophobic
α5 is surrounded by α1–α4 and α6. This helical
arrangement leads to two open sites, one of which is
capped by two short helices, α7 and α8, and the
other (the Bcl-xL target-binding pocket formed by
α2–α5) is completed by the amphipathic Beclin-1
BH3 α-helix (Figure 3(b)).
Interface between the Beclin-1 BH3 domain and
Bcl-xL
The interaction between Bcl-xL and the BH3
domain of Beclin-1 is mediated by both hydrophobic and electrostatic interactions. The sidechains of the hydrophobic residues at the P1
(Leu112), P2 (Leu116), and P4 (Phe123) positions
of the BH3 domain pack intimately with the
hydrophobic residues in the target-binding pocket
formed by α2–α5 of Bcl-xL (Figure 4(a); Supplementary Data Figure S2(a) and (b)). The conserved
Lys117 of the Beclin-1 BH3 domain interacts with
Glu129 and Asp133 in Bcl-xL. The side-chain of
Asp121 in the signature Gly-Asp motif of the BH3
domain interacts with the side-chain of Arg139 in
Bcl-xL (Figure 4(a)). All of the above-mentioned
hydrophobic and charge–charge interactions
between Bcl-xL and Beclin-1 are conserved in
other Bcl-xL/BH3 domain complexes (Figures 2, 5
and 6).14–16 Unique to the BH3 domain of Beclin-1,
the P3 position is a threonine residue (Thr119). In
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Figure 3. Structure of the Bcl-xL/Beclin-1 complex. (a) A stereo view showing the backbones of 20 superimposed
NMR-derived structures of the Bcl-xL/Beclin-1 complex. For clarity, the flexible (GS)5 linker is omitted. The termini of
Bcl-xL and Beclin-1 are labeled N, C and N′, C′ respectively. Bcl-xL is drawn in dark green and Beclin-1 in red. (b) A ribbon
diagram of a representative NMR structure of the Bcl-xL/Beclin-1 complex, colored as in (a).

the majority of the other BH3 domains, the residue
at the P3 position is a bulky hydrophobic residue.
We predicted that the presence of Thr119 at the P3
position is not favorable for the interaction between
Beclin-1 and Bcl-xL, and this may explain why the
binding of Beclin-1 to Bcl-xL is weaker than that of
other BH3 domain proteins such as Bid (Kd
∼0.25 μM),34 Bad (Kd ∼0.006 μM),35 Bak (Kd
∼0.2 μM),16 and Bim (Kd ∼0.8 nM).36

Next, we created a series of point mutations in the
amphipathic Beclin-1 BH3 helix to analyze the role
of these selected residues in binding to Bcl-xL. Two
complementary approaches were used to assay the
interaction between various Beclin-1 mutants and
Bcl-xL. In the first assay, we compared the elution
profile of each pair of Bcl-xL/Beclin-1 BH3 domain
mixtures with those of isolated Bcl-xL and Beclin-1
BH3 domain obtained from an analytical gel-

Table 1. Structural statistics for the family of 20 structures of the Bcl-xL/Beclin-1 complex
Distance restraints
Intraresidue (i–j = 0)
Sequential (|i–j| = 1)
Medium range (2 b |i–j| b 4)
Long range (|i–| N 5)
Hydrogen bonds
Total
Dihedral angle restraints
Φ
Ψ
Total
Mean r.m.s. deviations from the experimental restraints
Distance (Å)
Dihedral angle (deg.)
Mean r.m.s. deviations from idealized covalent geometry
Bond (Å)
Angle (deg..)
Improper (deg.)
Mean energies (kcal mol−1)a
ENOE
Ecdih
EL-J
Ramachandran plotb
Residues 106–128 in Beclin-1; residues 1–30 and 85–196 in Bcl-xL
Most favorable regions (%)
Additionally allowed regions (%)
Generously allowed regions (%)
Atomic r.m.s. differences
Full molecule (residues 108–125 in Beclin-1; 4–28 and 85–196 in Bcl-xL)
Backbone heavy atoms (N, Cα, and C′) (Å)
Heavy atoms (Å)

1162
837
761
527
190
3477
116
116
232
0.016 ± 0.001
0.325 ± 0.021
0.002 ± 0.000
0.344 ± 0.008
0.250 ± 0.012
44.97 ± 2.62
1.50 ± 0.19
−685.26 ± 12.25
84.7
12.5
1.8
0.35
0.90

None of the structures exhibited distance violations greater than 0.3 Å or dihedral angle violations greater than 4°.
a
The final values of the square-well NOE and dihedral angle potentials were calculated with force constants of 50 kcal mol−1Å−1 and
200 kcal mol−1rad−1.
b
The program PROCHECK55 was used to assess the overall quality of the structures.
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Figure 4. Dissection of the interface between Bcl-xL and Beclin-1. (a) A ribbon diagram showing the interface between
Bcl-xL and the Beclin-1 BH3 domain. The α2–α5 helices forming the ligand-binding pocket of Bcl-xL are drawn in ribbon
representation (purple), and the Beclin-1 BH3 domain is shown using a worm model (grey). The residues in the complex
interface and the residues of Beclin-1 BH3 domain chosen for mutations are highlighted in the explicit atom model, with
the hydrophobic residues drawn in yellow, the positively charged residues in blue, and the negatively charge residues in
red. (b)–(h) Comparisons of the elution profiles of ligand-free Bcl-xL (blue lines), the isolated Trx-Beclin-1 BH3 domain
(green lines), and the mixtures of Bcl-xL with various Beclin-1 mutants (broken red lines). (b) to (h) represent bindings of
various Beclin-1 mutants: (b) the wild-type, (c) RR114/115QQ, (d) L116Q, (e) K117Q, (f) T119I, (g) D121A, and (h) F123A.
For clarity, the absorption values (Y axis) of the elution profiles were normalized arbitrarily. The analytical gel-filtration
assay demonstrated direct binding between the wild-type Beclin-1 BH3 domain and Bcl-xL, as co-injection of the Beclin-1
and Bcl-xL mixture resulted in a major peak at ∼13.22 ml, corresponding to a molecular mass of ∼36 kDa, closely
matching the theoretical size of a 1:1 Bcl-xL/Trx-Beclin-1 BH3 domain complex. The minor peak in (b) represents the
residual amount of uncomplexed proteins. The RR114/115QQ, K117Q, T119I mutants of Beclin-1 retained the Bcl-xL
binding capacity. Whereas mutations of L116Q, D121A and F123A disrupted the binding of Beclin-1 to Bcl-xL (no
detectable peak shift for the co-injection samples). (i) Glutathione affinity beads-based pull-down assay of GST-Bcl-xL
with various Myc-tagged Beclin-1 mutants expressed in HEK293T cells. Consistent with the analytical gel-filtration assay,
the L116Q, D121A and F123A Beclin-1 mutants showed very little binding to Bcl-xL. Interestingly, the T119I mutant
showed increased binding to Bcl-xL. The loading controls of various Beclin-1 mutants are shown at the bottom, and
represent 20% of cell lysate used for the binding assay. Purified GST and GST-Bcl-xL (stained with Coomassie brilliant
blue) used for the binding assay are also shown.

filtration chromatography column (Figure 4(b)–(h)).
Formation of the Bcl-xL/Beclin-1 BH3 domain
complex could be detected easily because the BclxL/Beclin-1 BH3 domain mixture was eluted at a
significantly smaller elution volume (e.g. see Figure 4
(b)). In the second approach, we used purified GSTBcl-xL to pull-down Myc-tagged wild-type Beclin-1
and its various mutants to assay the binding (Figure

4(i)). Consistent with our structural analysis, mutations of the hydrophobic residues at the P2 and P4
positions (L116Q and F123A) nearly eliminated the
interaction between Bcl-xL and Beclin-1 (Figure 4(d),
(h) and (i)). Substitution of Asp121 in the signature
Gly-Asp motif also completely disrupted the complex formation (Figure 4(g) and (i)). Substitution of
the positively charged Lys117 with Gln reduced the

Solution Structure of Bcl-xL/Beclin-1 Complex

Beclin-1/Bcl-xL interaction slightly (Figure 4(e) and
(i)). As a control, replacement of the two solventexposed Arg residues (Arg114 and Arg115, which
did not have any direct contact with Bcl-xL) with
Gln (R114Q/R115Q) had no obvious effect on its
binding to Bcl-xL (Figure 4(a), (c) and (i)). Interestingly, changing the residue at the P3 position of the
Beclin-1 BH3 domain from hydrophilic Thr to
hydrophobic Ile enhanced the binding between
Beclin-1 and Bcl-xL (Figure 4(f) and (i)), supporting
our structure-based prediction that Thr119 at the
P3 position is not favorable for Beclin-1 to bind to
Bcl-xL.
Versatile target-binding capabilities of Bcl-xL
The fact that Bcl-xL is able to bind to a diverse
range of BH3 domains with variable amino acid
sequences prompted us to analyze the detailed
structural features of the Bcl-xL/Beclin-1 complex in
the context of other known Bcl-xL/BH3 domain
complexes. Upon binding to various BH3 domains
of its target proteins, including Beclin-1, Bad,14
Bim,15 and Bak,16 the N-terminal end of α4 of
Bcl-xL moves towards the N-terminal end of the
BH3 helix, presumably shaping the target-binding
groove together with α2, α3, and α5 (Figure 5(a);
Supplementary Data Figure S2). The amplitude of
α4 movement correlates well with the size of the
side-chain of the residue at the P1 position of BH3
domains. When the side-chain of the P1 residue is
bulky (e.g. Tyr in Bad, Leu in Beclin-1, or Ile in Bim),
the movement of α4 is relatively small (∼4 Å or less,
Figure 5(a)). Conversely, if the side-chain of the P1
residue is less bulky (e.g. Val in Bak), α4 moves more
towards the BH3 helix (up to 6 Å, Figure 5(a)).
The most obvious conformational changes of BclxL upon binding to its targets occur in α3 and the
loop connecting α2 and α3. In the ligand free Bcl-xL,
α3 is a three-turn long helix, and Phe105 in α3 and
Tyr101 in the α2/α3-loop are packed with the rest of
the hydrophobic residues in the BH3-binding pocket
to maintain the pocket in a “semi-open” state
(Supplementary Data Figure S2(a)). Upon binding
to BH3 ligands, α3 and the α2/α3-loop open
significantly, and this opening is accompanied by
the partial melting of α3 (Figure 5). Importantly, the
mode of α3 opening and the movement of the
residues in the α2/α3-loop in response to various
incoming BH3 domains differ, and correlate well
with the nature of the amino acid residue at the P3
position and the residue preceding the P3 position in
the BH3 domains (Figure 2). When the residue
preceding the P3 position is hydrophobic (e.g.
Val118 in Beclin-1 and Ile80 in Bak), binding of the
BH3 ligands leads to elongation of α2 at the
C-terminal end and to an almost complete melting
of α3 (Figure 5(a) and (b), and Supplementary Data
Figure S3). Elongation of α2 is accompanied by the
flipping of the hydrophobic Phe105 outwards to
form a deep hydrophobic groove that can accommodate the BH3 ligands (Figures 5(b) and 6). Specifically, Phe105 of Bcl-xL opens up to interact with
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the more solvent-exposed hydrophobic residue
(Val118 in Beclin-1 and Ile80 in Bak) preceding the
P3 position in the BH3 ligands (Figure 6(a) and (c)).
In the Bcl-xL-binding BH3 domains in which the
residue preceding P3 is hydrophilic, the P3 position
is invariably occupied by a hydrophobic residue
(Figure 2). In these Bcl-xL/BH3 domain complexes
(e.g. the Bcl-xL/Bad and Bcl-xL/Bim complexes),
the BH3 ligand binding-induced elongation of α2 is
not observed (Figures 5(a) and (c), 6(b); and
Supplementary Data Figure S3). Instead, α3
breaks into two short helices upon ligand binding
(Figure 5(c)). Phe105 in Bcl-xL points inwards and
interacts with the buried hydrophobic residue at the
P3 position of BH3 ligands (Figure 5(c)), and the
ligand-binding groove of Bcl-xL is significantly
shallower (Figure 6(b); and Supplementary Data
Figure S4). NMR-based dynamic studies of Bcl-xL,37
Bcl-2,38 Bax,39 and Bid40,41 indicated that the amino
acid residues in α3 and the α2/α3-loop are more
flexible than the residues in the other helices. We
further noted that a number of residues from α3 and
the α2/α3-loop showed broad backbone amide
peaks in the HSQC spectrum of the Bcl-xL/Beclin1 fusion protein (data not shown), suggesting that
α3 and the α2/α3-loop have certain conformational
flexibility. We propose that the intrinsic conformational flexibilities of α3 and the α2/α3-loop of Bcl-xL
provide a mechanistic basis for the protein to
recognize a diverse range of BH3 domain-containing
targets.
Our solution structure of the Bcl-xL/Beclin-1
complex demonstrates unequivocally that Beclin-1
contains a BH3 domain in its N-terminal end, and
that the BH3 domain mediates the specific interaction between Beclin-1 and Bcl-xL. In previous wellstudied apoptosis systems, the pro-apoptotic BH3only proteins (e.g. Bad and Bim) lock Bcl-xL in its
inactive state by forming tight Bcl-xL/BH3 complexes, and in turn set pro-apoptotic proteins (e.g.
Bak and Bax) free to execute their cell deathstimulating function. The fact that Beclin-1 is a
newly discovered BH3-only protein immediately
raises the possibility that Beclin-1 might have a proapoptotic role. The possible pro-apoptotic role of
Beclin-1 is in line with the tumor suppression
activities of the protein. However, it should be
cautioned that no direct evidence is available to
support the pro-apoptotic role of Beclin-1. Since
both apoptosis and autophagy are potentially
protective pathways in tumorogenesis, it is possible
that the observed tumor suppression function of
Beclin-1 is attributed to its pro-autophagic activity
rather than to its possible pro-apoptotic activity.
Further experiments are required to elucidate the
role of Beclin-1 in the regulation of apoptosis.
Another possible scenario is that the pro-apoptotic
BH3-only proteins might reciprocally regulate the
autophagy function of Beclin-1. Indeed, it was
demonstrated very recently that disruption of the
Beclin-1/Bcl-xL interaction by pro-apoptotic BH3only proteins or a BH3-mimetic compound ABT737
dislodges Beclin-1 from the sequestration by Bcl-xL/
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Bcl-2, and hence promotes autophagy.42,43 Finally,
autophagy and apoptosis can be mutually dependent cell death processes. For example, during

mammalian embryonic development, Beclin-1dependent autophagy is required for clearance of
cell corpses produced by apoptosis.44 The direct

Figure 5 (legend on next page)
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interactions between Beclin-1 and Bcl-xL/Bcl-2 may
represent a convergence point for the two cell death
events to crosstalk.
During the preparation of this manuscript, Shi and
his colleagues reported the crystal structure of BclxL in complex with its binding domain from Beclin1.45 The crystal structure showed that the Bcl-xL/
Beclin-1 complex existed as a dimer of a heterodimer
(i.e. (Bcl-xL/Beclin-1)2; Supplementary Data Figure
S5). Bcl-xL existed in the crystal structure as a dimer
formed by swapping α1 between two monomers.
Our biochemical data and NMR structure demonstrated clearly that the Bcl-xL/Beclin-1 complex
exists as a simple 1:1 heterodimer in solution. The
excessive deletion of the entire linker between α1
and α2 of Bcl-xL is likely the reason for the domainswapped Bcl-xL dimer in the crystal structure.
Except for this difference, our solution structure
and the crystal structure of the Bcl-xL/Beclin-1
complex are essentially the same (Figure 3; Supplementary Data Figure S5).
In summary, we determined the solution structure of the Bcl-xL/Beclin-1 complex. The structure
of the Bcl-xL/Beclin-1 complex established firmly
that Beclin-1 is a new member of BH3-only family
proteins. The interaction between the BH3 domain
of Beclin-1 and Bcl-xL provides a physical link
between the two forms of programmed cell death;
namely, autophagy and apoptosis. Since Beclin-1 is
widely implicated in a number of diseases,
including cancer and neurodegenerative disorders,
the Bcl-xL/Beclin-1 complex structure represents
the starting point for possible manipulation of the
interaction between Bcl-xL and Beclin-1 by pharmacological reagents as well as molecular engineering methods. Finally, our detailed analysis of
the structures of the Bcl-xL/Beclin-1 complex and
other Bcl-xL/BH3 domain complexes revealed the
molecular basis for the versatile target-binding
capacity of Bcl-xL.

Materials and Methods
Protein expression and purification
The cDNAs encoding various Beclin-1 fragments and
Bcl-xL used in this work were PCR amplified from a
human brain cDNA library and cloned into a modified
pET32a vector.46 The Bcl-xL constructs used in this
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study lacked amino acid residues 45–84 and 197–233.16
All truncations and point mutations of Beclin-1 were
prepared using PCR-based methods. The Beclin-1-(GS)5Bcl-xL coding sequence was constructed by concatenating DNAs coding for Beclin-1 (104-131) and Bcl-xL by a
flexible (Gly-Ser)5 connecting sequence, and subsequently cloned into the modified pET32a vector. The
Beclin-1-(GS)5-Bcl-xL fusion protein was expressed in
BL21 (DE3) Escherichia coli cells at 37 °C. The His6tagged Beclin-1-(GS)5-Bcl-xL fusion protein was purified
by Ni2+-NTA agarose (Qiagen) affinity chromatography
followed by size-exclusion chromatography. Uniformly
isotope-labeled Beclin-1-(GS)5-Bcl-xL fusion protein was
prepared by growing bacteria in M9 minimal medium
using 15NH4Cl as the sole nitrogen source or 15NH4Cl
and [13C6]glucose as sole nitrogen and carbon sources,
respectively. 2H,15 N,13C-labeled Beclin-1-(GS)5-Bcl-xL
was produced by growing bacterial cells in M9
medium prepared with 99% (v/v) 2H2O and using
15
NH4Cl and [13C6]glucose as sole nitrogen and carbon
sources. NMR samples were concentrated to ∼0.2 mM
for titration experiments and ∼1.5 mM for structural
determination in 50 mM potassium phosphate buffer
(pH 7.0).
NMR spectroscopy
NMR spectra were acquired at 30 °C on Varian Inova
500 or 750 MHz spectrometers. Sequential backbone
assignments of the Bcl-xL/Beclin-1 complex were
achieved by the Transverse relaxation optimized spectroscopy (TROSY) version of HNCO, HNCA, HN(CO)
CA, HNCACB and CBCA(CO)NH experiments using
2
H/15N/13C/-labeled samples,33,47 and confirmed by a
3D 15N-separated NOESY experiment using a 15N-labeled
sample.48,49 Non-aromatic, non-exchangeable side-chain
resonances were obtained by using HCCH-total correlated
spectroscopy (TOCSY) on a 15N/13C-labeled sample. The
side-chains of aromatics were assigned by 1H 2D TOCSY
and NOESY experiments using an unlabeled sample
dissolved in 2H2O.50
NMR structure determination
Approximate interproton distance restraints were
derived from 2D 1 H-NOESY, 3D 15 N-seperated
NOESY, and 3D 13C-seperated NOESY spectra. NOE
restraints were grouped into three distance ranges: 1.8–
2.7 Å (1.8-2.9 Å for NOEs involving NH protons), 1.83.3 Å (1.8-3.5 Å for NOEs involving NH protons), and
1.8-5.0 Å, corresponding to strong, medium, and weak
NOEs, respectively. Hydrogen bonding restraints were
generated from the standard secondary structure of the

Figure 5. Conformational changes of the ligand-binding pocket of Bcl-xL. (a) A stereo view comparing the
conformations of the ligand-binding pocket (α2–α5) of Bcl-xL in its free form (orange) and in complex with the BH3
helices from Bim (magenta), Bad (purple), Beclin-1 (green) and Bak (cyan). Tyr101 and Phe105 from Bcl-xL, which show
significant conformational differences in various complexes, are in the atomic representation. Upon binding to different
BH3 domains, α4 moves towards the target-binding pocket, whereas α3 and the α2/α3 loop display significant and
distinct conformational changes. (b) and (c) Stereo view showing the detailed hydrophobic interactions in the interface of
(b) the Bcl-xL/Beclin-1 complex, and (c) the Bcl-xL/Bad complex. The conformational changes of α3 and the α2/α3 loop
in the Bcl-xL/Beclin-1 and Bcl-xL/Bad complexes are different. In the Bcl-xL/Beclin-1 complex, the side-chain of Phe105
points outwards to contact the hydrophobic Val118 on the BH3 helix, and the side-chain of Tyr101 points inwards to form
the base of the hydrophobic ligand-binding groove. In the Bcl-xL/Bad complex, Phe105 points inwards to form part of the
hydrophobic base of the ligand-binding groove and Tyr101 points outwards to interact with the side-chain of Met154
from Bad.
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Figure 6. The malleable ligand-binding groove of Bcl-xL. (a)–(c) Surface diagrams showing the interfaces of Bcl-xL in
complex with BH3 domains from (a) Beclin-1, (b) Bad, and (c) Bak. In this diagram, Bcl-xL is in the surface representation.
The hydrophobic residues are drawn in yellow, the positively charged residues in blue, the negatively charge residues in
red, and others in white. The Beclin-1, Bad, and Bak BH3 domains are drawn in worm model and colored dark green,
purple, and cyan, respectively. For better comparison of the depths of the ligand-binding grooves of Bcl-xL in the
complexes, each complex is shown in two orientations that differ by a 90° rotation.
protein on the basis of the NOE patterns and backbone
secondary chemical shifts. Backbone dihedral angle
restraints (ϕ and ψ angles) were derived from the

secondary structure of the protein and backbone
chemical shift analysis program TALOS.51 Structures
were calculated using the CNS program.52
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GST pull down assay

Acknowledgements

GST-fused Beclin-1 fragments and Bcl-xL were expressed
in and purified from bacterial cells by glutathione
Sepharose 4B affinity chromatography (Amersham Biosciences). HEK293T cells transiently over-expressed with
various target proteins (either Myc tagged Bcl-xL (Δloop
and ΔTM) or Myc tagged wild-type Beclin-1 and its mutants) were collected 24 h after transfection and lysed in
20 mM Tris–HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA,
0.5% (v/v) Triton-X 100. Glutathione Sepharose 4B beads
slurry (30 μl) was loaded with 25 μl of GST or GST-fusion
proteins (1 mg/ml) in PBS (20 mM sodium phosphate (pH
7.4), 150 mM NaCl) at 4 °C. The GST-fusion protein loaded
beads were then mixed with 25 μl of purified potential
target proteins (1 mg/ml) or 25 μl of HEK293T cell extracts
at 4 °C for 2 h. After extensive washing of the glutathione
beads with the wash buffer (PBS supplemented with
1% (v/v) NP-40), the captured proteins were eluted with
PBS containing 20 mM glutathione. The eluted proteins
were resolved by Tris-glycine SDS-PAGE (15% (w/v)
polyacrylamide gel) and visualized either by staining
with Coomassie brilliant blue or immunoblotting with
anti-Myc antibody (from Santa Cruz Biotechnology).

We thank Miss Ling-Nga Chan for technical
help. This work was supported by grants from the
Research Grants Council of Hong Kong to M.Z
(HKUST6125/04M, 6419/05M, and 6442/06M). The
NMR spectrometers used in this work were purchased with funds donated to the Biotechnology
Research Institute by the Hong Kong Jockey Club.

Analytical gel-filtration chromatography
Analytical gel-filtration chromatography was carried
out on an AKTA FPLC system using a Superose 12 10/30
column (GE Healthcare). Freshly purified protein samples
were dissolved in 50 mM Tris–HCl (pH 7.5), 100 mM NaCl,
1 mM EDTA, 1 mM DTT to obtain a final concentration of
1 mg/ml. To detect direct interaction between Beclin-1 and
Bcl-xL, Trx-Beclin-1 (104-131) (or its mutants) was mixed
with an equivalent molar amount of Bcl-xL before the
column injection. The column was calibrated with the
low molecular mass column calibration kit (GE Healthcare).
Fluorescence assays
Fluorescence polarization assay was performed on a
PerkinElmer LS-55 fluorimeter equipped with an automated polarizer at 20 °C. Purified Trx-Beclin-1 (104-131)
was chemically modified by conjugating a fluorescent
naphthalene-derivative (5-((((2-iodoacetyl)amino)ethyl)
amino)naphthalene-1-sulfonic acid (1,5-IAEDANS from
Molecular Probe) on the Cys residues of the thioredoxin
tag. As the negative control, purified thioredoxin was
labeled with the fluorescence probe. Fluorescence titration
was performed by adding increasing amounts of unlabeled Bcl-xL into ∼0.5 μM IAEDANS-labeled Trx-Beclin-1
(104–131) in 50 mM Tris–HCl (pH 7.5), 100 mM NaCl,
1 mM EDTA, 1 mM DTT. The excitation and emission
wavelengths were set at 336 nm and 495 nm, respectively.
Illustrations
The Figures were prepared using MOLMOL, 53
MOLSCRIPT,54 PyMOL (http://pymol.sourceforge.net/),
and GRASP (http://trantor.bioc.columbia.edu/grasp/).
Protein Data Bank accession code
The atomic coordinates of the Bcl-xL/Beclin-1 complex
have been deposited in the Protein Data Bank with
accession code 2PON.

Supplementary Data
Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j.jmb.2007.06.069
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