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Akey event in programmed cell death is the translocation of the apoptotic Bax protein from the cytosol towards
mitochondria. The first helix localized at the N-terminus of Bax (Bax-a1) can act here as an addressing
sequence, which directs activated Bax towards the mitochondrial surface. Solid state NMR (nuclear magnetic
resonance), CD (circular dichroism) and ATR (attenuated total reflection) spectroscopy were used to elucidate
this recognition process of a mitochondrial membrane system by Bax-a1. Two potential target membranes
were studied, with the outer mitochondrial membrane (OM) mimicked by neutral phospholipids, while

Keywords:

Apjgptosis mitochondrial contact sites (CS) contained additional anionic cardiolipin. 'H and *'P magic angle spinning
Bax N-terminal (MAS) NMR revealed Bax-at1 induced pronounced perturbations in the lipid headgroup region only in presence
Cardiolipin of cardiolipin. Bax-a1 could not insert into CS membranes but at elevated concentrations it inserted into the

Solid-State NMR hydrophobic core of cardiolipin-free OM vesicles, thereby adopting (>-sheet-like features, as confirmed by ATR.
CD studies revealed, that the cardiolipin mediated electrostatic locking of Bax-a1 at the CS membrane surface
promotes conformational changes into an a-helical state; a process which seems to be necessary to induce

further conformational transition events in activated Bax which finally causes irreversible membrane

permeabilization during the mitochondrial apoptosis.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Programmed cell death is essential for the regulation of cell
homeostasis in complex organisms. Failures in this physiological
regulation trigger severe pathological diseases including autoimmune
disorders, neuro-degeneration and cancer [1-3]. Induction of apop-
tosis via the mitochondrial pathway is mainly controlled by the Bcl-2
protein family which is made up of three different groups of proteins:
the anti-apoptotic proteins including Bcl-2, all with four Bcl-2
homology domains (BH1-4); the pro-apoptotic proteins such as Bax
with three Bcl-2 homology domains (BH1-3); and the BH3-only
proteins like Bid or Bad, which can activate pro-apoptotic proteins or
inhibit anti-apoptotic proteins activities [4-6]. The interplay between
these different protein fractions regulates the permeability of the
mitochondrial membrane system, and in particular any release of
apoptotic activator factors such as cytochrome ¢, which reside
between the outer (OM) and the inner (IM) membranes of the
mitochondrion [7-9].
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While anti-apoptotic proteins are originally anchored in the outer
mitochondrial membrane, the main pro-apoptotic protein, Bax, is
located in the cytosol in an inactive form [10-12]. However, binding of
an external apoptotic stimulus - often BH3 only proteins — to Bax
protein will induce a conformational change into its active conforma-
tion. This process will expose Bax targeting/anchoring domains,
thereby forcing its translocation to the mitochondria membrane,
where it can exert its apoptotic role [10,12-14]. It has been proposed
that the first helix localized at the N-terminal of the Bax protein is an
effective addressing sequence because its deletion prevents Bax
localization into mitochondria while the very first amino acids
are an inhibitory sequence [14,15]. However, debate exists on which
of the N-terminus or the C-terminus, or both of them, are required for
the protein localization at the OM system [16,17]. Furthermore, the
mechanism by which Bax induces the release of apoptotic factors is
controversial, involving different locations of Bax activity and there-
fore an important role of the mitochondrial membrane composition.
Especially, the role of cardiolipin, a mitochondrion specific phospho-
lipid, for Bax functioning is hardly discussed but a recent study
showed its importance for Bax targeting towards and functioning at
mitochondrial membrane surface [18]. The Bax specific recognition
prior activation of the mitochondrial membrane is still not understood
and in order to address this question one clearly has to know how and
where the activated Bax protein does target the complex mitochon-
drial membrane system.
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Using several biophysical techniques, solid state NMR (nuclear
magnetic resonance), CD (circular dichroism) and ATR (attenuated
total reflection) spectroscopy, we investigated the interactions
between the supposed addressing sequence, the first helix of Bax
(Bax-a1), (M*TSSEQIMKTGALLLQGFIQDRAGRM?>®), with two potential
target models — outer membrane (OM) versus contact site (CS)
mimicking vesicles. The OM membrane is mainly composed of neutral
phosphatidylcholine and phosphatidylethanolamine lipids [19]. How-
ever, contact sites which reside between the inner and the outer
membranes, are known to be highly enriched in the anionic
phospholipid cardiolipin [20]. Depending on the target membrane,
we observed two different interaction mechanisms (electrostatically
driven versus hydrophobically driven) and membrane specific struc-
tural changes in the Bax-al peptide; information that is useful to
elucidate the potential role of cardiolipin in the Bax addressing
process.

2. Experimental procedures
2.1. Materials

1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC), 1-Pal-
mitoyl-2-Oleoyl-sn-Glycero-3-Phosphoethanolamine (POPE), heart
cardiolipin and chain deuterated 1-Palmitoyl (?Hs;)-2-Oleoyl-sn-
Glycero-3-Phosphocholine (?Hs;-POPC) were purchased from Avanti
Polar Lipids (Alabama, USA). The Bax-al peptide (*TSSEQIMKT-
GALLLQGFIQDRAGRM?>%) from the Bax human protein was synthesized
by solid phase methods on an Applied Biosystems 433A Peptide
Synthesizer (PE Biosystem, Courtaboeuf, France) [21]. The peptide
purity was greater than 98% as controlled by UV and MALDI-TOF mass
spectrometry.

2.2. Circular dichroism (CD)

The lipids were dissolved in CHCl3/CH30H (3:1 v/v) at the desired
molar ratio and the solvent removed under vacuum. The lipid films
were then re-suspended in water, followed by a lyophilization step.
The fluffy lipid powders were finally re-suspended in a 20 mM HEPES
buffer (pH 7) containing 150 mM NaCl salt to reach a concentration of
3 mM. Small unilamellar vesicles (SUV) were prepared by sonication
using a tip sonicator (Soniprep 150, MSE, Tokyo, Japan). CD-spectra
(Jasco ]-810 spectropolarimeter, USA) of peptide solutions were
recorded between 190-250 nm using a 1 mm path-length quartz
cell (Hellma, Germany). Samples were allowed to equilibrate 15 min at
35 °C prior to accumulation of 8 scans. The lipid background was
subtracted. To estimate the peptide secondary structure content, an
analysis of the relevant CD-spectra was carried out using the CDPro
software (http://lamar.colstate.edu/~ssreeram/CDPro) developed by
R. W. Woody and coworkers [22]. CD values were converted to mean
residue ellipticity (MRE). The basis set 10 of the CDPro software was
used [23]. Analysis was performed using three methods, CONTIN,
CONTIN/LL, and SELCON 3 [23,24]. In general, CONTIN/LL, a self-
consistent method with an incorporated variable selection procedure,
produced the most reliable results.

2.3. Solid state nuclear magnetic resonance spectroscopy (NMR)

As described before, fluffy lipid powder mixtures were resus-
pended in identical HEPES buffer (pH 7) containing the desired
amount of peptide to obtain 20:1 or 50:1 lipid-to-protein (L/P) molar
ratios, and freeze-dried overnight. For 'H NMR and 3'P NMR
experiments, each sample (ca. 15 mg of lipids) was re-suspended in
45 plL of 2H,0 at a final hydration of 75% [(mass of water)/(mass of
lipids and water), in percent], followed by three freeze-thaw cycles to
homogenize the multilamellar vesicle sample. For ?H NMR, 1 mg of
2H3,-POPC was added to each previous sample, followed by five

freeze-thaw cycles and freeze-drying overnight. Each sample was
finally re-suspended in 45 pL deuterium-depleted water and
homogenized.

TH NMR and 3'P NMR measurements were carried out on a
400 MHz Infinity spectrometer (Chemagnetics, USA) with a 4 mm
double resonance CP-MAS probe. 'H NMR experiments were acquired
by using a single 1/2-pulse of 6 us duration and a repetition delay of 3 s
at a magic angle spinning speed of 6 kHz. Spectra were referenced by
setting the water signal to 4.7 ppm. >'P MAS NMR experiments were
acquired under continuous wave proton decoupling (40 kHz) using a
single m/2-pulse with 7 ps duration at spinning speed of 6 kHz [25]. A
Hahn-echo pulse sequence was applied for static >'P NMR measure-
ments with an interpulse delay of 50 ps and a Lorentzian line
broadening of 100 Hz was used prior to Fourier transformation. All >'P
NMR spectra were referenced externally to —0.9 ppm, using DMPC
vesicles at 35 °C. 100 to 15000 transients were co-added with a
repetition time of 3 s.

2H NMR experiments were performed at 76.77 MHz on a Bruker
Avance DSX 500. A quadrupole echo pulse sequence (m/2-T-11/2-T-
acquisition) [26] was used with an interpulse delay T of 30 ps. The 90°
pulse length was 3 ps and the repetition time 1.5 s. 8 k acquisitions
were typically recorded and a Lorentzian line broadening of 200 Hz
was used prior to Fourier transformation. Spectra were acquired at
35 °C and 25 °C; the temperature was regulated to =1 °C. Samples
were allowed to equilibrate for 30 min between each temperature
before the NMR signal was acquired.

2.4. Polarized attenuated total reflection spectroscopy (ATR)

ATR spectra were recorded on a Nicolet Magna 550 spectrometer
(Ramsey, Minnesota, USA), equipped with a MCT detector cooled to
77 K, where the sample as used for NMR was sheared at the diamond
ATR crystal surface (golden gate, Eurolabo, France). Deconvolution of
the ATR spectra was done using Grams 32 software (Thermo electron).
Because ATR spectroscopy is sensitive to the orientation of structures,
spectra were recorded with a parallel (p) and perpendicular (s)
polarization of the incident light with respect to the ATR plate [27,28].
All the orientational information is then contained in the dichroic
ratio Rarr=Ap/As, where A; represents the absorbance of the
considered band for the p or s polarization of the incident light,
respectively [29,30]. Generally 1000 scans were accumulated at a
resolution of 8 cm™! and a two-level zero filling was performed.

3. Results

CD and ATR spectroscopies were used to monitor conformational
changes in the Bax-al domain upon its association to outer
membrane (OM) and contact site (CS) membrane mimicking systems.
The ion strength was varied to elucidate the contribution of
electrostatics to the membrane affinity of the Bax-al peptide. 'H
MAS NMR was applied to follow changes across the whole lipid bilayer
whereas wideline and MAS 3'P NMR provided a picture of peptide-
induced structural and dynamical perturbations in the lipid head-
group region. Finally, changes in the hydrophobic core of the
membrane were monitored by using deuterium-labeled POPC and
2H NMR.

3.1. Secondary structure of Bax-al upon titration with OM or CS
mimicking lipid vesicles

Membrane-mediated conformational behavior of Bax-al was
characterized by circular dichroism (CD). For this purpose peptide at
a fixed 20 pM concentration in buffer solution was titrated with small
unilamellar vesicles (SUV) composed either of POPC/POPE (65:35,
molar ratio) mimicking the outer membrane (OM) or POPC/POPE/CL
(43:36:21, molar ratio) mimicking the contact sites (CS) of


http://lamar.colstate.edu/~ssreeram/CDPro

M.-A. Sani et al. / Biochimica et Biophysica Acta 1788 (2009) 623-631

10-

625

220 230 240

210

[e1x1 03 (deg.cmz.dmol'1)

250

210 220 230 240

-15
-20 T

210
Wavelength (nm)

250

T T 1

220 230 240 250
Wavelength (nm)

200 210

Fig. 1. CD spectra of Bax-a1 peptide (20uM) at 35 °C upon titration by vesicles composed of POPC/POPE (65:35, molar ratio) at 1 mM NaCl (A) and 50 mM of NaCl (B); by vesicles
composed of POPC/POPE/CL (43:36:21, molar ratio) with 1 mM of NaCl (C) and 50 mM NaCl (D) present. The lipid to peptide molar ratios (L/P) depicted in the four panels are 100
(triangle), 50 (circle), 20 (square) and pure peptide in HEPES buffer at pH 7 (solid line).

mitochondria. Two different salt concentrations were used, 1 mM or
50 mM, in order to investigate the binding strength of Bax-a1 onto
membranes.

In the absence of vesicles, Bax-a1 displays a partition between
random coil (40%) and p-sheet structures (30%) in HEPES buffer
solution (1 mM NaCl present). This is close to the behavior reported in
our previous study, which however used a different buffer and a
higher peptide concentration, both promoting a slightly higher
random coil content [21]. Addition of POPC/POPE SUV to Bax-
«al at low ionic strength, induces weak changes, mainly aggregation
as [3-sheet structures, with the characteristic low intensities of a broad
minimum at ca 218 nm and a maximum at ca 195 nm (Fig. 1 panel A),
as seen for amyloid-beta peptide [31]. The 3-sheet content reaches its
maximum value (47%) at L/P 100:1 (Table 1). Increase in ionic strength
does not change significantly the peptide structural behavior during
titration with neutral lipid vesicles (Fig. 1, panel B). Upon titration with
CS mimicking lipid vesicles, the peptide undergoes a strong
conformational transition into dominant helical features with the
typical minima at 222 and 208 nm and a maximum at ca.190 nm (see
Fig. 1, panel C). The maximum amount of helical structure is obtained
at a L/P molar ratio of 50:1 with 47 +5% of a-helix (see Table 1). As
shown in Fig. 1 (panel D), the presence of NaCl at 50 mM has no
pronounced consequences in the peptide structural behavior upon
titration.

3.2. 'H MAS NMR on OM and CS multilamellar vesicles interacting
with Bax-al

'H MAS NMR was applied to monitor the degree of perturbation
across the whole membrane, as reflected in the different molecular

segments of the lipid molecules: hydrophobic chains and headgroup
region. '"H MAS NMR results for Bax-a1 interacting with the two
different vesicle systems are shown in Fig. 2 where signals arising
from headgroups region (A, C panels) and those arising from the acyl
chains region (B, D panels) are separately displayed. Adding the
peptide to OM mimicking vesicles induces two new components at
112 ppm and 1.53 ppm, while no additional spectral components or
severe modifications are visible in CS mimicking vesicles. The effect is

Table 1
Secondary structure of the Bax-al peptide® upon titration by POPC/POPE or POPC/
POPE/CL SUV® containing 1 mM (50 mM)° of NaCl

L/P «Helix! B Sheet! B Turn®  Random coil
(%) (%) (%) (%)
HEPES buffer pH 7 6 28 22 44
POPC/POPE
(65:35, molar ratio)
20 10(9) 32 (31) 22(39) 36(21)
50 12 (5) 38 (43) 22(21) 28(31)
100 10 (8) 47 (44) 20 (21)  23(27)
POPC/POPE/CL
(43:36:21, molar ratio)
20 33(19) 20 (27) 19(22) 28(32)
50 47 (36) 13 (16) 16 (18) 24 (30)
100 42 (42) 14 (18) 15 (6) 28 (34)

Accuracy is estimated to be 5% for 1 mM of NaCl.

¢ Concentration fixed at 20 uM.

b SUV obtained by sonication.

¢ (=) in buffer containing 50 mM NaCl.

4 Deconvolution of CD spectra was accomplished using basis 10 from the CDPro
software and the CONTIN/LL algorithm®: >3 8,
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Fig. 2. "H MAS NMR spectra at 6 kHz spinning speed at 35 °C of multilamellar vesicles composed of POPC/POPE (65:35, molar ratio) in HEPES buffer (pH 7, 75% hydration): headgroup
region (A) and acyl chain region (B); and of POPC/POPE/CL (43:36:21, molar ratio): headgroup region (C) and acyl chain region (D). Pure MLVs (bottom spectrum); Bax-a1 added at a

50:1 L/P (middle spectrum) and at a 20:1 L/P molar ratios (top spectrum).

more pronounced at 20:1 L/P molar ratio. In contrast, the peptide
does not disturb significantly the headgroup region of OM mimicking
vesicles while severe broadening and intensity loss appear in the CS
mimicking vesicles with a remarkable effect on the glycerol C1
resonance (4.35 ppm) and especially on the choline o of cardiolipin
(412 ppm). Again, the broadening effect is more pronounced at
20:1 L/P molar ratio.

3.3. Bax-al strongly binds to negatively charged membrane surfaces

In order to investigate in more detail the structural and dynamical
changes in the lipid headgroup region when Bax-a1 is approaching
the mitochondrial membrane interfaces, wideline and high resolution
MAS solid state >'P NMR spectroscopy was carried out on mitochon-
drial OM and on CS mimicking multilamellar membrane models. In
Fig. 3 (left panel), wideline 3'P NMR spectra of OM vesicles exhibit a
typical pattern of lipid bilayers in a fluid lamellar phase with axial
symmetry before and upon addition of Bax-al peptide at 35 °C.
Because the phosphate groups in POPC and POPE possess distinct
chemical shift anisotropy (CSA) values, the lineshape exhibits super-
imposed spectra arising from both lipids with well resolved 90° (o)
and 0° (o)) edges, giving a CSA value (0y-0,) of ca. 45 and 36 ppm,
respectively. Addition of Bax-a1 peptide does not change significantly
the CSA at any L/P molar ratio investigated but a small loss in the 90°
edge resolution and a higher intensity in the 0° edge occur as often
reported from the onset of low frequency membrane motions as
promoted by membrane proteins [32,33].

The lipid MLVs containing cardiolipin produce the same typical
NMR lineshapes of a lamellar membrane phase as clearly seen in Fig.
2 (right panel). Once again, POPC, POPE and cardiolipin contribute to
the total lineshape but a broadening of the whole spectrum is
observed, making a separate characterization of the CSA for each lipid
component delicate. The presence of cardiolipin clearly induces a
marked change in mobility/orientation of the headgroup region as

seen in the reduction of CSA to ca. 27 ppm (left panel, bottom line).
Addition of Bax-a1 produces a further decrease in CSA down to
26 ppm at a 50:1 L/P and to 25 ppm at 20:1 L/P molar ratios. The
lineshape is noticeably modified with the 0° edge resolution
diminished and a reduction in the 90° edge. With the decrease of
L/P ratio, the spectra are more and more broadened which might be
due to severe changes in the transverse relaxation T, (onset of slow
motions as lipid diffusion or collective membrane motion), as
reported for cationic peptide interacting with membrane [34].

To observe peptide induced changes for each lipid component
separately, high resolution 3'P MAS NMR was performed, where the

NN

N

40 30 20 10 0 -10 -20 -30 40 30 20 10 0O -10 -20 -30
*'p Chemical Shift (ppm) *'p Chemical Shift (ppm)

Fig. 3. Static >'P NMR spectra of peptide-free MLVs composed of POPC/POPE (65:35,
molar ratio) mimicking the outer membrane composition (left panel) and of POPC/
POPE/CL (43:36:21, molar ratio) mimicking the contact site composition (right panel) at
35 °C in HEPES buffer (pH 7, 75% hydration). Pure MLVs (bottom) with Bax-a1 added at
a50:1 L/P (middle) and at a 20:1 L/P molar ratios (top).
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Fig. 4. >'P MAS NMR spectra at 6 kHz spinning speed at 35 °C for peptide-free MLVs
composed of POPC/POPE (65:35, molar ratio) mimicking the outer membrane
composition (left panel) and of POPC/POPE/CL (43:36:21, molar ratio) mimicking the
contact site composition (right panel) in HEPES buffer (pH 7, 75% hydration). Pure MLVs
(bottom) with Bax-a1 added at a 50:1 L/P (middle) and at a 20:1 L/P molar ratios (top).

PC, PE and CL phosphate signals are separated by their different
isotropic chemical shift (0;) values. At 6 kHz spinning speed, the CSAs
for all lipids are entirely averaged out and only isotropic chemical shift
contributions are visible as seen in Fig. 4. The resonances (0;) of the
OM vesicles are -0.81 ppm and -0.18 ppm for POPC and POPE,
respectively. At L/P 50, there is no change in the o; for both lipids but a
slight upfield shift occurs at L/P 20 to -0.85 ppm and -0.21 ppm,
respectively. However, the linewidth (FWHH) is broadened with
increase of the peptide amount (see Table 2). The lipid molar ratio
(65:35) between the integrals of isotropic resonances is nearly
constant independently of the L/P molar ratio.

Because incorporation of cardiolipin increases the negative surface
potential of the membrane, in the absence of peptide, a typical upfield
shift occurs as described previously [25]. Indeed, three isotropic
chemical shifts can be resolved at -0.71, -0.14 and 0.21 ppm
corresponding to POPC, POPE and cardiolipin, respectively, with
areas representative of the molar ratios 43:36:21. In the presence of
Bax-a1 at a 50:1 L/P molar ratio, the deconvolution of the spectrum
required addition of a broad fourth component (see supplementary
material, Fig. S1). This required fourth component has been described
previously as a lipid pool reflecting the overlapped spectral contribu-
tion from the lipids proportion interacting with the peptide [35]. It is
not well understood yet, but one can see it as lipid complexed with the
peptide (overlapped components) while part of the lipids remains
unperturbed. The o; are approximately identical as for the free-
peptide vesicles, the fourth component is sitting at —0.26 ppm (see

Table 2). From the deconvolution, the composition of the fourth
component would represent 33% of the total area. The FWHHs are
greatly affected by the presence of the peptide, as seen in Table 2, with
a higher broadening occurring for the cardiolipin. Addition of further
peptide (L/P 20:1) increases significantly this effect, by even reducing
further the o; to -0.78 (POPC), -0.15 (POPE) and particularly the
cardiolipin to 0.11 ppm, while the fourth component is shifted upfield
to -0.22 ppm. Again, the FWHHs are considerably increased,
especially for cardiolipin, while approximately constant for the fourth
component (see Table 2). Interestingly, the area of this latter increased
consequently, corresponding to 60% of the whole spectrum which
supports the idea of partition between peptide-free and peptide-
interacting lipid pools. Indeed, the cardiolipin depletion in the
peptide-free lipid pool would move towards neutral membrane
potential as reflected in the chemical shift and the opposite for the
peptide-interacted lipid pool, nevertheless with less effect due to the
peptide potential compensation.

3.4. Cardiolipin prevents deep insertion of Bax-al into the hydrophobic
membrane core

To monitor the impact of Bax-a1 on the lipid hydrophobic core, we
incorporated a small fraction (6.7%) of 2Hs;-POPC lipid into these
model bilayers. Although these NMR spectra are difficult to acquire,
this procedure induced only very minor modification to the lipid/lipid
and lipid/peptide initial ratios and the physico-chemical behavior of
theses membranes. Pure spectra of ?Hs;-POPC MLV were compared to
the peptide-free ones (cardiolipin-containing or not) to check
whether the deuterated lipid was well incorporated. Results (spectra
not shown) lead to much lower splittings for pure 2Hs;-POPC
liposomes (23 kHz and 2.1 kHz for “plateau” - labeled carbon
positions 2-8, near the interface - and chain end - methyl terminal at
C16 - regions, respectively) than with POPC/POPE or POPC/POPE/CL
containing MLV (see Fig. 5) and no overlap could be noticed meaning
that no pure POPC liposomes were coexisting in solution.

As seen in Fig. 5 (left panel), at 35 °C the POPC/POPE membrane is
entirely in the L, fluid state and exhibits fast intra- and intermolecular
axially symmetric motions with defined plateau and methyl group
regions. The “plateau” region has a quadrupolar splitting of ca.
27.5 kHz, and the terminal methyl group a splitting of 3.1 kHz.
Addition of Bax-a1 triggers a reduction for both the "plateau”, from
27.5 kHz to 26 kHz, and methyl region, from 3.1 kHz to 2.6 kHz, at L/P
ratio 20:1 while ratio L/P 50:1 shows slight perturbations. Addition of
cardiolipin to POPC/POPE liposomes increases the 2Hs;-POPC
dynamics as observed by the reduced “plateau” quadrupolar splitting
of 25.5 kHz (Fig. 5, right panels). Further addition of Bax-at1 does not
disturb significantly the plateau region (less than 0.5 kHz reduction
for both ratios) or the methyl region (rather identical splittings). The
isotropic resonance in the 2H spectra in presence of peptide

Table 2
31p MAS? NMR data” of outer membrane mimicking (POPC/POPE) or contact site mimicking (POPC/POPE/CL) MLV containing different amount of Bax-ct1

Peptide-free MLVs L/P 50 L/P 20

o (ppm) FWHH (ppm) Integral o (ppm) FWHH (ppm) Integral g (ppm) FWHH (ppm) Integral
POPC/POPE (65:35)
POPC -0.81 0.15 65 -0.81 0.27 65 -0.85 0.33 65
POPE -0.18 0.14 35 -0.18 0.23 35 -0.21 0.31 35
POPC/POPE/CL (43:36:21)
POPC -0.71 0.20 43 =072 0.29 28 -0.78 0.41 18
POPE -0.13 0.20 36 -0.13 0.27 26 -0.15 0.36 16
CL 0.22 0.23 21 0.20 0.37 13 0.11 0.49 5
4th - - - -0.26 137 33 -0.21 1.36 61

At 6 kHz spinning speed.

Deconvolution obtained from the PFM module of OriginPro 7.5 (OriginLAb corporation, USA) software, using Lorentzian function.

a

b

¢ In HEPES buffer containing 50 mM of NaCl at 75%w hydration level.
4 Chemical shifts determined to +0.02 ppm.
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Fig. 5. Static 2H NMR spectra of MLVs composed of POPC/POPE (65:35, molar ratio) (panels A, B) and of POPC/POPE/CL (43:36:21, molar ratio) (panels C, D) at 35 °C in HEPES buffer (pH
7,75% hydration): full spectrum (top panels) and methyl group region (bottom panels). Pure MLVs (bottom spectrum) with Bax-a1 added ata 50:1 L/P (middle spectrum) and ata 20:1

L/P molar ratios (top spectrum).

contributed less than 3% of the total lineshape. This contribution
might come from either small fragment during the freeze-thaw
procedure or from deuteron-containing water produced by exchange
with the environment. An alternative explanation such as peptide
induced non-bilayer structures can be ruled out since no resonances
indicative of an isotropic phase are visible in the static 3'P NMR
spectra as seen in Fig. 3. In order to confirm further a possible insertion
of Bax-1 in OM mimicking membranes, polarized ATR was performed
on Bax-a1 added to oriented lipid multibilayers of POPC/POPE (65:35,
molar ratio) in ratio L/P 20:1 prepared in the same way as for NMR
sample (see supplementary material, Fig. S2). The main components
in the amide bands at 1620 cm™ ' and 1680 cm™ ' are characteristic of a
major anti-parallel B-sheet structure, supporting the CD data. The
dichroic ratios (RATR = f‘—i) were used to evaluate the orientation
relative to the bilayer normal. Values of 0.95+0.03 and 1.13%0.21,
respectively, were found and correspond to angle values of 56°+10
relative to the bilayer normal and 40°+10 versus the (3-strand axis
according to Tamm et al. [30]. These values confirm the ability of Bax-1
to insert into neutral bilayer.

4. Discussion

The major outcome of our experimental findings is summarized in
Fig. 6, where a molecular mechanism of Bax-al interacting with
different mitochondrial target membranes is presented. Clearly the
affinity of occurring lipid-peptide interactions depends on the
membrane composition: Bax-al interacts with neutral membranes
mimicking the outer mitochondrial membranes only at high concen-
tration causing insertion and membrane disordering. However,
cardiolipin promotes strong and preferential electrostatic interactions
with Bax-a1 which is locked onto the negatively charged surface over
the whole concentration range used. Bax-a1 also undergoes severe
conformational changes with adoption of a-helical features if cardio-
lipin containing membranes are present while it slightly aggregates as
anti-parallel beta sheet structure into OM membranes. All these aspects

will be discussed below, with implications for the potential regulative
addressing of Bax protein in the mitochondrial apoptotic pathway.

4.1. Electrostatic versus hydrophobic forces driving Bax-al localisation

All NMR results which were obtained for three different reporter
nuclei, support a small effect of Bax-a1 peptide on neutral OM
membranes except at high concentration where insertion is pro-
moted. 'H NMR and 2H NMR show a perturbation in the hydrophobic
region while 3'P NMR indicates no pronounced perturbation of the
OM membrane headgroup and glycerol region. The new components
at 1.12 ppm and 1.53 ppm, as seen in the '"H MAS NMR spectra (Fig.
2B), most likely is caused by a close interaction between the CH,/CH3
region of the phospholipids and the aromatic ring of the phenylala-
nine residue of the peptide. This phenomenon was previously
observed for DPPC liposomes interacting with tryptophan containing
peptides [36]. Since no resonance at 1.12 or 1.53 ppm can be observed
in POPC/POPE/cardiolipin membranes containing the same molar
ratio of peptide (Fig. 2D), the possibility that the origin of the new
resonances comes from methyl groups is unlikely, but instead favours
the insertion of the peptide in the vicinity of the CH,/CH3 region of
neutral membranes. Moreover, the ratio dependence of the disorder-
ing effect of the hydrophobic core, seen by the reduction of the
quadrupolar splittings in ?H NMR, is due to an increase of the
dynamics of the acyl chains; which indicates the peptide population
inserted into the membrane core without any interference with the
headgroup region as our >'P NMR results clearly showed (Fig. 3). This
is supported by the ATR results at 20:1 L/P molar ratio that indicate an
average peptide tilt inside the outer membrane core. This oblique
orientation is often reported for amphipathic peptides such as
antimicrobial or fusogenic peptides [37,38] and is explained by
hydrophobic mismatch between the spanning peptide and the
hydrophobic membrane core [39].

However, the presence of negatively charged cardiolipin to the
lipid bilayers mimicking CS clearly attracts Bax-ac1 onto the surface. As
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Fig. 6. Biophysical model of Bax-a1 interaction with two different mimicked mitochondrial locations. Hydrophobic interactions occurring at the outer membrane, mainly composed of
neutral lipids POPC and POPE, induce partition between (3-sheet inserted structures (especially at high concentration) and random coil conformation remaining in solution of Bax-ct1.
Contact site mimicked membrane, where native pores are stabilized (shown as an example here), are enriched by the anionic cardiolipin. The negatively charged surface locks the
peptide onto the surface by electrostatic interactions and triggers a-helical secondary structure changes.

seen in the "H NMR and 3'P NMR results, Bax-a1 interacts strongly
with the glycerol and the headgroup regions of the membrane and
especially with cardiolipin, without any pronounced perturbation of
the hydrophobic bilayer core. This observation can directly be
connected to the fact the two phosphate groups of cardiolipin are
exposed to the peptide, triggering a strong electrostatic interaction
with the three positive charges of Bax-a1. Therefore, one can assume
that cardiolipin has the possibility to trap Bax-o1. Furthermore,
inspecting the >'P NMR resonance integrals, as summarized in Table 2,
cardiolipin appears to be the most involved lipid in the 4th component
population, the so-called peptide-interacting lipid pool. Only 24% of
the total cardiolipin amount remains in a “free” phase compared to
42% or 44% for POPC or POPE, respectively. Bax-a1 preferential
interaction with cardiolipin is further supported by the chemical shift
of the “free” lipids towards a more neutral surface membrane [25,40].
Since the major difference between the two models is the presence of
an anionic lipid, one can conclude that peptide insertion in OM is
driven by a hydrophobic mechanism.

4.2. Peptide plasticity modulated by its environment

Neutral membranes promote an increase in 3-sheet fraction of
Bax-au1 which is most likely due to hydrophobic interactions caused
by the reduced freedom of the beta-sheet/random coil equilibrium
and peptide insertion in the hydrophobic core of the bilayers. At high
peptide concentration, the peptide is forced into contact with the
membrane surface as seen in the NMR experiments. This reduced
freedom triggers the accumulation of the peptide and its structural
change into beta-sheet features (+20%) whose hydrophobic nature
can drive extensive insertion. ATR experiments of the same peptide/
membrane systems support the finding that Bax-a1 inserts in the

membrane matrix as an anti-parallel 3-sheet at high concentration.
Upon interaction with CS membranes, Bax-a1 is able to change its
secondary structure between PB-sheet and «-helix; an observation
which is in accordance with our previous study where negatively
charged membranes induced helical formation of Bax-a1 depending
on the surface charge potential [21]. However, differences between
DMPC and POPC/POPE are noticeable. Indeed, Bax-a1 seems to have
less affinity for DMPC, inducing less structural changes, than with OM
vesicles. It might come from the fact that DMPC bilayers are more
ordered in the Lo phase than POPC bilayers at the same temperature,
and/or lower thickness of the hydrophobic core of DMPC membrane
that would prevent the insertion of the peptide and therefore less
structural changes, a phenomenon known as hydrophobic mismatch
between membranes and spanning peptides [39,41,42]. Indeed, as
seen in a recent study on a cell penetrating peptide, DMPC forced a
more parallel orientation of the peptide, meaning less energetically
favorable, compared to POPC due to hydrophobic mismatch [39]. The
remarkable ability of Bax-al to modify its secondary structure
according to the lipid environment, the propensity of cardiolipin to
trap the N terminal of Bax are two major findings for a further
elucidation of the regulation of mitochondrial apoptosis and will
therefore be discussed in the following section.

4.3. Potential biological implication for Bax targeting mitochondria

One of the key events in the regulation of apoptosis via the
mitochondrial pathway is the translocation of Bax to the mitochon-
drion [7,14,43]. During this process pro- and anti-apoptotic proteins are
strongly anchored at the mitochondrial membrane system in order to
regulate the fate of the cell but one does not know how the regulation
takes place. Indeed, there is a debate on whether Bax can form pores on
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its own or alternatively can interact with native pores [44-47].
Furthermore, the N terminal versus the C terminal involvement in
the Bax location is still versatile [ 15-17,48]. However, there seems to be
a consensus that a specific lipid environment is directly involved into
insertion and/or regulation of the Bax protein [18,45,49-53].

We found that the potential addressing sequence of Bax has a low
affinity for the OM membranes. But it has the ability to insert if a
strong self-association occurs before entering in close contact.
Interestingly, it has been shown that adding the first helix of Bax to
a cytosolic protein lead to its translocation towards mitochondrial
membranes. And not surprisingly, a L26G mutation decreased the
association efficiency of Bax-o1-protein to mitochondria [48]. These
findings agree with the results presented here, since the mutation
decreases the hydrophobicity of the N terminal and therefore reduces
its insertion ability. Meanwhile, it stays unlikely that Bax recognizes
the OM by its N terminal part considering that no strong auto-
association of the full protein in solution has been found previously.
However, we report that cardiolipin is required for the binding of the
first helix of Bax protein to mitochondrial membrane which can be the
first step in Bax addressing to mitochondria. It explains the given role
of cardiolipin in apoptosis regulation. Indeed, CL was shown to be
essential for Bax activation; depletion of CL in the OM would increase
the cell resistance to apoptosis induction or that Bax-Bid-cardiolipin
complexes are known to promote the release of cytochrome c or
dextran molecules in membrane models [9,18,50,54]. However, from
our results, the insertion of Bax via its N terminal is either not
promoted by interactions with contact sites or it is driven by another
part of the protein. The N terminal could act as a pure targeting
sequence as previously proposed, while the subsequent insertion
steps would be promoted by other protein domains [16,43,55]. This
would also explain recent contradictory findings that either the C
terminal or the N Terminal of Bax is responsible for its anchoring into
mitochondria [16,17,48]. The specific interaction between cardiolipin
and Bax-al, as demonstrated herein, would then be required for
addressing Bax to the correct location in the mitochondria, and the
presence of cardiolipin in the OM could act as a strong signaling for
Bax translocation.
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