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Alpha-synuclein (AS) is a synaptic protein that is directly involved in Parkinson’s disease due to its tendency

to form protein aggregates. Since AS aggregation can be dependent on the interactions between the

protein and the cell plasma membrane, elucidating the membrane binding properties of AS is of crucial

importance to establish the molecular basis of AS aggregation into toxic fibrils. Using a combination of

in vitro reconstitution experiments based on Giant Unilamellar Vesicles (GUVs), confocal microscopy and

all-atom molecular dynamics simulations, we have investigated the membrane binding properties of AS,

with a focus on the relative contribution of hydrophobic versus electrostatic interactions. In contrast with

previous observations, we did not observe any binding of AS to membranes containing the ganglioside

GM1, even at relatively high GM1 content. AS, on the other hand, showed a stronger affinity for neutral flat

membranes consisting of methyl-branched lipids. To rationalize these results, we used all-atom molecular

dynamics simulations to investigate the influence of methyl-branched lipids on interfacial membrane

properties. We found that methyl-branched lipids promote the membrane adsorption of AS by creating

shallow lipid-packing defects to a larger extent than polyunsaturated and monounsaturated lipids. Our

findings suggest that methyl-branched lipids may constitute a remarkably adhesive substrate for peripheral

proteins that adsorb on membranes via hydrophobic insertions.

Alpha-synuclein (AS) is a 140 a.a. protein that is particularly
abundant in the central nervous system. Even though its physio-
logical role is not yet perfectly understood, AS has been proposed
to function in the maintenance of a supply of synaptic vesicles in
presynaptic terminals.1

In addition, AS is directly involved in Parkinson’s disease (For a
comprehensive review, see for instance ref. 2). Like many other
neurodegenerative diseases, the hallmark of Parkinson’s disease
(PD) are protein aggregates named ‘‘Lewy bodies’’3 whose main
constituent is fibrillar AS. Since protein aggregation can be depen-
dent on the interactions between the protein and the cell plasma
membrane,4 many efforts have been devoted to the understanding
of the interactions between AS and model membranes.5

The N-terminal region of AS is essential for its interaction
with membranes. Upon membrane binding, this region adopts
a helical structure with a marked amphipathic character.6,7 In
contrast with other amphipathic helices (AHs), AS has a poorly
developed hydrophobic face, mostly containing valine and alanine
residues, and a large polar face that contains several charged
residues. These structural features likely explain its marked sensi-
tivity to both negatively charged lipids and membrane curvature.5

In addition, AS can strongly remodel membranes, promoting
membrane thinning8 and inducing membrane curvature by
converting large vesicles into highly curved membrane tubules,9

eventually leading to their fragmentation.10 In some conditions,
AS can permeabilize membranes by forming stable, pore-like
oligomers (reviewed in ref. 2 and 11). In supported lipid
bilayers, it has been proposed that AS disrupts the membrane
by the extraction of lipids from the bilayer that cluster around
AS aggregates.12

So far, the presence of negatively charged lipids has been shown
to be necessary for AS binding.7,11,13–15 It was also proposed that
AS can specifically interact with gangliosides,16 in particular
with GM1,17,18 which is highly enriched in synaptic regions of
neurons.19,20 Since gangliosides are mainly found in the extra-
cellular leaflet of the plasma membrane, this observation could
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partially explain how AS fibrils spreads between neurons,21

thus contributing to PD progression. However, experiments
were performed at ganglioside densities much higher than
endogenous cellular levels,16,18 and the exact role of GM1 in
AS binding at the plasma membrane remains unclear.

In addition, it has been proposed that the presence of lipid-
packing defects at the water–membrane interface may facilitate AS
membrane binding,22–24 by favoring the insertion of its hydro-
phobic face.25 Recently, new in silico analyses based on molecular
dynamics (MD) simulations have allowed the quantification of
such lipid-packing defects in model membranes.26–28 Moreover, a
combination of coarse-grain MD simulations with liposome bind-
ing assays indicated that AS appears particularly sensitive to the
presence of ‘‘shallow’’ lipid-packing defects that are found at the
membrane–water interface and that do not extend deeply within
the hydrophobic membrane core.29 These defects can be pro-
moted by either membrane deformations or by the presence of
polyunsaturated lipids, thanks to the unique flexibility of the
polyunsaturated acyl chain.29

So far, polyunsaturated lipids are the only lipid species that
has been shown to specifically enhance this type of membrane
defects. We hypothesized that shallow lipid-packing defects
could also be promoted by lipids with bulky chains and a
normal-sized head group (such as phosphocholine). This is the
case of diphytanoyl phosphocholine (DPhPC), a lipid with fully
saturated, methyl-branched chains that is found essentially in
bacteria and extremophilic archaea.30,31 Due to its high stability
and resistance to electroporation,32 DPhPC has been extensively
employed in electrophysiological measurements33,34 and for the
study of the interactions between lipid bilayers and proteins,
in particular channel-forming peptides.35–37 Nonetheless, the
potential interactions of AS, and of AHs in general, with this
lipid type have not been investigated so far.

In this paper, we have performed in vitro reconstitution experi-
ments based on Giant Unilamellar Vesicles (GUVs) and confocal
microscopy, where we have shown the absence of binding of AS to
membranes containing GM1, even at relatively high GM1 content.
We have next compared AS binding to membranes made of
monounsaturated lipids or DPhPC (respectively), with increasing
amounts of the corresponding negatively charged phosphatidylgly-
cerol (PG). We have measured a much stronger affinity of AS for
membranes made of DPhPC, and a reinforcement of this effect in
the presence of PG lipids, as expected from former studies.14,38 Our
results are in very good agreement with our all-atom MD simula-
tions that demonstrate that DPhPC, due to methyl-branches,
promotes shallow lipid-packing defects within bilayers to a larger
extent than polyunsaturated and monounsaturated lipids.

Materials and methods
AS purification and labeling

Recombinant wild type (WT) human AS was expressed and
purified as described previously.55 AS concentration was deter-
mined spectrophotometrically using an extinction coefficient of
5960 M�1 cm�1 at 280 nm. Pure AS (0.2–0.5 mM) in 50 mM

Tris–HCl, pH 7.5, 150 mM KCl (buffer A) was filtered through
sterile 0.22 mm filters and stored at �80 1C. Prior to labeling
monomeric AS was purified by size exclusion chromatography
using a Superoses6 HR10/30 column (GE Healthcare) equili-
brated in phosphate buffered saline (PBS) buffer. Monomeric AS
was labeled by addition of 2 molar excess of the aminoreactive
fluorescent dye Alexa Fluor 488 (Alexa Fluor 488; Invitrogen,
Carlsbad, CA). Labeling was performed for 30 minutes on ice
following the manufacturer’s recommendations. Unreacted dye
was removed by size exclusion chromatography (NAP-10 column,
GE-Healthcare, equilibrated in PBS). The amount of incorporated
Alexa Fluor 488 was assessed by MALDI-TOF mass spectrometry,
confirming that the average number of label per AS was 1.

GUV preparation

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC), 1,2-dioleoyl-sn-glycero-3-
phospho-(10-rac-glycerol) (DOPG), 1,2-diphytanoyl-sn-glycero-3-
phospho-(10-rac-glycerol) (DPhPG), Ganglioside GM1 from ovine
brain (GM1), cholesterol (ovine wool, 498%) (Chol) and egg
phosphatidylcholine (EPC) were obtained as powder from Avanti
polar lipids and dissolved into Chloroform (puriss p.a., Sigma
Aldrich, ethanol stabilized). The lipid tracer BodipyTR Ceramide
(Life technologies) was used at a concentration of 0.1 mol%.
Cholera Toxin B-Subunit (CTxB) – Alexa 488 conjugate was
obtained from Life technologies. Buffers were prepared with
MilliQ water, 20 mM TRIS HCl pH 7.5 (Sigma), 100 mM KCl
(Sigma). Buffers for the vesicle growth contained 200 mM sucrose
(Sigma) and were osmotically matched to the observation buffer
containing 200 mM glucose to facilitate GUV sedimentation.
GUVs containing GM1 were prepared in a 20 mM Hepes pH 7.5
(Sigma) growth buffer containing 200 mM sucrose, osmotically
matched to a 20 mM Hepes pH 7.5, 100 mM NaCl (Sigma)
observation buffer. GUVs were formed by one of four established
methods: spontaneous swelling,42 gel assisted swelling on a
polyvinyl alcohol (PVA) gel,43 electroformed on platinum (Pt)
wires,44 or on indium tin oxide (ITO) slides.41 For the sponta-
neous swelling of GUV containing 50% GM1, 100 ml of a
solution of lipids at 0.5 mg ml�1 were deposited in a glass vial
and dried using nitrogen gas then waiting 4 h in a vacuum
oven. Lipids were then re-hydrated in growth buffer overnight.
For gel assisted swelling PVA (MW 145 000, Merck KGaA) was
dissolved at 5 mg ml�1 in 300 mM sucrose and applied on a
plasma-cleaned cover slide. After the gel dried at 60 1C for 1 h,
10 ml lipids (3 mg ml�1) were spread on the gel with a sterile
metal rod. Lipids were desiccated for 30 min and subsequently
rehydrated for 30 min in growth buffer. For the electroforma-
tion on Pt wires, 4 ml lipids (3 mg ml�1) were spread on two
3 cm long wires (99.9%+, diameter 0.5 mm, Goodfellow, wire
distance 3 mm) and desiccated for 30 min. The lipids were
rehydrated in growth buffer for 12 h while a 500 Hz sinusoidal
AC field (0.35 V root mean square (rms)) was applied to the
wires. For the electroformation on ITO, 10 ml lipid solution at
0.5 mg ml�1 was spread and dried on the surface of two
conductive slides (Präzisions Glas and Optik, GmbH). After
assembling a chamber with the 2 slides and a space of 1 mm,
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the lipid films were rehydrated in growth buffer. GUVs were
swollen for 60 min under a sine voltage (1.1 V peak–peak, 10 Hz).

Imaging

10 ml of the GUV suspension from the growth chamber was
transferred to a micro centrifugation tube and gently mixed with
89 ml observation buffer and 1 ml AS stock solution (100 mM) for a
final AS concentration of 1 mM. Vesicles were incubated for 1 h
before being transferred to a beta-casein (Sigma Aldrich) passi-
vated observation chamber for imaging.

When indicated, images were acquired with a Nikon Eclipse
TE2000-E equipped with Nikon PlanApoVC 60�, NA 1.40 objective, a
CSU22 (Yokogawa) spinning disk unit and a Coolsnap HQ2 (Photo-
metrics) camera. Samples were excited with 488 nm and 543 nm
laser lines; emission was filtered with a GFP-mCherry filter set.

Images for the quantification were obtained with a Nikon
Eclipse Ti microscope equipped with a confocal C1 unit and
Nikon objective Plan Fluor 100� NA1.3. Alexa488 was excited
with the 488 nm line of an Argon laser and BodipyTR was
excited with a 543 nm He–Ne laser. Emission light collected in
the green channel has a wavelength of 500–530 nm and the
magenta channel of 568–642 nm. Images for the quantification
were taken with the same imaging parameters for each condi-
tion in the center of the field of view.

Protein fluorescence was quantified by averaging the fluores-
cence along the equator of the vesicle thereby creating an
intensity profile perpendicular to the membrane.56 The profile
was fit to the sum of a Sigmoid function, a Gaussian function
and a first order polynomial. The rationale is that the Sigmoid
accommodates the different AS concentration in- and outside
the GUV, the Gaussian fits the membrane fluorescence and the
polynomial accommodates offset and uneven imaging occurring
out of the exact center of the picture. Membrane fluorescence
(FM) was obtained from the magnitude of the Gaussian. The bulk
fluorescence (Fbulk) was measured as the average fluorescence
intensity 20 pixels outside the vesicle. Since fluorescence is
proportional to the amount of fluorophores in the focal volume
and free dye was removed during protein labeling, the ratio
FM/Fbulk represents the amount of protein bound to the membrane
inside the focal volume normalized to the amount of proteins in
the focal volume in the bulk.

Molecular Dynamics Simulations

Three pure lipid bilayers, composed of 100% 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 100% 1-stearoyl-2-arachidonoyl-
sn-glycero-3-phosphocholine (SAPC) and 100%, 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) were considered in this study.
Each lipid bilayer consisted of 288 lipids and it was fully solvated
with 40 to 50 water molecules per lipid. Initial coordinates for
DOPC and DPhPC were generated starting from smaller system
downloaded from http://terpconnect.umd.edu/Bjbklauda/
research/download.html and http://simulo.apchem.nagoya-u.
ac.jp/personal/wshinoda/index.html respectively, while initial
coordinates for SAPC were generated using CHARMM-GUI.57

Each system was initially minimized and shortly equilibrated

for 200 ps, before a run of 200 ns. Only the last 100 ns were
considered production run and thus analyzed.

The CHARMM36 force field58 was used for all lipids. Para-
meters for SAPC were taken from ref. 59 and parameters for
DPhPC were taken from ref. 53. The TIP3P model was used to
describe water molecules.60

All simulations were performed using GROMACS 461 within the
NPT ensemble. All systems were equilibrated with the Berendsen
thermostat at 303 K (with a time constant of 0.1 ps; lipids and
water coupled separately) and the Berendsen barostat at 1 bar
(with a time constant of 1 ps and a compressibility of 4.5 �
10�5 bar�1).62 Production runs were run at 303 K using the
velocity-rescaling thermostat63 (with a time constant of 1 ps,
lipids and water coupled separately) and at 1 bar using the
Parrinello–Rahman barostat64 (with a time constant of 5 ps and
a compressibility of 4.5 � 10�5 bar�1). Pressure coupling was
applied semi-isotropically (x and y directions coupled, z direc-
tion scaled independently from x and y). Periodic boundaries
were applied in all directions. Bond lengths were constrained
using the P-LINCS algorithm.65 A time step of 2 fs was used with
the leap-frog integrator. Trajectories were initiated by assigning
a Maxwell–Boltzmann distribution of velocities at the chosen
temperature. Water molecules were kept rigid using the SETTLE
algorithm.66 Lennard-Jones interactions were cutoff at 1.2 nm.
The smooth particle-mesh-Ewald (PME) method67,68 was used
for evaluating electrostatic interactions, with a real space cutoff
of 1.0 nm, a grid of 0.15 nm�1 and an interpolation order of 6.
The neighbor list was updated every 10 steps. Frames were saved
every 10 ps for subsequent analysis.

Packing defects were defined and evaluated using a recently
reported methodology.26 In brief, the plane perpendicular to
the membrane normal is mapped into a grid of 0.1 nm2 resolu-
tion and the normal to the membrane plane is scanned for each
grid point starting from the solvent and diving up to 0.1 nm
below the sn-2 carbon of the glycerol. If no atom is met, we
define the grid point as a ‘‘deep defect’’, if an aliphatic atom is
met, we define the grid point as a ‘‘shallow defect’’. Adjacent
elementary points of similar nature were then merged, resulting
in defects of various sizes.

Defects were computed every 100 ps. The histograms of the
computed packing defects versus defect size, normalized with
respect to the total surface area analyzed, were then fitted
with a single exponential distribution y = A � exp(�x/x0) for
x 4 0.2 nm2. The resulting x0 values are the packing defect
size constants used throughout the text. Error bars shown in
the text are standard errors in x0 values estimated during the
fitting procedure.

Results and discussion
1. Binding of AS to Giant Unilamellar Vesicles

To decouple AS affinity to curvature24 from its affinity to a specific
lipid, AS binding was quantified using Giant Unilamellar Vesicles
(GUVs) with typical diameters of the order of tens of microns.
The membrane of a GUV can be considered flat on a molecular
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scale because the size of the GUV is much larger than the lipid
bilayer thickness (typically 5 nm). We quantified AS binding to

GUVs using confocal fluorescence microscopy, either with laser
scanning or spinning disk microscopes.

GUVs containing gangliosides. We first checked if AS could
bind GUV membranes made of 20% GM1, 15% cholesterol
(Chol) and 65% egg phosphatidylcholine (EPC); this GM1
concentration is relevant for the density of this ganglioside in
neuron membranes. Indeed, gangliosides represent 10% of
neuron total lipid content20 and GM1 represents 10 to 30% of
them, depending on the brain cell type.39 To this end, pure AS
was labelled with Alexa 488 maleimide with a ratio of 1 Alexa
fluorophore per AS on average. In agreement with a previous
report,40 we didn’t detect any interaction of this label with
GUVs. GUVs were prepared with the electroformation method
on ITO slides41 or, in the case of 50% GM1, with spontaneous
swelling;42 we confirmed the presence of GM1 in our GUVs by
binding fluorescent cholera toxin (Fig. 1). However, at 1 mM or
5 mM, no binding of AS was detected on these GUVs, even when
the GM1 density was increased to 50% using a spontaneous
swelling method (Fig. 1). Our results differ from those pub-
lished previously using either monolayers made up of pure
gangliosides18 or small liposomes containing 50% gangliosides
mixed with lipids in a gel phase.16 The discrepancy between our
observations and those published previously suggests that

Fig. 1 AS binding to GM1-containing GUVs. GUVs containing 20% GM1
were prepared by electroformation (upper row), and GUVs of composition
GM1 : chol 1 : 1 were prepared by spontaneous swelling (lower row). The GUV
membrane is labeled with BodipyTR Ceramide (magenta). Two AS concen-
trations were tested (1 mM and 5 mM), as well as cholera toxin B-subunit (CTxB)
as a control. The PMT gains in the protein channel (green) were (from left to
right): 120, 110, 90 (upper row); 85, 110, 100 (lower row). Scale bar, 5 mm.

Fig. 2 AS binding to dioleoyl- and diphytanoyl-containing GUVs. (a) Relative quantity of AS bound to GUV membranes made of DPhPC or DOPC
as a function of the fraction of PG lipids, assessed from the ratio of membrane to bulk AS fluorescence FM/Fbulk. Black: mean � standard deviation.
(b) Representative images of GUVs chosen for the quantification of AS binding, containing increasing molar fractions of PG, as indicated on the
images. Green: AS Alexa-488 1 mM, magenta: BodipyTR Ceramide. Bar: 5 mm.
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specific or electrostatic interactions between AS and lipid head
groups might not be sufficient for its binding to membranes, and
that the lipid chains in the bilayer also contribute, in particular by
producing lipid-packing defects as previously suggested.22,23,25,27,29

GUVs – branched chains versus unsaturated chains. To test
the possible role of branched lipids on AS binding, we chose to
compare dioleoyl (DO) lipids, that have a single unsaturation
on each tail, with diphytanoyl (DPh) lipids that have two 4 fold
methylated and fully saturated tails. Since AS binding to flat
membranes is generally promoted by charged lipids14,38 we
supplemented phosphocholine (PC) lipids with phosphatidylglycerol
(PG) starting at 50% mol/mol and decreasing stepwise to 0%.
The results of the AS binding experiments to DO and DPh
membranes are shown in Fig. 2a and representative images are
shown in Fig. 2b. As expected for DO, AS binds to membranes
containing 50% PG (binding was quantified from the ratio of
membrane to bulk fluorescence, FM/Fbulk = 0.9 � 0.3 (mean �
s.d.)) but not to membranes containing only 14% PG. The DPh
membrane, on the other hand, shows AS binding at 14% PG
content (FM/Fbulk = 2.3 � 0.6). Remarkably, binding of AS to the
DPh membrane containing 14% PG is stronger than to the DO
membrane with 50% PG. When comparing both 50% PG
compositions, binding to the DPh membrane (FM/Fbulk =
4.0 � 0.8) is 4.3� stronger than to the DO membrane. In contrast,
control experiments with the free Alexa 488-maleimide did not show
binding of the dye to GUVs with 50% PG (Fig. 2a).

The technique of PVA gel-assisted swelling of GUVs was
chosen for these experiments43 since it allows achieving a high
yield at high content of charged lipids. Although the vesicles
obtained through this method are reported to be free of detect-
able traces of gel in their membrane,43 such contamination may
still be present and alter binding. We therefore performed a
control experiment with electroformed GUVs.44 With this type of
preparation, we found that AS binds to DPhPC GUVs without
addition of PG (FM/Fbulk = 0.8 � 0.3). Pure DOPC GUVs none-
theless showed no binding, like in the case of GUVs with the PVA
gel method. The difference of AS binding depending on the type
of GUV preparation can have different origins. One possibility is
that lyso-lipids and free fatty acids are formed during the
electroformation as suggested in ref. 45. Another possibility is
that the presence of PVA gel traces in the membrane may
antagonize AS binding. However, bothmethods show qualitatively
the same result: a much stronger AS affinity for DPh-containing
membranes than for DO-containing membranes under equiva-
lent conditions.

GUVs that do show AS binding are not fluctuating (floppy)
but appear very spherical and tensed (Fig. 2), consistent with
observations made at steady-state with different lipid composi-
tions.46 Additionally more than half of the GUVs (DO and DPh)
show what appears to be a micron-size lipid–protein aggregate
on the membrane, see Fig. 3, that is characterized by an
increase in both lipid and protein fluorescence intensity and
that is phenomenologically similar to those observed in a
previous study of AS interacting with GUVs.47 We observed that
the aggregates are often accompanied by small vesicular buds
(Fig. 3a) and exhibit a donut shaped structure (i.e. the aggregate

is circular with a cavity in its center) (Fig. 3b–d). The organiza-
tion of AS into nm-size ring structures was previously described
from electron microscopy or AFM experiments;48–51 however
the organization of the lipid membrane and AS into a donut
shape at a micrometer scale was never reported beforehand.
Further investigation would require high-resolution light
microscopy or electron microscopy to elucidate the structural
details of GUV membrane reorganization.

Membrane remodeling by AS was described to go along with
pore formation or disruption in membranes.12,52 Since the optical
sucrose–glucose contrast was preserved, and no fluorescent AS
was detected in the lumen of the GUVs, we can however exclude
spontaneous formation of pores larger than the size of the sugars
and of the AS monomer. Taken together our observations agree
with a study of the binding dynamics of AS to GUVs that suggests
membrane remodeling by membrane thinning but no poration.46

In conclusion, the binding assay demonstrates that AS has
unique membrane remodeling properties and displays increased
affinity to DPh lipids when compared to DO lipids, even on flat
membranes, showing that the lipid tail domain has a measur-
able impact on AS binding and suggesting the existence of lipid
packing defects in DPh-containing bilayers.

Fig. 3 Buds and donut-shaped lipid–protein aggregates on GUVs. Aggre-
gates are present in more than half of the GUVs when AS is bound. A large
fraction of these GUVs show structures that can be classified as buds or
donuts. (a) Section of a donut-shape protein–lipid aggregate with a
bud bulging out of the cavity. (b–d) Typical donut-shaped protein–lipid
aggregates. Images are z-projections of the GUVs. (a, b) DPhPC, electro-
formed, confocal image. (c) DOPC :DOPG 50 : 50, PVA assisted swelling,
(d) DPhPC :DPhPG 50 : 50, PVA assisted swelling. (a, b) Confocal images
(c, d) spinning disk images. Green channel: AS-A488 1 mM. Magenta channel:
BodipyTR Ceramide. Bar: 5 mm.
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2. Molecular surface properties of branched lipids

Next, we decided to investigate the origin of the observed
binding of AS to branched lipids at the molecular scale. Recently,
it was proposed that AHs, like those formed by AS, may be able to
sense lipid-packing defects in lipid bilayers and that this prop-
erty may be quantified in silico.25,26,28 However, lipid-packing
defects were shown to arise when unsaturated acyl chains were
incorporated into the bilayer, while saturated lipids did not
promote their formation and prevented binding of AHs to the
bilayer surface.27 Thus, our observation that saturated lipids,
such as DPhPC, promote binding of AS to lipid bilayers may
appear at first in contrast with these previous findings.

To investigate the effect of DPhPC on molecular properties
of lipid bilayers, we decided to perform all-atom molecular

dynamics (MD) simulations of lipid bilayers composed of three
lipids displaying widely different chemistry: DOPC, consisting
of two monounsaturated acyl chains, SAPC, consisting of a
saturated acyl chain and a polyunsaturated acyl chain, and
DPhPC, consisting of two saturated acyl chains each carrying
four methyl groups (Fig. 4). In our analysis, we focused on the
presence of lipid-packing defects for these three compositions,
and in particular on ‘‘shallow’’ defects, i.e. exposed hydrophobic
patches that do not extend deeply below the bilayer surface,
since binding of AS has been shown to correlate to the presence
of these defects in lipid bilayers.29 A thorough and elegant
description of DPhPC lipid bilayer properties can be found in
ref. 53 and references therein.

Using a previously developed methodology, we thus com-
puted both deep and shallow lipid-packing defects for the three
lipid compositions (Fig. 5). In agreement with previous results
obtained using coarse-grain MD simulations,29 we observed
that SAPC, a polyunsaturated lipid, does not promote the
formation of deep packing defects, while substantially increas-
ing the number and size of shallow defects in comparison with
bilayers composed of mono-unsaturated acyl chains (DOPC).
DPhPC, conversely, appears to increase both deep and shallow
defects (Fig. 5). The increase is particularly marked for shallow
defects, which are even more abundant in DPhPC than in
polyunsaturated lipids such as SAPC.

On the one hand, these data rationalize the observed increased
binding of AS to DPhPC-enriched lipid bilayers (Fig. 2), since lipid-
packing defects promote the binding of peripheral proteins that use
hydrophobic insertions to partition to the membrane environment.
On the other hand, they suggest that acyl chain poly-unsaturation
and the addition of methyl branches may be two distinct
evolutionary strategies to promote adsorption of specific peri-
pheral protein to the membrane surface.

Polyunsaturated lipids, in fact, promote the formation
of shallow lipid packing defects29 mostly thanks to their

Fig. 4 Lipid chemical structures: 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (SAPC) and,
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC). DOPC is used as a
reference lipid, while SAPC and DPhPC are used asmodel polyunsaturated and
branched lipids, respectively.

Fig. 5 Lipid-packing defects in all-atom molecular dynamics simulations. Deep (a) and shallow (b) lipid packing defects in all-atom molecular dynamics
simulations of DOPC, SAPC and DPhPC lipid bilayers. The defect size constants shown are the fit to the single exponential distribution obtained by
plotting the defect occurrence as a function of their size (see ref. 26 for a more thorough description of the method). The prefactors of the exponential fit
are identical for the three lipid composition.
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conformational flexibility, being able to backflip and emerge
towards the aqueous environment, as exemplified by their angular
distribution (Fig. 6). This phenomenon is completely absent in
branched lipids, but is compensated by a dramatic increase in
area per lipid (0.78 nm2 for DPhPC at 303 K vs. 0.70 nm2 for SAPC
at 303 K in our MD simulations). Thus, shallow lipid packing
defects in DPhPC ultimately result from the increase both in acyl
chain disorder54 and spacing between lipids.

Conclusion

The membrane binding properties of AHs play a crucial role in
their physiological function, yet the interaction of AHs with
lipid bilayers is not entirely understood. Here we have shown
that methyl-branched acyl chains promote the adsorption of
AS, an AH-containing protein that is abundant in brain tissues,
to membranes by increasing the number and size of membrane
lipid-packing defects. Since this mechanism is quite general,27

we expect that methyl-branched lipids may favor the adsorption
of different AHs to lipid bilayers, and especially AHs that
have been shown to be able to sense membrane curvature.27

Our results indicate that both hydrophobic and electrostatic

interactions are crucial to modulate the binding of AS with
complex lipid membranes.

Shallow lipid-packing defects, in particular, correlate well
with the membrane adsorption properties of AS. These defects
are promoted by both methyl-branched and polyunsaturated
lipids,29 but they originate from remarkably different molecular
properties: enhanced chain flexibility for polyunsaturated
lipids and increase in both acyl chain disorder and area per
lipid for methyl-branched lipids.

Remarkably, these two lipid species have markedly contrasting
mechanical properties: while polyunsaturated lipids significantly
decrease membrane rigidity69 and promote membrane deforma-
tions,29 DPhPC is usually chosen as a model system in biophysical
experiments because of its rigidity.70,71 Thus, caution must be
used in trying to correlate membrane elasticity and membrane
binding properties of curvature-sensing AHs.72,73

Finally, DPhPC is generally used as a model lipid in electro-
physiology studies.33,34 Our data show that membrane adsorption
of AHs is dramatically increased in the presence of this lipid;
thus, special care must be taken when interpreting experiment
involving methyl-branched lipids and AHs, and especially pore-
forming toxins.
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