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B-cell lymphoma extra large (BclXL) apoptotic repressor plays a central role
in determining the fate of cells to live or die during physiological processes
such as embryonic development and tissue homeostasis. Herein, using a
myriad of biophysical techniques, we provide evidence that ligand binding
andmembrane insertion compete with oligomerization of BclXL in solution.
Of particular importance is the observation that such oligomerization is
driven by the intermolecular binding of its C-terminal transmembrane (TM)
domain to the canonical hydrophobic groove in a domain-swapped trans
fashion, whereby the TM domain of one monomer occupies the canonical
hydrophobic groove within the other monomer and vice versa. Binding of
BH3 ligands to the canonical hydrophobic groove displaces the TM domain
in a competitive manner, allowing BclXL to dissociate into monomers upon
hetero-association. Remarkably, spontaneous insertion of BclXL into
DMPC/DHPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihexa-
noyl-sn-glycero-3-phosphocholine) bicelles results in a dramatic conforma-
tional change such that it can no longer recognize the BH3 ligands in what
has come to be known as the “hit-and-run” mechanism. Collectively, our
data suggest that oligomerization of a key apoptotic repressor serves as an
allosteric switch that fine-tunes its ligand binding and membrane insertion
pertinent to the regulation of apoptotic machinery.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Apoptosis plays a key role in removing damaged
and unwanted cells in a highly programmed and
coordinated manner during physiological processes
such as embryonic development and tissue homeo-
stasis. Importantly, deregulation of apoptotic ma-
chinery can result in the development of diseases such
as cancer and neurodegenerative disorders.1–3 The B-
cell lymphoma 2 (Bcl2) family of proteins has come to
be regarded as a central player in coupling apoptotic
stimuli to determine the fate of cells, that is, whether
they live or die.4–11 The Bcl2 proteins can be divided
into three major groups: activators, effectors, and
repressors. Activators such as Bid (BH3-interacting
domain) and Bad (Bcl2-associated death) belong to
the BH3-only proteins, where BH3 is the Bcl2
homology 3 domain. Effectors such as Bax (Bcl2-
associated X) and Bak (Bcl2 antagonist/killer) contain
the BH3–BH1–BH2–TMmodular architecture, where
TM is the transmembrane domain located C-terminal
(CT) to BH domains BH3, BH1, and BH2. Repressors
such asBcl2, B-cell lymphomaextra large (BclXL), and
B-cell lymphoma W (BclW) are characterized by the
BH4–BH3–BH1–BH2–TM modular organization,
with an additional N-terminal (NT) BH4 domain.
According to one school of thought, the apoptotic

fate, or the decision of a cell to continue to live or
pull the trigger to commit suicide, is determined by
the cellular ratio of activator, effector, and repressor
molecules.12,13 In quiescent and healthy cells, the
effectors are maintained in an inactive state via
complexation with repressors. Upon receiving apo-
ptotic cues, in the form of DNA damage and cellular
stress, the activators are stimulated and compete
with effectors for binding to the repressors and, in so
doing, they not only neutralize the anti-apoptotic
action of repressors but also unleash the pro-
apoptogenicity of effectors. The effectors subse-
quently 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.14–18 In addition to freeing up the
effectors from the inhibitory effect of repressors,
the activators are also believed to directly bind to
effectors and facilitate their participation in the
assembly of mitochondrial pores. This provides a
route for 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. Importantly, studies suggest that the
release of apoptogenic factors may occur through
the so-called voltage-dependent anion channel
located within MOM.19 Thus, while apoptotic
effectors such as Bax and Bak accelerate the opening
of voltage-dependent anion channel, apoptotic re-
pressors such as BclXL and Bcl2 have been shown to
trigger its closing. Although the precise mechanism
of how exactly various members of the Bcl2 family
execute and regulate apoptosis remains a subject of
immense controversy, it is generally agreed that
hetero-association between various members of the
Bcl2 family is one of the defining events in the
decision of a cell to live or die.
Despite their low sequence convergence, all

members of the Bcl2 family share a remarkably
conserved three-dimensional topological fold char-
acterized by a central, predominantly hydrophobic
α-helical hairpin “dagger” (α5 and α6) surrounded
by a “cloak” composed of six amphipathic α-helices
(α1–α4 and α7–α8) of varying lengths.20 Addition-
ally, the effectors and repressors also contain a CT
hydrophobic α-helix termed α9, or more commonly
the TM domain, because it allows these members of
the Bcl2 family to localize to MOM upon apoptotic
induction.21–23 The “cloak and dagger” structural
topology of Bcl2 members is the hallmark of their
functional duality in that they are able to coexist as
“soluble factors” under quiescent cellular state and
as “membrane channels” upon apoptotic induction.
Notably, the hydrophobic dagger not only provides
the bulk of the thermodynamic force in driving the
water-membrane transition of various Bcl2 mem-
bers upon apoptotic induction but also directly
participates in the formation of mitochondrial pores
that provide a smooth channel for the exit of
apoptogenic factors. A prominent feature of re-
pressors is that they contain what has come to be
known as the “canonical hydrophobic groove”,
formed by the juxtaposition of α2–α5 helices, which
serves as the docking site for the BH3 domain (α2
helix) of activators and effectors. In a remarkable
twist, the effectors also contain a hydrophobic
groove for accommodating the BH3 domain of
activators, but this “pseudo hydrophobic groove”,
formed by the juxtaposition of α1/α6 helices, is
geographically distinct in that it is located on the
face opposite to that occupied by the canonical
hydrophobic groove in repressors.24–26 Surprising-
ly, in the case of the Bax effector, the canonical
hydrophobic groove is occupied by its CT TM
domain (α9 helix) in an intramolecular manner.27

The binding of activators via their BH3 domains to
the pseudo hydrophobic groove within Bax is
believed to disengage the TM domain, allowing it
to translocate to MOM in response to apoptotic
signals.24–26 In a manner akin to the autoinhibition
of Bax for mitochondrial translocation,27 the canon-
ical hydrophobic groove within the BclW repressor
is also not freely available but rather locked down
through intramolecular binding of its TM domain
(α9 helix).28,29 Subsequent binding of the BH3
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domain of activators and effectors to the canonical
hydrophobic groove within BclW is believed to
displace the TM domain so as to allow it to
translocate to MOM upon apoptotic induction
and, in so doing, neutralize its anti-apoptotic
activity.30

In an effort to further understand how the TM
domain and MOM modulate the binding of BH3
ligands to repressors, we set out here to analyze
the biophysical properties of full-length BclXL
construct (BclXL_FL) and a truncated BclXL
construct (BclXL_dTM) in which the TM domain
has been deleted alone and their behaviors toward
BH3 ligands in solution and in 1,2-dimyristoyl-
sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DMPC/DHPC) bicelles
mimicking MOM (Fig. 1). Our study reveals that
ligand binding and membrane insertion compete
with oligomerization of BclXL in solution. Of
particular importance is the observation that such
oligomerization is driven by the intermolecular
binding of its CT TM domain to the canonical
hydrophobic groove in a domain-swapped trans
fashion, whereby the TM domain of one monomer
occupies the canonical hydrophobic groove within
the other monomer and vice versa. Binding of BH3
ligands to the canonical hydrophobic groove
displaces the TM domain in a competitive manner,
allowing BclXL to dissociate into monomers upon
hetero-association. Remarkably, spontaneous inser-
tion of BclXL into DMPC/DHPC bicelles results in a
dramatic conformational change such that it can no
longer recognize the BH3 ligands in what has come
to be known as the “hit-and-run” mechanism.
Collectively, our data suggest that oligomerization
of a key apoptotic repressor serves as an allosteric
switch that fine-tunes its ligand binding and
membrane insertion pertinent to the regulation of
apoptotic machinery.
1BclXL_FL α1 α2 α3 α4 α5 α6 α7 α8

BH4 BH3 BH1 BH2

Bid_BH3  081-DIIRNIARHLAQVGDSMDRS-100
LXXXXD

1BclXL_dTM α1 α2 α3 α4 α5 α6 α7 α8

Bad_BH3  105-WAAQRYGRELRRMSDEFVDS-124
Bax_BH3  054-ASTKKLSESLKRIGDELDSN-073

(a)

(b)

clarity. While the BclXL_FL construct represents the full-lengt
domain has been deleted in the BclXL_dTM construct in order
in this study. The numerals indicate amino acid boundaries
sequence alignment of 20-mer peptides spanning various BH
numerals indicate amino acid boundaries within correspondi
all BH3 domains is highlighted.
Results and Discussion

TM modulates the binding of BH3 ligands
to BclXL
To shed light on the role of TM domain in
modulating the binding of BH3 ligands to BclXL,
we conducted isothermal titration calorimetry (ITC)
analysis on BclXL_FL and BclXL_dTM constructs
using BH3 peptides derived from Bid and Bad
activators and the Bax effector—the three well-
characterized physiological ligands of BclXL
repressor.9–11 Figure 2 provides representative ITC
data for the binding of the Bid_BH3 peptide to
BclXL_FL and BclXL_dTM constructs, while de-
tailed thermodynamic parameters accompanying
the binding of all BH3 peptides are shown in Table
1. It is evident from our data that the BH3 peptides
bind to the BclXL_dTM construct with affinities that
are more than 1 order of magnitude greater than
those observed for their binding to the BclXL_FL
construct. That this is so strongly suggests that the
TM domain in BclXL is not freely exposed to
solution but rather associates with the rest of the
protein in a manner that inhibits the binding of BH3
ligands. In light of the knowledge that the TM
domain of the BclW repressor occupies the canonical
hydrophobic groove,28–30 it can be argued that a
similar scenario prevails in the case of BclXL and
that the binding of BH3 ligands competes with the
dissociation of TM domain from the canonical
hydrophobic groove.
In addition to dramatic differences observed in the

binding affinities of various BH3 peptides toward
BclXL_FL and BclXL_dTM constructs, their inter-
molecular association is also marked by distinct
underlying thermodynamic forces. Thus, while
233α9

TM

200

Fig. 1. BclXL domain organiza-
tion and BH3 ligands. (a) Human
BclXL is composed of the BH4–
BH3–BH1–BH2–TM modular orga-
nization, with a CT TM domain
preceded by four NT BH domains.
The relationship between the vari-
ous helices (α1–α9) punctuating the
topological fold of BclXL and the
BH domains is clearly indicated for

h protein with the above modular organization, the CT TM
to investigate its function in the biological function of BclXL
within corresponding protein sequences. (b) Amino acid
3 domains within human Bid, Bad, and Bax proteins. The
ng protein sequences. The LXXXXD motif characteristic of



Fig. 2. ITC analysis for the binding of the Bid_BH3 peptide to BclXL_FL (a) and BclXL_dTM (b) constructs. 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 the Bid_BH3 peptide to the corresponding
construct. The continuous lines in the lower panels show the fit of data to a one-site model, as embodied in Eq. (1), using
the ORIGIN software. The insets show same titrations conducted in the presence of DMPC/DHPC bicelles.
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binding of various BH3 ligands to the BclXL_FL
construct is predominantly driven by favorable
enthalpic factors accompanied by entropic penalty,
binding to the BclXL_dTM construct is favored by
both enthalpic and entropic changes (Table 1). These
salient observations indicate that the solvation of
hydrophobic TM domain following the recruitment
of BH3 ligands by the canonical hydrophobic groove
most likely mitigates the conformational entropy of
BclXL. We believe that such loss in conformational
dynamics may aid or prime BclXL for subsequent
insertion into MOM so as to allow it to interfere with
the formation of mitochondrial pores critical for the
Table 1. Thermodynamic parameters for the binding of vario

Peptide

BclXL_FL

Kd (μM)
ΔH

(kcal mol−1)
TΔS

(kcal mol−1)
ΔG

(kcal mo

Bid_BH3 9.97±1.25 −18.74±0.19 −11.91±0.17 −6.82±0
Bad_BH3 10.30±1.42 −14.19±0.08 −7.37±0.04 −6.81±0
Bax_BH3 35.10±3.72 −19.40±0.30 −13.31±0.25 −6.08±0

All parameters were obtained from ITC measurements at pH 8.0 and 2
within ±10%. Errors were calculated from at least three independent
release of apoptogenic factors into the cytosol. Our
data exquisitely illustrate how thermodynamics
may gauge the decision of a cell to live or die.
Importantly, previous studies suggest that upon
insertion into MOM, repressors undergo substantial
conformational change and lose their ability to hold
onto BH3 ligands in what has been termed the hit-
and-run mechanism.29,31–33 To test the validity of
this hypothesis further, we also measured the
binding of various BH3 peptides to BclXL_FL and
BclXL_dTM constructs pre-equilibrated with
DMPC/DHPC bicelles as a mimetic for MOM
using ITC (Fig. 2). Our data reveal that the BH3
us BH3 peptides to BclXL_FL and BclXL_dTM constructs

BclXL_dTM

l−1) Kd (μM)
ΔH

(kcal mol−1)
TΔS

(kcal mol−1)
ΔG

(kcal mol−1)

.01 0.79±0.08 −6.45±0.07 +1.88±0.03 −8.32±0.04

.04 0.89±0.12 −7.84±0.14 +0.46±0.11 −8.26±0.02

.06 3.25±0.27 −5.55±0.07 +1.94±0.08 −7.50±0.01

5 °C. All binding stoichiometries were 1:1 and generally agreed to
measurements. All errors are given to one standard deviation.
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peptides do not recognize BclXL within bicelles in
the presence or absence of TM domain and thereby
further corroborate the hit-and-run model of the
binding of repressors to their BH3 ligands preceding
their insertion into MOM.
Given that we have relied here on isolated BH3

peptides to mimic intact Bid, Bad, and Bax, caution
is warranted in that the BH3 domains may depart
from their physiological behavior when treated as
isolated peptides due to the loss of local confor-
mational constraints that they may be subject to in
the context of full-length proteins. Nonetheless, it is
well documented that Bid, Bad, and Bax interact
with apoptotic repressors primarily through their
BH3 domains. Additionally, binding of BH3
peptides to apoptotic repressors with high affinity
and specificity as observed here and elsewhere
argues strongly in support of BH3 peptides as bona
fide models of intact proteins from which they are
derived.34–36 We also note that the BH3 domain of
Bid binds to apoptotic repressors only upon
cleavage of the NT region of the protein.37 In
short, the use of isolated BH3 peptides here in lieu
of full-length proteins is well justified and our data
presented above are likely to be of physiological
relevance.
Fig. 3. ALS analysis for BclXL_dTM and BclXL_FL constru
differential refractive index (Δn) plotted as a function of elut
(bottom panel) constructs. Note that the elution profile for th
10 μM (red) initial protein concentrations loaded onto the Supe
only shown at 50 μM (black). (b) Partial Zimm plots obtaine
concentration for BclXL_FL polymer (top panel) and BclXL_dT
the data points represent linear fits. (c) Autocorrelation functi
specific protein concentration for BclXL_FL polymer (top
continuous lines through the data points represent nonlinear
BclXL associates into higher-order oligomers

Our data presented above suggest strongly that
the TM domain competes with the binding of BH3
ligands by virtue of its ability to bind to the
canonical hydrophobic groove. However, unlike
the association of the TM domain of the BclW
repressor and the Bax effector via an intramolecular
cis fashion,27–29 the possibility that the TM domain
of BclXL may associate in an intermolecular trans
fashion so as to form domain-swapped dimers
cannot be excluded. To test this notion, we next
conducted analytical light scattering (ALS) analysis
on BclXL_FL and BclXL_dTM constructs and quan-
tified various physical parameters accompanying
the behavior of these protein constructs in solution
from the first principles of hydrodynamics without
any assumptions (Fig. 3 and Table 2). Remarkably,
our data show that while the BclXL_FL construct
predominantly associates into higher-order oligo-
mers that we herein refer to as multimer (∼300 kDa)
and polymer (∼3000 kDa), the BclXL_dTM con-
struct is largely monomeric in solution. That this is
so strongly implicates the involvement of the TM
domain in mediating the formation of domain-
swapped dimers of BclXL_FL that further associate
cts as indicated. (a) Elution profiles as monitored by the
ion volume (V) for BclXL_FL (top panel) and BclXL_dTM
e BclXL_FL construct is shown at both 50 μM (black) and
rdex 200 column, while that for the BclXL_dTM construct is
d from analytical SLS measurements at a specific protein
Mmonomer (bottom panel). The continuous lines through
on plots obtained from analytical DLS measurements at a
panel) and BclXL_dTM monomer (bottom panel). The
least-squares fits to Eq. (11).

image of Fig. 3


Table 2. Comparison of hydrodynamic parameters for BclXL_dTM and BclXL_FL constructs

Construct Associativity Mw (kDa) Mn (kDa) Mw/Mn Rg (Å) Rh (Å) Rg/Rh

BclXL_dTM Monomer 28±2 28±2 1.00±0.00 ND 33±2 ND
Dimer 54±2 54±2 1.00±0.01 ND 41±3 ND

BclXL_FL Monomer 31±1 31±1 1.00±0.01 ND 36±1 ND
Dimer 62±3 61±3 1.01±0.01 ND 47±2 ND

Multimer 361±26 321±25 1.14±0.02 107±4 99±2 1.10±0.01
Polymer 3355±188 3134±147 1.17±0.02 198±8 175±6 1.13±0.02

All parameters were obtained from ALS measurements at pH 8 and 10 °C. Note that the calculated molar masses of recombinant
BclXL_dTM and BclXL_FL constructs from their respective amino acid sequences are 27 kDa and 31 kDa, respectively. Errors were
calculated from at least three independent measurements. All errors are given to one standard deviation. Note that the Rg parameter
could not be determined (ND) for various species due to their lack of angular dependence of scattered light.
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into larger oligomeric species. In light of our ITC
data presented above, we believe that such oligo-
merization likely serves as an autoinhibitory allo-
steric switch under quiescent cellular state.
However, upon the induction of apoptosis, the
rising cellular levels of BH3 ligands in the form of
activators compete with oligomerization of BclXL so
as to dislodge the TM domain from the canonical
hydrophobic groove, thereby initiating its translo-
cation into MOM—a key requisite for its anti-
apoptotic behavior. Although a minor fraction of
both BclXL_FL and BclXL_dTM constructs is also
observed as a dimer, we believe that these homo-
dimers are physically distinct. The BclXL_FL dimer
is most likely constructed through TM swapping,
such that the TM domain of one monomer occupies
the canonical hydrophobic groove within the other
monomer and vice versa in an intermolecular trans
fashion, in agreement with our observations that the
binding of BH3 ligands to the canonical hydropho-
bic groove is compromised in the context of full-
length BclXL (Table 1). This notion is also consistent
with previous studies in which the TM domain was
shown to promote homodimerization of full-length
BclXL within live cells.32,38 In contrast, the forma-
tion of the BclXL_dTM dimer is most probably
driven through inter-monomer swapping of α6–α8
helices such that the canonical hydrophobic grooves
within each monomer remain fully exposed to
solution and are available for the binding of BH3
ligands without any restriction as reported earlier in
the case of BclXL and BclW constructs in which the
TM domain has been truncated.39–41

It should also be noted here that when size-
exclusion chromatography (SEC)-resolved fractions
containing the BclXL_FL monomer and dimer were
reanalyzed on SEC column, both the oligomeric
species reappeared in the elution profile. Likewise,
reanalysis of SEC-resolved fractions containing the
BclXL_FL higher-order oligomers on SEC column
also resulted in the appearance of monomeric and
dimeric species. Taken collectively, these salient
observations suggest strongly that BclXL_FL exists
in a reversible monomer–dimer–multimer–polymer
equilibrium. The fact that such equilibrium prevails
even at lower concentrations of BclXL argues
strongly that the ability of BclXL to undergo
oligomerization in solution is likely to be physio-
logically relevant. In an attempt to gain insights into
the conformational heterogeneity of the oligomeric
species of BclXL, we also determined the Mw/Mn
and Rg/Rh ratios from our hydrodynamic data
(Table 2). While the Mw/Mn ratio provides a
measure of the macromolecular polydispersity, the
Rg/Rh ratio sheds light on the overall macromolec-
ular shape. Our data suggest that while the higher-
order oligomers of BclXL display some degree of
polydispersity (Mw/MnN1.05), the monomeric and
dimeric forms of BclXL are predominantly mono-
disperse (Mw/Mnb1.05). Additionally, the higher-
order oligomers of BclXL most likely adopt an
elongated rod-like shape (Rg/RhN1) in lieu of a
more spherical or disc-like architecture. That this is
so was further confirmed by transmission electron
microscopy (TEM) analysis (Fig. 4). Thus, while
BclXL_FL alone exudes rod-like appearance in
solution, addition of the Bid_BH3 peptide is
concomitant with the disappearance of these rod-
like structures, implying that ligand binding most
likely results in the dissociation of higher-order
oligomers into monomers in agreement with our
ITC data.

Ligand binding and membrane insertion
modulate thermodynamic stability of BclXL

In light of our data presented above, we next
wondered whether the ability of full-length BclXL to
associate into higher-order oligomeric species is a
manifestation of its enhanced stability and to what
extent such thermodynamic advantage may be
modulated by ligand binding and membrane
insertion. Toward this goal, we conducted differen-
tial scanning calorimetry (DSC) analysis on
BclXL_FL and BclXL_dTM constructs alone, in the
presence of the Bid_BH3 peptide, and in the
presence of DMPC/DHPC bicelles (Fig. 5). Our
analysis suggests that BclXL_FL is significantly
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Fig. 4. TEM micrographs of the negatively stained BclXL_FL construct alone (a) and in the presence of the Bid_BH3
peptide (b).
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more stable than BclXL_dTM. Thus, while the
unfolding of BclXL_dTM is accompanied by a
melting temperature (Tm) of 72 °C, unfolding of
BclXL_FL is not observed even when the melting
temperature is raised to 120 °C (Fig. 5a and b).
Addition of the Bid_BH3 peptide to the BclXL_dTM
construct raises its Tm value to 78 °C, implying that
ligand binding enhances the stability of BclXL. In
light of our ITC and TEM analysis, binding of the
BH3 peptide to BclXL_FL might be expected to
destabilize this construct. Yet, no thermal melting of
Fig. 5. DSC isotherms for the BclXL_FL construct at 50 μM
construct at 10 μM (c) alone (black), in the presence of the ex
DMPC/DHPC bicelles (green). The vertical broken lines indic
the liganded BclXL_FL construct is observed in the
40–120 °C temperature range in a manner akin to the
unliganded BclXL_FL construct. This observation
suggests that the liganded BclXL_FL construct is
significantly more stable than liganded BclXL_dTM.
Surprisingly, the behavior of BclXL_FL and
BclXL_dTM constructs within bicelles is mirrored
to that observed in solution. Thus, while no thermal
melting of the BclXL_dTM construct within bicelles
is observed in the 40–120 °C temperature range, the
melting of the BclXL_FL construct within bicelles is
(a), BclXL_dTM construct at 50 μM (b), and BclXL_FL
cess Bid_BH3 peptide (red), and in the presence of excess
ate Tm values of various thermal phases.

image of Fig. 5
image of Fig. 4
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characterized by three distinct thermal phases, with
Tm values of 78 °C, 89 °C, and 96 °C. We attribute
such multiphasic thermal transition of BclXL_FL
within bicelles to the dissociation of a higher-order
oligomer into dimeric and monomeric species prior
to melting. Notably, these observations are not
affected when DSC analysis is conducted on the
BclXL_FL construct at lower protein concentrations
(Fig. 5c), implying that the thermal behavior of
BclXL within both solution and bicelles is likely to be
of physiological relevance.
Taken collectively, our data suggest that although

the BclXL_FL construct exists as an oligomer within
bicelles, the physical basis of such oligomerization is
likely to be distinct from that observed in solution,
thereby supporting the notion that BclXL undergoes
conformational change upon membrane insertion in
agreement with previous reports.33,42,43 Importantly,
our data also suggest that although the BclXL_dTM
construct is predominantly monomeric in solution, it
undergoes oligomerization within bicelles to such an
extent that it is stable up to a temperature of 120 °C.
This observation is in agreement with the view that
the TM domain is not critical for the insertion of
apoptotic repressors into membranes.33,42,44 Howev-
er, the observation that the BclXL_dTM oligomers
withinmembranes aremore stable than the BclXL_FL
oligomers is being reported here for the first time. In
light of this novel finding,wehypothesize that the TM
domain not only may play a role in regulating ligand
binding but also may control the degree of BclXL
oligomerization within membranes. Importantly, it
has been suggested that the TMdomain targets BclXL
t\o MOM as opposed to other intracellular
membranes.45 Thus, although the lack of the TM
Fig. 6. SSF spectra of the BclXL_FL construct at 5 μM (a), Bcl
containing higher-order oligomers of BclXL_FL at 1 μM (c) alon
and in the presence of excess DMPC/DHPC bicelles (green).
domain may facilitate oligomerization of BclXL
within membranes, the TM domain may play a key
role in its correct intermembraneous localization as
well as oligomerization relevant to its anti-apoptotic
function.

BclXL undergoes tertiary and quaternary
structural changes upon ligand binding
and membrane insertion

It is believed that apoptotic repressors undergo
substantial conformational changes upon insertion
into membranes.33,42 In order to elucidate the role of
the TM domain in dictating such conformational
changes within BclXL upon ligand binding and
membrane insertion, we measured steady-state
fluorescence (SSF) spectra of BclXL_FL and
BclXL_dTM constructs alone, in the presence of the
Bid_BH3 peptide and in the presence of DMPC/
DHPC bicelles (Fig. 6). It is important to note that
intrinsic protein fluorescence, largely due to trypto-
phan residues, is influenced by changes in the local
environment and thus serves as a sensitive probe of
overall conformational changes within proteins.
This is further aided by the fact that BclXL_FL and
BclXL_dTM constructs respectively contain seven
and six tryptophan residues positioned at various
strategic positions to monitor conformational
changes occurring at both the intramolecular and
intermolecular level. Strikingly, our data show that
the intrinsic fluorescence of the BclXL_FL construct
is much higher than that observed for the
BclXL_dTM construct (Fig. 6a and b). This most
likely arises due to the interfacial burial of solvent-
exposed tryptophans on the protein surface upon
XL_dTM construct at 5 μM (b), and SEC-resolved fractions
e (black), in the presence of excess Bid_BH3 peptide (red),
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intermolecular association of BclXL_FL into higher-
order oligomers. This is further evidence for the
propensity of the BclXL_FL construct to undergo
oligomerization in solution.
Strikingly, although binding of the Bid_BH3

peptide to both BclXL_FL and BclXL_dTM con-
structs results in the quenching of intrinsic fluores-
cence, the magnitude of such quenching is much
larger for the BclXL_FL construct. These findings
suggest that the binding of the Bid_BH3 peptide to
the BclXL_FL construct is coupled to its dissociation
into monomers or, in statistical terms, shifts the
equilibrium in favor of monomers. In striking
contrast to ligand binding, insertion of both
BclXL_FL and BclXL_dTM constructs into bicelles
results in the enhancement of intrinsic fluorescence
in agreement with the overall movement of trypto-
phan residues from a polar environment to a more
hydrophobic milieu. However, the extent of such
fluorescence enhancement is much larger for the
BclXL_FL construct than for the BclXL_dTM con-
struct. This implies that although both constructs
undergo conformational changes upon insertion
into bicelles, the BclXL_FL construct does so more
dramatically, possibly resulting in its quaternary
structural rearrangement in addition to tertiary
structural changes. This salient observation thus
further corroborates our DSC data where both
BclXL_FL and BclXL_dTM constructs appear to
form distinct oligomers within bicelles. Importantly,
SEC-resolved fractions containing higher-order olig-
omers of the BclXL_FL construct appear to behave
very similar to non-resolved BclXL_FL in solution
and within bicelles (Fig. 6a and c), implying that the
oligomers rapidly re-equilibrate in agreement with
our ALS analysis.
Fig. 7. Far-UV CD spectra of the BclXL_FL construct at 5 μM
fractions containing higher-order oligomers of BclXL_FL at 1
peptide (red), and in the presence of excess DMPC/DHPC bi
BclXL undergoes secondary structural changes
upon ligand binding and membrane insertion

To probe secondary structural changes upon
ligand binding and membrane insertion, we next
measured and compared far-UV circular dichroism
(CD) spectra of BclXL_FL and BclXL_dTM con-
structs alone, in the presence of the Bid_BH3
peptide, and in the presence of DMPC/DHPC
bicelles (Fig. 7). Consistent with our SSF analysis
above, both BclXL_FL and BclXL_dTM constructs
display spectral features in the far-UV region
characteristic of an α-helical fold with bands
centered on 208 nm and 222 nm (Fig. 7a and b).
Upon the addition of the Bid_BH3 peptide, there is a
noticeable increase in the far-UV spectral intensities
of the 208-nm and 222-nm bands within both
constructs but more so in the case of BclXL_FL,
implying that ligand binding is coupled to second-
ary structural changes. The nature of such increase
in α-helicity is not clear, but it is possible that this
increase is in part due to the coil–helix transition of
the BH3 peptide upon binding. Interestingly, the
nature of secondary structural changes observed
upon the addition of bicelles appears to be some-
what distinct to that observed upon ligand binding
in both constructs. Thus, while the 208-nm band
increases in intensity in the presence of bicelles, the
222-nm band undergoes reduction. Notably, SEC-
resolved fractions containing the higher-order olig-
omers of the BclXL_FL construct appear to behave
very similar to non-resolved BclXL_FL in solution
and within bicelles (Fig. 7a and c), implying that the
oligomers rapidly re-equilibrate in agreement with
our ALS analysis. Taken together, our data suggest
that ligand binding and membrane insertion of both
(a), BclXL_dTM construct at 5 μM (b), and SEC-resolved
μM (c) alone (black), in the presence of excess Bid_BH3

celles (green).

image of Fig. 7
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BclXL_FL and BclXL_dTM constructs are coupled to
secondary structural changes though the precise
nature of such structural perturbations remains
uncertain.

Structural models provide physical basis of
oligomerization of BclXL

In an effort to understand the physical basis of
oligomerization of full-length BclXL, we built three-
dimensional atomic models of BclXL monomers in
which the TM domain is exposed to solution
(BclXL_solTM) or occupies the canonical hydropho-
bic groove (BclXL_cisTM) as well as the BclXL
homodimer in which the TM domain of one
monomer occupies the canonical hydrophobic
groove within the other monomer and vice versa in
a domain-swapped trans fashion (BclXL_transTM)
(Fig. 8). It is noteworthy that these structural models
were derived from the known solution structures of
truncated BclXL, in which the TM domain and the
α1–α2 loop are missing and the full-length Bax in
which the TM domain occupies the canonical
hydrophobic groove.27,46

As discussed earlier, the topological fold of BclXL is
composed of a central, predominantly hydrophobic
α-helical hairpin dagger (α5 and α6) surrounded by a
cloak composed of six amphipathic α-helices (α1–α4
and α7–α8) of varying lengths. Additionally, the CT
hydrophobic TM domain (helix α9) may, in principle,
adopt one of the following three conformations: The
TMdomainmay be exposed to solution as depicted in
the BclXL_solTM model (Fig. 8a). However, given its
predominantly hydrophobic nature, the TM domain
is likely to become unfolded in solution while its
association with the canonical hydrophobic groove,
formed by the juxtaposition of α2–α5 helices, would
be thermodynamically favorable as shown in the
BclXL_cisTMmodel (Fig. 8b). Such an intramolecular
association of TMdomain has indeed been previously
reported in the case of the BclW repressor and the Bax
effector.27–29 Disordered regions such as loops within
proteins interconnecting α-helices or β-strands have
come toprominence over the past decade or so in their
ability tomodulate protein structure and function.47–51

Strikingly, the α8–α9 loop preceding the TM domain
in BclXL is much longer than that found in the Bax
effector, while the anomalously long α1–α2 loop
(∼60 residues) in BclXL is relatively short in both the
BclW repressor and the Bax effector. This raises the
possibility that the TM domain in BclXL may
associate with the rest of the protein in an
intramolecular cis manner but that its intermolecular
association in a trans fashion through TM swapping
may be a preferred alternative as suggested by the
BclXL_transTM model (Fig. 8c). This latter notion not
only is supported by cell-based studies on full-length
BclXL32,38 but also would provide a physical route
for the oligomerization of BclXL into higher-order
oligomers reported here for the first time. Impor-
tantly, our BclXL_transTM model suggests that
homodimerization, with the monomers related by a
2-fold axis of symmetry, would lead to further
thermodynamic stabilization of TM domains. Thus,
roughly parallel orientation of TM domains within
BclXL_transTM dimer would allow side-chain moi-
eties of apolar residues facing outward from the TM
domain within one monomer to engage in van der
Waals contacts with side-chain moieties of apolar
residues facing outward from the TM domain of the
other monomer in a manner akin to hydrophobic
interactions stabilizing leucine zippers.52 Prevalence
of such additional favorable interactions would
clearly favor the docking of the TM domain to the
canonical hydrophobic groove via a trans mecha-
nism over intramolecular association.

MD simulations support dimerization of BclXL
through domain swapping

Our structuralmodels of full-length BclXL presented
above suggest strongly that the BclXL_transTM
homodimeric conformation would be the most
preferable in solution and that the α1–α2 and α8–α9
loops may play an active role in driving such
homodimerization. To further test the validity of our
structural models and to gain insights into macromo-
lecular dynamics, we next conducted molecular
dynamics (MD) simulations over tens of nanoseconds
(Fig. 9)—the time regime over whichmacromolecular
motions such as conformational fluctuations and
intermolecularmovements relevant to their biological
function occur. As shown in Fig. 9a, the MD
trajectories reveal that all three conformations of
Bc lXL (Bc lXL_so lTM, Bc lXL_c isTM, and
BclXL_transTM) reach structural equilibrium after
about 20 ns with an overall root-mean-square
deviation (RMSD) between 5 and 10Å.Tounderstand
the rather low stability of these conformations, we
deconvoluted the overall RMSD for the full-length
(FL) BclXL spanning residues 1–233 into three
constituent regions: (i) the central core (CC) region
spanning residues 86–195; (ii) the NT region, contain-
ing the α1 helix (BH4 domain) and the α1–α2 loop,
spanning residues 1–85; and (iii) the CT region,
containing the α9 helix (TM domain) and the α8–α9
loop, spanning residues 196–233. To our surprise, we
noticed that the overwhelmingprotein flexibility in all
three conformations largely resides in the NT and CT
regions, while the CC region displays a very high
degree of order with little internal motions. However,
the conformational dynamics of the NT and CT
regions display discernable differences within the
three distinct conformations of BclXL. In the case of
BclXL_solTM conformation, both NT and CT regions
remain highly mobile, reflecting in part the thermo-
dynamically unfavorable solvation of the hydropho-
bic TM domain, which also appears to undergo



BclXL_solTM
BclXL_cisTM

αα9

α8-α 9
l

(a) (b)

1
α1

α2
α2

α7 α7

α8 α8
α1-α 2
loop

α1-α 2
loop

α8-α 9
loop

loop

α1

α3 α3

α4 α4

α5 α5

α6
α6

α9

BclXL_transTM

α1-α 2α8-α 9

(c)

α2α7

α7
α8

α8
α1-α 2
loop

α1 α 2
loop

α8-α 9
loop α8-α 9

loop

α1
α1

α2

α2

α3 α4α5 α5
α6

α6

α7

α9
α9

α3
α4

Fig. 8. Structural models of full-length BclXL in three distinct conformations with respect to the CT TM domain (α9
helix). (a) Monomeric BclXL with the TM domain exposed to solution (BclXL_solTM). (b) Monomeric BclXL with the TM
domain bound to the canonical hydrophobic groove (BclXL_cisTM). (c) Homodimeric BclXL with the TM domain bound
to the canonical hydrophobic groove but swapped in an intermolecular trans fashion—the TM domain of one monomer
(green) is bound to the other monomer (blue) and vice versa (BclXL_transTM).
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unfolding during the course of MD trajectory.
Interestingly, while the NT region remains relatively
mobile in both BclXL_cisTM and BclXL_transTM
conformations in a manner akin to its mobility
observed within BclXL_solTM, the CT region experi-
ences substantial loss of conformational dynamics
that can be attributed to the stabilization of the TM
domain by the canonical hydrophobic groove either
in an intramolecular manner (BclXL_cisTM) or via
domain swapping (BclXL_transTM). Importantly, the
CT region appears to be lessmobile andmore ordered
over the course ofMD trajectorywithin BclXL_transTM

image of Fig. 8
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Fig. 9. MD analysis on structural models of full-length BclXL in three distinct conformations with respect to the CT TM
domain (α9 helix). (a) RMSD of backbone atoms (N, Cα, and C) for residues 1–233 (black), residues 86–195 (red), residues
1–85 (green), and residues 196–233 (blue) within each simulated structure relative to the initial modeled structure of
BclXL_solTM, BclXL_cisTM, and BclXL_transTM as a function of simulation time. Note that, for each construct, the RMSD
of full-length (FL) protein spanning residues 1–233 is also deconvoluted into the CC region spanning residues 86–195, the
NT region spanning residues 1–85, and the CT region spanning residues 196–233. (b) RMSF of backbone atoms (N, Cα,
and C) averaged over the entire course of corresponding MD trajectory of BclXL_solTM, BclXL_cisTM, and
BclXL_transTM as a function of residue number.
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relative to its mobility within the BclXL_cisTM confor-
mation, arguing in favor of greater stability of homo-
dimeric versusmonomeric conformation.
An alternative means to assess mobility and

stability of macromolecular complexes is through an
assessment of the root-mean-square fluctuation
(RMSF) of specific atoms over the course of MD
simulation. Figure 9b provides such analysis for the
backbone atoms of each residue within all three
conformations of BclXL. In agreement with our
RMSD analysis (Fig. 9a), residues within the CC
region appear to be the most ordered with least
fluctuation.However, the RMSF analysis additionally
reveals that the residues within NT and CT regions
that undergo most fluctuation reside within the
α1–α2 loop in all three conformations, while residues
within the α8–α9 loop display highermobility only in
BclXL_solTM and BclXL_cisTM conformations. Re-
markably, while the α8–α9 loop appears to be highly
ordered in BclXL_transTM, the mobility of the α1–α2
loop is comparativelymuchhigher than that observed
in BclXL_solTMandBclXL_cisTMconformations. It has
also been previously shown that the deletion of the
α1–α2 loop in BclXL augments its anti-apoptogenicity
and that the suppressive effect of the α1–α2 loop is
relieved by its posttranslational phosphorylation.53 In
light of this observation, we believe that the intrinsic
flexibility of the α1–α2 loop may be a driving force for
the homodimerization of BclXL through favorable
entropic contributions and that such intermolecular
association may provide a thermodynamic bottleneck
for it to switch to an active conformation. Posttransla-
tional phosphorylation of BclXLmay induce conforma-
tional changes within the α1–α2 loop that lead to its
ordering and thereby remove the bottleneck, promoting
its homodimerization and subsequently shifting the
equilibrium in favor of monomeric conformation that
exudes higher anti-apoptogenicity.
Unlike the enhanced mobility of the α1–α2 loop

within BclXL_transTM, the ordering of the α8–α9



69Biophysical Analysis of BcIXL Apoptotic Repressor
loop appears to provide a mechanism for greater
stabilization of TM within BclXL_transTM com-
pared to BclXL_cisTM conformation as evidenced
by the RMSF of residues located within the TM
domain (Fig. 9b). Taken together, our MD simula-
tions suggest that the dimeric BclXL_transTM
conformation is more stable than either of the
monomeric conformations, thereby further support-
ing the notion that domain-swapped homodimer-
ization likely plays a key role in the intermolecular
association of BclXL into higher-order oligomers.
Conclusions

Despite their discovery more than two decades
ago,54–58 members of the Bcl2 family have not been
extensively studied using biophysical tools. In
particular, previous biophysical and structural stud-
ies on BclXL and Bcl2 repressors have heavily relied
on truncated constructs devoid of both the structur-
ally disordered α1–α2 loop and the functionally
critical TM domain.20,36,59 Although the view that
structure dictates protein function has been the holy
grail of structural biology over the past century, the
notion that structurally disordered regions may also
represent hot spots of protein function would have
been perceived blasphemous even a decade ago.
However, it is now rapidly becoming clear that
structurally disordered regions within proteins hold
critical clues to their functional diversity and, in
particular, their tight regulation.47–51

In light of the aforementioned arguments, we
undertook here detailed biophysical analysis of the
full-length BclXL and investigated the role of the TM
domain in dictating structure–function relationships
within this important member of the Bcl2 family. Our
studies reveal for the first time that BclXL displays a
high propensity to associate into higher-order oligo-
mers that are likely to be of physiological relevance. In
particular, oligomerization of BclXL appears to be
driven through domain swapping such that the TM
domain of one monomer occupies the canonical
hydrophobic groove within the other monomer and
vice versa in a trans fashion. Over the past decade or
so, homodimerization of proteins through domain
swapping has emerged as a common mechanism for
protein oligomerization.60–65 From a thermodynamic
standpoint, such intermolecular association would
allow twoparticipatingmonomers to bury additional
surface area, culminating in enhanced stability as
well as providing a greater interacting molecular
surface for further oligomerization (Fig. 10a). We
believe that such a mechanism also promotes the
intermolecular association of BclXL homodimers into
higher-order oligomers. Nonetheless, our in vitro and
in silico analysis does not exclude the possibility that
BclXL oligomerization may also ensue through an
alternative interlockingmechanism (Fig. 10b),where-
by the TM domain of one monomer locks onto the
canonical hydrophobic groove of another monomer
in a head-to-tail fashion in a manner akin to actin
polymerization.66 Regardless of the precise mecha-
nism, BclXLoligomerization reported here appears to
play a key role in fine-tuning its anti-apoptotic action
by virtue of its ability to regulate ligand binding and
membrane insertion. Consistent with this notion,
truncation of the TM domain completely abolishes
oligomerization of BclXL and the resulting truncated
construct exudes biophysical behavior distinct from
the full-length protein including thermal stability,
ligand binding, and membrane insertion. Important-
ly, the ability of the TM domain to trigger oligomer-
ization of BclXL in solution appears to provide an
allosteric switch for its autoinhibition, activation, and
subsequent insertion into membranes. Thus, while
ligand binding triggers the dissociation of BclXL
oligomers into monomers, their subsequent insertion
into membrane appears to be coupled to re-oligo-
merization into a functionally active conformation.
On the basis of our data presented here, we

propose a model to account for the self-association
of BclXL into higher-order oligomers in concert with
its hetero-association with repressors and activators
and how such cross-talk is finely tuned in quiescent
healthy cells versus apoptotic cells (Fig. 10c). In
quiescent non-apoptotic cells, BclXL self-associates
into higher-order oligomers and/or hetero-associates
with effectors such as Bax and Bak, depending on
the relative ratio of their cellular concentrations, to
form repressor–effector complexes. In this manner,
self-association into higher-order oligomers leads to
inactivation of BclXL and hetero-association in-
activates effectors. Upon receiving apoptotic stim-
uli, activators such as Bid and Bad compete with
self-association of BclXL into higher-order oligo-
mers and its hetero-association with effectors,
leading to the formation of repressor–activator
complexes as well as freeing up the effectors,
which subsequently insert into MOM. This results
in mitochondrial permeabilization leading to the
release of apoptogenic factors that in turn induce
cells to undergo apoptosis. Additionally, the dis-
placement of the TM domain from the canonical
hydrophobic groove within BclXL by BH3-only
activators in a competitive manner triggers the
translocation of BclXL into MOM via its TM domain
(α9 helix) as well as the hairpin dagger (α5/α6
helices). Such solution–membrane transition would
result in the disruption of the canonical hydropho-
bic groove, allowing the BH3 ligands to drop off in
agreement with the hit-and-run mechanism.29,31–33

Inside MOM, the BclXL oligomer may exert its anti-
apoptotic action by virtue of its ability to interfere
with Bax and other effectors in the creation of
mitochondrial pores so as to prevent the cytosolic
release of apoptogenic factors and thereby halt the
cell to undergo apoptosis. Notably, our model
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presented above is consistent with previous studies
implicating the role of the TM domain in mediating
membrane insertion of apoptotic repressors28,32,38

but contrasts other studies where regions other than
the TM domain have been suggested.44,67 More
importantly, consistent with our model is the
observation that truncation of the TM domain in
both BclXL and Bcl2 repressors renders them
cytosolic and impairs their ability to prevent
apoptotic cell death.32,68 On the other hand, it has
also been shown that although the BclW repressor
associates with membranes in response to apoptotic
stimuli, it neither promotes nor inhibits apoptosis.30

Taken collectively, our study provides new
mechanistic insights into the functional regulation
of a key member of the Bcl2 family and corroborates
the notion that the TM domain promotes oligomer-
ization of BclXL as previously reported by Basanez
et al. 69 Importantly, this salient observation is
further supported by studies conducted within live
cells.32,38 However, our study also challenges the
findings of other investigators. Notably, O'Neill et al.
recently demonstrated the oligomerization of a
truncated BclXL construct in which the TM domain
is deleted,39 while Thuduppathy et al. reported lack
of oligomerization in both the full-length BclXL and
a truncated construct devoid of the TM domain.43

Although we are unable to account for the discrep-
ancies observed between our data and those
reported by others, we believe that these findings
do not necessarily have to be mutually exclusive and
the differences are likely to be explained by distinct
experimental conditions employed in each study.
We believe that the contradictory nature of our
findings to those reported earlier will serve as a
driving force for further advances in this field.
Materials and Methods

Sample preparation

BclXL_FL (residues 1–233) and BclXL_dTM (residues 1–
200) constructs of human BclXL were cloned into pET30
bacterial expression vectors with an NT His-tag using
Novagen ligation-independent cloning technology (Fig.
1a). The proteins were subsequently expressed in Escher-
ichia coli BL21⁎(DE3) bacterial strain (Invitrogen) and
purified on a Ni-NTA affinity column using standard
procedures. Briefly, bacterial cells were grown at 20 °C in
Terrific Broth to an optical density of greater than unity at
600 nm prior to induction with 0.5 mM IPTG. The bacterial
culture was further grown overnight at 20 °C, and the cells
were subsequently harvested and disrupted using a
BeadBeater (Biospec). After separation of cell debris at
high-speed centrifugation, the cell lysate was loaded onto
a Ni-NTA column and washed extensively with 20 mM
imidazole to remove nonspecific binding of bacterial
proteins to the column. The recombinant proteins were
subsequently eluted with 200 mM imidazole and dialyzed
against an appropriate buffer to remove excess imidazole.
Further treatment on a Hiload Superdex 200 SEC column
coupled in-line with GE Akta FPLC system led to
purification of BclXL_FL and BclXL_dTM constructs to
an apparent homogeneity as judged by SDS-PAGE
analysis. Final yield was typically between 10 and 20 mg
protein of apparent homogeneity per liter of bacterial
culture. Protein concentration was determined by the
fluorescence-based Quant-iT assay (Invitrogen) and spec-
trophotometrically using extinction coefficients of
47,440 M−1 cm−1 and 41,940 M−1 cm−1, respectively,
calculated for the BclXL_FL and BclXL_dTM constructs
using the online software ProtParam at ExPASy Server.70

Results from both methods were in an excellent agree-
ment. 20-Mer peptides spanning various BH3 domains
within human Bid, Bad, and Bax proteins were commer-
cially obtained from GenScript Corporation. The se-
quences of these peptides are shown in Fig. 1b. The
peptide concentrations were measured gravimetrically.
Mixed DMPC/DHPC bicelles were prepared in an
appropriate buffer at a final concentration of 30 mM, at
a DMPC-to-DHPC molar ratio of 1:2, by stirring for 2 h at
37 °C.

Isothermal titration calorimetry

ITC experiments were performed on a Microcal VP-ITC
instrument and data were acquired and processed using
the integrated Microcal ORIGIN software. All measure-
ments were repeated at least three times. Briefly, samples
of BclXL_FL and BclXL_dTM constructs and various BH3
peptides were prepared alone or in the presence of
DMPC/DHPC bicelles in 50 mM sodium phosphate,
100 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), and 5 mM β-mercaptoethanol at pH 8.0. The
experiments were initiated by injecting 25× 10-μl aliquots
of 0.5–1 mM of each BH3 peptide from the syringe into
the calorimetric cell containing 1.8 ml of 40–50 μM
BclXL_FL or BclXL_dTM construct at 25 °C. 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 the BclXL_FL or
BclXL_dTM construct. The heats of mixing and dilution
were subtracted from the heat of binding per injection by
carrying out a control experiment in which the same
buffer in the calorimetric cell was titrated against each
peptide in an identical manner. To extract binding
affinity (Kd) and binding enthalpy (ΔH), we iteratively
fit the ITC isotherms to the following built-in function by
nonlinear least-squares regression analysis using the
integrated ORIGIN software:

q ið Þ¼ nDHVP=2ð Þ
�

1þ L=nPð Þ + Kd=nPð Þ½ �

− 1þ L=nPð Þþ Kd=nPð Þ½ �2− 4L=nPð Þ
h i1=2� ð1Þ

where q(i) is the heat release (in kilocalories per mole) for
the ith injection, n is the binding stoichiometry, V is the
effective volume of protein solution in the calorimetric
cell (1.46 ml), P is the total protein concentration in the
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calorimetric cell, and L is the total concentration of
peptide ligand added for the ith injection. Note that Eq.
(1) is derived from the binding of a ligand to a
macromolecule using the law of mass action assuming
a one-site model.71 The free-energy change (ΔG) upon
ligand binding was calculated from the relationship:

DG¼RT lnKd ð2Þ
where R is the universal molar gas constant (1.99 cal K−1

mol−1) and T is the absolute temperature. The entropic
contribution (TΔS) to the free energy of binding was
calculated from the relationship:

TDS¼DH − DG ð3Þ
where ΔH and ΔG are as defined above.

Differential scanning calorimetry

DSC experiments were performed on a TA Nano-DSC
instrument, and data were acquired and processed using
the integrated NanoAnalyze software. All measurements
were repeated at least three times. Briefly, samples of
BclXL_FL and BclXL_dTM constructs alone, in the
presence of the Bid_BH3 peptide, and in the presence of
DMPC/DHPC bicelles were prepared in 50 mM sodium
phosphate at pH 8.0. All experiments were conducted on
10–50 μM of each protein construct alone or at 10 molar
excess of the Bid_BH3 peptide in the 40–120 °C temper-
ature range at a heating rate (dT/dt) of 1°C min−1 under
an excess pressure of 3 atm. The change in thermal power
(dQ/dt) as a function of temperature was automatically
recorded using the NanoAnalyze software. Control
experiments on the buffer alone, in the presence of the
Bid_BH3 peptide, and in the presence of DMPC/DHPC
bicelles were also conducted in an identical manner to
generate baselines that were subtracted from the raw data
to remove contribution due to the buffer and/or due to the
peptide or bicelles. The raw data were further processed to
yield the melting isotherms of excess heat capacity (Cp) as
a function of temperature (T) using the following
relationship:

Cp¼ dQ=dtð Þ½ �= dT=dtð ÞPV½ � ð4Þ
where P is the initial concentration of protein loaded into
the calorimetric cell and V is the effective volume of
calorimetric cell (0.3 ml).
Analytical light scattering

ALS experiments were conducted on a Wyatt mini-
DAWN TREOS triple-angle static light scattering (SLS)
detector and Wyatt QELS dynamic light scattering (DLS)
detector coupled in-line with a Wyatt Optilab rEX
differential refractive index detector and interfaced to a
Hiload Superdex 200 SEC column under the control of a
GE Akta FPLC system within a chromatography refriger-
ator at 10 °C. The BclXL_FL and BclXL_dTM constructs
were prepared in 50 mM sodium phosphate, 100 mM
NaCl, 1 mM EDTA, and 5 mM β-mercaptoethanol at
pH 8.0 and loaded onto the column at a flow rate of 1 ml
min−1, and the data were automatically acquired using
the ASTRA software. The starting concentrations of both
protein constructs injected onto the column were between
10 and 50 μM. The angular dependence and concentration
dependence of SLS intensity of each protein construct
resolved in the flow mode were measured by the Wyatt
miniDAWN TREOS detector. The SLS data were analyzed
according to the following built-in Zimm equation in
ASTRA software:72,73

Kc=Ru½ �¼ 1=Mð Þþ2A2cð Þ 1þ 16p2 Rg
� �2

= 3E2
� �

sin2 u=2ð Þ
� �h i

ð5Þ
where Rθ is the excess Raleigh ratio due to protein in the
solution as a function of protein concentration c (in
milligrams per milliliter) and the scattering angle θ (42°,
90° and 138°), M is the observed molar mass of each
protein species, A2 is the second virial coefficient, λ is the
wavelength of laser light in solution (658 nm), Rg is the
radius of gyration of protein, and K is given by the
following relationship:

K¼ 4p2n2 dn=dcð Þ2
h i

=NAE4 ð6Þ

where n is the refractive index of the solvent, dn/dc is the
refractive index increment of the protein in solution and
NA is Avogadro's number (6.02×1023 mol−1 ). Under
dilute protein concentrations (c→0), Eq. (5) reduces to:

Kc=Rh½ �¼ 1=Mþ 16p2 Rg
� �2

= 3ME2
� �

sin2 u=2ð Þ
� �h i

ð7Þ

Thus, a plot of [Kc/Rθ] versus sin2(θ/2) yields a straight
line with slope 16π2Rg

2/3Mλ2 and y-intercept 1/M.
Accordingly, M and Rg were respectively obtained in a
global analysis from the y-intercept and the slope of linear
fits of a range of [Kc/Rθ]−sin2(θ/2) plots as a function of
protein concentration along the elution profile of each
protein species using SLS measurements at three scatter-
ing angles. It should however be noted that Rg was only
determined for larger species that display angular
dependence of scattered light. Weighted-average molar
mass (Mw) and number-average molar mass (Mn) were
calculated from the following relationships:

Mw¼
X

ciMið Þ=
X

ci ð8Þ

Mn¼
X

ci =
X

ciMið Þ ð9Þ
where ci is the protein concentration and Mi is the
observed molar mass at the ith slice within an elution
profile. Likewise, Rg reported here represents the
weighted-average value as defined by the following
expression:

Rg¼
X

ciRg;i
� �

=
X

ci ð10Þ
where ci is the protein concentration and Rg,i is the
observed radius of gyration at the ith slice within an
elution profile. The time dependence and concentration
dependence of DLS intensity fluctuation of each protein
construct resolved in the flow mode were measured by
the Wyatt QELS detector positioned at 90° with respect to
the incident laser beam. The DLS data were iteratively fit
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using nonlinear least-squares regression analysis to the
following built-in equation in ASTRA software:74–76

G Hð Þ¼aExp −2CHð Þþh ð11Þ
where G(τ) is the autocorrelation function of DLS
intensity fluctuation I, τ is the delay time of the
autocorrelation function, Γ is the decay rate constant of
the autocorrelation function, α is the initial amplitude of
the autocorrelation function at zero delay time, and β is
the baseline offset (the value of the autocorrelation
function at infinite delay time). Thus, fitting the above
equation to a range of G(τ)−τ plots as a function of
protein concentration along the elution profile of each
protein species computes the weighted-average value of
Γ using DLS measurements at a scattering angle of 90°.
Accordingly, the translational diffusion coefficient (Dt) of
each protein species was calculated from the following
relationship:

Dt = CE2� �
= 16p2n2 sin2 u = 2ð Þ� �� 	 ð12Þ

where λ is the wavelength of laser light in solution
(658 nm), n is the refractive index of the solvent, and θ is
the scattering angle (90°). Additionally, the hydrodynam-
ic radius (Rh) of each protein construct was determined
from the Stokes–Einstein relationship:

Rh¼ kBTð Þ = 6pgDtð Þ½ � ð13Þ
where kB is Boltzmann's constant (1.38×10−23 J K−1), T is
the absolute temperature, and η is the solvent viscosity.
Accordingly, the Rh reported here represents the weight-
ed-average value as defined by the following expression:

Rh¼
X

ciRh;i
� �

=
X

ci ð14Þ
where ci is the protein concentration and Rh,i is the
observed hydrodynamic radius at the ith slice within an
elution profile. It should be noted that, in both the SLS
and DLS measurements, protein concentration (c) along
the elution profile of each protein species was automat-
ically quantified in the ASTRA software from the change
in refractive index (Δn) with respect to the solvent as
measured by the Wyatt Optilab rEX detector using the
following relationship:

c¼ Dnð Þ = dn=dcð Þ ð15Þ
where dn/dc is the refractive index increment of the
protein in solution.

Steady-state fluorescence

SSF spectra were collected on a Jasco FP-6300 spectro-
fluorimeter using a quartz cuvette with a 10-mm path
length at 25 °C. Briefly, experiments were conducted on
1–5 μM BclXL_FL or BclXL_dTM construct alone, in the
presence of the Bid_BH3 peptide (10 molar excess), and in
the presence of DMPC/DHPC bicelles in 50 mM sodium
phosphate, 100 mM NaCl, 1 mM EDTA, and 5 mM
β-mercaptoethanol at pH 8.0. The excitation wavelength
was 290 nm and emission was acquired over the 300- to
500-nm wavelength range. All data were recorded using a
2.5-nm bandwidth for both excitation and emission. Data
were normalized against reference spectra to remove the
contribution of buffer, the Bid_BH3 peptide, or DMPC/
DHPC (3-[(3-cholamidopropyl)dimethylammonio]propa-
nesulfonic acid) bicelles.

Circular dichroism

Far-UV CD measurements were conducted on a Jasco
J-815 spectrometer thermostatically controlled at 25 °C.
Experiments were conducted on 1–5 μM BclXL_FL or
BclXL_dTM construct alone, in the presence of the
Bid_BH3 peptide (10 molar excess), and in the presence
of DMPC/DHPC bicelles in 10 mM sodium phosphate at
pH 8.0. Datawere collected using a quartz cuvettewith a 2-
mm path length in the 190- to 250-nm wavelength range.
Data were normalized against reference spectra to remove
the contribution of buffer, the Bid_BH3 peptide, or
DMPC/DHPC bicelles. Data were recorded with a slit
bandwidth of 2 nm at a scan rate of 10 nmmin−1. Each data
set represents an average of four scans acquired at 0. 1-nm
intervals. Data were converted to molar ellipticity, [θ], as a
function of wavelength (λ) of electromagnetic radiation
using the equation:

u½ �¼ 105De
� �

= cl
� 	

deg · cm2 · dmol−1 ð16Þ
whereΔɛ is the observed ellipticity in millidegrees, c is the
peptide or protein concentration inmicromolar, and l is the
cuvette path length in centimeters.

Transmission electron microscopy

TEM experiments were conducted on a Philips CM-10
electron microscope operating at a voltage of 80 kV, and
images were photographed at a magnification of 105,000×.
Data were collected on a 25-μM BclXL_FL construct alone
or in the presence of 10 molar excess of the Bid_BH3
peptide in 50 mM sodium phosphate at pH 8.0 using
negative staining. Briefly, Formvar-coated copper grids
(150 mesh) were floated on drops of each sample for 2 min.
After briefly drying on a filter paper, the grids were
immediately placed on drops of 2% phosphotungstic acid
at pH 7.3 for 5 min. Excess liquid was wicked away with a
filter paper, and the grids were dried under vacuum
desiccator for 3 days prior to imaging.

Molecular modeling

Molecular modeling was employed to build structural
models of BclXL in various conformations using the
MODELLER software based on homology modeling in
combination with MOLMOL.77,78 Briefly, the structures
modeled were those of BclXL monomers in which the TM
domain is exposed to solution (BclXL_solTM) or occupies
the canonical hydrophobic groove (BclXL_cisTM) as well
as the BclXL homodimer in which the TM domain of one
monomer occupies the canonical hydrophobic groove
within the other monomer and vice versa in a domain-
swapped trans fashion (BclXL_transTM). In each case,
solution structures of truncated BclXL in which the TM
domain and the α1–α2 loop are missing [Protein Data
Bank (PDB) ID: 1BXL], hereinafter referred to as tBclXL,
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and the full-length Bax in which the TM domain occupies
the canonical hydrophobic groove (PDB ID: 1F16) were
used as templates. More specifically, the entire models of
BclXL in various conformations were built in homology
with tBclXL (PDB ID: 1BXL) except for the TM domain,
which was built in homology with the TM domain of Bax
(PDB ID: 1F16), in a multiple-template alignment manner.
Additionally, MOLMOL was used to bring various parts
and/or monomers into optimal spatial orientations
relative to each other in a rigid-body fashion. For the
structural model of BclXL_solTM, the TM domain of Bax
(PDB ID: 1F16) was dislodged away from the canonical
hydrophobic groove so as to expose it to solution using
MOLMOL prior to homology modeling in combination
with tBclXL (PDB ID: 1BXL) in MODELLER. For the
structural model of BclXL_cisTM, the TM domain of Bax
(PDB ID: 1F16) was not physically perturbed from the
canonical hydrophobic groove prior to homology model-
ing in combination with tBclXL (PDB ID: 1BXL) in
MODELLER. In structural models of both BclXL_solTM
and BclXL_cisTM, the residues within the α1–α2 loop
were modeled without a template through energy
minimization and MD simulations. For the structural
model of BclXL_transTM, pre-built structural models of
two individual monomers of BclXL_cisTM were brought
together in an optimal orientation in MOLMOL such that
the α8–α9 loop within one monomer could be domain
swapped with the TM domain of the other monomer
without becoming taut. This requirement led to roughly
parallel orientation of TM domains such that the side-
chain moieties of apolar residues facing outward from the
TM domain within one monomer were placed within van
der Waals contact distance of side-chain moieties of
apolar residues facing outward from the TM domain of
the other monomer. Next, the α8–α9 loop preceding the
TM domain within each BclXL_cisTM monomer was
excised out and the resulting BclXL_cisTM monomers
were used as a template to homology model the structure
of BclXL_transTM. Notably, the residues within the
α8–α9 loop within the BclXL_transTM structural model
were modeled without a template through energy
minimization and MD simulations. For each structural
model, a total of 100 atomic models were calculated and
the structure with the lowest energy, as judged by the
MODELLER objective function, was selected for further
analysis. The atomic models were rendered using
Ribbons.79

Molecular dynamics

MD simulations were performed with the GROMACS
software80,81 using the integrated OPLS-AA force
field.82,83 Briefly, the modeled structures of BclXL in
various conformations (BclXL_solTM, BclXL_cisTM, and
BclXL_transTM) were centered within a cubic box and
hydrated using the extended simple point charge (SPC/E)
water model.84,85 The hydrated structures were energy
minimized with the steepest descent algorithm prior to
equilibration under the NPT ensemble conditions, where-
in the number of atoms (N), pressure (P), and temperature
(T) within the system were respectively kept constant at
∼50,000, 1 bar, and 300 K. The particle-mesh Ewald
method was employed to compute long-range electrostat-
ic interactions with a 10-Å cutoff,86 and the LINCS
(LINear Constraint Solver) algorithm was used to restrain
bond lengths.87 All MD simulations were performed
under periodic boundary conditions using the leap-frog
integrator with a time step of 2 fs. For the final MD
production runs, data were collected every 10 ps over a
time scale of 100 ns.
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