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Abstract
The diphtheria toxin T-domain and the apoptotic repressor Bcl-xL are membrane proteins that
adopt their final topology by switching folds from a water-soluble to a membrane-inserted state.
While the exact molecular mechanisms of this transition are not clearly understood in either case,
the similarity in the structures of soluble states of T-domain and Bcl-xL led to the suggestion that
their membrane-insertion pathways will be similar as well. Previously we have applied an array of
spectroscopic methods to characterize the pH-triggered refolding and membrane insertion of the
diphtheria toxin T-domain. Here, we use the same set of methods to describe the membrane
insertion pathway of Bcl-xL, which allows us to make a direct comparison between both systems
with respect to thermodynamic stability in solution, pH-dependent membrane association and
transmembrane insertion. Thermal denaturation measured by CD indicates that, unlike the T-
domain, Bcl-xL does not undergo a pH-dependent destabilization of the structure. FRET
measurements demonstrate that Bcl-xL undergoes reversible membrane association modulated by
the presence of anionic lipids, suggesting that formation of the membrane-competent form occurs
close to membrane interface. Membrane insertion of the main hydrophobic helical hairpin of Bcl-
xL, α5–α6, was studied by site-selective attachment of environment-sensitive dye NBD. In
contrast to the insertion of the corresponding TH8–TH9 hairpin in T-domain, insertion of α5–α6
was found not to depend strongly on the presence of anionic lipids. Taken together our results
indicate that while Bcl-xL and the T-domain share structural similarities, their mode of
conformational switching and membrane insertion pathways are distinctly different.

INTRODUCTION
Several classes of membrane proteins adopt their transmembrane topology
posttranslationally, where they are synthesized as water-soluble structures that later insert
into the bilayer in response to a given cellular signal. Examples include some bacterial
toxins (1–3) and colicins (4), which are secreted to the extracellular space; and certain
annexins (5) and members of the Bcl-2 proteins (6), which are synthesized as cytosolic
proteins. The unique characteristic of these proteins is their ability to move from the polar
environment of the aqueous medium to the non-polar milieu of the lipid bilayer, a process
that clearly involves a massive refolding of the structure. The exact molecular pathways of
this refolding/insertion process are not well understood, and it is not clear if different
proteins follow the same pathway or share common features. In this study, we compare the
membrane insertion pathways of the diphtheria toxin T-domain and the apoptotic repressor
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Bcl-xL, two membrane proteins that share structural similarities in their water-soluble state
(Fig. 1).

The translocation (T) domain plays a crucial role in the action of the diphtheria toxin (1, 2).
The toxin, which is composed of three domains, initiates its entry to the target cell by the
attachment of the receptor-binding (R) domain to its receptor in the membrane (see scheme
in Fig. 2). Upon endosomal internalization and acidification, the T-domain undergoes a
series of pH-triggered conformational changes that result in its membrane insertion and the
translocation of the catalytic (C) domain, which holds the toxic activity, across the bilayer.
The crystal structure of the T-domain in solution at neutral pH (7) (Fig. 1A) shows two
central hydrophobic helices, TH8 and TH9 (red helices), surrounded by amphipathic regions
(grey helices and loops). There is no high-resolution structure available for the membrane-
inserted state, but the current knowledge suggests that TH8–TH9 insert as a transmembrane
hairpin into the bilayer, while the rest of the structure may adopt multiple conformations (8–
12). Previously, we have established the hallmarks of the membrane insertion pathway of
the T-domain and the residues responsible for pH-dependent conformational switching (13–
17).

Bcl-xL is an antiapoptotic member of the Bcl-2 family of proteins whose function is
inhibiting the mitochondrial outer membrane permeabilization (MOMP) to prevent the cell
from going into apoptosis (6, 18). The mechanism by which Bcl-xL accomplishes its action
is still under debate (19–21), although it is suggested that it involves its redistribution
between a cytosolic and a membrane-associated form (22, 23). From the structural point of
view, Bcl-xL shares significant similarity with the diphtheria toxin T-domain (24–26). First,
the high-resolution structure of Bcl-xL in the water-soluble state (24) shows a highly helical
structure (Fig. 1B), with two central hydrophobic helices, α5 and α6 (red helices). The
remaining helices (grey helices), as in the case of the T-domain, surround the hydrophobic
core. Bcl-xL, however, has an additional hydrophobic helix located at the C-terminus, TM
helix, which is suggested to anchor the protein to the membrane prior to insertion (25).
Second, Bcl-xL is able to insert into the bilayer in response to low pH (27–30), although it is
not clear if this is a prevailing signal that triggers insertion in the cell. Third, it is suggested
that Bcl-xL accomplishes its blocking action of Bax (pore-forming member of the Bcl-2
family) by inserting into the bilayer as a monomer (31). Similarly, the active form of the T-
domain also is a monomer (32, 33). Finally, although the high-resolution structure of Bcl-xL
in the membrane-inserted state is not available either, it has been suggested that helices α5
and α6 insert as transmembrane regions (25, 34), like TH8–TH9 of the T-domain, whereas
other regions might reside in the membrane interface.

Given the multiple similarities between the toxin and Bcl-xL, it has been proposed that the
T-domain serves as model for the understanding of the action of Bcl-xL (24, 26), and by
extension of other structurally similar Bcl-2 proteins (6), on the membrane. Here, we test
this hypothesis by applying the same array of spectroscopic methods used in the T-domain
studies to characterize the solution refolding and membrane interactions of Bcl-xL and
compare them to those of the T-domain.

MATERIALS AND METHODS
Materials

Palmitoyl-oleoyl-phosphatidylcholine (POPC), palmitoyl-oleoyl-phosphatidylglycerol
(POPG) and Rhodamine-PE were purchased from Avanti Polar Lipids (Alabaster, AL).
IANBD-ester and AlexaFluor488-maleimide were obtained from Invitrogen (Carlsbad, CA).
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Cloning and mutagenesis
Full-length Bcl-xL (residues 1–233) was PCR-amplified from cDNA obtained from K562
human lymphoma cells and ligated into the pET28b vector using the NdeI and EcoRI
cloning sites. The truncated version of Bcl-xL (residues 1–207) was generated by
introducing a stop codon in the position corresponding to residue 208. For the purposes of
Cys-labeling with fluorescent dyes, Cys-less mutant (C151S) was created and used as
template for site-directed mutagenesis. All the constructs contained an N-terminal 6×His-tag
for purification.

Expression, purification and labeling
The expression and purification of Bcl-xL was based on the previously described procedure
for the pET system (35). Briefly, BL-DE23pLysE E.coli cells were transformed with the
corresponding pET plasmid and grown to OD600nm ~ 0.6, after which expression was
induced by addition of 0.8M IPTG and the cells grown for an additional 16 hours at 24°C.
The cells were pelleted by centrifugation, lysed by sonication and clarified by centrifugation
for 30 min at 4000 rpm and 4°C. The proteins were then incubated with Ni-NTA beads,
washed with washing buffer (50mM Tris-HCl, 300mM NaCl, 5mM imidazole, pH 8) and
eluted with 0.5M imidazole in the same buffer. The eluted proteins were subjected to size-
exclusion chromatography on a Sepharose12 1×30cm column in 50mM phosphate buffer at
pH 8, and quantified by measuring their absorbance spectra in the range 200–350 nm (we
used molar extinction coefficient of 41,200 M−1cm−1 at 280 nm). Labeling with fluorescent
dyes was performed using a standard procedure for thiol-reactive derivatives (13, 36) and
the unreacted dye was removed by gel filtration chromatography in the same column and
buffer.

LUV preparation
Large unilamellar vesicles (LUV) containing molar mixtures POPG:POPC (3:1, 1:3 and 1:9)
of 0.1 µm diameter were prepared by extrusion as previously described (37, 38).
Rhodamine-labeled LUV were prepared by the addition of 2% of Rhodamine-PE to the lipid
mixture.

Circular dichroism and thermal unfolding
CD measurements were performed using an upgraded Jasco-720 spectropolarimeter (Japan
Spectroscopic Company, Tokyo). Normally, 100 scans were recorded between 190 and 260
nm with a 1 nm step at 25°C and 95°C using a 1 mm optical path cuvette. The sample
contained 4µM of Bcl-xL in 50mM phosphate buffer at pH 8.0 or a mixture of phosphate
and acetic/acetate buffer at pH 6.0, 5.0 or 4.0. Further acidification was reached by
equilibrating the sample in 50mM glycine-HCl buffer. All spectra were corrected for
background. The thermal unfolding was followed at 222 nm with a 1 degree/minute scan
rate, unless indicated. The data was fitted to a two-state transition as described before (15,
17), obtaining the transition temperature Tm and transition enthalpy ΔH°.

Fluorescence measurements and analysis
Steady-state fluorescence emission was measured using a SPEX Fluorolog FL3-22 steady-
state fluorescence spectrometer (Jobin Yvon, Edison, NJ) equipped with double-grating
excitation and emission monochromators. The measurements were made in a 2°10 mm
cuvette oriented perpendicular to the excitation beam and maintained at 25°C using a Peltier
device from Quantum Northwest (Spokane, WA) in 1 nm steps. For Alexa488
measurements, we recorded the emission spectra from 470 to 700 nm with excitation
wavelength of 455 nm and slits of 2 nm for both excitation and emission. For NBD
measurements, we collected the emission spectra from 490 to 700 nm, and the excitation
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wavelength was 470 nm, using slits of 5 nm on both monochromators. For each spectrum,
we averaged 5 scans after incubating the samples during 30 min for equilibration.

Fluorescence decays were measured with a time-resolved fluorescence spectrometer,
FluoTime 200 (PicoQuant, Berlin, Germany), using a standard time-correlated single-photon
counting scheme as previously described (39). Samples were excited at 440 nm by a
subnanosecond pulsed diode laser, LDH 440 (PicoQuant, Berlin, Germany), with a
repetition rate of 10 MHz. Fluorescence emission was detected at 535 nm, selected by a
Sciencetech Model 9030 monochromator, using a PMA-182 photomultiplier (PicoQuant,
Berlin, Germany). The samples normally contained 0.3μM protein and 0.5mM lipid. The
fluorescence intensity decay was analyzed using FluoFit iterative-fitting software based on
the Marquardt algorithm (PicoQuant, Berlin, Germany).

The pH-dependencies of the fraction of membrane-bound or membrane-inserted states
generated by corresponding spectroscopic experiments were fitted to the following equation
(40):

(1)

where pK is a negative logarithm of the dissociation constant, and n is the Hill coefficient.

RESULTS AND DISCUSSION
On the choice of experimental models for insertion studies

The diphtheria toxin is composed of three domains: the C-domain (residues 1–199), the T-
domain (residues 200–378) and the R-domain (residues 379–535). The C-domain inhibits
protein synthesis in the target cell and must enter the cytosol to execute its action. The R-
domain is responsible for the initial attachment of the toxin to the target cell through a direct
interaction with a membrane receptor (Fig. 2A). The membrane insertion of the T-domain
and translocation of the C-domain across the bilayer, however, does not take place at this
point, because the T-domain requires the acidification of the medium, which occurs at a later
stage inside the endosome (1). As a consequence, the T-domain retains the water-soluble
structure regardless of the attachment of the entire toxin to the membrane. The isolated T-
domain has been shown to be able to translocate its own terminus in model membrane
systems (along with the C-domain, if attached (41)) as well as to ensure translocation of
various molten globule-like proteins (42). Hence, the isolated T-domain has been a choice
model for numerous biophysical studies on membrane binding and insertion (8–17, 33, 43–
46).

What would be an appropriate version of Bcl-xL to be compared to the T-domain with
regard to membrane insertion? The initial attachment of Bcl-xL to the mitochondrial
membrane is ensured by a single TM helical fragment (residues 208–233). The folded N-
terminal region (oval in Fig. 2B) remains in a water-soluble state (25) and does not enter the
membrane prior to the activation, which at least in model systems can be achieved by the
change in pH (27–30). This arrangement is similar to that of the diphtheria toxin, with the
TM fragment and the N-terminal domain of Bcl-xL being equivalent to the R-domain and
the T-domain of the toxin, respectively. Therefore, most of the presented results were
generated with a Bcl-xL version in which the C-terminal TM helix has been truncated. Thus,
the comparison made in this study corresponds to the membrane binding and insertion
processes of the N-terminal domain of Bcl-xL (residues 1–207) and the isolated T-domain
(residues 200–378), depicted as curved arrows in Fig. 2.
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The truncation of the TM helix in Bcl-xL offers important additional advantages since it
allows the study of the initial association of the protein with the membrane interface. The
FRET assay used in this study for measuring this association was developed, and validated
using independent FCS measurements, for the case of the T-domain (13). The assay uses the
donor in the protein and the acceptor attached to a lipid head group, and requires that the
protein and the membrane interface are not within the Föster distance of the donor/acceptor
pair prior to the interaction. If the protein is already anchored to bilayer due to the TM helix,
then the donor and acceptor would be within the Föster distance, and no spectral changes
may be observed when triggering the binding of the N-terminal region of Bcl-xL to the
membrane interface. Thus, by truncating the TM helix, we aim to prevent the N-terminal
domain of Bcl-xL to be anchored to the bilayer, and hence, ensure a detectable change in the
fluorescent signal upon donor/acceptor interaction. Hereafter, the truncated construct of the
protein will be simply referred as Bcl-xL.

pH-dependent stability in solution
The diphtheria toxin T-domain inserts into the bilayer through pH-triggered conformational
changes that occur in solution and in the membrane, going along multiple intermediate states
until reaching the final transmembrane conformation (13). The first conformational change
occurs in solution with a midpoint pH of 6.2 and corresponds to the conversion of the water-
soluble state (W-state) into the membrane-competent state (W+-state) as a result of the
protonation of key histidine residues (2, 14, 16). The resulting W+-state, while different
from a molten globule state populated at pH<5 (as discussed in (2)), is nevertheless
characterized by partial refolding, reduction in the amount of secondary structure and loss of
thermostability (14, 16, 17). To determine whether the pH-triggered membrane insertion of
Bcl-xL goes through the formation of the same intermediate, we tested the pH-induced loss
of secondary structure by CD spectroscopy (Fig. 3A). The CD spectrum in solution at pH 8
has the typical features of an α-helical protein (black spectrum), consistent with the high-
resolution structure in solution (24), with minima of ellipticity at ~ 208 and ~ 222 nm, and a
maximum at around ~ 190 nm. Upon acidification, the CD spectrum of Bcl-xL maintained
its characteristic shape and exhibits marginal reduction in molar ellipticity changes (Fig. 3),
indicating that Bcl-xL does not experience a pH-induced loss of secondary structure. This
behavior is different from that of the T-domain (Fig. 3B), which loses substantial part of its
ellipticity signal in the same pH range (44, 45).

We then tested the pH-induced loss of thermodynamic stability by measuring changes in
ellipticity at 222 nm as a function of temperature. On the first step we have established that
thermal unfolding of Bcl-xL is reversible and rate-independent (Supplementary Fig. S1),
which are prerequisites for quantitative analysis. To provide a visual reference, we display
the fits for the previously published thermal unfolding data for the T-domain (17) in Fig. 4A.
These results indicate a substantial loss of stability when pH is reduced from 8 to 6, which
follows from an over 15°C reduction in the melting temperature and a loss in transition
enthalpy ΔH° (Thermodynamic parameters for the thermal denaturation of both proteins are
summarized in Table 1). Cooperative melting transition is no longer observed at pH 5, when
the T-domain is converted to the W+-state (Fig. 4A, blue line). In contrast, we observe
identical thermal transitions of Bcl-xL at pH 8 and 6 (Fig. 4B). Moreover, further
acidification up to pH 4 causes only a small decrease in melting temperature and transition
enthalpy (Fig. 4B and Table 1). These results clearly indicate that the solution fold Bcl-xL is
not destabilized by acid, complementing a previous report that showed Bcl-xL being equally
resistant to chemical denaturation at neutral or acidic pH (47). Together, our measurements
suggest that Bcl-xL does not go through a CD-detectable pH-induced conformational change
in the aqueous phase as does the T-domain, demonstrating the difference at the very early
stages of the membrane insertion pathways.
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Membrane association
Previously we have reported pH dependence of membrane binding of the T-domain to
vesicles of various lipid compositions using several independent spectroscopic methods,
which produced results with excellent agreement (13, 16). One of them, based on FRET
methodology, is used here for Bcl-xL. Briefly, the donor dye (Alexa488) is attached to the
protein and the acceptor (Rhodamine) is incorporated in the lipid vesicle as Rhodamine-PE.
When protein and vesicles are mixed together at various pH, the binding can be measured by
the decrease in the emission intensity of the donor or by the shortening of its fluorescence
life-time. We show representative results of the steady-state (Fig. 5A) and life-time (Fig.
5B) fluorescence measurements for membrane interaction of the Bcl-xL R102C mutant with
selectively attached dye to the cysteine residue. As expected, the data indicate a decrease in
the fluorescence intensity and faster fluorescence decay when the interaction between the
donor and acceptor is triggered by acidification (steps 1 and 2, black and blue). These
spectral changes do not occur in the absence of acceptor (Supplementary Fig. S2), and
therefore are consistent with the association of labeled Bcl-xL with the membrane.
Importantly, the process is reversible, since the spectral features are recovered upon return to
pH 8 (step 3, red), allowing the thermodynamic treatment to the data.

For the T-domain, the initial binding proceeds through an interfacial intermediate I-state and
is largely independent of the physical-chemical properties of the membrane interface (13).
We tested whether this would also hold true for Bcl-xL by measuring the association of the
protein to LUV of different lipid compositions as a function of the pH. To do so, we used
the FRET assay described above, and we calculated the FRET efficiency of binding at
different pH values. (We have also tested whether the position of labeling affected this
measurement by using three different single-cysteine mutants G70C, R102C or S110C. The
resulting pH-dependent binding profiles are superimposable (Supplementary Fig. S3),
indicating that we can label any of the three residues with the donor dye without affecting
membrane binding). In Fig. 6A, we show the titration curves previously obtained in the case
of the T-domain (13), where it is evidenced that regardless of the proportion of the anionic
lipid POPG in the LUV, the pK of the transition remains mostly unaltered. The case of Bcl-
xL (Fig. 6B), however, appears to be different. In this case, the decrease of the POPG
content causes a shift in the pK of the transition, indicating that the binding of the protein to
the bilayer depends on the physical-chemical properties of the membrane interface.
Furthermore, Bcl-xL was unable to bind to LUV composed of only 10% anionic lipid
(cyan), indicating that POPG is critical for binding of the protein to the membrane. Thus, in
contrast to the case of the T-domain, our results indicate that the formation of the
membrane-competent state of Bcl-xL responds to changes in the physical-chemical
environment of the membrane interface.

This difference in the binding to the membrane interface implies that both proteins respond
to the pH changes at different stages of the process. In the case of the T-domain, the protein
would respond to acidification when still in the bulk solution because 1) the low pH causes
conformational changes in the absence of membranes (Fig. 3 and 4, and references (14, 16,
17, 44)) and 2) binding to the bilayer does not depend on the physical-chemical properties of
the membrane interface (Fig. 6 and reference (13)). In the case of Bcl-xL, however, the
opposite is true: 1) no changes are observed during the acidification in the absence of
membranes (Fig. 3 and 4), and 2) there is a strong dependence on the content of POPG (Fig.
6). The charges on the POPG head group will create a negative surface potential that can
either affect the pKa’s of key titratable groups of Bcl-xL directly or possibly modulate the
local pH near the interface, or both (48, 49).
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Membrane insertion of the hydrophobic helical hairpin
The next step in the insertion pathway of the T-domain is an interfacial refolding and
membrane insertion of the hydrophobic helical hairpin TH8–TH9 (Fig. 1A, red helices) to
form a transmembrane T-state (13). The formation of this state can be followed
experimentally by attaching the environment-sensitive fluorescent probe NBD to a single-
cysteine mutant in the middle of helix TH9 (13, 15). A similar transition is predicted to
occur for Bcl-xL, as the helices α5–α6 (Fig. 1B, red helices) have been observed to adopt a
transmembrane topology in the context of the isolated fragments (25). To confirm that these
helices can be inserted in the context of protein, we labeled helix α6 at position N175C (Fig.
1B) with NBD. We show a typical measurement in Fig. 7, where the acidification of the
medium in the presence of LUV (steps 1 and 2, black and blue) results in a 12 nm blue-shift
and 7-fold increase of the intensity in the emission spectra (Fig. 7A), and longer
fluorescence decay (Fig. 7B) of the NBD-labeled Bcl-xL. These spectral changes are
consistent with the repositioning of the probe to a non-polar environment, where the fact that
it does not occurs in the absence of the LUV (Supplementary Fig. S4) suggests that the
spectral changes are the result of the probe locating within the hydrocarbon core. The return
to pH 8.0 causes the recovery of the spectral features and life-time decay, which indicates
that this insertion process is reversible (step 3, red).

The pH dependence of this insertion is affected by the mole fraction of POPG in the T-
domain, where a high proportion of anionic lipid is required for the protein to adopt the T-
state (13). In Fig. 8A, we show the fitting curves for the pH-dependence of the insertion of
the T-domain as a reference. We made the parallel analysis for the hairpin of Bcl-xL by
using the NBD-labeled protein as described above and measuring the changes in intensity as
a function of the pH. The normalized data is presented in Fig. 8B, where it is observed that
the pH dependence varied just slightly when decreasing the mole fraction of POPG in the
membrane. The data for LUV composed of 10% POPG was excluded from the analysis
since there were no spectral changes observed, due to the lack of association of Bcl-xL with
the membrane under those conditions in the first place (see Fig. 6B). The T-domain is fully
bound to the membrane under those same conditions (see Fig. 6A), and therefore, the lack of
membrane insertion is due to the protein being trapped in a previous kinetic intermediate in
the membrane interface. In contrast, pH-dependencies of insertion of Bcl-xL only
marginally differ from those of initial association, suggesting that the non-inserted state on
membrane interface exists only transiently. Thus, the insertion of the helical hairpins also
takes place by a different mechanism, where the T-domain responds to the presence of
anionic lipid for this step, but not Bcl-xL.

SUMMARY
We summarize our findings in Fig. 9, where we illustrate the comparison of the insertion
pathways for the T-domain and Bcl-xL. The structures of the soluble W-states are similar for
the two proteins (7, 24), featuring a pair of long hydrophobic helices in the middle of the
structure (highlighted red in Fig. 1): TH8–TH9 and α5–α6 for the T-domain and Bcl-xL,
respectively. While these helices will adopt a transmembrane conformation in the final
inserted T-state in both cases, the similarities between the two proteins end there. For the
case of the T-domain (Fig. 9A), the folded soluble W-state is initially converted to the
partially unfolded membrane-competent W+-state as a result of acidification of solution.
This W+-state then interacts with the membrane in a manner that is independent of the
properties of the membrane interface, indicating that the initial pH-dependent
conformational switching event occurs in solution (13, 16). The physiological benefit for
this feature is likely to be related to the fact that the toxin may dissociate from its receptor
inside the endosome (50) and the T-domain is no longer localized close to membrane
interface. The pathway proceeds through a series of intermediate states, such as interfacial I-
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state and activated insertion-competent I+-state (13). The final insertion to T-state is
regulated by additional protonation on the membrane interface and by the presence of
anionic lipids, presumably promoting formation of productive intermediates via electrostatic
interactions with cationic groups on the T-domain.

Remarkably, the soluble W-state of Bcl-xL is not destabilized by acidification and the
formation of the membrane-competent state does not appear to require a conformational
change to occur in solution (Fig. 3 and 4). Unlike in the case of the T-domain, the
conformational switching initiating the insertion cascade requires the membrane interface
and is modulated by the presence of anionic lipids (Fig. 6). (It is possible that this difference
is related to the possibility that the protonation of acidic residues plays a more prominent
role in case of Bcl-xL, than in the case of the T-domain, for which histidine protonation has
been established as a key factor modulating pH-dependent refolding and membrane insertion
(2, 14–17). The exact molecular mechanism of lipid modulation of Bcl-xL binding to
membranes and the identity of the residues involved in pH-dependent conformational
switching on the lipid-water interface, however, will be a subject of future studies involving
mutagenesis and various lipid compositions). Once the protein is on the interface, the
insertion proceeds without the requirement of additional protonation in a lipid-independent
manner, which is again different from the behavior of the T-domain (Fig. 8). Thus, our study
clearly indicates that Bcl-xL and the diphtheria toxin T-domain insert into the lipid bilayer
following different membrane insertion and protonation pathways. We suggest that the
difference in the nature of the conformational switching in both proteins evolved to best
serve their physiological function. For the T-domain, the robustness of delivery of its cargo
(the catalytic domain, ultimately responsible for toxicity) requires no regulation step and is
achieved by a single copy of the protein. In contrast, Bcl-xL and other proteins of the Bcl-2
family act collectively, and their function is very tightly regulated (6, 19, 20). Subsequently,
lipid-dependent triggering of the insertion (Fig. 6) can be a part of such regulatory
machinery. Another important aspect of membrane interactions of Bcl-xL is the complete
reversibility of binding (Fig. 5) and insertion (Fig. 7), also suggested previously (28), which
may be required for proper functioning of this protein.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
A) Crystal structure of the diphtheria toxin T-domain (PDB 1MDT) in solution at neutral pH
(7). The central helices TH8–TH9 are highlighted in red, and the residues N235 and Q369,
used for cysteine replacement for site-selective labeling in reference (13) are shown as CPK
representations. B) NMR structure of Bcl-xL (PDB 1LXL) in solution (24), highlighting the
helices α5 and α6 (red), and the residues G70, R102, S110 and N175, which were used for
cysteine replacement for site-selective labeling in this study. The putative location of the
truncated C-terminal TM helix is schematized with a dotted arrow.

Vargas-Uribe et al. Page 12

Biochemistry. Author manuscript; available in PMC 2014 November 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Schematic representation of the mode of attachment of the diphtheria toxin (A) and Bcl-xL
(B) to their target membranes. The figure illustrates the equivalent attachment/anchor
function of the TM helix and the R-domain for Bcl-xL and the diphtheria toxin, respectively.
The membrane insertion of the T-domain and the N-terminal region of Bcl-xL occur
regardless of the attachment to the membrane. The processes addressed in this study are
shown as curved red arrows (see text for more).
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FIGURE 3.
Comparison of pH-dependent variation in secondary structure and thermostability of Bcl-xL
and the T-domain in solution. A) CD spectra of Bcl-xL in solution at pH 8 (black spectrum),
6 (red spectrum), 5 (blue spectrum), 4 (olive spectrum) and 3.2 (dark yellow spectrum) at
25°C. The CD spectrum at pH 8 and 95°C is shown for reference (dotted line). B) pH-
dependent changes in molar ellipticity measured at 222 nm for T-domain (open symbols,
data reproduced from (45) for visual comparison) and Bcl-xL (solid symbols).
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FIGURE 4.
Comparison of pH-dependent variation in thermostability of Bcl-xL and the T-domain in
solution. (Corresponding thermodynamic parameters are summarized in Table 1). A) Fitting
curves of the previously published data (17) on thermal unfolding of the T-domain in
solution at pH 8 and 6 are shown for reference. At pH 5 no cooperative melting transition
can be detected. B) Thermal unfolding of Bcl-xL at pH 8 (black), pH 6 (red), pH 5 (blue)
and pH 4 (olive). The figure illustrates the small effect of acidification on the secondary
structure of Bcl-xL, contrasting with the dramatic loss of stability of the T-domain.
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FIGURE 5.
Reversibility of pH-dependent membrane association of Bcl-xL examined by the FRET
measurements between donor-labeled protein and acceptor-labeled LUV. A) Emission
spectra of the donor at pH 8 (step 1, black spectrum) and 4.5 (step 2, blue spectrum) in the
presence of the acceptor. The loss of intensity is recovered upon addition of NaOH to return
to pH 8 (step 3, red spectrum). B) Fluorescence decay of the donor at pH 8 (step 1, black
trace) and 4.5 (step 2, blue trace) in the presence of the acceptor. The shortening of the
decay is reversed upon return to pH 8 (step 3, red trace). The data indicate that the pH-
triggered binding of Bcl-xL to the membrane is a reversible process.
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FIGURE 6.
Comparison of pH-dependent binding of Bcl-xL and the T-domain to LUV composed of
different mixtures of POPC and POPG. A) The binding of the T-domain to the membrane
interface does not depend on the mole fraction of POPG, as the three lipid compositions
result in almost identical titration curves (only fitting curves taken from reference (13) are
shown). B) The titration curves of Bcl-xL shift to a lower pH when the mole fraction of
POPG decreases from 75% (black) to 25% (red), with no detectable binding at 10% of
POPG (cyan). The pK and n (Hill coefficient) were obtained by fitting the data to a two-state
model as described in methods.
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FIGURE 7.
Reversibility of pH-dependent membrane insertion of Bcl-xL examined by a fluorescence
assay based on the spectroscopic responses of the environment-sensitive probe NBD
attached to the residue N175C in the middle of helix α6. A) Emission spectra in the presence
of LUV at pH 8 (step 1, black spectrum) and 5 (step 2, blue spectrum). There is a gain in
intensity and a blue shift at acidic pH in the presence of LUV, and a recovery of spectral
features upon return to pH 8 (step 3, red spectrum). B) Fluorescence decay of the same
samples illustrating the broadening of the decay at acidic pH in the presence of LUV.
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FIGURE 8.
Comparison of pH-dependent membrane insertion of the hydrophobic helical hairpins of the
T-domain and Bcl-xL. A) The membrane insertion of the T-domain into LUV, determined
as a function of the pH, strongly depends on the mole fraction of POPG in the LUV (only
fitting curves from reference (13) are shown). B) The membrane insertion of Bcl-xL, studied
as a function of the pH by following the changes in emission intensity at 525 nm, does not
strongly depend on the POPG content of LUV (data in 90PC/10PG is omitted since there is
no initial binding of the protein to LUV with this lipid composition). The data was fitted to a
two-state model as described in methods.
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FIGURE 9.
Schematic representations of the pH-triggered membrane insertion pathways of the
diphtheria toxin T-domain (A) and apoptotic regulator Bcl-xL (B). Each starts with a
similarly folded soluble W-state (Fig. 1) and ends with membrane-inserted T-state, in which
two central hydrophobic helices, TH8–TH9 of the T-domain and α5–α6 of the Bcl-xL,
adopt a transmembrane conformation. The pathway connecting the two states, however, is
very different in the two proteins. T-domain goes through a set of intermediate states and
undergoes several protonation transitions, both in solution and on membrane interface,
characterized by staggered pH-dependencies (13). Unlike the T-domain, Bcl-xL is not
destabilized by acidic pH in solution, and protonation resulting in the formation of its
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membrane-competent form occurs on membrane interface where it can be regulated by lipid
composition. The interfacial intermediate state for Bcl-xL appears to be transient (as
indicated by dotted border line of I-state on the scheme) with insertion closely following
initial association with membrane interface (see Figs. 6 and 8, and text for details).
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Table 1

Thermodynamic parameters for the thermal unfolding of the T-domain and Bcl-xL in solution at the indicated
pH.

T-domain* Bcl-xL

pH Tm, °C ΔH°, Kcal/mole Tm, °C ΔH°, Kcal/mole

8 75 ± 1 95 ± 7 77 ± 1 87 ± 6

6 59 ± 1 78 ± 6 76 ± 1 88 ± 4

5 No cooperative transition 73 ± 1 89 ± 4

4 No cooperative transition 70 ± 1 62 ± 8

*
The parameters for the T-domain were previously published in reference (17).
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