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Abstract Controlled cell death is fundamental to tissue
hemostasis and apoptosis malfunctions can lead to a wide
range of diseases. Bcl-x is an anti-apoptotic protein the
function of which is linked to its reversible interaction with
mitochondrial outer membranes. Its interfacial and inter-
mittent bilayer association makes prediction of its bound
structure difficult without using methods able to extract
data from dynamic systems. Here we investigate Bcl-x;
associated with oriented lipid bilayers at physiological pH
using solid-state NMR spectroscopy. The data are consis-
tent with a C-terminal transmembrane anchoring sequence
and an average alignment of the remaining helices, i.e.
including helices 5 and 6, approximately parallel to the
membrane surface. Data from several biophysical
approaches confirm that after removal of the C-terminus
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from Bcl-x; its membrane interactions are weak. In the
presence of membranes Bcl-x; can still interact with a Bak
BH3 domain peptide suggesting a model where the hydro-
phobic C-terminus of the protein unfolds and inserts into
the membrane. During this conformational change the Bcl-
X;, hydrophobic binding pocket becomes accessible for
protein—protein interactions whilst the structure of the
N-terminal region remains intact.

Keywords Membrane protein structure -
Oriented lipid bilayer - Helix tilt angle - Topology -
Apoptosis - Cancer - Protein—protein interactions

Introduction

Apoptosis is the controlled elimination of cells, a strategy
of regulation which must have evolved early since it is
found in organisms as diverse as fruitflies, nematodes,
mammals (Borner 2003) and even fungi (Phillips et al.
2006). Controlled cell death occurs in a wide variety of
cells in both developing and adult organisms, including
neuronal and colonic cell lines (Butler et al. 1999; Merry
and Korsmeyer 1997). The Bcl-2 family of proteins is
intrinsically related to the regulation of controlled cell
death and malfunction can result in a variety of disorders
including cancer, autoimmunity and neurodegeneration
(Adams and Cory 2001; Chao and Korsmeyer 1998).
Although there is an ongoing and unresolved debate about
the details of how apoptotic control is exerted, it is certain
that the Bcl-2 proteins are key players in the game.
Through the identification of four sequence homology
domains (BH1-BH4, Fig. 1) at least three different sub-
groups have been identified within the Bcl-2 family.
Whereas the BH1-4 proteins (including Bcl-x; and Bcl-2)
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Fig. 1 The protein and peptide sequences investigated in this and
other studies are indicated. The amino acid sequences of Bcl-x;-AC
(residues 1-209) as well as of the C-terminal region are shown as one-
letter code (accession number Q07817). The helical regions observed
in the X-ray crystallographic- or solution NMR structures of Bcl-x; -
AC are indicated by hatched lines and the helix number; those that are
found in the presence of detergent micelles are labelled with solid lines

exhibit anti-apoptotic activity (pro-survival), those that lack
the BH4 domain are pro-apoptotic (BH1-3, e.g. Bax). Fur-
thermore, BH3-only proteins such as Bak exist and have
pro-apoptotic activity (Borner 2003). The proteins form a
complex interaction network where the activity is regulated
by protein—protein and protein—-membrane interactions con-
comitant with the re-localisation of the proteins from the
cytoplasm to organellar membranes (Borner 2003). It is
generally believed that targeting of Bax to the mitochon-
drial outer membrane and pore-formation is an important
step during a cascade of regulatory interactions and events.
Most members of the wider family of Bcl-2 proteins pos-
sess C-terminal hydrophobic anchor sequences, which
facilitate their interaction with membranes.

The high-resolution structures of a number of members
of the Bcl-2 family have been determined by X-ray diffrac-
tion and solution state NMR spectroscopy (Day et al. 2005;
Huang etal. 2002, 2003; Muchmore et al. 1996). These
include anti-apoptotic (Bcl-x;, Bcl-2, Bel-w, KSHV-Bcl-2,
BHRFI1, Mcl-1) as well as pro-apoptotic members of the
family (Bax, Bid). The three-dimensional structures exhibit
a hydrophobic helical hairpin in the centre of the fold, sur-
rounded by a layer of amphipathic helices on each side of
the resulting ‘sandwich’ (Petros et al. 2004). This motif has
also been observed for channel-forming bacterial toxins
such as the diphtheria toxin T domain or the pore domains
of colicins (Choe et al. 1992; Parker et al. 1992).

The close structural similarity between Bcl-x; and chan-
nel-forming bacterial toxins suggested early on that Bcl-2
family proteins are able to form pores in lipid bilayers
(Muchmore et al. 1996). Consequently the channel-forming
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(Losonczi et al. 2000; Muchmore et al. 1996). In bold letters are shown
the alanine positions that have been selectively labelled with >N in the
synthetic peptide 132-179, encompassing the helix5-loop-helix6 re-
gion, or in the peptide composed of residues 208-233, corresponding
to the C-terminus. The delineations of these two peptides are shown by
arrows. The BH4, BH3, BH1 and BH2 homology domains are indi-
cated in grey

properties of Bcl-x;, Bcl-2 and Bax have been character-
ised in vesicle efflux and single-channel measurements
(Antonsson et al. 1997; Minn et al. 1997; Schendel et al.
1997; Schlesinger et al. 1997). The Bcl-x; -AC (i.e. lacking
C terminal hydrophobic helix) (Minn et al. 1997) and Bcl-
2-AC channels (Schendel et al. 1997) resemble those of
colicins in that they are discrete, cation-selective and pH-
dependent. In contrast, the permeability changes induced in
planar lipid bilayers by Bax are arbitrary and continuously
variable (Basanez et al. 1999). Bax also exhibits lytic activ-
ities against neuronal or red blood cells as well as releasing
fluorescent dyes from liposomes (Antonsson et al. 1997).
Interestingly, these membrane-directed activities of Bax
can be inactivated by >equimolar amounts of Bcl-2
(Antonsson et al. 1997).

The anti-apoptotic function of Bcl-2 has been suggested
either as a direct neutralising interaction with Bax (Antons-
son et al. 1997; Priault et al. 1999) or due to a Bcl-2 depen-
dent hyperpolarization of mitochondrial membranes
(Schendel et al. 1998). In both cases this organelle is pro-
tected from the detrimental ‘mitochondrial permeability
transition’ (Kluck et al. 1997; Zamzami et al. 1996; Zoratti
and Szabo 1995). Membrane-association of Bcl-2 proteins
is therefore important to facilitate the interactions between
the various players in controlled cell death (Hicker and
Vaux 1995). Although, high-resolution structural data have
been obtained for Bcl-2 family members and colicins in
crystalline or aqueous environments (Muchmore et al.
1996; Parker et al. 1992; Vetter et al. 1998), much less is
known about the structure and interactions of these proteins
in the presence of membranes.
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Solution NMR studies in membrane mimetic environ-
ments indicate that the tertiary structure of the C-terminally
truncated Bcl-x; protein (Bcl-x;-AC) completely unfolds
once the detergent exceeds the critical micelle concentra-
tion (cmc) (Losonczi et al. 2000). However, the protein
remains composed of several o-helices separated by flexi-
ble loops (Fig. 1a). CD- and solution NMR-spectroscopy
indicate a similarly high helix content after insertion into
micelles (Losonczi et al. 2000).

Previous biophysical investigations of Bcl-x; -AC in the
presence of phospholipid bilayers have resulted in two
opposing models of this protein at neutral pH. Whereas
Marassi and co-workers using solid-state NMR spectros-
copy suggest transmembrane insertion of helices 5 and 6
(Franzin et al. 2004), Blake and co-workers using optical
spectroscopy and differential scanning calorimetry find no
evidence for membrane insertion of Bcl-x; -AC (Thuduppa-
thy et al. 2006). Their model therefore suggests that inser-
tion of the hairpin encompassing helices 5 and 6 requires
acidic conditions and that at physiological pH only the most
C-terminal helix anchors the protein in the membrane. To
clarify this issue we re-evaluated the membrane interactions
of Bcel-x; using a variety of biophysical techniques includ-
ing surface plasmon resonance, fluorescence- and oriented
solid-state NMR spectroscopies. Care was taken to avoid
the usage of detergents during the reconstitution protocol.

Whereas structural analysis by multidimensional solution
NMR-spectroscopy relies upon data obtained from highly
mobile molecules in solution, solid-state NMR spectro-
scopic methods have to be applied to obtain information
about the structure and dynamics of peptides which are
associated with extended lipid bilayers [recent review
(Bechinger et al. 2004)]. The anisotropic contributions of
the chemical shift, the dipolar and the quadrupolar interactions
constitute the most pronounced features of static solid-state
NMR spectra. Notably, the magnitude and the orientational
dependence of nuclear interactions provide valuable infor-
mation about the dynamics, the molecular structure, and the
alignment of peptides when associated with lipid bilayers.
For example, when uniaxially oriented samples are investi-
gated by proton-decoupled N solid-state NMR spectros-
copy the approximate tilt of backbone '°N labelled helices is
directly obtained from the "N chemical shift position
(Bechinger and Sizun 2003). Whereas transmembrane heli-
cal peptides exhibit N resonances >180 ppm, in-plane ori-
ented peptides are characterised by chemical shifts
<100 ppm (Fig. 3a). Combining information from several
labelled sites thus has the potential for detailed structural
and topological information on membrane-associated poly-
peptides (Aisenbrey and Bechinger 2004b; Cross 1997).

The potential of these approaches depends to a large
extent on the availability of polypeptides labelled with sta-
ble isotopes suitable for NMR spectroscopic investigations.

Whereas large proteins are best prepared by bacterial over-
expression and biochemical purification methods, smaller
polypeptides are in general prepared more easily by solid-
phase peptide synthesis. Although the first method is well
suited to introduce isotopic labels in a uniform or selective
manner (all or a given type of residues), it has proven diffi-
cult to obtain the large quantities of Bcl-x; required for
structural studies. The problem of large-scale bacterial
expression has been solved by deletion of the hydrophobic
C-terminus from the protein (AC) and many structural and
functional studies have been performed using these trun-
cated proteins (Muchmore et al. 1996). Notably, channel
and anti-apoptotic activities of the protein persist after trun-
cation of the C-terminus (Antonsson et al. 1997; Basanez
et al. 1999; Minn et al. 1997; Muchmore et al. 1996).

Even though chemical synthesis of polypeptides is cur-
rently unsuitable for the production of large quantities of
proteins of the size of the Bcl-x; is has distinct advantages
when smaller polypeptides labelled at a single or a few
selected sites are required. In this paper both methods have
been used in order to assemble a more complete and com-
plementary view on the structure and topology of mem-
brane-associated Bcl-x; . In particular we have investigated
if the physico-chemical properties of a peptide encompass-
ing helices 5 and 6 allow the formation of a transmembrane
helical loop after membrane association at neutral pH, as
this domain has previously been suggested to form such an
anchoring domain under acidic conditions (Thuduppathy
et al. 2006; Thuduppathy and Hill 2006) or after exposure
to detergents (Franzin et al. 2004). Furthermore, we have
investigated the C-terminal domain of Bcl-x;, which has
been proposed to provide a first anchor of the protein in the
membrane (Thuduppathy et al. 2006), although its membrane
interactions have not been investigated experimentally.

Materials and methods
Expression and purification of Bel-x

The Bcl-x; protein was expressed in an E. coli BL21 DE3
(pLysE) strain transformed with the plasmid pTOLT-
BCLXL as described previously (Anderluh etal. 2003).
The DNA fragment encoding for BCL-XL was amplified
by PCR using the following forward and reverse oligonu-
cleotides, respectively, TTTTTTAGGCCTTCTCAGAGC
AACCGGGAG and TTTTACGCGTTCATTTCCGACTG
AAGAG, and introduced into the pTOLT plasmid using
Stul and Mlul restriction sites. This plasmid was named as a
pTOLT-BCLXL (Fig. 1) and DNA sequencing of this plas-
mid confirmed that the BCL-XL encoding DNA fragment
was correctly inserted after the thrombin cleavage site on
the pTOL vector. The bacteria were grown in minimal
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media where the only nitrogen source was 15NH4+. During
the exponential phase the cell cultures were induced for 3 h
in the presence of IPTG after which the cells were har-
vested by centrifugation and lysed using a French press.
The N-terminal 6X Histidine-tag facilitated purification of
the Tol-BCL fusion by means of Ni-NTA affinity column.
The expression and purification of the fusion protein was
analysed by SDS-PAGE (supplementary Fig. S1) and the
protein concentration determined by UV absorption at
280 nm. Bcl-x; -AC was released by thrombin cleavage of
the TolA-BCL fusion product and recovered by Ni-NTA
affinity chromatography. The cleaved Bcl-x; -AC contains
an additional glycine and serine at the N-terminus from the
thrombin cleavage site. MALDI Mass spectrometry con-
firmed the size of the truncated construct as 23,706 + 3 Da
(expected = 23,722.0 Da).

Peptide synthesis

The peptides Bcl-x; -C and Bcl-xL-h5-h6 were prepared by
solid-phase peptide synthesis on a Millipore 9050 or an
Applied Biosystems 433A automatic peptide synthesiser
using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry
(Atherton et al. 1981; Carpino and Han 1972). The Bcl-xL-
h5-h6 peptide with the sequence RDGVNWGRIVAF
FSFGGALCVESVDKEMQVLVSRIAAWMATYLNDHLE
(cf. Fig. 1) was obtained on a TentaGel R PHB-Glu(t-Bu)
resin (RAPP Polymer, Tiibingen, Germany) when the stan-
dard synthetic protocols of this peptide synthesiser were
applied. Notably, double couplings were used and non-
reacted fragments were capped after each step by acetyla-
tion. Furthermore, the ‘pseudo proline’ technology was
used at the F13-S14, D22-S23 and V32-S33 positions
(Haack and Mutter 1992). The Fmoc-Phe-Ser(W-Me, Me
Pro)-OH, Fmoc-Glu(OtBu)-Ser(\Y-Me, Me Pro)-OH, and
Fmoc-Val-Ser(W-Me, Me Pro)-OH were from Novabio-
chem, VWR International (Fontenay sous Bois, France). At
positions 11 and 36 of Bcl-xL-h5-h6 (underlined in the
sequence) the N labelled derivative of alanine was
inserted (Cambridge Isotopes Inc., Andover, MA, USA).
During the synthesis of the Bcl-x;-C peptide
(ERFNRWFLTGMTVAGVVLLGSL FSRK; cf. Fig. 1) a
TentaGel R PHB-Gly Fmoc resin (RAPP Polymer, Tiibin-
gen, Germany) was used and double couplings were applied.
The N labelled derivative of alanine was inserted at the
underlined position 14 (Cambridge Isotopes Inc., Andover,
MA, USA). The synthetic products were purified by reverse
phase high performance liquid chromatography using an ace-
tonitrile/water gradient and a (218TP54, C18, 300 10\, 4.6 mm
id., 250 mm) column (Vydac, France). The identity and
purity of the synthesised peptides were analysed by using the
matrix-assisted laser desorption ionisation mass spectrometry
(MALDI-MS) and analytical reverse phase HPLC.
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Sample preparation for solid-state NMR

The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA), 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (POPG) from Sigma Aldrich
(Lyon, France). In order to prepare oriented bilayers 10 mg
Bcl-x; -h5-h6 was dissolved in hexafluoroisopropanol and
mixed with 150 mg DOPC/DOPG 70:30 mol/mol to yield a
peptide-to-lipid molar ratio of 1% at neutral pH. The C-ter-
minal hydrophobic peptide (6—11 mg) was co-dissolved in
dichloromethane (or trifluoroethanol) together with the
phospholipid at a concentration of 1 mol%. The lipid—pep-
tide mixtures were applied onto 30 ultra-thin cover glasses
(9 x 22 mm; Paul Marienfeld GmbH & Co. KG, Lauda-
Konigshofen, Germany), first dried in air and thereafter in
high vacuum over night (1.8 x 1072 mbar). The samples
were equilibrated in a closed chamber where a defined rela-
tive humidity is obtained due to contact with saturated salt
solutions of KNO; (93% r.h.), NH,NO; (84% r.h.), NH,CI
(75% r.h.), LiCl (15%), respectively (O’Brien 1948). After
3-5 days the glass plates were stacked on top of each other.
The stacks were stabilised and sealed with teflon tape and
plastic wrappings.

In order to reconstitute the biochemically prepared pro-
tein, 200 mg of POPC/POPS 70:30 mol:mol were co-dis-
solved in dichloromethane. The solvent was evaporated
under a stream of nitrogen gas. The lipid film was sus-
pended with 2 ml of double distilled water and the sample
vortexed for several hours. Thereafter the suspension was
extruded through a polycarbonate film with a pore size of
50 nm to obtain unilamellar vesicles. About 5 ml of protein
stock solution (300 pg/ml protein in 20 mM phosphate
buffer, 300 mM NaCl, 0.02% Sodiumazid) was added and
the sample incubated for several hours. The sample was
then concentrated using a Macrosep® 3 kD filter device
(Pall, New York, USA). When ~1 ml of concentrate
remained the sample was washed with 1 ml of water in
order to reduce the salt concentration. The concentrated
vesicle/protein suspension (~500 pl) was applied on 30
ultrathin coverplates (9 x 22 mm) and dried on air. The
subsequent treatment including rehydration at 93% humid-
ity was identical to samples containing synthetic peptides.

For solid-state NMR spectroscopy the samples were
introduced into the flattened coils (Bechinger and Opella
1991) of a double-resonance probe and inserted into the
magnetic field (9.4 T) of a Bruker Avance 400 wide-bore
solid-state NMR spectrometer. The bilayers were oriented
with the membrane normal parallel to the B, field of the
spectrometer, except where indicated otherwise. Proton-
decoupled N solid-state NMR spectra were acquired
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using the MOIST cross-polarization pulse sequence (Levitt
etal. 1986). The static solid-state NMR spectra were
acquired typically using the following parameters: 'H B,
field of approximately 40 kHz, 1.3 ms contact time, 3 s
recycle delay, spectral width: 40 kHz, 256 data points,
number of acquisitions: 40,000. During acquisition the
sample was cooled with a stream of air at room tempera-
ture. An exponential apodisation function corresponding to
a line-broadening of 200 Hz was applied before Fourier
transformation (except for Fig. 3b where the line-broaden-
ing is 100 Hz). NH,Cl (41.5 ppm) was used as a reference
corresponding to approximately O ppm for liquid NH;.

The fluorescence titration experiments were performed
as previously described (Sattler et al. 1997). The peptide
representing the Bak BH3 domain (TKGQVGRQLAIIGD-
DINRRY) was added in a step-wise manner to 5 mM Bcl-
x.'% either in the absence or in the presence of 1.3 mM
POPC/POPS 2:1 unilamellar vesicles (prepared by extru-
sion through 100 nm filters). The resulting change in the
Bcl-x tryptophan fluorescence due to the association of
peptide was monitored using a commercial spectrofluorom-
eter (AMINCO-Bowman Series 2). The excitation wave-
length was adjusted to 4., =290 nm while the emission
wavelength was tuned from Ag,, =300 to 400 nm at con-
stant speed S =2 nm/s. The excitation and the emission
bandwidth were adjusted to A4, = 444, =4 nm.

Results and discussion

Helices of Bcl-x; -AC are oriented parallel to the membrane
surface

Uniformly labelled Bcl-x;-AC (Bcl-x; '**?) was prepared
by a new bacterial overexpression system which first pro-
duces a pTol-Bcl-x;-AC fusion protein (Anderluh et al.
2003). After purification and cleavage of the fusion, the
Bcl-x;-AC was reconstituted into oriented phospholipid
bilayers. In a related manner aligned membranes were pre-
pared containing synthetic Bcl-x; polypeptides correspond-
ing to either the deleted hydrophobic C-terminus or the
helix 5-loop-helix 6 domains SN labelled at one or two
selected sites, respectively (Fig. 1). The resulting samples
were inserted into the NMR spectrometer with the trans-
membrane axis “parallel” to the magnetic field direction or
in a 90° “tilted” arrangement.

Figure 2a shows a proton-decoupled "N solid-state
NMR spectrum of Bcl-x; -AC, labelled uniformly with N,
reconstituted into oriented POPC/POPS (2:1 mol/mol)
membranes in the parallel orientation. Biological and mem-
brane activities of Bcl-x; or Bcl-2 have been demonstrated
previously in lipid mixtures of similar composition, with
comparatively little effect of the presence or absence of the

C-terminus (Antonsson et al. 1997; Basanez et al. 1999;
Minn et al. 1997). The spectrum reveals predominant signal
intensities at '’N chemical shifts <100 ppm indicative of
amide protons within helices oriented parallel to the mem-
brane surface (tilt angles >55°). Figure 2b shows a simu-
lated "N solid-state NMR spectrum of uniformly labelled
Bcl-x; -AC and will be discussed in further detail later.

In this chemical shift range the isotropic (orientation
independent) resonances of 12 arginine (74 and 90 ppm),
six tryptophan (84 ppm), and five lysine side chains
(36 ppm) are also expected. The resonances of amide resi-
dues that exhibit isotropic reorientation as well as the iso-
tropic chemical shifts of ten glutamine and 11 asparagine
side chains (116 ppm) occur in the 100-130 ppm chemical
shift range. The signals >150 ppm contribute <10% of the
overall intensity and include four histidine side chains
whose isotropic resonances are expected at >170 ppm.
However, it should be noted that the cross polarisation
technique was applied to acquire the solid state NMR spec-
tra. On the one hand this technique takes advantage of the
strong dipolar interactions to transfer magnetisation from
the 'H to the 1N, thereby much enhancing the signal inten-
sity of slowly moving or immobilised sites, and thus
allowing the acquisition of the >N spectra shown in about
24 h. On the other hand the dipolar couplings of mobile
residues are diminished or missing meaning that these
exhibit much reduced or no signal intensities (Aisenbrey
et al. 2006).

When the sample is tilted by 90° so that transmembrane
helices will be perpendicular to the magnetic field direction
contributions from the isotropic amide signal intensities, as
well as broad distributions from immobilised domains, are
obtained (Fig. 2c). In contrast to the parallel orientation
shown in Figs. 2a and 3, the spectra obtained from the “per-
pendicular” sample orientation are sensitive to the rota-
tional diffusion rate around the membrane normal. A priori
an in-plane oriented helix, which is free to diffuse around
the membrane normal, adopts a wide variety of alignments
relative to the magnetic field direction. As each alignment
results in its own chemical shift position within the 60—
230 ppm range a powder pattern line shape is obtained
which reflects the circular distribution of alignments
(Aisenbrey and Bechinger 2004a). In contrast, when diffu-
sion is fast the chemical shift anisotropy is averaged and a
mean value is obtained. Although a minor part of the inten-
sities observed in Fig. 2c, e.g. at 110 ppm, are sharp and
indicative of motional averaging, the spectrum is predomi-
nantly characterised by broad circular powder pattern line
shapes covering the full >N chemical shift range. The data
thereby indicate that when associated with membranes rota-
tional diffusion of Bcl-x; -AC is slow when compared to the
chemical shift anisotropy (7 kHz at 9.4 T). This indicates
that although the association of truncated Bcl-x; with the
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Fig. 2 Proton-decoupled >N
solid-state NMR spectra of A
1.5 mg uniformly labelled Bcl-

x;-AC (residues 1-209) recon-

stituted into 200 mg POPC/

POPS 65/35 (wt./wt.) phospho-

lipid bilayers oriented with their

membrane normal parallel (a)

and perpendicular (c) to the

magnetic field direction (B).

b Shows the simulated '’N

spectrum obtained when the

PDB file 1BXL is oriented in the B
manner indicated. This is only
one among a range of solutions
where the helices are predomi-
nantly aligned parallel to the
surface. d—f Simulations of >N
chemical shift spectra of helices
oriented at 0° (transmembrane),
70° or 90° (in-plane) relative to
the membrane normal

.

membranes is weak (cf. below) it is enough to restrict pro-
tein diffusion.

For comparison, the spectral line shapes of the helical
backbone signals for the tilted alignment have been simu-
lated and are shown in Fig. 2d—f for helix tilt angles of 0°
(transmembrane), 70° and 90° (perfect in-plane), respec-
tively. Notably the simulations only represent immobile
helix-backbone amides since the signal intensities of
mobile amides or side chain nitrogens are weak or absent
and have to be considered separately (cf. above). Although,
the 70° spectral simulation shown in Fig. 2e already repre-
sents the most important features, the experimental result is
more appropriately described by a linear combination of
contributions from individual helices, mobile backbone res-
idues with intensities in the 100-130 ppm range (signal
intensity about 20%) and some residual side chain reso-
nances (cf. above). Nevertheless, the comparison of the two
orientations in Fig. 2 clearly indicates that the Bcl-x; heli-
ces are oriented predominantly parallel to the membrane
surface.
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200 100 0
ppm

An isolated helix 5-loop-helix 6 does not insert
in a transmembrane orientation

The helix 5-loop-helix 6 regions of several Bcl-2 proteins
have been found to be particularly important for membrane
association and biological activities (Garcia-Saez et al.
2004). We therefore investigated a 48-residue peptide
encompassing the helix 5-loop-helix 6 domain of Bcl-x;
and obtained the proton-decoupled >N spectrum shown in
Fig. 3b. Two isotopic labels were included in this peptide,
one in the centre of each helix (Fig. 1a), therefore, the spec-
trum represents the sum of these two contributions. Clearly,
the isolated domain might only partially represent the char-
acteristics of the full-length protein (Garcia-Saez et al.
2004). Nevertheless, the 5N chemical shift resonance at
80 ppm is incompatible with a stable transmembrane
anchoring domain and confirms the observations obtained
from the perlabelled protein shown in Fig. 2a where reso-
nances corresponding to transmembrane helices are absent.
The data thereby also explain the low membrane affinity of
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300 200 100 ppm

Fig. 3 a In membrane samples oriented with the bilayer normal parallel
to the magnetic field direction the helix alignment correlates with the >N
chemical shift position (cf. text for details). b Proton-decoupled >N sol-
id-state NMR spectra of the Bcl-x; h5-1-h6 domain labelled with "°N at
alanine-11 and alanine-36, and reconstituted into oriented phospholipid
bilayers, and ¢ the C-terminus of Bcl-x; labelled with 5N at the single
alanine-14 residue after reconstitution into oriented POPC/POPS 3:1
phospholipid bilayers and equilibrated at 93% r.h. d Sample C equilibrated
at 15% r.h. E. ['’N-Alal4]-Bcl-x, -C-terminus in POPC membranes

the Bcl-x; -AC domain that has been recently observed in
the dilute solutions (Thuduppathy et al. 2006). *'P solid-
state NMR spectra of phospholipid bilayers encompassing
increasing amounts of helix5-loop—helix6 polypeptide are
shown in supplementary Fig. S2a—d.

In contrast, the data disagree with previous models of
Bcl-x; where helices 5 and 6 are suggested to form a trans-
membrane helical loop with tilt angles of about 50°
(Franzin et al. 2004). The published proton-decoupled >N
solid-state NMR spectrum of Bcl-x; -AC exhibits additional
signal intensities at about 170 ppm which were assigned to
tilted backbone '’N amides (Franzin et al. 2004). We have
therefore simulated the >N solid-state NMR spectrum of
Bcl-x; -AC assuming that 40 residues adopt a 50° tilted
alignment (supplementary Fig. S3). Clearly, the strong
intensities in the 170—-180 ppm region, that are characteris-
tic for this structural arrangement, are absent in our experi-
mental spectrum.

We have previously observed signal intensities in the
170 ppm range when working with His-tagged proteins
(Prongidi Fix 2005) in agreement with known side chain
chemical shift assignments. This may be important since in
contrast to the previous work (Franzin et al. 2004; Prongidi
Fix 2005) the 6-His tag was removed from our Bcl-x; pro-
tein preparation. Another important difference derives from
the use of detergent in previous Bcl-x; reconstitution proto-
cols (Franzin et al. 2004) which might have promoted the
unfolding of the protein (Losonczi et al. 2000).

The C-terminal helix adopts a largely transmembrane
orientation

When a polypeptide corresponding to the C-terminal helix
of Bcl-x;, Bel-x; 2%23 labelled with 1N at its centre, was
reconstituted into oriented POPC/POPS 2:1 membranes a
chemical shift of 221 ppm was observed (Fig. 3c). This
value agrees perfectly with the suggested transmembrane o-
helix insertion of this domain (Losonczi et al. 2000). How-
ever, an additional broad signal intensity is observed in
Fig. 3¢ with a maximum at 74 ppm. This signal was
enhanced when the sample is equilibrated at reduced rela-
tive humidity (Fig. 3d). At the same time the *'P NMR
spectra remained indicative of well-oriented phospholipid
bilayers (cf. supplementary Fig. S2e). The occurrence of
two 1N signal intensities indicates a topological or confor-
mational equilibrium, in which, to cite one possibility,
transmembrane and in-plane oriented helices are in slow
exchange. This behaviour is consistent with a considerable
hydrophobic moment of this o-helix within an overall
hydrophobic character. In the absence of POPS the spec-
trum of Bcl-XLZOS‘233 exhibits a chemical shift of 213 ppm
indicative of only small changes in tilt angle and/or dynam-
ics upon modification of the lipid composition (Fig. 3e).
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Structural model of membrane-associated Bel-x;,
at physiological pH

The structural models shown in Fig. 4 summarise the data
presented in this paper. Whereas the recombinant protein
encompassing helices 1-8 exhibits predominant in-plane
orientations (Figs. 2a; 3b) the extreme C-terminal polypep-
tide adopts a predominantly transmembrane alignment
(Fig. 3c—e). Figure 4a schematically represents such a
structure. The N spectrum of the 90° tilted sample of Bcl-
x.-AC indicates that about 80% of the signal intensities
exhibit rotational correlation times that are slow on the time
scale of the >N chemical shift measurement (Fig. 2c) and is
indicative for membrane-association of the proteins. In
analogy to the fold that has been observed previously in
micellar environments (Losonczi et al. 2000) the model
shown in Fig. 4a shows an open and flexible structure of
Bcl-x; in a lipid bilayer where helices 1-8 exhibit planar
alignments. However, the authors of this former study
(Losonczi et al. 2000) have raised doubts about the biologi-
cal significance of such an open structure as the micelle-
associated protein is monomeric whereas Bcl-x; forms
multimers in lipid bilayers.

When the association of Bcl-x; with POPC/POPS 2:1
vesicles was tested using isothermal titration calorimetry,
centrifugation- or Biacore assays binding was weak in
agreement with previous investigations (Thuduppathy et al.
2006). This binding data thereby support a more superficial
association without the deep membrane insertion of hydro-
phobic domains, in contrast to suggestions made after
studying the protein at low pH (Thuduppathy et al. 2006;
Thuduppathy and Hill 2006), or after exposure to deter-
gents (Franzin et al. 2004; Losonczi et al. 2000). In addi-
tion, the dissociation constant of the Bak BH3 domain was
determined using a fluorescence assay (Sattler et al. 1997)
and shown to be (0.17 £ 0.05 uM) and (0.28 £ 0.06 pM)
in the presence or absence of POPC/POPS 2:1 unilamellar
vesicles, respectively (Fig. 5). This data is in good agree-
ment with previous investigations using related ligands
(Muchmore etal. 1996) and favours structural models
which leave the BH3 binding groove intact.

We, therefore, simulated the proton-decoupled BN
solid-state NMR spectra that would result from the Bcl-x;,
crystal structure (Muchmore et al. 1996) at different align-
ments relative to the membrane surface. When all possible
orientations are screened a range of arrangements is identi-
fied in which most Bcl-x; helices orient parallel to the
membrane surface (Figs. 2b; 4b). As a consequence the cor-
responding '°N solid state NMR spectra are virtually
devoid of signal intensities >150 ppm (Fig. 2b), just as
observed in the experimental NMR spectrum shown in
Figs. 2a and S3. Although in this model Bcl-x;-AC does
not insert deeply in the membrane, weak interactions of the
protein at the membrane surface are sufficient to align the
protein in our sample preparations (Fig. 2a).

Structural investigations of Bcl-2 proteins suggest that
peptides encompassing high-affinity BH3 domains bind to
the same hydrophobic groove which in solution is occupied
by the C-terminal hydrophobic sequence (Denisov et al.
2003; Hinds et al. 2003; Suzuki et al. 2000). The model
shown in Fig. 4b preserves the possibility of Bcl-x; inter-
acting with other Bcl-2 proteins in its membrane-associated
state. Furthermore, our data indicate that the C-terminus of
Bcl-x; inserts in a transmembrane fashion (Fig. 3c—e) sup-
porting the idea that it acts as a membrane anchor (Kim
et al. 2004; Thuduppathy et al. 2006). Whereas the Bcl-x;
C-terminus encompasses a continuous stretch of 18 hydro-
phobic residues, sufficiently long to span the hydrophobic
bilayer, the hydrophobic regions of helices 5 and 6 are con-
siderably shorter and, therefore, probably not suitable as
transmembrane anchoring domains. In this manner mem-
brane insertion of the C-terminus can at the same time
expose the BH3-binding site. Therefore, membrane-inser-
tion of Bcl-x; and the possibility to oligomerise with other
members of the family seem tightly connected processes.

The in-plane alignment of all but the most C-terminal
helices is in good agreement with the anti-apoptotic activity
of Bcl-x; where membrane permeation of large molecules
is absent (Basanez et al. 1999). Our data suggest a model in
which upon membrane-association at physiological pH
much of the helix—helix interactions within the protein are
preserved in agreement with previous propositions

" h2

B BH3
o

Fig. 4 Models for bilayer-associated Bcl-x;. Our "N solid-state
NMR experiments indicate an in-plane alignment of the first eight heli-
ces of the protein with only the C-terminal helix adopting a transmem-
brane alignment. Model A shows the topology in bilayers assuming
that the protein completely unfolds. Model B is based on the PDB file
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1BXL where the protein structure is preserved and oriented in such a
manner to fit the experimental NMR spectrum (helices oriented paral-
lel to the membrane surface). It remains possible that partial unfolding
of the protein occurs
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Fig. 5 aFluorescence spectra obtained from the titration of increasing
amounts of peptide representing the Bak BH3 domain
(TKGQVGRQLAIIGDDINRRY) to 5 mM Bcl-x; -AC. The relative
integrated fluorescence intensities are shown in the absence (solid line,
circles) and in the presence of 1.3 mM POPC/POPS 2:1 unilamellar
vesicles (prepared by extrusion through 100 nm filters; hatched line,
squares)

(Thuduppathy et al. 2006). At the same time the C-terminus
assures targeting to and insertion into the membrane (Kauf-
mann etal. 2003). The accompanying conformational
changes liberate the hydrophobic binding groove (Denisov
et al. 2003; Hinds et al. 2003; Suzuki et al. 2000) which
thereby becomes accessible for heterodimerisation. The
spatio-temporal redistribution of proteins and the associ-
ated conformational changes can thus serve as key regula-
tory events during apoptosis.
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