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ABSTRACT:
B-cell lymphoma extra-large protein (BclXL) serves as
an apoptotic repressor by virtue of its ability to recognize and bind to BH3 domains found within a diverse
array of proapoptotic regulators. Herein, we investigate
the molecular basis of the specificity of the binding of

specificity of BH3 ligands to BclXL with important
consequences on the design of novel anticancer drugs.
C 2013 Wiley Periodicals, Inc. Biopolymers 101: 573–
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proapoptotic BH3 ligands to BclXL. Our data reveal
that while the BH3 ligands harboring the LXXX[A/
S]D and [R/Q]XLXXXGD motif bind to BclXL with
high affinity in the submicromolar range, those with
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the LXXXGD motif afford weak interactions. This suggests that the presence of a glycine at the fourth position (G14)—relative to the N-terminal leucine (L0)
within the LXXXGD motif—mitigates binding, unless

INTRODUCTION

the LXXXGD motif also contains arginine/glutamine

he B-cell lymphoma extra-large protein (BclXL) apoptotic repressor belongs to the B-cell lymphoma protein 2 (Bcl2) family of proteins that play a central
role in determining the apoptotic fate of cells during
physiological processes such as embryonic development and cellular homeostasis.1–8 Briefly, the Bcl2 proteins
can be divided into three major groups with respect to their
role in the regulation of apoptotic machinery: activators,
effectors and repressors (Figure 1a). In a nutshell, the apoptotic fate—or the decision of a cell to live or die—is determined by the cellular ratio of activator, effector and
repressor molecules.9,10 In quiescent and healthy cells, the
effectors such as Bcl2-associated protein X (Bax) and Bcl2homologous antagonist/killer (Bak) are maintained in an
inactive state via complexation with repressors such as BclXL
and Bcl2. Upon receiving apoptotic cues, in the form of
DNA damage and cellular stress, the activators such as BH3interacting domain death agonist (Bid) and Bcl2-associated
death promoter (Bad) are stimulated and compete with

at the 22 position. Of particular note is the observation that the residues at the 14 and 22 positions
within the LXXX[A/S]D and [R/Q]XLXXXGD motifs
appear to be energetically coupled—replacement of
either [A/S]14 or [R/Q]-2 with other residues has little bearing on the binding affinity of BH3 ligands harboring one of these motifs. Collectively, our study lends
new molecular insights into understanding the binding
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FIGURE 1 An overview of Bcl2 proteins. (a) Modular organization of repressors, effectors, and
activators. The activators belong to the BH3-only proteins, where BH3 is the Bcl2 homology 3
domain. Examples of activators include Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa, and Puma. The effectors contain the BH3-BH1-BH2-TM modular architecture, where TM is the transmembrane
domain located C-terminal to Bcl2 homology domains BH3, BH1, and BH2. Examples of effectors
are Bak and Bax. The repressors are usually characterized by the BH4-BH3-BH1-BH2-TM modular
organization, with an additional N-terminal Bcl2 homology 4 domain. Examples of repressors are
BclXL, Bcl2, Bcl2-like protein 2 (BclW), myeloid leukemia cell protein 1 (Mcl1), and Bcl2-related
protein A1 (Bfl1). (b) Amino acid sequence alignment of BH3 domains of various effectors and
activators encoded by the human genome and employed in this study as ligands for BclXL. Note
that the absolutely conserved consensus leucine and aspartate residues within the core LXXXXD
motif shared by all BH3 domains are colored red. The numerals indicate the nomenclature used in
this study to distinguish residues within and flanking the core LXXXXD motif relative to the consensus leucine, which is arbitrarily assigned zero. (c) Structural model of BclXL bound to BH3 peptide of Puma. In BclXL, the hydrophobic a-helical hairpin dagger (a5/a6) is colored blue, the
amphipathic a-helical cloak (a1–a4 and a7–a8) is colored green, and the loops in gray. The
C-terminal TM domain (a9 helix) was not modeled into the structure for the sake of simplicity.
The a-helical BH3 peptide is colored brown. Note that the consensus leucine (L0) and aspartate
(D15) residues within the LXXXXD motif of BH3 peptide are shown in yellow and their respective
intermolecular counterparts (F146 and R139) within BclXL in red.

effectors for binding to the repressors and, in so doing, not
only do they neutralize the antiapoptotic action of repressors
but also unleash the proapoptogenicity of effectors. The
effectors subsequently initiate apoptotic cell death by virtue
of their ability to insert into the mitochondrial outer membrane (MOM) resulting in the formation of mitochondrial
pores in a manner akin to the insertion of bacterial toxins
such as colicins and diphtheria.11–15 This leads to the release
of apoptogenic factors such as cytochrome c and Smac/

Diablo from mitochondria into the cytosol. Subsequently,
rising levels of apoptogenic factors in the cytosol switch on
aspartate-specific proteases termed caspases, which in turn,
demolish the cellular architecture by cleavage of proteins culminating in total cellular destruction. In this manner, the
concerted action of various Bcl2 proteins keeps apoptosis in
check in an healthy cell, while their dysregulation is met with
serious pathological consequences. In particular, overexpression of BclXL and Bcl2 apoptotic repressors is associated
Biopolymers
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with the development of various cancers.16–18 Tellingly,
BclXL and Bcl2 rank among some of the most attractive targets for anticancer therapy.
While there is a general consensus that hetero-association
between various members of the Bcl2 family represents a
defining event in the decision of a cell to live or die, the
molecular basis of such protein–protein interactions remains
hitherto poorly characterized. In particular, the BH3 domain
of activators and effectors—which is typically about 20
amino acids in length and characterized by the presence of
the core LXXXXD motif (Figure 1b)—has risen to prominence for its key role in mediating apoptosis on at least two
major fronts. First, the repressors unleash their antiapoptotic
action by virtue of their ability to bind to the BH3 domain
of effectors. Second, the activators initiate apoptosis by virtue of the ability of their BH3 domains to compete with the
BH3 domains of effectors for binding to repressors and, in
so doing, drive the apoptotic machinery by neutralizing the
repressors. While substantial efforts have been made over the
past decade or so in understanding the molecular basis of
the binding specificity of BH3 domains of activators and
effectors to apoptotic repressors,19–31 further work is clearly
warranted. Toward this goal, we employ here various biophysical tools to investigate the molecular basis of the specificity of the binding of proapoptotic BH3 ligands to BclXL
apoptotic repressor. Briefly, on the basis of its known atomic
structure alone and bound to various BH3 peptides,19,21–23
BclXL is characterized by canonical Bcl2 topological fold
harboring a central predominantly hydrophobic a-helical
hairpin “dagger” (a5/a6) surrounded by a “cloak” comprised
of six amphipathic a-helices (a1–a4 and a7–a8) of varying
lengths (Figure 1c). Additionally, BclXL contains a
C-terminal hydrophobic a-helix termed a9, or more commonly the transmembrane (TM) domain, which plays an
important role in the localization of BclXL to MOM upon
apoptotic induction.32–34 Importantly, the BH3 peptides
adopt an amphipathic a-helical conformation within the
ligand binding groove—a shallow cleft formed by the juxtaposition of a2–a5 helices within BclXL—and are stabilized
via numerous intermolecular contacts. It is noteworthy that
while the consensus L0 and D15 residues within the
LXXXXD motif account for core intermolecular interactions
between BH3 peptides and BclXL, residues within and flanking this motif further buttress these intermolecular contacts.
In this study, we provide evidence that the various BH3
ligands can be dissected into three distinct classes harboring
the LXXX[A/S]D, LXXXGD, and [R/Q]XLXXXGD motifs on
the basis of their binding characteristics to BclXL.
Our detailed biophysical analysis sheds new light on the
mechanism of BclXL-ligand recognition.
Biopolymers
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MATERIALS AND METHODS
Sample Preparation
Human BclXL (residues 1–200) was cloned into pET30 bacterial
expression vector with an N-terminal His-tag using Novagen ligationindependent cloning (LIC) technology, expressed in Escherichia coli
BL21*(DE3) bacterial strain (Invitrogen) and purified on a Ni-NTA
affinity column using standard procedures as described previously.35,36
Protein concentration was determined by the fluorescence-based
Quant-It assay (Invitrogen) and spectrophotometrically on the basis
of an extinction coefficient of 41,940 M21 cm21 calculated using the
online software ProtParam at ExPasy Server.37 Results from both
methods were in an excellent agreement. The 20-mer wildtype and
mutant peptides spanning the BH3 domains from various human
apoptotic effectors and activators were commercially obtained from
GenScript Corporation. The amino acid sequence of wildtype BH3
peptides employed in this study is provided in Figure 1b. The concentration of all BH3 peptides was measured gravimetrically.

Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) experiments were performed
on a Microcal VP-ITC instrument. Briefly, BclXL and various BH3
peptides were prepared in 50 mM sodium phosphate buffer containing 0–500 mM NaCl, 1 mM EDTA and 5 mM b-mercaptoethanol at
pH 7.0. ITC experiments were initiated by injecting 25 3 10 ml aliquots of 1–4 mM of each BH3 peptide from the syringe into the calorimetric cell containing 50–100 mM of 1.46 ml of BclXL at various
temperatures in the 15–35 C range. In each case, the change in thermal power as a function of each injection was automatically recorded
using the ORIGIN software and the raw data were further processed
to yield binding isotherms of heat release per injection as a function
of molar ratio of each BH3 peptide to BclXL. The heats of mixing and
dilution were subtracted from the heats of binding per injection by
carrying out a control experiment in which the same buffer in the calorimetric cell was titrated against each BH3 peptide in an identical
manner. The apparent equilibrium dissociation constant (Kd) and the
enthalpic change (DH) associated with peptide binding to BclXL were
determined from the nonlinear least-squares fit of data to a one-site
model as described previously.36,38 The binding free energy change
(DG) was calculated from the following expression:
DG5RTln Kd

(1)

where R is the universal molar gas constant (1.99 cal/K/mol) and T is
the absolute temperature. The entropic contribution (TDS) to the free
energy of binding was calculated from the relationship:
T DS5DH2DG

(2)

where DH and DG are as defined above. Heat capacity change (DCp)
and enthalpy change at 60 C (DH60) associated with peptide binding
to BclXL were determined from the slopes and y-extrapolations to a
temperature of 60 C of DH–T plots, respectively.

SASA Calculations
Changes in solvent-accessible surface area (SASA) upon the binding
of various BH3 peptides to BclXL were subsequently calculated from
the experimentally determined values of DCp and DH60. To determine
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changes in polar SASA (DSASApolar) and apolar SASA (DSASAapolar)
upon peptide binding to BclXL, it was assumed that DCp and DH60
are additive and linearly depend on the change in DSASApolar and
DSASAapolar as embodied in the following empirically derived expressions39–42:




DCp 5a DSASA polar 1 b DSASA apolar
(3)




DH60 5c DSASA polar 1 d DSASA apolar
(4)
where a, b, c, and d are empirically determined coefficients with values of 20.14 cal/mol/K/Å2, 10.32 cal/mol/K/Å2, 131.34 cal/mol/Å2,
and 28.44 cal/mol/Å2, respectively. The coefficients a and b are independent of temperature, while c and d refer to a temperature of
60 C, which equates to the median melting temperature of the proteins
from which these constants are derived.39–42 With DCp and DH60
experimentally determined using ITC and the knowledge of
coefficients a–d from empirical models,39–42 Eqs. (3) and (4) were
simultaneously solved to obtain the magnitudes of DSASApolar and
DSASAapolar. Total change in SASA (DSASAtotal) is defined by the
following equation:
DSASA total 5DSASA polar 1DSASA apolar

(5)

Molecular Modeling
Structural model of BclXL (residues 1–200) in complex with 20-mer
BH3 peptide derived from p53-upregulated modulator of apoptosis
(Puma) was built using the MODELLER software based on homology
modeling.43 Briefly, the structural model was constructed using,
respectively, the NMR and X-ray structures of truncated BclXL in
complex with BH3 peptides derived from Bad (PDB ID: 1G5J) and
Bcl2-interacting mediator (Bim) (PDB ID: 1PQ1) in a multitemplate
alignment fashion. A total of 100 structural models were calculated
and the structure with the lowest energy, as judged by the MODELLER Objective Function, was selected for further analysis. The structural model was rendered using RIBBONS.44

RESULTS AND DISCUSSION
BH3 Ligands Recognize BclXL in a Differential
Manner
Over the past decade or so, unraveling the specificity of BH3
ligands toward BclXL and other apoptotic repressors has been
an area of immense interest. In particular, previous studies
have revealed that residues within and flanking the LXXXXD
motif account for the specificity of binding of BH3 ligands to
apoptotic repressors.19–31 Importantly, these studies show that
in addition to consensus leucine (L0) and aspartate (D15)
within the LXXXXD motif of BH3 peptides (Figure 1b), the
hydrophobic residues at the 24, 13, and 17 positions represent interaction “hotspots” that determine the selectivity of
molecular recognition by virtue of their ability to align along
one face of the amphipathic BH3 a-helix that is accommodated within the binding groove of Bcl2 proteins. In an effort

to further build on this work and to understand the ligand
specificity of BclXL toward apoptotic activators and effectors,
we measured the binding of BclXL to BH3 peptides derived
from various Bcl2 proteins using ITC (Figure 2 and Table I).
Our data reveal that while all BH3 ligands are characterized
by the presence of the core LXXXXD motif (Figure 1b), residues within and flanking this motif further fortify the BclXLligand interaction in a highly rational manner. In particular,
the various BH3 ligands of BclXL can be divided into three
major classes on the basis of the distinct motifs that they
harbor. As noted in Table I, the three major motifs
include LXXX[A/S]D (Class I), LXXXGD (Class II), and
[R/Q]XLXXXGD (Class III). Of particular note is the observation that the BH3 ligands characterized by these motifs display
distinct affinities upon binding to BclXL. Thus, while BH3
ligands harboring the LXXX[A/S]D and [R/Q]XLXXXGD
motifs bind to BclXL with submicromolar affinities, those harboring the LXXXGD motif do so with affinities that are
between one-to-two orders of magnitude weaker in the micromolar range. This suggests that the presence of a glycine at the
fourth position (G14)—relative to the N-terminal leucine
(L0) within the LXXXGD motif (Figure 1b)—mitigates binding, unless the LXXXGD motif also contains arginine/glutamine at the 22 position.

Energetic Coupling Accounts for High-Affinity
Binding of BH3 Ligands to BclXL
Our data presented above provoke the notion that the residues
located respectively at the 14 and 22 positions within the
LXXX[A/S]D and [R/Q]XLXXXGD motifs are energetically
coupled. Simply put, the replacement of alanine/serine at the
14 position is largely compensated by arginine/glutamine at
the 22 position and vice versa. To test this hypothesis, we generated various mutant BH3 peptides to probe the effect of
appropriate amino acid changes within and flanking the
LXXXXD motif and subsequently analyzed their binding to
BclXL using ITC in a manner akin to that conducted for wildtype BH3 peptides. As shown in Table II, our analysis reveals
that the A14G substitution within the Puma peptide
(Puma_A14G) harboring the high-affinity LXXX[A/S]D
motif results in the loss of binding affinity to BclXL by nearly
an order of magnitude, implying that the A14G replacement
within the BH3 ligands harboring the LXXXGD motif indeed
accounts for their low-affinity binding to BclXL. This view is
further substantiated by the observation that the G14A substitution within the Harakiri apoptotic activator (Hrk) peptide
(Hrk_G14A) harboring the LXXXGD motif augments its
affinity by more than five-folds from micromolar to submicromolar regime. It is noteworthy that such stabilizing effect of
Biopolymers
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FIGURE 2 Representative ITC isotherms for the binding of BH3 peptides of Puma (a), Bax (b),
and Bad (c) to BclXL in sodium phosphate buffer containing 100 mM NaCl at 25 C and pH 7. The
upper panels show raw ITC data expressed as change in thermal power with respect to time over
the period of titration. In the lower panels, change in molar heat is expressed as a function of molar
ratio of each BH3 peptide to BclXL. The solid lines in the lower panels show nonlinear least squares
fit of data to a one-site binding model using ORIGIN as described previously.36,38

glycine–alanine substitution at the 14 position within the Bim
peptide has been previously reported.25
Next, to test the notion that the location of an arginine
(R-2) or a glutamine (Q-2) at the 22 position restores the loss
of binding energy due to the A14G replacement within the
LXXXXD motif, we measured the binding of Bid and Bim peptides respectively harboring the R-2A (Bid_R-2A) and Q-2A
(Bim_Q-2A) substitutions to BclXL (Table II). Unsurprisingly,

these substitutions mitigate the binding of both of these BH3
peptides harboring the high-affinity [R/Q]XLXXXGD motif to
BclXL by several folds. Moreover, the L-2R and A-2Q substitutions within Bcl2-interacting killer (Bik_L-2R) and Hrk
(Hrk_A-2Q) peptides harboring the low-affinity LXXXGD
motif result in the enhancement of binding affinity to BclXL
by close to an order of magnitude. This finding implies that
the location of arginine/glutamine at the 22 position

Table I Thermodynamic Parameters for the Binding of Various Wildtype BH3 Peptides to BclXL in Sodium Phosphate Buffer
Containing 100 mM NaCl at 25 C and pH 7
Peptide

Sequence

Class I: LXXX[A/S]D motif
Bmf
QAEVQIARKLQCIADQFHRL
Puma
QWAREIGAQLRRMADDLNAQ
Bad
WAAQRYGRELRRMSDEFVDS
Class II: LXXXGD motif
Hrk
SAAQLTAARLKALGDELHQR
Bax
ASTKKLSESLKRIGDELDSN
Bik
EGSDALALRLACIGDEMDVS
Noxa
ELEVECATQLRRFGDKLNFR
Class III: [R/Q]XLXXXGD motif
Bid
DIIRNIARHLAQVGDSMDRS
Bim
RPEIWIAQELRRIGDEFNAY
Bak
STMGQVGRQLAIIGDDINRR

Kd (mM)

DH (kcal mol21)

TDS (kcal mol21)

DG (kcal mol21)

0.20 6 0.05
0.22 6 0.05
0.41 6 0.15

26.67 6 0.22
26.88 6 0.16
27.00 6 0.14

12.50 6 0.07
12.23 6 0.03
11.74 6 0.09

29.17 6 0.15
29.11 6 0.14
28.74 6 0.23

4.69 6 1.21
6.35 6 1.13
17.49 6 2.98
26.01 6 6.05

23.32 6 0.06
23.50 6 0.04
22.68 6 0.09
23.21 6 0.12

13.97 6 0.21
13.59 6 0.07
13.81 6 0.19
13.06 6 0.25

27.29 6 0.15
27.10 6 0.11
26.50 6 0.11
26.26 6 0.14

0.35 6 0.07
0.65 6 0.17
0.47 6 0.09

27.18 6 0.27
22.25 6 0.07
27.58 6 0.18

11.64 6 0.15
16.21 6 0.08
11.07 6 0.06

28.82 6 0.12
28.46 6 0.15
28.65 6 0.12

Note that the BH3 peptides are divided into three classes on the basis of the consensus motif that they harbor. Consensus residues within each motif are
colored red. All parameters were obtained from ITC measurements. Errors were calculated from at least three independent measurements to one standard
deviation. Noxa, Phorbol-induced protein 1.
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Table II Thermodynamic Parameters for the Binding of Various Mutant BH3 Peptides to BclXL in Sodium Phosphate Buffer
Containing 100 mM NaCl at 25 C and pH 7
Peptide
Puma_A14G
Hrk_G14A
Bid_R-2A
Bim_Q-2A
Bik_L-2R
Hrk_A-2Q
Bad_R-2A
Bad_AA
Bad_AG
Bmf_R-2A
Bmf_A14G
Bmf_AG

Sequence

Kd (mM)

DH (kcal mol21)

TDS (kcal mol21)

DG (kcal mol21)

QWAREIGAQLRRMGDDLNAQ
SAAQLTAARLKALADELHQR
DIIRNIAAHLAQVGDSMDRS
RPEIWIAAELRRIGDEFNAY
EGSDALARRLACIGDEMDVS
SAAQLTAQRLKALGDELHQR
WAAQRYGAELRRMSDEFVDS
WAAQRYGAELRRMADEFVDS
WAAQRYGAELRRMGDEFVDS
QAEVQIAAKLQCIADQFHRL
QAEVQIARKLQCIGDQFHRL
QAEVQIAAKLQCIGDQFHRL

1.80 6 0.46
0.81 6 0.17
1.59 6 0.27
1.60 6 0.35
2.11 6 0.55
0.78 6 0.16
0.58 6 0.13
0.31 6 0.05
1.80 6 0.37
0.32 6 0.08
0.43 6 0.14
6.53 6 1.43

26.49 6 0.09
21.09 6 0.04
26.49 6 0.11
20.95 6 0.02
24.44 6 0.15
22.80 6 0.08
23.72 6 0.16
25.06 6 0.13
23.09 6 0.08
25.73 6 0.20
26.14 6 0.13
23.65 6 0.17

11.37 6 0.05
17.23 6 0.08
11.43 6 0.01
16.97 6 0.14
13.33 6 0.01
15.54 6 0.05
14.80 6 0.03
13.84 6 0.03
14.77 6 0.04
13.15 6 0.04
12.57 6 0.07
13.44 6 0.03

27.86 6 0.15
28.33 6 0.13
27.92 6 0.12
27.92 6 0.13
27.76 6 0.16
28.34 6 0.12
28.52 6 0.13
28.90 6 0.10
27.85 6 0.12
28.88 6 0.16
28.71 6 0.20
27.09 6 0.13

Note that the absolutely conserved leucine and aspartate residues within the core LXXXXD motif shared by all BH3 peptides are colored red, while the
mutated residues within and flanking this motif are shown in blue for clarity. The nomenclature used for the relative positions of various residues is as
described in Figure 1b. All parameters were obtained from ITC measurements. Errors were calculated from at least three independent measurements to one
standard deviation.

promotes the binding of BH3 ligands harboring the
[R/Q]XLXXXGD motif with high affinity. Notably, of all the
BH3 ligands analyzed here, Bad is the only one that contains a
serine residue at the 14 position (S14) within the LXXXXD
motif in lieu of an alanine or a glycine. To test whether a serine
can substitute for an alanine (A14) or whether it mimics glycine (G14) at the 14 position, we introduced the R-2A substitution into Bad peptide (Bad_R-2A) harboring the RXLXXXSD
motif and measured its binding to BclXL (Table II). Our data
show that the R-2A substitution has negligible effect on the
binding affinity of Bad peptide, implying that the S14 residue
behaves in a manner akin to A14 in lieu of G14. To further
test this notion, we also introduced R-2A/S14A (Bad_AA) and
R-2A/S14G (Bad_AG) double substitutions into Bad peptide
and analyzed their binding to BclXL. Consistent with our
hypothesis, while the binding of Bad_AA peptide (AXLXXX[A/S]D) to BclXL is accompanied by an affinity similar to that
observed for the binding of wildtype Bad peptide, the Bad_AG
peptide (AXLXXXGD) displays low-affinity binding to BclXL by
about five-folds. This further corroborates the view that the
energetic contribution of S14 residue is similar to that of A14
instead of G14 within the LXXXXD motif.
Finally, to directly test the notion that the residues located
respectively at the 14 and 22 positions within the LXXX[A/
S]D and [R/Q]XLXXXGD motifs are energetically coupled, we
introduced the R-2A [Bcl2-modifying factor (Bmf)] (Bmf_R2A) and A14G (Bmf_A1G) single substitutions along with
the R-2A/A14G double-substitution (Bmf_AG) into Bmf peptide and analyzed their binding to BclXL (Table II). Consistent
with our data presented above, while the binding of Bmf_R-2A

and Bmf_A14G single-mutant peptides to BclXL results in the
cumulative loss of binding energy of less than 1 kcal/mol relative to the wildtype Bmf peptide, the binding of Bmf_AG
double-mutant peptide encounters the loss of more than 2
kcal/mol of binding energy. This unequivocally demonstrates
that the loss of at least an extra 1 kcal/mol of free energy
accompanying the binding of double-mutant Bmf peptide relative to composite effect of single-mutant Bmf peptides represents the contribution of coupling energy arising from
energetic coupling of residues located, respectively, at the 14
and 22 positions within the LXXX[A/S]D and [R/Q]
XLXXXGD motifs.

Differential Binding of BH3 Ligands to BclXL Poorly
Correlates with the Extent of Surface Burial
To understand the contribution of polar and apolar residues in
driving the BclXL-ligand interactions, we next measured the
dependence of enthalpic change (DH) associated with the
binding of various BH3 peptides to BclXL on temperature
(Figure 3). Importantly, the temperature-dependence of DH is
related to the change in heat capacity (DCp) by Kirchhoff’s
relationship DCp 5 d(DH)/dT, where T denotes temperature.
Accordingly, DCp accompanying the binding of various BH3
peptides to BclXL was determined from the corresponding
slopes of DH–T plots (Figure 3 and Table III). It is noteworthy
that a negative value of DCp was observed across-the-board,
implying that the binding of all BH3 peptides to BclXL is concomitant with the burial of predominantly apolar residues
over polar groups. However, there appears to be a little
Biopolymers
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DCp of 2276 cal/mol/K. On the other hand, while both highaffinity ligands such as Bid and Bad bind to BclXL with similar
affinities, the DCp associated with the binding of Bad (2389
cal/mol/K) is more than twofold greater than that of Bid
(2172 cal/mol/K).
To quantify how such differential changes in DCp may
reflect the extent of burial of polar and apolar surfaces upon
the binding of various BH3 ligands to BclXL, we also calculated the corresponding changes in SASA using empirically
derived Eqs. (3) and (4).39–42 As noted in Table III, the change
in apolar SASA (DSASAapolar) is on average about 50% greater
than the corresponding change in polar SASA (DSASApolar) for
the binding of each BH3 peptide to BclXL. This implies that
the hydrophobic forces play a dominant role in driving BclXLligand interactions.

Hydrophobic and Electrostatic Interactions
Contribute Differentially to the Binding of Various
BH3 Ligands to BclXL
FIGURE 3 Dependence of enthalpy (DH) on temperature (T) for
the binding of BH3 peptides of Puma, Bax, and Bad to BclXL in
sodium phosphate buffer containing 100 mM NaCl at pH 7. The
solid lines through the data points represent linear fits. Error bars
were calculated from at least three independent measurements to
one standard deviation.

correlation between DCp and the free energy (DG) of binding.
Thus, for example, while DCp accompanying the binding of
high-affinity ligand such as Puma is 2304 cal/mol/K, lowaffinity ligand such as Hrk experiences only a slightly smaller

The fact that the differential binding of BH3 ligands to BclXL
poorly correlates with the extent of surface area burial, as
measured by changes in heat capacity change, strongly suggests
that hydrophobic residues and salt bridges play an intricate
role in mediating the BclXL-ligand interactions. In an attempt
to further elucidate such interplay between these forces, we
next measured the effect of increasing NaCl concentration on
the binding of BH3 peptides to BclXL (Figure 4). Our data
reveal that salt modulates the binding of high-affinity Class I
(LXXX[A/S]D) and Class III ([R/Q]XLXXXGD) ligands to
BclXL in a distinct manner from that observed for low-affinity
Class II (LXXXGD) ligands. Thus, while increasing salt

Table III DSASA Values Determined from Thermodynamic Parameters for the Binding of Various Wildtype BH3 Peptides to BclXL
in Sodium Phosphate Buffer Containing 100 mM NaCl at pH 7

Peptide

Sequence

Class I: LXXX[A/S]D motif
Puma
QWAREIGAQLRRMADDLNAQ
Bmf
QAEVQIARKLQCIADQFHRL
Bad
WAAQRYGRELRRMSDEFVDS
Class II: LXXXGD motif
Bax
ASTKKLSESLKRIGDELDSN
Hrk
SAAQLTAARLKALGDELHQR
Bik
EGSDALALRLACIGDEMDVS
Noxa
ELEVECATQLRRFGDKLNFR
Class III: [R/Q]XLXXXGD motif
Bid
DIIRNIARHLAQVGDSMDRS
Bim
RPEIWIAQELRRIGDEFNAY
Bak
STMGQVGRQLAIIGDDINRR

DH60
(kcal mol21)

DCp
(cal mol21 K21)

DSASApolar
(Å2)

DSASAapolar
(Å2)

DSASAtotal
(Å2)

217.24 6 0.25
218.78 6 0.38
220.73 6 0.64

2304 6 5
2356 6 4
2389 6 12

2914 6 12
21019 6 18
21122 6 35

21350 6 14
21558 6 21
21708 6 53

22264 6 26
22578 6 39
22829 6 88

211.81 6 0.36
212.93 6 0.16
28.43 6 0.34
29.19 6 0.07

2234 6 7
2276 6 3
2164 6 6
2168 6 4

2650 6 21
2731 6 8
2461 6 18
2493 6 6

21014 6 34
21183 6 12
2713 6 28
2741 6 16

21664 6 54
21914 6 21
21174 6 46
21233 6 23

213.35 6 0.34
28.50 6 0.29
216.64 6 0.33

2172 6 4
2175 6 4
2261 6 4

2647 6 17
2475 6 15
2851 6 16

2819 6 23
2755 6 19
21188 6 20

21466 6 40
21229 6 35
22039 6 37

Errors were calculated from at least three independent measurements to one standard deviation. Noxa, Phorbol-induced protein 1.
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FIGURE 4 Effect of NaCl concentration on the binding, as measured by the binding constant
(Kd), of various BH3 peptides harboring LXXX[A/S]D (a), LXXXGD (b), and [R/Q]XLXXXGD (c)
motifs to BclXL in sodium phosphate buffer at 25 C and pH 7. Note that the solid lines are used to
connect various data points for clarity. Error bars were calculated from at least three independent
measurements to one standard deviation.

concentration from 0 to 500 mM is concomitant with a reduction in the binding of Class I and III ligands to BclXL from
submicromolar to low micromolar range (Figures 4a and 4c),
Class II ligands experience an increase in binding affinity by up
to several folds over the same salt concentration range
(Figure 4b). This strongly suggests that while hydrophobic residues likely dominate ionic interactions in driving the binding
of Class II ligands to BclXL, the converse applies in the case of
Class I and III ligands. While it is clearly beyond the scope of
this study, these data warrant further investigation into the differential role of specific charged and hydrophobic residues in
driving BclXL-ligand interactions.

CONCLUSIONS
While it is well understood that the various BH3 ligands
recognize apoptotic repressors such as BclXL with distinct

affinities,19–31 our data presented above lend new insights into
the molecular determinants of their specificity and recognition.
In particular, our analysis suggests that the various proapoptotic BH3 ligands of BclXL can be all dissected into three distinct classes harboring the LXXX[A/S]D (Class I), LXXXGD
(Class II) and [R/Q]XLXXXGD (Class III) motifs on the basis
of their sequence and binding characteristics. Thus, while Class
I and III ligands appear to recognize BclXL with high affinity
in the submicromolar range, Class II ligands afford weak interactions. While our study suggests that the differential binding
of various BH3 ligands to BclXL can be rationalized in terms
of three distinct motifs that they harbor, it should however be
borne in mind that additional residues within and flanking the
core LXXXXD motif are also likely to participate in key intermolecular contacts, thereby adding another layer of complexity
to understanding the differences in the binding of BH3 ligands
to BclXL.
Biopolymers
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In particular, the role of nonconsensus residues within and
flanking the LXXX[A/S]D, LXXXGD and [R/Q]XLXXXGD
motifs is likely to be context-dependent and this could further
blur the rather simple picture presented here. It is also noteworthy that while the distinction between LXXX[A/S]D (Class I)
and [R/Q]XLXXXGD (Class III) motifs is poor, it was nonetheless necessary to emphasize the fact that the molecular origin
underlying high-affinity binding of these two motifs is quite
distinct. Thus, while the LXXX[A/S]D motif would achieve
high-affinity binding by virtue of the presence of an alanine/serine at the 14 position, the [R/Q]XLXXXGD motif would do so
via the presence of an arginine/glutamine at the 22 position
owing to the fact that these residues are energetically coupled.
On the other hand, the choice to place both the glutamine and
arginine at the 22 position in the same category was largely
based on the fact that the Bim peptide harboring a glutamine at
the 22 position binds to BclXL with an affinity that is virtually
indistinguishable from those observed for the binding of Bid
and Bak peptides, both of which contain an arginine at the 22
position. Nonetheless, we acknowledge that such merger is
somewhat arbitrary and further work is warranted to shed new
light into the role of specific residues not only at the 22 position but also at other positions within the LXXXXD motif.
In short, our study advances our understanding of the binding specificity of BH3 ligands to BclXL and other apoptotic
repressors. Given that numerous efforts have been directed
toward the development of structural mimetics of BH3 peptides that could target BclXL and other apoptotic repressors
with high selectivity over the past decade or so,45–52 the importance of our current work on the design of such novel anticancer inhibitors cannot be overemphasized.
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