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ABSTRACT: The BH3-only BCL-2 family protein BID is activated by caspase-8 cleavage upon engagement of
cell surface death receptors. The resulting 15 kDa C-terminal fragment, tBID, translocates to mitochondria,
triggering the release of cytotoxic molecules and cell death. The pro-apoptotic activity of tBID is regulated by
its interactions with pro-survival BCL-XL and pro-death BAX, both in the cytosol and at the mitochondrial
membrane. In this study, we characterize the molecular interactions between full-length tBID and BCL-XL
using NMR spectroscopy and isothermal titration calorimetry (ITC). In aqueous solution, tBID adopts an R-
helical but dynamically disordered conformation; however, the three-dimensional conformation is stabilized
when tBID engages its BH3 domain in the BH3-binding hydrophobic groove of BCL-XL to form a stable
heterodimeric complex. Characterization of the binding thermodynamics by ITC reveals that the interaction
between tBID and BCL-XL is driven by enthalpy but disfavored by the entropy associated with the
conformational order induced in tBID upon binding BCL-XL.

The BCL-2 family proteins are the principal regulators of the
mitochondrion-dependent pathway for programmed cell
death (1-7). Their opposing activities are exerted through a
network of interactions between pro- and anti-apoptotic family
members, in the cytosol and in intracellular membranes,
mediated by four BCL-2 homology (BH1-BH4) domains that
are conserved in the amino acid sequences of the proteins. Several
BCL-2 proteins also contain an ∼20-residue hydrophobic C-
terminus that is important for intracellular membrane targeting.
The anti-apoptotic family members (e.g., BCL-2 and BCL-XL)
possess all four BH domains,1 while the pro-apoptotic family
members have more diverse sequences and can contain multiple
BHdomains (e.g., BAX andBAK) or just the single BH3domain
(e.g., BID and BIM), which is highly conserved and essential for
both the cell killing activity of the pro-apoptotic family members
and mediating their interactions with their pro-survival counter-
parts. The BH3-only proteins provide a key link between the
extracellular and intrinsic mitochondrion pathways to cell death
because they are activated when extracellular stress cues, trans-
mitted by death receptors, trigger their expression or post-
translational modification, thus enabling their association with
anti- or pro-apoptotic BCL-2 proteins in the cytosol and in
mitochondrial membranes.

The BH3-only protein BID is activated after cleavage by
caspases, calpains, and lysosomal proteases, upon engagement
of the Fas or TNFR1 cell surface receptors, which link it to both
apoptotic and necrotic cell death pathways in stroke, neurode-
generation, hepatitis, and other ailments (8). Cleavage of BID by

caspase-8 generates the 15 kDa C-terminal fragment, tBID,
which has a 10-fold greater binding affinity for BCL-XL and is
100-fold more efficient in inducing the release of cytochrome c
from mitochondria than its full-length precursor (9, 10). The
newly generated tBID N-terminus becomes myristoylated fol-
lowing caspase-8 cleavage (11), and this may assist its association
with mitochondrial membranes, which is implicated in the
oligomerization and activation of BAX andBAK,mitochondrial
membrane remodeling, and the release of mitochondrial cyto-
toxic molecules, ultimately leading to cell death (9, 10, 12-17).

The cytosolic form of intact BID has a well-defined globular
structure that consists of eight R-helices arranged with two
central hydrophobic helices in the core of the molecule (18, 19).
The third helix (h3) contains the BH3 domain and is connected to
the first two helices by a long flexible loop, which includes the
caspase-8 cleavage site at Asp60 (Figure 1). Despite the low
degree of sequence homology, the structure of BID is strikingly
similar to those of BCL-XL, BAX, and other anti- and pro-
apoptotic multidomain BCL-2 family proteins, as well as to those
of the pore-forming domains of bacterial toxins (20, 21). In
contrast, we previously reported that the three-dimensional
conformation of tBID in water is highly disordered, even though
the cleaved polypeptide retains the helical secondary structure of
its intact precursor (22).

The existing data indicate that pro-apoptotic BAX and anti-
apoptotic BCL-XL act as competing receptors for the common
ligand tBID (2). Apoptosis can be promoted when tBID binds
and activates BAX to induce membrane permeabilization, or
inhibited when tBID binds and is sequestered by BCL-XL acting
as a buffer for pro-death signals. These interactions occur both in
the cytosol and in mitochondrial membranes where they culmi-
nate in decisions of life and death for the cell. Structural studies
with short peptides spanning various pro-apoptotic BH3 domain
sequences have shown that they all bind a hydrophobic groove on
the surface of pro-survival BCL-XL, formed by the BH1, BH2,
and BH3 domains of BCL-XL and by residues located in BCL-
XLhelices h2-h5 andh8 (23-25). The interaction ismediated by
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conserved Leu and Asp residues in each peptide’s BH3 domain
and induces a localized structural rearrangement in the BCL-XL
binding groove. This specific association of BH3 domains with
the hydrophobic groove of their pro-survival target is highly
conserved and has also been documented for the antiapoptotic
proteins BCL-W and MCL-1, which are both structurally
homologous to BCL-XL (26, 27). In addition, the direct associa-
tion of a short BIM BH3 peptide with BAX has been described
recently (28). This peptide, which was chemically modified to
stabilize its R-helical structure, binds BAX at an interaction site
that is distinct from the canonical binding groove characterized
for anti-apoptotic proteins, providing an explanation for the
direct activation of BAX and BAK by the BH3-only proteins.

Although all of the short BH3 peptides are unstructured in
solution, they become R-helical upon binding their anti-apoptotic
target and binding is favored by their propensity toward helical
structure (24, 26, 27, 29). However, while some of the full-length
proteins fromwhich the BH3 peptides are derived are intrinsically
unstructured in their free state (30), tBID is distinctlyR-helical (22,
31). For such prestructured BH3-only proteins, binding their anti-
apoptotic target does not involve a folding transition from
random coil to R-helix, and therefore, the binding thermody-
namicsmay be expected to be quite different from thosemeasured
using short BH3 peptide analogues. Solution NMR studies with
short peptides spanning the BID BH3 domain have shown that
the peptides that are unstructured in solution become R-helical
upon binding pro-survival BCL-XLor BCL-W (26, 29); however,
no structural or thermodynamic information is available for the
interaction of full-length tBID with its pro-survival partners.

Here we describe the interactions of full-length tBID with
BCL-XL in aqueous solution. tBID forms a stable specific
complex with BCL-XL by engaging the BH3-binding hydro-
phobic groove on the surface of BCL-XL with its BH3 domain.
This association stabilizes the 20-residue helix spanning the BH3
domain. Characterization of the binding thermodynamics by
isothermal titration calorimetry (ITC) reveals that the
tBID-BCL-XL interaction is driven by enthalpy and disfavored
by the entropy cost associated with the conformational order
induced by the association with BCL-XL.

MATERIALS AND METHODS

Sample Preparation and Characterization. Full-length
human BID and human tBID (residues 61-195) were expressed

and purified as described previously (22, 32). The 44-residue
BID61-104 peptide, spanning residues 61-104 of human BID,
was expressed and purified using the TrpLE fusion protein as
described for tBID (22). The amino acid sequences are shown in
Figure 1. Human BCL-XL, lacking residues 45-84 in the
unstructured loop and residues 213-233 in the C-terminus,
was expressed and purified as described previously (33). Uni-
formly 15N-labeled or 15N- and 13C-labeled proteins were pre-
pared by growing Escherichia coli cells in M9 minimal medium
with (15NH4)2SO4 and [13C]glucose (Cambridge Isotope
Laboratories) as the sole nitrogen and carbon sources. The
NMR samples contained 0.2-0.5 mM protein in 25 mM sodium
phosphate at pH 7 or 4.
Analytical Size Exclusion Chromatography. Analytical

size exclusion chromatography was performed on a Waters
HPLC chromatography system with a flow rate of 0.4 mL/min,
using a Superdex 75 column (GE Healthcare). Protein samples
were dissolved in 25 mM sodium phosphate buffer at pH 4,
supplemented with 150 mM NaCl, 1 mM EDTA, and 2 mM
DTT, at a concentration of 0.5 mg/mL. To detect protein-pro-
tein interactions, BID or tBID was mixed with BCL-XL in
equimolar ratios before column injection. The column was
calibrated with ovalbumin (43 kDa), chymotrypsinogen (25
kDa), and lysozyme (16 kDa) molecular mass standards.
Isothermal Titration Calorimetry Experiments. ITC ex-

periments were performed at 30 �C using an iTC200 instrument
(MicroCal, Amherst, MA). Samples were prepared in 25 mM
sodium phosphate at pH 7 or 4. Protein concentrations were
determined by measuring the absorbance at 280 nm. The con-
centration of BCL-XL in the ITC cell was between 15 and 30 μM;
the concentrations of BID61-104 and tBID in the injection syringe
were between 0.3 and 0.5 mM. The thermodynamic data were
processed with ORIGIN (Microcal). The values of ΔH were
measured experimentally for each titration, and fitting the
binding isotherms with a one-site binding model yielded the
values of the association constant (Ka). The binding free energy
(ΔG), entropy (ΔS), and dissociation constant (Kd) were calcu-
lated from the experimentally determined values of ΔH and Ka,
using eqs 1 and 2:

ΔG ¼ -RT lnðKaÞ ¼ ΔH-TΔS ð1Þ

Kd ¼ 1=Ka ð2Þ
where R is the gas constant (1.987 cal mol-1 K-1) and T is the
working temperature (303 K) (34).
Circular Dichroism Experiments. CD experiments were

conducted on a Jasco J-810 CD system purged with nitrogen and
equipped with a Peltier temperature controller. CD spectra were
acquired with 0.5 nm increments between 195 and 260 nm in a
cuvette with a path length of 2 mm. Raw data, acquired on the
instrument, were baseline subtracted and converted to mean
residue ellipticity.
NMRExperiments.NMRexperiments were performedon a

Bruker AVANCE 600 or 800 MHz spectrometer at 40 �C.
Backbone resonances were assigned for BID61-104 in aqueous
solution at pH 4 and for BCL-XL in aqueous solution at pH 4
and 7. Partial assignments of the spectra of tBID inwater at pH 4
were obtained by comparison with the spectra from BID61-104.
Resonance assignments were obtained using HNCA and
HNCACB experiments with gradient selection, water flip
back, and sensitivity enhancement (35-37) and were aided by

FIGURE 1: Amino acid sequence of human BID showing the BH3
domain (lowercase type), the helices identified in the solution NMR
structure (h1-h8) (18), the caspase-8 cleavage site (asterisk), and the
start of the tBID sequence (G61). The sequence of the BH3-spanning
BID61-104 is underlined.
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comparison with the previously determined assignments for
BCL-XL at neutral pH (38). The chemical shifts were referenced
as described previously (39). The NMR data were processed and
analyzed using NMRPipe (40) and Sparky (41). Chemical shift
mapping experiments were performed by monitoring peak
frequency changes in the two-dimensional 1H-15N HSQC (42)
spectrum of each 15N-labeled protein in the presence of
its unlabeled partner. The total change in chemical shift
(ΔTOT) for each residue was calculated by adding the changes
in 1H (ΔH) and 15N (ΔN) chemical shifts using the equation
ΔTOT = [(ΔH)2 + (ΔN/5)2]1/2, where the 15N chemical shift is
scaled by 1/5 to account for the 5-fold difference between the
chemical shift dispersions of 15N and 1H (43, 44). Secondary
structure information was obtained by analyzing the chemical
shifts using TALOS (40) and in terms of the combined deviations
of CA and CB chemical shifts from their random coil values
(ΔCA - ΔCB) (45, 46).

RESULTS AND DISCUSSION

Size Exclusion Characterization of the tBID-BCL-XL
Complex. To characterize the interactions between tBID and
BCL-XL, we analyzed the free and mixed proteins using analy-
tical size exclusion chromatography and solution NMR spec-
troscopy. All of the binding studies were conducted at pH 4 since
human tBID has very limited solubility at neutral pH. This
reflects the dramatic changes in the physical properties of the
protein that accompany caspase-8 cleavage: removal of residues
1-60 shifts the calculated pI from 5.3 to 9.3 and the net charge
from -7 to +2 and exposes hydrophobic residues in helix h3,
containing the BH3 domain and in the central core helices h6 and
h7 (18, 19, 31). The association of BCL-XL and BID with lipid
bilayer membranes is promoted by acidic pH (31, 47) and
involves a conformational change in the proteins (22, 33, 48).
Nevertheless, although acidic pH is important for membrane
insertion, BCL-XL has been reported to retain its globular fold
upon acidification from pH 7.4 to 4.9 (49).We find that BID, like
BCL-XL, is highly stable at pH 4, as evidenced by the 1H-15N
HSQC NMR spectra which exhibit no evidence of unfolding
compared to the spectra at pH 7 (Figure 2).

The data from analytical size exclusion chromatography
(Figure 3) show that the free proteins elute at apparent molecular
masses corresponding to those calculated from their respective
amino acid sequences (BID, 23 kDa; BCL-XL, 21 kDa; tBID, 15
kDa), reflecting their monomeric states in solution. A mixed
sample of equimolar BID and BCL-XL elutes at an apparent
molecular mass near 20 kDa, as observed for the individual
components, and, therefore, shows no evidence of complex
formation. In contrast, a sample containing equimolar tBID
andBCL-XL elutes at a distinctly highermolecularmass, close to
the addedmolecularmasses of the individual proteins (∼36 kDa).
This result is in agreement with the finding that tBID has a 10-
fold greater binding affinity than BID for BCL-XL (9, 10) and
demonstrates that tBID and BCL-XL form a long-lived complex
in solution, while no stable interaction is observed between BID
and BCL-XL.
Structural Characterization of the tBID-BCL-XL In-

teraction. The 1H and 15N chemical shift frequencies in the
HSQC NMR spectra of proteins are highly sensitive to the
chemical environment and conformation of their correspon-
ding15N-labeled protein site, and the peak line widths and shapes
reflect protein backbone dynamics, conformational order, and

aggregation state. In addition, the changes in chemical shifts can
be used to monitor changes in protein structure and ligand
binding. Although the CD spectrum of tBID in water shows

FIGURE 2: 1H-15N HSQC NMR spectra of 15N-labeled (A) BCL-
XL and (B) BID at pH 7 (black) or pH 4 (red).

FIGURE 3: Size exclusion chromatography showing formation of the
tBID-BCL-XL complex in aqueous solution. The dotted lines
indicate elution of (a) tBID, (b) BCL-XL, and (c) complex of tBID
with BCL-XL.
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that it adopts R-helical secondary structure like its intact pre-
cursor (Figure 4A), its 1H-15N HSQC spectrum exhibits the
hallmark features of dynamically disordered proteins (Figure 5,
black). Most of the peaks cannot be detected in the spectrum,
indicating that the protein adopts multiple conformations and
undergoes dynamic conformational exchange in the intermediate
range of themicrosecond tomillisecondNMR time scale. Protein
aggregation, which could also result in line broadening and
degradation of the NMR spectrum, is ruled out by the size
exclusion chromatography profile showing that tBID elutes as a
single peak, at an apparent molecularmass corresponding to that
of the monomeric protein. The few peaks that are visible in the
HSQC spectrum can be assigned to residues in the unstructured
N-terminal loop of the protein (Figure 6A), and their chemical
shift frequencies reflect the highly dynamic random coil con-
formation of this segment.

To determine whether the tertiary structure of tBID could be
stabilized by association with BCL-XL, we examined its NMR
spectrum within the complex (Figure 5, red). Overall, the
association of tBID with BCL-XL produces little improvement
in its NMR spectrum; however, binding BCL-XL does cause
many peaks to appear anew in the spectrum. These peaks have
dispersed 1H and 15N chemical shift frequencies consistent with
stable secondary and tertiary structures of proteins, indicating
that the structure of at least a region of tBID is indeed stabilized
upon binding BCL-XL. To assign these peaks and map the
interaction of tBID with BCL-XL, we compared the spectra of
tBID with those of a shorter polypeptide, BID61-104, spanning
residues 61-104 which include part of the unstructured loop and
the entire BH3 domain of the protein. In the NMR spectrum
of free BID61-104 (Figure 6A, red), the peaks from residues in the
N-terminal loop (e.g., N62, R63, H66, R68, E73, and A74)

perfectly overlap the peaks from the same residues in the
spectrum of free tBID (Figure 6A, black). In contrast, peaks
from the BH3 domain (e.g., S78, I82, A87, L90, A91, G94, D95,
S96, L97, and G104), which are clearly resolved in the spectrum
of BID61-104, cannot be seen in the spectrum of tBID. In the
spectrum of free BID61-104, peaks from the BH3 domain have
chemical shifts that are consistent with random coil conforma-
tion, indicating that the peptide is unstructured in water. This is
further supported by the CD spectra of BID61-104 showing that
the polypeptide in water is a random coil at both pH 4 and 7,
while intact tBID is R-helical (Figure 4A).

The addition of BCL-XL induces identical changes in the
spectra of BID61-104 and tBID (Figure 6B). Resonance assign-
ments of the spectra from free and bound BID61-104 (Figure 6C)
show that the peaks which experience frequency changes in the
tBID-BCL-XL complex correspond to residues in the BH3
domain and in helix h3 identified in the solution NMR structure
of full-length human BID (18). In contrast, peaks from residues
outside this region do not change in the spectrum of BID61-104

and remain undetected in the spectrum of tBID, suggesting that
binding to BCL-XL does not induce a major conformational
change in tBID in water.

The distinct effects of BCL-XL on the spectra of tBID and
BID61-104 reflect changes in both protein conformation and
dynamics. The peaks that experience the largest frequency
changes map to residues in helix h3, in particular, R84, A87,
R88, L90, A91, and D95, which line up along the length of helix
h3 in the structure of BID (Figure 7A). These residues are highly
conserved in the BH3 domains of the pro-apoptotic BCL-2
proteins (50) and are crucial for the interactions of the BH3
domain with pro-survival proteins (23, 24). For example, in the
structure of a BAK BH3 peptide bound to BCL-XL, they make
key contacts with residues in the hydrophobic binding groove of
BCL-XL, including key hydrogen bonds between BAK D83
(corresponding to BIDD95) and the BCL-XLR139 guanidinium
group (23). Our results demonstrate that the same BH3 domain
residues are involved in the interaction of tBID with BCL-XL.

The NMR data also show that BID61-104 undergoes a major
conformational change upon binding BCL-XL, from random
coil and highly dynamic in its free form to helical and ordered
when bound to BCL-XL (Figure 7B,C). Carbon chemical shifts

FIGURE 4: Secondary structure and structural order of tBID and
BID61-104. (A) CD spectra obtained at pH 4 or 7. (B) Predicted
structural order for BID, tBID, BID61-104, BCL-XL, andBIMat pH
4 (b) or pH 7 (O).

FIGURE 5: HSQC NMR spectra of 15N-labeled tBID at pH 4, free
(black) or bound to equimolar BCL-XL (red). Arrows point to
examples of new peaks that appear in the spectrum of the complex.
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are strongly dependent on backbone torsion angles and can be
analyzed to obtain useful indices of polypeptide secondary
structure. Analysis of the CA and CB chemical shifts in the
spectra of the free and bound peptide shows that BCL-XL
binding induces the formation of a well-defined R-helix between
residues 78 and 97, which correspond to helix h3 in the solution
NMR structure of BID.

The frequency changes and helix formation observed upon
binding BCL-XL are accompanied by a sharp decrease in HSQC

peak intensity, for residues 78-101, reflecting the change from a
free highly dynamic conformation to a more rigid bound state
(Figure 7C). This indicates that the entire 20-residue helical
segment, and not just the 14-residue BH3 domain previously
identified for the shorter BAK peptide, associates with the
binding pocket of the pro-survival partner, consistent with the
results reported for a short BID BH3 peptide bound to BCL-
XL (29) or to BCL-W (26). Since the spectra of BCL-XL-bound
BID61-104 and BCL-XL-bound tBID are fully overlapped in this
region, the results in Figure 7 also mirror the interaction of the
entire tBID molecule with BCL-XL. Taken together, the data
show that the three-dimensional conformation of tBID is highly
disordered in water compared to the well-defined globular
structure of its full-length precursor and that binding to BCL-
XL induces localized but not global structural ordering of tBID.

To examine the binding site of tBID on BCL-XL, we mapped
the frequency changes caused by tBID on the 1H-15N HSQC
spectrum of 15N-labeled BCL-XL. Addition of tBID causes a
subset of peaks in the spectrum of BCL-XL to shift position,
whilemany others exhibited no or onlyminor changes, indicating
that complex formation does not induce a major structural
rearrangement of BCL-XL (Figure 8A). The largest changes
are observed for peaks from residues in helices h2-h5
(Figure 8B), and when these changes are mapped onto the
structure of BCL-XL determined in complex with the BAK
BH3 peptide (23), they clearly highlight the same hydrophobic
groove formed by the BH1-BH3 regions of BCL-XL, which was
previously identified as the BH3-binding site (Figure 8C). Short
BH3 peptides from BAD and BAK bind BCL-XL in the same
binding region and with similar helicities, and structural studies

FIGURE 6: HSQCNMRspectra of 15N-labeled tBID andBID61-104,
free or bound to BCL-XL. (A) Free tBID (black) and free BID61-104

(red). Selected peaks from the loopand from theBH3domain (boxes)
are labeled. (B) BCL-XL-bound tBID (black) and BCL-XL-bound
BID61-104 (red). (C) Free BID61-104 (black) and BCL-XL-bound
BID61-104 (red); all peaks are labeled.

FIGURE 7: Mapping the effects of BCL-XL on tBID. (A) Total
change in BID61-104 amide chemical shifts induced by BCL-XL.
(B) Helicity of free (black) and BCL-XL-bound (red) BID61-104,
measured as the difference between experimentally measured and
random coil values of the CA or CB chemical shifts (ΔCA - ΔCB).
The horizontal line at ΔCA - ΔCB = 1 ppm denotes the threshold
for helicity. (C) Normalized 1H-15N HSQC peak intensities mea-
sured for free (black) and BCL-XL-bound (red) BID61-104. The
amino acid sequences of BID61-104 and BAK (residues 70-92) are
shown at the top with conserved BH3 residues highlighted in gray.
Helix h3, identified in the solution NMR structure of human BID, is
depicted as a black box.
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of 25- or 16-residue BAD BH3 peptides bound to BCL-XL show
that the greater affinity of the longer peptide is attributed to the
formation of additional interactions with BCL-XL, and to its
increased helix propensity (23, 24). Furthermore, a short BIM
BH3 peptide forms a C-terminally extended helix upon binding
BCL-XL (25).

The mode of association of tBID with BCL-XL shares
similarities as well as subtle differences with those observed for
the other BH3-only protein BIM. In both cases, binding to BCL-
XL induces selective stabilization of the BH3 domain. BIM-Lhas
an intrinsically unfolded random coil conformation in the
absence of pro-survival binding partners, and its BH3 domain
becomes R-helical when it binds pro-survival proteins while the
rest of the molecule remains unstructured (30). The situation for

tBID is somewhat different because the protein maintains the
R-helical secondary structure of its precursor, despite its dyna-
mically disordered three-dimensional conformation; in this case,
the structure of the BH3 domain is already helical but becomes
ordered upon binding BCL-XL while the rest of the molecule
remains disordered.

This difference between tBID and BIM is consistent with an
analysis of their amino acid sequences based on normalized net
charge and mean hydrophobicity (51), indicating a higher degree
of structural order for tBID compared to the natively unfolded
BIM isoforms (Figure 4B). Like BIM, two other BH3-only
proteins, BAD and BMF, are also predicted to be natively
unstructured (30), suggesting that lack of structure, structural
disorder, and plasticitymay be common features of the BH3-only
proteins required for their activity and ability to bind multiple
partners within and outside the BCL-2 family, and in both
cytosolic and membrane-bound conformations. Indeed, the
BIM BH3 domain is capable of binding not only BCL-XL but
also BAX (28), albeit at completely different sites of these two
structurally similar BCL-2 proteins, indicating that a principal
structural requirement for these interactions is the capability of
the BH3 domain to form helix.
Thermodynamics of tBID-BCL-XL Association. To

further characterize the interaction of tBID with BCL-XL, we
performed ITC experiments by titrating both tBID and
BID61-104 into BCL-XL. Representative titrations are shown
in Figure 9, and the associated thermodynamic parameters for
binding are reported in Table 1.

The binding affinity of tBID for BCL-XL at pH 4 (Kd =
27 nM) is only∼3.5 times weaker than that of BID61-104 at pH 4
(Kd = 7.25 nM) and very similar to that of BID61-104 at pH 7
(Kd = 30.58 nM). These values are also within the range of
affinities reported in the literature for short BH3peptides binding
to BCL-XL and other anti-apoptotic BCL-2 proteins (23, 27,
29, 52), indicating that the binding interaction of tBIDwithBCL-
XL does not involve additional regions of tBID other than
residues in and flanking the BH3 domain.

For both tBID and its short BH3 analogue, BID61-104, the
association with BCL-XL is enthalpy-driven. The binding ther-
modynamics are characterized by very similar and opposing
terms of ΔH and ΔS (Figure 9D), with favorable enthalpy (ΔH
< 0) and unfavorable entropy (ΔS< 0), as previously observed
for a series of short BH3 peptides binding the anti-apoptotic
BCL-2 family protein MCL-1 (27). The overall binding enthalpy
(ΔH) includes a term for intrinsic enthalpy (ΔHi) that reflects the
selectivity of the specific interactions between ligand and target,
terms associated with a conformational change in the target
(ΔHct) or in the ligand (ΔHcl) upon binding, and a term (ΔHH)
associated with protonation-deprotonation events (53). The
overall binding entropy (ΔS) includes a term for the hydrophobic
effect (ΔSh) that contributes an entropy increase through the
generation of free water molecules, and terms associated with the
loss of conformational flexibility of the target (ΔSct) and of the
ligand (ΔScl), both of which contribute an entropy decrease.

Since both tBID and BID61-104 bind the same groove of BCL-
XL through the same BH3 sequence and induce a similar
conformational change in BCL-XL, similar values of ΔHi, ΔHct,
ΔSh, and ΔSct are expected for their association with BCL-XL.
Thus, any small differences between the affinities of tBID and
BID61-104 would be due to differences in the thermodynamic
terms associated with ligand conformation (ΔHcl and ΔScl).
Protonation-deprotonation effects do not contribute for

FIGURE 8: Mapping the effects of tBID on BCL-XL. (A) HSQC
NMR spectra of 15N-labeled BCL-XL without (black) or with (red)
unlabeled tBID. (B) Total change in BCL-XL amide chemical shifts
induced by equimolar tBID. The helical regions identified in the
solutionNMR structure of BCL-XL are outlined above themap. (C)
Molecular surface representation of the solution NMR structure of
BCL-XL bound to a BAK BH3 peptide (green) and to a model
BID61-104 peptide (yellow). The atomic coordinates of BCL-XL
bound to the BAK BH3 peptide were obtained from the Protein
Data Bank (23). The backbone of BID61-104 was modeled in the
groove ofBCL-XLby alignment with the backbone of the BAKBH3
peptide.Residues colored red haveHSQCpeaks thatmove byΔTOT
> 0.1 ppm.
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measurements taken at the same pH; however, the slightly greater
affinity observed for BID61-104 at pH 4 compared to that at pH 7
may be related to protonation strengthening the hydrogen bonds
between the ligand and BCL-XL and/or promoting helix forma-
tion in the BID ligand. In the case of tBID, this effect may be
countered by the overall greater unfavorable entropy associated
with inducing conformational order in the larger full-length
molecule, resulting in similar thermodynamic parameters for
tBID at pH 4 and BID61-104 at pH 7. It is possible that the BH3
domain of tBID retains some interactions with other regions of
the protein, as it does in the precursor BID. In this case, binding
the hydrophobic groove of BCL-XLwould first require release of
the tBID BH3 domain. The overall favorable free energy ΔG
associated with binding of tBID to BCL-XL indicates that BCL-
XL-bound tBID is thermodynamically more stable than free
tBID. Nevertheless, we note that the close similarity in the
affinities of tBID and BID61-104 for BCL-XL overshadows any
minor differences and demonstrates that the interaction is limited
to the tBID BH3 domain and the BCL-XL hydrophobic cleft.

Unlike full-length tBID, where the NMR and CD spectra
reflect the dynamic exchange of conformations with R-helical
secondary structure, BID61-104 and all of the small BH3 ligands
are random coils in their free state and adopt R-helical conforma-
tion only upon binding their pro-survival target. This is consistent
with the finding that binding of BH3 domains to their pro-survival
targets is favored by a propensity toward helical structure (24) and
that short BH3peptides chemicallymodified to promoteR-helicity
bind with greater affinity (29, 54). Although full-length tBID
already has a significant amount of R-helical secondary structure
in its free state, the NMR and ITC data show that its three-
dimensional conformation is stabilized by binding BCL-XL.
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