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ABSTRACT: An amyloid form of the protein α-synuclein is the major component of
the intraneuronal inclusions called Lewy bodies, which are the neuropathological
hallmark of Parkinson’s disease (PD). α-Synuclein is known to associate with anionic
lipid membranes, and interactions between aggregating α-synuclein and cellular
membranes are thought to be important for PD pathology. We have studied the
molecular determinants for adsorption of monomeric α-synuclein to planar model lipid
membranes composed of zwitterionic phosphatidylcholine alone or in a mixture with
anionic phosphatidylserine (relevant for plasma membranes) or anionic cardiolipin
(relevant for mitochondrial membranes). We studied the adsorption of the protein to
supported bilayers, the position of the protein within and outside the bilayer, and structural changes in the model membranes
using two complementary techniquesquartz crystal microbalance with dissipation monitoring, and neutron reflectometry. We
found that the interaction and adsorbed conformation depend on membrane charge, protein charge, and electrostatic screening.
The results imply that α-synuclein adsorbs in the headgroup region of anionic lipid bilayers with extensions into the bulk but
does not penetrate deeply into or across the hydrophobic acyl chain region. The adsorption to anionic bilayers leads to a small
perturbation of the acyl chain packing that is independent of anionic headgroup identity. We also explored the effect of changing
the area per headgroup in the lipid bilayer by comparing model systems with different degrees of acyl chain saturation. An
increase in area per lipid headgroup leads to an increase in the level of α-synuclein adsorption with a reduced water content in the
acyl chain layer. In conclusion, the association of α-synuclein to membranes and its adsorbed conformation are of electrostatic
origin, combined with van der Waals interactions, but with a very weak correlation to the molecular structure of the anionic lipid
headgroup. The perturbation of the acyl chain packing upon monomeric protein adsorption favors association with unsaturated
phospholipids preferentially found in the neuronal membrane.
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The synaptic protein α-synuclein is implicated in
Parkinson’s disease (PD), the second most common

neurodegenerative disease.1 PD can cause motor symptoms,
cognitive impairment, and an array of other nonmotor
symptoms.2 In addition to gene duplication and triplication,
three point mutations in the α-synuclein gene sequence are
linked to early onset PD.3−7 Certain single-nucleotide poly-
morphisms in the gene are also associated with an increased
risk of disease. In PD, neurons progressively perish in several
brain regions. One of the most affected is called the substantia

nigra, and its degeneration probably underlies most of the
motor symptoms of PD. These neurons contain characteristic
inclusions called Lewy bodies (LBs), which are protein
aggregates mainly comprised of α-synuclein, but lipids are
also present.8,9 α-Synuclein has a high aggregation propensity,
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and formation of ordered α-synuclein aggregates (fibrils)
correlates with neurodegeneration in vivo. It has also been
suggested that fibrils are neuroprotective, and that smaller
aggregates, oligomers, are most toxic.10−12

In LBs, the 140-amino acid α-synuclein is present in an
aggregated, β-sheet rich conformation. In solution, monomeric
α-synuclein is a largely unstructured protein, sometimes termed
an intrinsically disordered protein or natively unfolded protein.
Recently, post-translationally modified α-synuclein was pro-
posed to exist in a tetrameric state in vivo, although the
relevance and occurrence of this form have been debated in
other studies.13,14 Therefore, isolation of a monomer to obtain
a well-defined starting state is preferred for in vitro studies.
Membrane-associated α-synuclein is found to contain α-helices,
and β-sheet structures appear as the protein aggregates.15−17

While the normal function of α-synuclein in vivo is poorly
understood, it appears to play a role in regulating synaptic
vesicle recycling.18 The N-terminal portion of the protein is
proposed to be responsible for the protein−lipid interaction.
This is also supported by the sequence as it contains an
imperfect repeat found in other proteins binding lipids
reversibly.19 The C-terminal part, on the other hand, is highly
negatively charged and proposed to be responsible for protein−
protein interactions,20 whereas the middle hydrophobic part is
essential for forming β-sheets during aggregation.21

The interaction between α-synuclein and lipid membranes
has been intensively studied in recent years. Interestingly, α-
synuclein variants with early onset mutations have different
membrane binding affinity.22,23 According to the “prion-like”
hypothesis, misfolded α-synuclein might transfer between
neurons and seed aggregation in the recipient cells.24 The
intercellular transfer of α-synuclein has been suggested to be
most efficient when it is bound to exosomes,25,26 which are
small vesicles formed by budding of the cell membrane. Cell
stress, leading to the overloading of the lysosomal system, is
suggested to increase the transfer of α-synuclein via these
exosome vesicles.27 Structural details of the interaction of α-
synuclein with membranes are still scarce, but previous studies
have suggested that α-synuclein penetrates up to 14 Å into the
outer leaflet of anionic bilayers, with a considerable portion of
the membrane-bound protein extending into the solvent.28−30

In this study, the adsorption of α-synuclein to negatively
charged or zwitterionic phospholipid bilayers was investigated
using quartz crystal microbalance with dissipation monitoring
(QCM-D) and neutron reflectivity (NR). QCM-D provides
information about the total amount of material, including
coupled solvent, attached to the surface from the change in
frequency as well as the viscoelastic properties of the attached
layer from the dissipation. To determine the changes in
adsorbed layer composition upon protein adsorption and the
depth of penetration of the adsorbed protein into the bilayer
and to study the response in the supported bilayer, we used
NR. This technique provides detailed structural information
perpendicular to an interface and can thus provide information
about both protein penetration depth and changes in the
bilayer density and thickness resulting from α-synuclein
association. We have chosen lipid systems that are highly
relevant for PD, and we have systematically investigated how
the tuning of electrostatic interactions affects protein binding.
The investigated lipids are phosphatidylcholine (PC) together
with phosphatidylserine (PS), found in the cell membrane, and
cardiolipin (CL), found in the mitochondrial membrane.
Mitochondrial dysfunction is suggested to be involved in PD

pathogenesis, and the amount of α-synuclein associated to
mitochondria is increased in the substantia nigra of PD
patients.31

■ RESULTS
Model Membrane. We have characterized association of

the α-synuclein monomer to deposited lipid bilayers composed
of (1) pure PC, (2) PC mixed with 30 mol %
phosphatidylserine (PS), or (3) PC mixed with 15 mol %
CL. Palmitoyloleoyl (PO) or dioleoyl (DO) chains were
chosen so that the lipid bilayers correspond to the liquid
disordered lamellar phase under the conditions described here,
making them a simple model of cell membranes. With regard to
lipid headgroups, zwitterionic PC is the most abundant
phospholipid in human cell membranes and PS is the most
common anionic phospholipid, localized in the inner leaflet of
cell membranes.32−34 Furthermore, CL is a major component
of the mitochondrial membrane33 and carries two anionic
phosphatidyl residues connected by a glycerol bridge and four
acyl chains. Mitochondria have recently attracted interest as
potential actors in the pathogenesis of PD.31,35 Therefore, these
types of lipids were chosen for this study. The average charge
density is expected to be the same for the studied anionic
bilayers with 30% PS or 15% CL (see Discussion for further
details).

Extending Protein Film Analyzed by QCM-D. QCM-D
has been proven to be a useful technique for studying bilayer
deposition and protein binding to lipid membranes as the
technique provides information about both the amount that can
be expressed as the layer thickness and the viscoelastic
properties of the layer.36,37 Here, QCM-D was used to obtain
a quantitative measure of the adsorption of monomeric α-
synuclein to deposited POPC, 70:30 POPC/DOPS, or 85:15
POPC/CL bilayers from solutions with different pH values and
electrolyte concentrations. The three different buffer solutions
tested consisted of 10 mM MES buffer (pH 5.5), 10 mM MES
buffer (pH 5.5) with 150 mM NaCl, and 10 mM HEPES buffer
(pH 7.0). Control experiments in phosphate buffer produced
similar results (data not shown). Figure 1 shows the QCM-D
data recorded during injection of 4 μM monomeric α-synuclein
freshly isolated by size exclusion chromatography. Time zero
corresponds to the start of injection, and it takes approximately
2.5 min for the injected solution to reach the measuring cell. In
the cases where adsorption is detected, i.e., when the frequency
and dissipation display shifts after injection, the changes in
measured parameters are almost instantaneous. This suggests
fast association kinetics within the time frame of the mixing
process in the flow cell. The total time of injection was 10−15
min, and the subsequent dissociation from the lipid bilayer
(desorption), was much slower than the adsorption (Figure S1
of the Supporting Information).
A typical frequency shift divided by the overtone number for

bilayer deposition was 26 Hz and corresponds to an adsorbed
amount of 460 ng/cm2. Using a density of 1, this corresponds
to a thickness of 46 Å, if full coverage is reached. A typical
deposited liquid crystalline phase bilayer composed of
phospholipids with C18:1 acyl chains has a thickness of 40
Å,38,39 and the surface coverage of the deposited layers is most
often <100%. The reason for this apparent divergence is that
QCM-D measures the “wet mass”, which includes acoustically
coupled water molecules. Because of the inclusion of the
coupled water, QCM-D can be regarded as a type of
hydrodynamic measurement, similar to the hydrodynamic size
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determined using dynamic light scattering.38 The lipid bilayer is
dense and homogeneous enough to allow for use of the
Sauerbrey equation; i.e., it has a rather low degree of acoustic
coupling to the surrounding medium.40 When the protein
adsorbs to the bilayer, the shift and dissipation for the different
overtones as measured in the QCM-D experiment are not the
same (Figure 1). The discrepancy between data recorded at
different overtones reveals that the adsorbed film is
viscoelastic.38 The response in frequency is therefore not
directly proportional to the adsorbed mass as depicted with the
Sauerbrey equation but needs to be analyzed together with the
dissipation, using a viscoelastic model.
Figure 2 shows the thickness, shear modulus, and viscosity of

the protein film extending from the bilayer. Data were obtained
using a Voight representation of a viscoelastic film38,41

fitted to
overtone numbers 5, 7, and 9 and are shown as black lines in
Figure 1. From the top panels in Figure 2, it is clear that the
thickest protein film extending from the bilayer is observed for
anionic bilayers at pH 5.5 (9 nm for 85:15 POPC/CL bilayers
and 7 nm for 7:3 POPC/DOPS bilayers). Both bilayers have
the same average charge density, but CL is expected to be
effectively divalent, which can lead to stronger Coulomb
interactions at short separations. The importance of electro-
static interactions is confirmed with the increase in the salt
concentration to physiological levels, allowing more efficient
screening of all electrostatic interactions. At pH 5.5 and 150
mM NaCl, the extending protein film is collapsed to only 2 nm,
and no difference in QCM-D response is seen between the PS-
and CL-containing bilayers. Increasing the pH to 7.0 at low salt
concentrations results in a film with an intermediate thickness
of 5 nm. For the bilayers composed of only zwitterionic POPC,
there is only a minor amount of protein adsorbed at all pH

values and electrolyte concentrations, resulting in poor
modeling of the protein film.
The two bottom panels of Figure 2 show the shear modulus

and viscosity of the modeled extending protein film. Only the
anionic bilayers are analyzed because the adsorption to POPC
bilayers was negligible. The shear modulus describes the shear
stiffness of the film and consists of the storage modulus and the
loss modulus, coupled to the viscosity. Both the shear modulus
and viscosity show the same trends, and we can conclude that
the most viscous films are produced at low pH values and low
salt concentrations.

Position and Membrane Response from Neutron
Reflectometry. The QCM-D study reveals key differences
in adsorption of α-synuclein to supported bilayers depending
on electrostatic conditions. However, because QCM-D is an
acoustic technique, the results are significantly more sensitive to
the protein film extending into the bulk outside the bilayer than
the protein segments partitioning into the bilayer. We therefore
use NR to gain deeper insight into α-synuclein adsorption and,
in particular, more detailed information about where the
protein is positioned in the bilayer and how the bilayer
responds to protein adsorption. The lipid compositions chosen
were those yielding the thickest and most rigid protein films by
QCM-D, i.e., PC together with either 30% PS or 15% CL, to
keep the net charge density constant. Because the largest
responses were seen at pH 5.5 and low ionic strengths, this
solution condition was used in the NR measurements. Low pH
is furthermore associated with PD through both the exosomes
via the lysosomal pathway42 and oxidative or metabolic stress in
mitochondria.43

The contrast in NR is determined by the differences in the
scattering length density (SLD) values for the various sample
components. Hydrogen and deuterium have markedly different
SLD values, and with a change in the degree of deuteration of
lipids, protein, and solvent, the contribution from the different

Figure 1. Adsorption of α-synuclein to supported lipid bilayers is
sensitive to bilayer charge and solution conditions. Frequency (blue)
and dissipation (red) for overtone numbers 5, 7, and 9, monitored via
QCM-D, upon injection of 4 μM α-synuclein to phospholipid bilayers
deposited on SiO2-coated quartz crystals under different solution
conditions. No or little adsorption is seen for the pure POPC bilayers
(top), while significant adsorption to DOPS-containing (middle) or
CL-containing (bottom) bilayers is observed. Injection is started at
time zero, and the protein reaches the bilayer in the flow cell after
approximately 2.5 min. Black lines show the fitted Voight model
presented in Figure 2.

Figure 2. Thickness (top), shear (middle), and viscosity (bottom)
obtained from a fitted Voight model to the QCM-D data for the
protein film extending from the bilayer. Error bars indicate the
standard error equivalent to a 68% confidence interval for two to four
parallel measurements with individual model fitting. Typical raw data
used in the modeling are presented in Figure 1.
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components to neutron scattering of a sample can be matched
so that the scattering from a specific part, region, or component
of interest is highlighted. The bilayers were deposited in exactly
the same way as in the QCM-D studies but on silicon supports
featuring 14 Å thin silicon oxide layers. In contrast to QCM-D,
NR was not conducted in real time during flow, but
measurements were undertaken before bilayer deposition,
after bilayer deposition, and after protein injection. The PC
used had a perdeuterated palmitoyl chain (d-POPC), and the
α-synuclein was perdeuterated (d-α-synuclein) in the neutron
experiments while the charged lipids were kept hydrogenated.
Figure 3 and Figure S2 of the Supporting Information illustrate

the resulting SLD distribution in the experimental system. This
combination of compounds with different degrees of
deuteration has two advantages. One is that the acyl chains
of d-POPC and the charged lipids have sufficiently different
SLD values to allow detailed analysis of any asymmetry in the
bilayer deposition. The other advantage is that the bilayer has
an SLD value similar to that of the silicon substrate underneath

the thin SiO2 film. This gives high sensitivity in the reflectivity
profile for the distance between the protein and the silicon
oxide layer, i.e., the depth of penetration of the protein into the
lipid bilayer.
Figure 4 shows NR data for the two different types of anionic

bilayers in buffer solution with three different solvent contrasts,
D2O, CMSi, and H2O. Table 1 presents the parameters for the

fitted bilayer models from Figure 4. For a further description of
the calculated values and the fitting procedure, see Methods
and Table S1 of the Supporting Information. The fitted model
parameters are in good agreement with those of deposited
bilayers with similar compositions from previous studies.44

On the basis of available phase diagrams for PC/PS mixtures
and PE/CL mixtures, showing miscibility of the lipids above the
melting temperature,45−47 the bilayers are expected to be
laterally uniform. No macroscopic phase separation was
observed in giant unilamellar vesicles with similar lipid
compositions.48 Lipid asymmetry between the two leaflets in
mixed bilayer systems was recently reported for bilayers
deposited by osmotic shock from 3:1 POPC/POPS vesicles
where the initial vesicle adsorption took place in buffer
solutions containing 1.1 M NaCl.49 For the bilayers in Figure
4, simultaneous fitting of the SLD values in the inner and outer

Figure 3. Illustration of the resulting SLD distribution in a 7:3 d-
POPC/POPS bilayer with d-α-synuclein. See Figure S2 of the
Supporting Information for corresponding illustrations of the other
bilayers studied via NR.

Figure 4. Neutron reflectivity (plotted as log10 R) as a function of momentum transfer (Q) for surface-deposited 7:3 d-POPC/POPS (left) and
85:15 d-POPC/CL (right) phospholipid bilayers. The lines correspond to the fit of the multilayer models presented in Table 1 (fitting parameters in
Table S1 of the Supporting Information). The reflectivity was measured for three degrees of solvent deuteration: D2O (red circles, top curve), CMSi
(green triangles, bottom curve), and H2O (blue squares, middle curve). The deviation at low Q for CMSi originates from the instrumental setup and
was disregarded during the modeling. Data in CMSi and H2O are offset in log(R) by −2 and −1, respectively, for the sake of clarity. The insets show
the resulting SLD profiles as a function of distance from the silicon substrate.

Table 1. Parameters Obtained from Layered Model Fits to
NR Profiles Recorded for the Surface Deposition of
Phospholipid Bilayers (i.e., the profiles presented in Figures
4 and 8)a

thickness (Å)

headgroup region acyl chain region coverage (%)

7:3 d-POPC/POPS 5 ± 0.5 30 ± 0.5 82 ± 1
85:15 d-POPC/CL 5 ± 0.5 28 ± 0.5 83 ± 2
7:3 DOPC/DOPS 5 ± 0.5 30 ± 0.5 75 ± 1

aSee Methods and Table S1 of the Supporting Information for further
details of the fitting procedure and error analysis.
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acyl chain regions did not reveal any asymmetry with
enrichment of anionic lipids in the outer leaflet of the bilayer.
The analysis also reveals that there is no depletion of anionic
phospholipids in the deposited bilayer compared to the injected
vesicle solution. A symmetric model with two identical
monolayers was thus used in the fitting procedure. The
observed differences between the bilayers described here and
the previously described asymmetric bilayers can be explained
by the use of significantly different preparation and deposition
methods.
Upon injection of d-α-synuclein, all reflectivity profiles

change compared to those recorded in the absence of protein.
Figure 5 presents the neutron reflectivity profiles acquired for
the phospholipid bilayers in the absence (as presented in Figure
4) and presence of 4 μM d-α-synuclein.
There are many different ways to adopt the models of the

unperturbed bilayers in Figure 4 to describe the data collected
in the presence of protein presented in Figure 5. A key question
of this study is the location of the protein in the model
membranes. The fitting strategy aims to systematically obtain a
physically reasonable model with a minimal number of
adjustable parameters. Figure 6 shows the quality of the best
fit when the protein is placed in each of the four different layers
of the bilayer model, that is in the inner or outer headgroup
region as well as in the inner or outer acyl chain region. These
results for the four possible protein positions in the bilayer were
obtained by assuming that the solvent content in one layer at a
time is decreased by 10% at the same time as the SLD value of
that same layer is increased to accommodate the potential
presence of 10% protein. The quality of the fit is given as the
error-weighted sum of squared residuals, χ2, when applying the
model to the data collected in the presence of protein. The
values are plotted as a function of the assumed α-synuclein
locations for the particular model used for the fitting and
compared to the χ2 obtained for the neat lipid bilayer (Figure
4). Because the SLD within each layer is assumed to be
constant, the χ2 resulting from positioning the protein in a
specific layer of the bilayer model will be constant. Clearly, an
improved fit is only obtained if the protein is placed in the
outer headgroup region. The other three positions of the

protein in the bilayer even result in impaired fits compared to
the unperturbed phospholipid profiles.
The improvements in the fits due to solvent exchange in the

outer headgroup region for protein are minute. For a major
improvement in the fits, perturbations in the bilayer other than
merely placing the protein in the outer headgroup region are
required. To free space for the protein, the headgroup area in
the bilayer must increase more than what is possible from just
removing solvent. This can be achieved by thinning the
membrane or by increasing the water content in the outer acyl
chain layer. We find that thinning the outer leaflet of the bilayer
together with an increased SLD value in the outer headgroup
layer is not sufficient to produce good fits. However, together
with an increased amount of solvent in the outer monolayer,
the fitted models presented in Figure 7 and Table 2 were

Figure 5. Neutron reflectivity (plotted as log10 R) as a function of momentum transfer (Q) for surface-deposited 7:3 d-POPC/POPS (left) and
85:15 d-POPC/CL (right) phospholipid bilayers in the absence (black, Figure 4) and presence (color) of 4 μM d-α-synuclein. Reflectivity was
measured for three solvent contrasts: D2O (red circles), CMSi (green triangles), and H2O (blue squares). CMSi and H2O profiles are offset in
log(R) by −2 and −1, respectively, for the sake of clarity.

Figure 6. Weighted sum of squared residuals (χ2) produced from data
collected before and after addition of protein to surface-deposited
phospholipid bilayers. To test four possible protein positions in the
bilayer [(i) inner headgroup region, (ii) inner acyl chain region, (iii)
outer acyl chain region, and (iv) outer headgroup region], the solvent
content of one layer at a time is decreased by 10% of the total volume
at the same time as the SLD value of that same layer is increased to
values corresponding to the presence of 10% protein. The χ2 from the
fit when positioning the protein in a layer is plotted constant
throughout the layer as the SLD in the layer is assumed to be constant.
The dashed lines are χ2 values from applying the unperturbed bilayer
models (Figure 4) on data collected after addition of protein (Figure
5).
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Figure 7. Neutron reflectivity (plotted as log10 R) as a function of momentum transfer (Q) for surface-deposited 7:3 d-POPC/POPS (left) and
85:15 d-POPC/CL (right) phospholipid bilayers in the presence of 4 μM d-α-synuclein. The lines correspond to the fits of the multilayer models
(fitting parameters in Table 2) to the experimental data. The reflectivity was measured in three solvent contrasts: D2O (red circles), CMSi (green
triangles), and H2O (blue squares). The deviation at low Q for CMSi is instrument-dependent and was disregarded in the modeling. CMSi and H2O
profiles are offset in log(R) by −2 and −1, respectively, for the sake of clarity. The insets show the resulting SLD profiles as a function of distance
from the silicon substrate.

Table 2. Parameters Obtained from Fits to Neutron Reflectivity Profiles Recorded for the Surface-Deposited 7:3 d-POPC/
POPS, 85:15 d-POPC/CL, and 7:3 DOPC/DOPS Phospholipid Bilayers in the Presence of 4 μM d-α-Synucleina

outer acyl chain
thinning (Å)

increased solvent content in outer acyl
chain layer

protein volume fraction in outer headgroup
layer (vol %)

lipid/protein
(v/v)

lipid/protein
(n/n)

7:3 d-POPC/
POPS

1 ± 0.5 14 ± 3 12 ± 4 5.0 ± 0.4 296 ± 24

85:15 d-POPC/
CL

1 ± 0.5 15 ± 2 14 ± 3 3.9 ± 0.3 198 ± 15

7:3 DOPC/
DOPS

1 ± 0.5 5 ± 3 23 ± 5 2.3 ± 0.3 136 ± 18

aSee Methods and Table S2 of the Supporting Information for further details of the fitting procedure and error analysis.

Figure 8. Neutron reflectivity (plotted as log10 R) as a function of momentum transfer (Q) for surface-deposited 7:3 DOPC/DOPS phospholipid
bilayers in the absence (left) and presence (right) of 4 μM d-α-synuclein. The lines correspond to the fits of the multilayer models (Tables 1 and 2)
to the experimental data. The reflectivity was measured in three solvent contrasts: D2O (red circles), CMSi (green triangles), and H2O (blue
squares). The deviation at low Q for CMSi is instrument-dependent and was disregarded in the modeling. CMSi and H2O profiles are offset in
log(R) by −2 and −1, respectively, for the sake of clarity. The insets show the resulting SLD profiles as a function of distance from the silicon
substrate. An overlay of data collected before and after protein injection is presented in Figure S4 of the Supporting Information.
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obtained with χ2 values of 16 and 21 for PC/PS and PC/CL
bilayers, respectively. For a complete model description, see
Table S2 of the Supporting Information. Many other possible
scenarios to account for the bilayer perturbation upon protein
adsorption were modeled, for example, increasing the solvent
content throughout the bilayer, changing the thickness of the
different layers, and placing the protein outside the bilayer.
None of these scenarios improved the fits as much as applying
the models presented in Figure 7 and Table 2.
The fits in Figure 7 were obtained by keeping all parameters

from the bilayer fits constant except for the thickness and
solvent content of the acyl chain layer in the outer leaflet, and
the SLD in the outer headgroup layer. The acyl chain layer
thickness was first fit by comparing the model with the
experimental data followed by simultaneous modeling of the
solvent content in the acyl chain slab layer and headgroup SLD
using least-squares minimization. The solvent content in the
outer headgroup layer was matched to preserve the
stoichiometry between headgroups and acyl chains. The
changes in the models for the outer monolayers compared to
the neat bilayers are listed in Table 2 together with the
corresponding protein concentrations given from the fitted
headgroup SLD (Table S2 of the Supporting Information). The
reported protein occupancies should be taken as maximal
values because they are calculated from a model where the
protein is completely contained within the headgroup layer of
the bilayer. The fits to data obtained for both 7:3 d-POPC/
POPS and 85:15 d-POPC/CL bilayers in the presence of
monomeric d-α-synuclein resulted in very similar perturbations
of the bilayers and amounts of adsorbed protein.
Increased Area per Phospholipid Headgroup. It has

been suggested that the insertion of α-synuclein into the
membrane can be facilitated by increasing the available area per

phospholipid headgroup in the interface.50 An increase in lipid
headgroup area implies greater exposure of the hydrocarbon
region in the bilayer.51 To investigate this aspect, an additional
experiment was conducted using a 7:3 DOPC/DOPS bilayer.
The phase behavior, headgroups, and charge density are similar
to that of the POPC/POPS system, but the area per headgroup
is slightly larger because of the more bulky acyl chainss of
DOPC as both chains are unsaturated.52 By using a protonated
bilayer, the contrast against the perdeuterated protein is altered
compared to those of previously studied systems (Figure S2 of
the Supporting Information). Figure 8 shows the neutron
reflectivity profiles recorded for a supported 7:3 DOPC/DOPS
bilayer in the absence (left panel) and presence (right panel) of
d-α-synuclein. The fitting procedure is the same as in previous
experiments but with a new bilayer composition. The last row
of Table 1 presents the fitted model parameters. The deposition
coverage is lower compared to those of previous systems, and
the fit is not as good; however, the qualitative changes upon
protein adsorption are similar. The results from fitting the
model to the data recorded after adsorption of protein (Table
2) to the bilayer show that protein occupies 23% of the outer
headgroup layer volume. This should be compared to protein
volume fractions of 12 and 14% in the headgroup region of d-
POPC/POPS and d-POPC/CL bilayers, respectively. In
agreement with these results, QCM-D of association of α-
synuclein with DOPC/DOPS bilayers indicates a 27% increase
in protein film thickness and very similar shear and viscosity
(Figure S3 of the Supporting Information) compared to those
of the POPC/DOPS bilayer presented in Figure 3.

■ DISCUSSION

In this study, we define the molecular determinants for
adsorption of monomeric α-synuclein to planar model

Figure 9. (A−C) Structure of an α-synuclein fragment (residues 9−89) bound to 7:3 POPC/POPS small unilamellar vesicles30 (coordinates kindly
provided by R. Langen). (D−F) Structure of α-synuclein bound to sodium dodecyl sulfate (SDS) micelles (Protein Data Bank entry 1XQ8).53 The
broken N-terminal helix in panels D−F is a result of the nature of the supporting SDS micelles and is united into one extended helix upon bilayer
binding.29,30,54 (A and D) Cartoon showing the helical N-terminus and the unstructured C-terminus. (B and E) Space filling model viewed from
outside the vesicle or micelle with hydrophobic (yellow), cationic (blue), and anionic (red) residues. The titrating His50 is colored light blue for
recognition. (C and F) Space filling model viewed from inside the vesicle or micelle with the same color coding.
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membranes, determine the position of the protein, and detect
structural changes in the model membranes. This information
is obtained from the combination of two complementary
surface-sensitive techniques, QCM-D and NR, and from using
well-defined model systems of monomeric protein, bilayers
containing one or two types of lipids, and different solution
conditions. Our data clearly demonstrate specificity in α-
synuclein−membrane interaction in terms of membrane
composition. The molecular origin of this interaction most
likely lies in the uneven distribution of charged and nonpolar
residues in α-synuclein (Figure 9) and in the mixed lipid
bilayer.
Association Is Governed by Electrostatic Interactions

between the Protein and Bilayer. Because α-synuclein has a
net charge of −7 at pH 5.5, one expects an overall electrostatic
repulsion between the protein and an anionic bilayer. However,
both QCM-D and NR measurements reveal that α-synuclein
adsorbs to bilayers that contain anionic lipids, in accordance
with other studies,50,55−57 while there is no adsorption to
zwitterionic PC bilayers. The high affinity of α-synuclein for
anionic lipids has been reconciled with the polarized nature of
the protein.50 The N-terminal half is positively charged (+2 at
pH 7 and +4 at pH 5.5), and the C-terminal half is negatively
charged (−11 at both pH values). A series of repeats in the N-
terminal half are arranged so that, if this part folds into an α-
helix upon membrane association, the helix has one polar
(Figure 9B) and one hydrophobic (Figure 9C) side with lysine
residues flanking the borders between them.
The anionic lipids PS and CL are structurally very different.

Still, both the QCM-D and NR experiments show that the
association of α-synuclein is similar for bilayers that contain
either of these lipids as long as the lipid composition is chosen
so that bilayer charge density is the same. The carboxyl group
in PS is expected to be fully deprotonated at the pH used in this
study.58 Recent pH titration and calorimetry studies of the
dispersed sodium salt of synthetic CL, which is used in this
study, show that both phosphates in the CL headgroup are
deprotonated above pH 3.59 This is in contrast to previous
reports of the titration of CL extracts from beef heart and
Escherichia coli, which reported that the CL headgroup is
partially protonated around physiological pH.60

Protein Film Compactness Depends on pH and Salt
Concentration. The dissipation and overtone-dependent
frequency shift contain information about the viscoelastic
properties of the film. The large dissipation and strong
dependence of the frequency shift on the overtones imply
that the film is viscous and/or that it extends into solution
giving rise to higher shear tension. The applied viscoelastic
modeling of the observed shifts (Figures 1 and 2) supports the
view of the C-terminal part as extending out from the bilayer as
a polymer brush. The thickness of the protein film is between 0
and 8 nm (Figure 2) depending on the bilayer and solution
composition. This is compatible with an unfolded C-terminus
of membrane-associated α-synuclein. The distance between the
C-terminus and Thr92 at the end of the second helix is 8 nm in
the micelle-bound structure presented in Figure 9. Our QCM-
D results are also compatible with the low protein density
region extending 6.3 nm from the 1:1 PC/PA bilayer at 110
mM salt and pH 7.4 modeled by Pfefferkorn et al.28 as the
increases in both salt concentration and pH make the protein
film thinner. At pH 5.5 and a low salt concentration, the C-
terminal part of the protein appears to be extended in a
polymer brush-like conformation.

The increased shear modulus and viscosity of the extending
protein film suggest that the film is not only thicker but also
denser at low salt concentrations and pH values. This finding
indicates that the protein film thickness is dependent on, and
might be a consequence of, how much protein is associated
with the bilayer. The repulsion between the extending C-
terminal parts likely imposes a correlation between how much
α-synuclein is associated and how far the protein extends into
the bulk. This is in accordance with the previously reported
increase in the helical content of α-synuclein at low salt
concentrations in the presence of anionic lipids.57,61 At low pH,
the N-terminus and the histidine at position 50 are likely
protonated, which decreases the level of repulsion between the
protein and the bilayer as well as between the proteins. This is
expected to allow for a more dense packing of the protein at the
bilayer and thus a more extended protein film. The striking
similarity between the results for PS- and CL-containing
bilayers implicates a dominating contribution from balancing
electrostatic interactions between protein and lipids. However,
electrostatic interactions are long-range and involve multiple
contributions from phospholipids, lysines, negative residues,
and ions and are hard to fully predict.
While the QCM-D experiments capture the properties of the

extending protein outside of the bilayer, it measures only the
total amount on the surface and therefore cannot determine if
lipids are exchanged for protein in the bilayer. The NR
experiments are therefore complementary to the QCM-D
experiments and capture the composition of the bilayer, the
location of the protein in the bilayer, and how the structure of
the bilayer is affected.

α-Synuclein Is Mainly Embedded in the Outer
Headgroup Area. The NR data show very similar modes of
adsorption to the CL- and PS-containing bilayers. A recent NR
study of adsorption of α-synuclein to 1:1 PC/PA tethered
bilayers at pH 7 proposed a penetration depth of 9−14 Å in the
outer leaflet of the bilayer with a substantial portion of the
protein outside of the bilayer.28 In that study, a continuous
model with more degrees of freedom was used, as compared to
the slab model used here. The motivation for our approach is to
limit the number of degrees of freedom by using as few
adjustable parameters as possible. Furthermore, data from three
contrasts were recorded and used in the analysis for each type
of bilayer/protein system. Figure 3 and Figure S2 of the
Supporting Information illustrate the isotope composition for
all studied bilayers. The bilayers were successfully modeled as
being symmetric, using three independent variables and the
background intensities. Upon protein association, as few
changes as possible were made to the bilayer model, conserving
stoichiometric restrictions to improve the fits to the same level
as the bilayer fits. This conservative application of Occam’s
razor leads to a model that does not try to capture all structural
aspects but captures the major aspects as theoretically robustly
as possible. We found that tentatively placing the protein in
different locations and comparing the resulting fits to the data is
a fruitful approach that clearly discards models in which the
protein is fully buried among the acyl chains or in the inner
headgroup layer close to the support. Embedding the protein in
the outer headgroup area stands out as the only model that can
describe the experimental data, supporting the idea that the
protein is penetrating into the membrane, but the models
suggest that the penetration of the protein is shallow. In
addition to the protein present in the headgroup layer,
Pfefferkorn et al.28 found a low protein density in the outer
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acyl chain layer. Here, such addition resulted in impaired fits,
but instead, we found an improved fit with an increase in the
water content in the outer leaflet. To be able to distinguish
protein from water in the bilayer, one requires several isotopic
compositions of the bilayer, protein, and solvent, and this was
achieved by measuring at three contrasts, by using a lipid
mixture producing an intermediate SLD, and by using a
deuterated protein with a high SLD. Our data together with the
slab model do not provide information about lateral structure,
and we cannot distinguish, for example, clustering of anionic
lipids in the vicinity of the adsorbed proteins as previously has
been shown by others.56,62

Protein Adsorption Leads to Thinning and Increased
Water Content in the Lipid Membrane. A minor thinning
of the bilayer to free space for the protein in the headgroup
layer was needed in the modeling, which is also consistent with
the previous NR study for another lipid composition and pH.28

However, the thinning does not free enough space for the
protein to be located between the outer phospholipid
headgroups. A perturbed acyl chain packing with increased
water content in the acyl chain layer is needed in addition to
the thinning of the bilayer to observe a good fit while
preserving stoichiometric relations. Exchanging the neutral
phospholipid component from POPC to DOPC in the
supported bilayer results in an increased level of α-synuclein
association with less water in the acyl chain layer (Table 2).
The more perturbed packing induced by the extra unsaturation
in the acyl chains thus favors protein association and avoids the
increased amount of water in the hydrophobic acyl chain
region. It is interesting to correlate this finding with the fact
that long chain superunsaturated fatty acids, such as
docosahexanoic, eicosapentaoic, and arachidonic acid with six,
five, and four double bonds, respectively, are highly over-
represented in brain and neuronal membranes.63

Mutual Disruption. Interaction between amyloid proteins
and membranes may result in mutually disruptive structural
perturbations. Membrane surfaces may alter the rate of
conversion of amyloid-forming proteins into toxic aggregates,
and amyloidogenic proteins. Such aggregates may, in turn, pick
up membrane lipids or compromise the structural integrity of
the membranes. In many amyloid diseases, oligomeric species
rather than mature amyloid fibrils seem to be responsible for
cytotoxicity. In addition, the toxicity of amyloid proteins seems
to correlate with their interactions with cell membranes.64 This
finding has been inferred to arise from the amyloid protein
affecting the membrane structure and permeability, but it may
also be the membrane affecting the protein self-assembly. In the
case of α-synuclein, an amyloid pore hypothesis has been
around for some time. It assumes that annular oligomeric
species form protein channels or pores, through lipid bilayers,
which increase permeability and lead to toxicity. In part, the
increased permeability seen could be considered to be
consistent with the thinning of the lipid bilayer observed here
and the increased amount of solvent in the outer acyl chain
region, although there are conflicting reports about monomer-
induced leakage.30,61,65 However, pore formation is not
consistent with the present observation of recombinant α-
synuclein in deposited mixed bilayers as the protein is present
in only the interfacial region of the bilayer, as demonstrated via
NR. In a third scenario, the critical event may be a co-
aggregation process, in which membrane lipids associate with
the aggregating protein and associate on pathway and in final
protein aggregate structures.

■ CONCLUDING REMARKS

We have shown selective adsorption of α-synuclein to anionic
supported lipid bilayers with the biologically relevant
membrane lipids, PC, PS, and CL. Independent of the anionic
headgroup identity, the main part of the protein is positioned in
the headgroup region of the bilayer and does not penetrate
deeply into or across the hydrophobic acyl chain region.
Furthermore, the position in the headgroup region leads to a
nearly identical increase in the solvent content of the outer acyl
chain region, independent of the identity of the anionic
headgroup. The C-terminal extension outside of the bilayer is
tuned by electrostatic interactions. The adsorbed amount and
the properties of the adsorbed protein layer depend on
electrostatic shielding and protein charge as well as headgroup
separation.

■ METHODS
Materials. Partially deuterated and hydrogenated lipids were

purchased in lyophilized form from Avanti Polar Lipids (Alabaster,
AL): 1-palmitoyl(d-31)-2-oleoyl-sn-glycero-3-phosphocholine (d-
POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine (DOPS), and 1′,3′-bis(1,2-dioleoyl-sn-glycero-3-
phospho)-sn-glycerol (CL). All chemicals were of analytical grade, and
the water used was ultrapure (<18.2 MΩ cm at 25 °C, Milli-Q grade).
Human α-synuclein, which was used for the QCM-D measurements,
was expressed in E. coli from the aS-pT7-7 plasmid (kindly provided by
H. Lashuel) and purified using heat treatment, ion exchange, and gel
filtration chromatography as previously described.48 For perdeutera-
tion of α-synuclein, the resistance marker of aS-pT7-7 was changed by
in vitro transposition from ampicillin to kanamycin using the (EZ-Tn5)
<KAN-2> Insertion Kit from Epicenter Biotechnologies. The modified
plasmid was then transformed into BL21(DE3) cells. A high-cell
density fed-batch culture using d8-glycerol (Euriso-top) as a carbon
source was conducted in the joint ILL-EMBL Deuteration Laboratory
with a computer-controlled temperature of 30 °C, a pD of 6.9, and a
pO2 of 30% saturation.66 α-Synuclein expression was induced with 0.2
mM isopropyl thiogalactopyranoside and the deuterated protein
purified as described previously.48 The molecular mass for d-α-
synuclein was determined by mass spectrometry to be 15209 Da in
H2O. If all labile deuterons in α-synuclein are assumed to be
exchanged, the extent of deuteration is calculated to be 97%.

Protein Sample Preparation. α-Synuclein, purified as stated
above, was transferred to the desired buffer solution, 10 mM MES (pH
5.5) with or without 150 mM NaCl and 10 mM HEPES (pH 7.0), by
fast protein liquid chromatography using a size exclusion column
(Superdex 75, GE Healthcare). Only the central fraction of the
monomer peak was collected to ensure a monomeric sample. The
protein concentration was determined by integration of the
absorbance at 280 nm for the collected fractions using an extinction
coefficient of 5960 M−1 cm−1. For QCM-D experiments, the monomer
solution was diluted to 4 μM with the experimental buffer solution and
kept on ice until the solution was injected (<5 h). For neutron
reflectometry measurements, which for all recorded data shown used
d-α-synuclein, the monomer solution was freeze-dried, stored in a
freezer, dissolved to a concentration of 4 μM in buffer, and diluted
with water to restore the ionic strength to the pre-freeze-drying values.
The redissolved monomeric protein after freeze-drying was validated
still to be monomeric by size exclusion chromatography (Figure S5 of
the Supporting Information). The solutions were prepared immedi-
ately prior to the start of the experiment. As shown in Figure S6 of the
Supporting Information, identical reflectometry profiles are recorded
before and after a full experiment in D2O. This suggests that no
aggregation occurs during the time of the experiment.

The protein concentration was 4 μM in all experiments and could
not be increased in the QCM-D experiments as the response is also
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sensitive to changes in solvent viscosity. However, when 8 μM protein
was re-injected after completion of the NR measurement at 4 μM,
identical reflectivity profiles were collected in D2O and H2O (Figure
S7 of the Supporting Information), implying that 4 μM protein is
enough for saturation of the supported bilayer.
Bilayer Formation. Bilayers were deposited from sonicated

vesicles by spontaneous vesicle fusion and spreading on the supporting
surface. Lipids were mixed in a 9:1 (v/v) chloroform/methanol
solution, deposited as a thin film on glass under a slow flow of nitrogen
gas, and then dried under vacuum overnight. Prior to the experiments,
the lipid films were hydrated with H2O for zwitterionic lipids (DOPC/
POPC) or with 200 mM NaCl for lipid mixtures containing anionic
lipids (DOPC/POPC and DOPS/POPS or CL). The increased
anionic strength used with the anionic lipid mixtures is necessary for
screening of silica−vesicle and vesicle−vesicle electrostatic repulsions
to promote vesicle fusion and spreading into a proper bilayer. The final
phospholipid concentration used for vesicle deposition was 0.5 mg/
mL. The lipid dispersions were probe sonicated until they appeared to
be clear and then centrifuged for 2 min (>10000g) to remove trace
particles from the probe. The vesicle dispersion was passed through
the sample cell for 10 min, which was shown to be sufficient time for a
complete bilayer to form. The vesicular dispersion was then replaced
with H2O in the case of a noncharged bilayer and first 200 mM NaCl
and then H2O in the case of anionic lipid bilayers. The bilayers were
equilibrated in the buffer solution before characterization and protein
injection.
QCM-D. The QCM-D instrument was a Q-sense E4 instrument

from Q-sense (Gothenburg, Sweden). The measuring cells were
thermostated at 25 °C. The quartz crystals had a fundamental
frequency of 4.95 MHz and were covered by a thin gold surface coated
with 50 nm SiO2 (QSX 303, Q-sense). The coated crystals were
cleaned and stored for a minimum of 1 h in a 2% sodium dodecyl
sulfate solution before being used. After being rinsed in deionized
water followed by ethanol, the crystals were dried with nitrogen and
then treated under a reduced air pressure (0.02 mbar) in a plasma
cleaner (model PDC-3XG, Harrick Scientific Corp., Pleasantville, NY)
for 5 min. After the crystals had been mounted in the instrument, they
were equilibrated in H2O until a steady response in frequency and
dissipation had been realized. A peristaltic pump (Ismatec IPC-N4)
controlled the flow through the four parallel measuring cells. The flow
rates used during bilayer deposition and protein injection were 100
and 50 μL/min, respectively.
QCM-D Modeling. All data treatment and modeling were

conducted using Qtools version 3.0.17.560 (Biolin scientific AB,
Gothenburg, Sweden). The bilayer film before addition of protein was
modeled as a dense film using a Sauerbrey representation. According
to the Sauerbrey equation, the frequency shift in QCM-D is
proportional to the acoustic mass of dense layers:67

Δ = Δm
C
n

F

where ΔF is the frequency shift, C is a crystal specific constant of 17.7
ng Hz−1 cm−2 for the used crystals, and n is the overtone number.
Modeling of the viscoelastic protein film was done using a Voight
representation keeping the fluid density (1000 kg/m3), fluid viscosity
(0.001 kg/ms), and layer density (1000 kg/m3) fixed. The viscosity,
shear modulus, and thickness of the film were globally fit to frequency
and dissipation for overtone numbers 5, 7, and 9.
Neutron Reflectometry. NR measurements were performed

using the SURF reflectometer at ISIS (Oxford, U.K.), D17 at ILL
(Grenoble, France), and the Liquids Reflectometer (LR) at SNS/
ORNL (Oak Ridge, TN). Presented data were collected using the LR
at SNS/ORNL. Single-crystal silicon blocks (5 cm × 5 cm × 1 cm)
with the side facing the solution being polished (Siltronix, France) to a
roughness of 2−3 Å were used as substrates for NR measurement. The
spontaneously formed silicon oxide layer, which after being polished
had a thickness of 14 Å, was characterized in three different solvent
contrasts: D2O, 38:62 (v/v) D2O/H2O contrast matched to silicon
(CMSi), and H2O. The substrates were cleaned at 80 °C for 15 min
using a dilute Piranha solution composed of water, sulfuric acid (98%),

and hydrogen peroxide (27.5%) in a 5:4:1 volume ratio. The substrates
were either vertically (D17-ILL) or horizontally (SURF-ISIS, LR-SNS)
mounted, with the polished surface facing downward to a 5 mL Teflon
flow cell with magnetic stirring.68 The measuring cell was held at 25
°C. All liquid exchange was achieved using a high-performance liquid
chromatography pump and a minimum of 20 mL of liquid, i.e., 4 times
the measuring cell volume. All measurements were performed in the
three solvent contrasts mentioned above. To preserve the protonation
state of α-synuclein in all contrasts, pH and pH* were controlled and
corrected in H2O- and D2O-based buffers, respectively, without
correcting pH* to pD.69−71

Neutron Reflectometry Modeling. The results from neutron
reflectivity (NR) are presented as reflectivity profiles with normalized
intensity as a function of the momentum transfer vector, which in
specular reflection equals the scattering vector Q. Q then depends on
both the neutron wavelength, λ, and the angle of incidence, θ,
according to

π
λ

θ=Q
4

sin

A brief synopsis on NR methodology and analysis is given in an
earlier review on related applications.72 The reflectivity profiles were
analyzed using RasCal (version 1.1.2, A. Hughes, ISIS Spallation
Neutron Source, Rutherford Appleton Laboratory),73 which allows
multicontrast modeling of Abeles layer models to the surface structure.
In this approach, the scattering length density (SLD) profile is
described as a series of defined layers. Each layer is characterized by
three parameters: SLD, thickness, and roughness. The SLD of each
layer was further separated into the SLD contributions from the layer
components and solvent volume fraction, based on the SLD of the
pure substances. Each layer was therefore characterized by a total of
four parameters, which are partially dependent.

SLDs for the lipids were calculated from atomic composition, ci,
with coherent scattering lengths, bc, and molecular volumes, Vm, from
molecular dynamics simulations74,75 according to

=
∑
=

b

V
SLD i

n

c
1

m

i

To the best of our knowledge, there are no available data from
measurements or simulations on the headgroup volume of CL, and we
therefore used the molecular density of PG76,77 because CL
structurally consists of two linked PG molecules. The calculated
lipid SLD values were allowed to vary up to 10% during modeling. For
all experimental data, the fits were found to improve if the lipid SLD
values were decreased by 10% compared to those calculated,
corresponding to 10% larger molecular volumes. The SLD of d-α-
synuclein was calculated on the basis of its atomic composition using a
typical protein density for hydrogenated protein of 1.37 g/cm3.78 The
perdeuterated protein SLD values were calculated to 6.48, 6.99, and
7.84 in H2O, CMSi, and D2O, respectively, taking exchanging protons
into account. The average of these three calculated values was used
when translating the fitted SLD in a layer to protein volume
occupancy, because the SLD of a layer (excluding contained solvent)
was set to be the same in all contrasts to allow simultaneous fitting by
least-squares minimization. Recalculating the contrast-dependent SLD
for the headgroup−protein layer from the modeled protein occupancy
showed a deviation in SLD of 0.1 × 10−6 Å−2 in D2O and −0.1 × 10−6

Å−2 in H2O. The fit resulted in a deviation, χ2, within 0.3. The
thickness of each layer was fit in steps of 1 Å without using least-
squares minimization, because of the sensitivity to scaling in the Q
direction, which is not captured well in error minimization in the
logarithmic reflectivity [log(R)] direction. A 1 Å reduction in outer
acyl chain thickness upon protein addition clearly improved the fits in
the Q direction, while a larger reduction resulted in impaired fits. The
resolution in the measurement in combination with our strict fitting
criteria did not allow for higher resolution in the modeling of
thicknesses. The solvent volume fraction in the acyl chain layer was fit
by error-weighted least-squares minimization in an iterative way, while
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adjusting the solvent volume fraction in the headgroup layer to
conserve the head-to-tail stoichiometry in the phospholipids. Fitting of
the multilayer model was done globally to experimental data for all
contrasts. The Q ranges used in the fitting procedure was 0.03−0.3 for
D2O and 0.05−0.3 for CMSi and H2O due to instrument-related
deviation at low Q values.
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