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ABSTRACT: α-Synuclein (α-syn) is an abundant neuronal
protein associated with Parkinson’s disease that is disordered in
solution, but it exists in equilibrium between a bent-helix and an
elongated-helix on negatively charged membranes. Here, neutron
reflectometry (NR) and fluorescence spectroscopy were employed
to uncover molecular details of the interaction between α-syn and
two anionic lipids, phosphatidic acid (PA) and phosphatidylserine
(PS). Both NR and site-specific Trp measurements indicate that
penetration depth of α-syn is similar for either PA- or PS-
containing membranes (∼9−11 Å from bilayer center) even
though there is a preference for α-syn binding to PA. However,
closer examination of the individual Trp quenching profiles by brominated lipids reveals differences into local membrane
interactions especially at position 39 where conformational heterogeneity was observed. The data also indicate that while W94
penetrates the bilayer as deeply as W4, W94 resides in a more polar surrounding. Taken together, we suggest the N- and C-
terminal regions near positions 4 and 94 are anchored to the membrane, while the putative linker spanning residue 39 samples
multiple conformations, which are sensitive to the chemical nature of the membrane surface. This flexibility may enable α-syn to
bind diverse biomembranes in vivo.

■ INTRODUCTION

Intracellular inclusions (Lewy bodies) containing α-synuclein
(α-syn) fibrillar aggregates are hallmarks of Parkinson’s disease
(PD).1 Missense mutations as well as gene duplication and
triplication of the SNCA gene encoding for α-syn are linked to
early onset familial PD,2−8 supporting the causative role of α-
syn in neurodegeneration. While α-syn is abundant in
presynaptic neuronal terminals,9,10 its overexpression leads to
inhibition of neurotransmitter release11 and enhanced inter-
cellular migration of excess α-syn.12,13 Overexpression of α-syn
has also been reported to disrupt the integrity of cellular
membranes and induce Golgi fragmentation,14,15 mitochondrial
fission,16 and lysosomal malfunction.17 Despite much research,
the exact biological function of α-syn remains ill-defined,
though it is thought to affect synaptic vesicle trafficking and
brain lipid metabolism.18−21 Specifically, α-syn is suggested to
play a role in neuronal plasticity by binding to synaptic
vesicles,9,20−22 sensing membrane curvature,23 and remodeling
vesicle shape.24−27 Understanding α-syn-membrane interaction
is a critical step in elucidating the physiological functions of α-
syn as well as its pathological relevance to PD.28−30

α-Syn is 140 amino acids in length and is characterized as an
intrinsically disordered protein31−34 (for a differing view, see
refs 35 and 36). The first 89 residues contain seven imperfect
11-residue amphipathic repeats (XKTKEGVXXXX) respon-
sible for membrane binding.37 The hydrophobic nonamyloid β

component (NAC) is composed of residues 61−95. The C-
terminal residues (96−140) are highly negatively charged with
15 carboxylic amino acids. The protein undergoes an
unstructured-to-α-helical transition upon binding sodium
dodecyl sulfate (SDS) micelles or anionic phospholipid vesicles
of varying sizes and compositions.28,37−39

It is currently accepted that α-syn adopts two conformations
upon binding to membranes: a bent helix40−45 or an elongated
helix.46−49 In the presence of the highly curved SDS micellar
surface, α-syn forms the bent helix, where two antiparallel
helices are connected by a flexible linker at residues 38−44.43 In
contrast, α-syn primarily adopts an elongated helix upon
binding to anionic phospholipid vesicles with a reported
periodicity of 3.67 amino acids per turn.46 To establish an
amphipathic helix with lysine residues arranged at the interfacial
headgroup/water region, there is an interruption in the helical
periodicity between residues 52 and 57.46 Although the
elongated helix is a favorable conformation for α-syn upon
phospholipid vesicle binding, the bent helix is also detectable.50

Interconversion between these two structures could possibly
contribute to its misfolded aggregation states.51 However, it is
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unclear which one is related to its physiological function and if
and which one of these conformers is more aggregation prone.
In addition to electrostatics, α-syn membrane binding affinity

also depends on the specific anionic headgroup.52−54 In our
work,24,38,39 we had used zwitterionic phosphatidylcholine
(PC) and anionic phosphatidic acid (PA) containing vesicles
because PC is the most abundant phospholipid in all
mammalian membranes and PA is bound most strongly by α-
syn compared to other anionic lipids such as phosphatidylgly-
cerol (PG) and phosphatidylserine (PS). Here, we have
extended our study to directly compare PA to PS (Figure 1).
Both PA and PS carry the same charge at pH 7, though PS is
more abundant (∼12%) in synaptic vesicles55 than PA. Despite
its lower amount, PA levels have been found to increase with
age56,57 whereas PS levels decrease;56 thus, PA may modulate
α-syn membrane binding with age.
To uncover molecular details of the interaction between α-

syn and PA- and PS-membranes, we employed circular
dichroism (CD) spectroscopy, neutron reflectometry (NR),
and fluorescence spectroscopy. CD spectroscopy probes
secondary structure formation and was used to assess vesicle
binding affinities. NR is a scattering technique used to
characterize interfacial thin film properties such as thickness,
density and roughness. In our case, we structurally charac-
terized the association of α-syn with a solid-supported sparsely
tethered bilayer lipid membrane (stBLM) composed of either
equimolar 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPC/
POPA) or POPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPC/POPS). By taking advantage of neutron
scattering length density differences between protons and
deuterons, deuterated α-syn and lipid molecules with protiated
acyl chains were used. Acyl chain and phosphate headgroup
strata of the bilayer are readily distinguished and the location of
membrane-bound protein is revealed.38,58,59 α-Syn bilayer
penetration depth and extension into the bulk solvent and
changes in bilayer properties (e.g., thickness) due to protein
association have been obtained. Residue-level information on
the local environments and penetration depths of PA- versus
PS-bound α-syn was determined at four specific tryptophan
sites, W4, W39, W94, and W136, by steady-state fluorescence
measurements and time-resolved fluorescence quenching by
brominated phospholipids.

■ MATERIALS AND METHODS

Chemicals. Phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphate (sodium salt) (POPA), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (sodium salt) (POPS), 1-palmito-
yl-2-(6,7-dibromo)stearoyl-sn-glycero-3-phosphocholine
(Br6−7), 1-palmitoyl-2-(9,10-dibromo)stearoyl-sn-glycero-3-
phosphocholine (Br9−10), and 1-palmitoyl-2-(11,12-dibromo)-
stearoyl-sn-glycero-3-phosphocholine (Br11−12) were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL) and used as
received. All buffer salts were purchased from Sigma-Aldrich
(St. Louis, MO).

Protein Expression, Purification, and Preparation.
Recombinant human wild-type (WT) α-syn and Trp mutants
were expressed in BL21(DE3) pLysS cells and purified as
previously described.39 Uniformly deuterated and 15N-labeled
α-syn (denoted as D-α-syn) was produced by following a
reported procedure.60 An M9 medium in D2O containing 0.3
g/L 2H/15N Isogro (Sigma-Aldrich), 1 g/L 15NH4Cl, and 3 g/L
D7,

12C6-D-glucose (Cambridge Isotope Laboratories, Inc.) was
used. A starter Luria Broth (Sigma-Aldrich) culture (200 μL)
was added to 50 mL of D2O M9 minimal medium at 37 °C
with shaking (174 rpm or 2.9 Hz) in the presence of
chloramphenicol (34 μg/mL) and ampicillin (100 μg/mL)
and grown overnight. The 50 mL culture was then transferred
to 950 mL of the 2H/15N M9 minimal medium and grown to
an optical density of ∼0.8 at 600 nm (37 °C and 174 rpm or 2.9
Hz), at which point 1 mM (M = mol/L) isopropyl β-D-1-
thiogalactopyranoside was added. Cells were harvested after 4
h. D-α-Syn was purified similarly as WT protein. Protein
concentrations were determined using a molar extinction
coefficient estimated on the basis of amino-acid content:
ε280 nm = 5120 M−1 cm−1 (WT and D-α-syn); ε280 nm = 10 810
M−1 cm−1 (F4W and F94W); and ε280 nm = 9970 M−1 cm−1

(Y39W and Y136W). Homogeneity of samples was assessed by
SDS-PAGE and silver staining. Protein molecular weights were
confirmed by ESI-MS (NHLBI Biochemistry Core Facility).
The measured mass for D-α-syn is 15 405 Da in H2O. Because
15NH4Cl is the sole nitrogen source, we assume 100% 15N
incorporation; the measured mass corresponds to a 99%
deuteration. Purified proteins were flash-frozen in liquid N2 and
stored at −80 °C until use. To form fibrils, protein solution was
exchanged into pH 7 buffer (10 mM sodium phosphate (NaPi),
100 mM NaCl) using a PD-10 column (GE Healthcare) and
filtered (YM100 membranes, Millipore) to remove any
preformed aggregates immediately prior to aggregation. α-Syn

Figure 1. Chemical structure of POPC, POPA, and POPS. Negative and positive charges are in red and blue, respectively.
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(100 μM) was incubated in eppendorf tubes at 37 °C and
shaken at 600 rpm (10 Hz) for ∼3 d using a Mini-Micro
980140 shaker (VWR).
Unilamellar Vesicle Preparation. Lipids were prepared

and stored in chloroform/methanol (2:1) stock solutions at
−20 °C. Mixed multilamellar vesicles were first prepared by
drying appropriate amounts of lipid stock solutions under a N2
stream. Subsequently, samples were kept in a vacuum
desiccator for at least 2 h to remove trace organic solvent.
The lipid mixtures (typically 5 mM) were resuspended in the
appropriate buffer solution (pH 5.5 buffer: 20 mM sodium
acetate (NaOAc), 100 mM NaCl; pH 7: 10 mM NaPi, 100 mM
NaCl) and vortexed at least three times for 60 s. The
multilamellar vesicle solution was extruded 31 times through a
50 nm diameter polycarbonate membrane (Whatman, GE
Healthcare) using an extrusion kit (Avanti Polar Lipids,
Alabaster, AL). Vesicle size was determined by dynamic light
scattering at 25 °C using 5× diluted lipid sample (∼1 mM) on
a Dynapro NanoStar (Wyatt) equipped with 661 nm laser and
Dynamics V7.0.2 software. The instrument ranges for
correlation time and the peak cutoff are 1.5 to 6.0 × 104 μs
and 0.5−10 000.0 nm, respectively. Autoattenuation of the laser
power was applied to obtain optimal intensity counts (1 × 106).
Ten 5 s acquisitions were collected. A cumulant fit and a sphere
model were used to obtain the average hydrodynamic radius
(radius ∼ 45 nm). Vesicle size distribution (fwhm ∼ 40 nm)
was extracted from the regularization fit using the Rayleigh
sphere model. All buffers were filtered through 0.22 μm filters
(Millipore).
Preparation of Sparsely Tethered Bilayer Lipid

Membranes. Au-coated silicon wafers completed with
stBLMs61 were made as previously described with minor
modifications.38 A mixed self-assembled monolayer (SAM) of
the lipid tether compound HC18 (Z20-(Z-octadec-9-enyloxy)-
3,6,9,12,15,18,22-heptaoxatetracont-31-ene-1-thiol)61 and β-
mercaptoethanol (βME) was obtained by immersing the Au-
coated wafers in ethanolic solutions of HC18 and βME (30:70
molar ratio, 0.2 mM final concentration) for >12 h, followed by
thorough rinsing with ethanol and drying under N2. Vesicles
(25 mg/mL) of the desired lipid composition were prepared by
resuspending dry lipid films in aqueous buffer (pH 5.5) with
500 mM NaCl. The suspension was sonicated for 1 h in a bath
sonicator and extruded at least 30 times through a 100 nm pore
size polycarbonate membrane (Whatman, GE Healthcare)
using an extrusion kit (Avanti Polar Lipids, Alabaster, AL).
Formation of stBLM was achieved by incubating the SAM with
vesicles for 1 h followed by rinsing with copious amounts of
aqueous buffer containing 100 mM NaCl to remove nonfused
vesicles.
Circular Dichroism Spectroscopy. CD measurements

(200−260 nm, 1 nm bandwidth, in continuous mode with a
100 nm/min scan rate) were performed in 1 mm quartz
cuvettes using a Jasco J-715 spectropolarimeter (Jasco
Analytical Instruments). Each experiment is reported as an
average of three accumulated scans performed at 25 °C. The
mean residue ellipticity was calculated using eq 1.

θΘ =
cln

[ ]
100

(1)

θ is the measured CD signal in mdeg, c is the protein
concentration in mM, l is the path length in cm, and n is the
number of amino acids. Binding of protein to vesicles was
quantified using [Θ]222 nm and fit to a two-state equilibrium

where the protein partitions between the lipid bilayer and the
solution using eq 2.
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C is the concentration of lipids, Kp is the partition coefficient of
the protein, F∞ is the saturating value of [Θ]222 nm, and F0 is the
minimum value of [Θ]222 nm. The value C is multiplied by 0.6 in
both the numerator and the denominator because only lipids in
the outer leaflet are accessible for protein binding. Data were
analyzed using IGOR PRO 6.2 (WaveMetrics).

Transmission Electron Microscopy (TEM). Aggregated
α-syn samples (3 μL) were put on TEM grids (400-mesh
Formvar and carbon coated copper, Electron Microscopy
Sciences) at room temperature (RT). After 1 min, the sample
solution was wicked with filter paper followed by a quick wash
with water (3 μL) to remove excess material and to obtain
adequate background contrast. Then, about three drops of 1%
(w/v) aqueous uranyl acetate solution were added and wicked
immediately with filter paper and air-dried. TEM was
performed using a JEOL JEM 1200EX transmission electron
microscope (accelerating voltage 80 keV) equipped with an
AMT XR-60 digital camera (NHLBI EM Core Facility).

Neutron Reflectivity Measurements. Neutron reflectivity
measurements were performed at RT with the NG7
reflectometer at the NIST Center for Neutron Research
(NCNR),62 using a neutron wavelength of 4.75 Å. Neutron
reflectivity was recorded for momentum transfer values
between 0.008 and 0.25 Å−1. stBLMs were prepared and
measured in an NCNR reflectometry flow cell, which allows for
in situ buffer and sample exchange, and therefore, subsequent
measurements are taken on the same sample footprint.63 NR
data were first collected from the neat stBLM (POPC/POPA
or POPC/POPS) sequentially immersed in D2O- and H2O-
based aqueous buffers (contrasts). Thereafter, 3 μM protein
solutions in each contrast were sequentially added to the
stBLM and measured. For each measured contrast, adequate
counting statistics were obtained after ∼7 h.

Neutron Reflectometry Data Analysis. NR data were
evaluated with garef l and Ref l1D.62 A Monte Carlo Markov
chain algorithm was used to provide a quantitative measure of
model parameter confidence limits and parameter correla-
tions.63 The one-dimensional structural profile along the lipid
bilayer normal was modeled as previously reported59 using a
hybrid of a stratified slab model for the solid substrate (bulk
silicon, the silicon oxide, the chromium, and the gold layer), a
continuous distribution model for the stBLM, and a monotonic
Hermite spline for the model-free envelope of the protein. Fit
parameters for the stratified slabs are thickness and neutron
scattering length density (nSLD) for each substrate layer,
except for the bulk silicon. One global roughness fit parameter
applies to all substrate interfaces. Individual submolecular
groups implemented in the continuous distribution model are
βME, tether PEG chains, tether glycerol groups, substrate-
proximal and substrate-distal PC and PA (or PS) headgroups,
substrate-proximal and substrate-distal methylene, and methyl
chains of lipid and tether molecules. Fit parameters are the
bilayer hydrocarbon thickness for each bilayer leaflet, bilayer
completeness, tether surface density, tether thickness, and βME
surface density. One roughness fit parameter is applied to all
distributions. The volume occupancy profile of the protein is
defined by a Hermite spline with control points that are on
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average 15 Å apart. The number of control points is dependent
on the spatial protein extension along the bilayer normal and is
determined iteratively during model optimization. Fit param-
eters for each control point are the volume occupancy of the
envelope and the deviation from a position defined by
equidistant control points throughout the spline. A constant
nSLD is applied to the spline calculated for D-α-syn (5.85 ×
10−6 Å−2 in H2O and 7.12 × 10−6 Å−2 in D2O).
Steady-State Fluorescence Spectroscopy. Trp fluores-

cence was measured (λex = 295 nm, λobs = 300−500 nm, 0.3 s
integration time, 1 nm slits, 25 °C) in 1 cm quartz cuvettes
using a Fluorolog 3 spectrofluorometer (Horiba Jobin Yvon).
The spectra were fit with eq 3.64,65
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λmax is the wavelength at which maximum intensity is observed,
I0 is the intensity at λmax, and Γ is the full width at half-
maximum (fwhm) of the peak. The fit parameter ρ describes
the asymmetry of the distribution. The parameter ρ ranges
from 1.4 to 1.6, with one exception, W39 bound to POPC/
POPA, which has a ρ value of 1.8.
Time-Resolved Trp Fluorescence Measurements. Trp

fluorescence decay kinetics were measured using the fourth
harmonic (292 nm) of a regeneratively amplified femtosecond
Ti:sapphire (1 kHz, Clark-MXR) pumped optical parametric
amplifier laser (Light Conversion) as an excitation source (30−
75 μW, 1 kHz) and a picosecond streak camera (Hamamatsu
C5680) in photon counting mode for detection (λobs = 325−
400 nm). Protein samples in the absence and presence of
brominated lipids were deoxygenated with five repeated
evacuation/Ar-fill cycles using a Schlenk line. Temperature
was maintained at 25 °C using a custom-built temperature
controlled cuvette holder and circulating water bath. At least
10 000 counts were collected at the highest pixel to ensure a
sufficient signal-to-noise ratio. Decay curves were integrated to
obtain fluorescence intensity (F) using Matlab 7.1 (Math-
Works). A mean Trp depth was obtained by Gaussian
distribution analysis using eq 4 and IGOR PRO 6.2
(WaveMetrics).66
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F0 and FBr are the measured Trp intensities in the absence and
presence of Br-PC, respectively, and xm (mean depth), σ
(dispersion), and S (area) describe the distribution of the
quenched population.

■ RESULTS AND DISCUSSION
Vesicle Binding Affinity Assessed by Circular Dichro-

ism Spectroscopy. Because α-syn forms helices upon binding
to membranes containing anionic lipids, helical structure
formation by α-syn was detected by CD spectroscopy, and
relative binding affinities to POPC/POPA and POPC/POPS
vesicles were compared. See Figure 2 inset for representative
CD spectra of α-syn as a function of POPC/POPA vesicle
concentration. The double negative maxima at 222 and 208 nm
are characteristic of α-helical structure. The single isodichroic
point indicates a two-state transformation from disordered
(free) to α-helical (vesicle-bound). Figure 2 shows the mean

residue ellipticity ([Θ]) at 222 nm as a function of lipid
concentration (bottom axis) and lipid-to-protein molar ratio
(L/P, top axis) for vesicles containing POPA or POPS at mildly
acidic (5.5) and neutral pH (7). At pH 5.5, α-syn binds tighter
to POPC/POPA (partition constant, Kp ∼ 1890 ± 550 M−1)
than to POPC/POPS (Kp ∼ 1005 ± 390 M−1) (Figure 2).
Membrane binding is reduced at pH 7 with a greater effect for
POPC/POPS (Kp ∼ 143 ± 23 M−1) than POPC/POPA (Kp ∼
810 ± 180 M−1). Differences in membrane binding affinities at
the two different pH values show that changes in the
protonation state of the protein (pI ∼ 4.7) and/or the PS
headgroup (apparent pKa of the carboxyl group ∼ 5.567)
modulate membrane association, implying that electrostatics
are important factors in the α-syn−phosphatidylserine
interaction. α-Syn binding to POPC/POPA is somewhat less
influenced by pH, implying that the enhanced PS binding at pH
5.5 is dominated by the ionization state of the PS headgroup.
This result also reinforces the idea that the N-terminal region
which contains the seven imperfect lysine-rich repeats is
predominately responsible for the formation of the amphipathic
helix. So, even though PA is more negatively charged than PS at
pH 5.5 due to its lower pKa (3.0),

68 any increased repulsion
from the last C-terminal 37 residues does not override the
binding of the distal N-terminal amphipathic site.

Position of α-Syn in POPC/POPA and POPC/POPS
Membranes Determined by Neutron Reflectometry.
Preference of α-syn for binding PA-containing vesicles reflects
differences in the nature of interaction between α-syn and each
of these phospholipids. In particular, we investigated whether
this difference manifests itself in varying α-syn bilayer
penetration depths by studying protein association to POPA-
or POPS-containing stBLM using NR. A great advantage of NR
is that both protein position and changes in the phospholipid
bilayer upon protein binding can be measured simultane-
ously.38,58 Moreover, the use of deuterated α-syn readily
distinguishes the position of the protein in a protiated lipid
environment by the differences in neutron scattering of

Figure 2. pH-Dependent α-syn (5 μM) binding to POPA- and POPS-
containing POPC vesicles assessed by CD spectroscopy. Mean residue
ellipticity at 222 nm ([Θ]222 nm) is plotted as a function of lipid-to-
protein molar ratio (L/P, top) and lipid concentration (bottom) for
POPC/POPA (solid circles) and POPC/POPS (open circles) at pH
5.5 (red) and pH 7 (black). Representative data are shown, with fits
shown as solid lines (POPC/POPA: Kp = 2050 and 1000 M−1 for pH
5.5 and 7, respectively; POPC/POPS: Kp = 600 and 180 M−1 for pH
5.5 and 7, respectively). Inset: Representative far-UV CD titration of
α-syn (5 μM) as POPA/POPC vesicles are increased (0−4 mM) at
pH 7.
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deuterons versus protons. To ascertain that perdeuteration
does not change membrane binding affinity of α-syn, a CD
titration was performed (Figure 3) and similar Kp values of

1000 and 900 M−1 were obtained for WT and D-α-syn,
respectively. In addition, the ability for D-α-syn to fibrillate was
verified. Fibrils formed from D-α-syn had no apparent
morphological differences as visualized by transmission electron
microscopy (Figure 3 inset).
stBLMs composed of equimolar POPC and either POPA or

POPS were made at mildly acidic (pH 5.5) conditions to
enhance α-syn binding to PS. After measuring the neat bilayer
alone, D-α-syn was added and reflectivity curves were collected
in two buffer contrasts. Representative H2O reflectivity curves
from multiple sets for the stBLM alone and with D-α-syn added
are shown in Figure 4A and B. Significant differences are
observed in the reflectivity curves (ΔR/RF) upon the addition
of α-syn up to 4 standard deviations (σ) at low momentum
transfer Qz values ≤ 0.15 Å−1 (lower panels in Figure 4A and
B). Smaller changes were seen for the case of POPC/POPS
stBLM associated with the lower of amount of protein bound
(vide infra). Best-fit neutron scattering length density (nSLD)
profiles are shown in the insets. Fitting the reflectivity curve
with a monotonic Hermite spline model yields the cross section
area distribution (volume occupancy) normal to the membrane
(Figure 4C). Consistent with our prior NR results at pH 7.4
using protiated protein and POPC/POPA, the maximum
density of protein envelopes is in the outer leaflet of the bilayer.
However, compared to that of the pH 7.4 data where a greater
amount of protein (7% volume occupancy) extends into the
solvent,38 negligible protein density is observed here. This
difference could originate either from different solution
conditions, that is, pH 5.5 versus pH 7.4, or from the isotopic
labeling. We favor the former explanation as it has been
observed for α-syn to form more compact structures under
acidic conditions.69

A lower volume occupancy is observed for D-α-syn in
POPC/POPS stBLM (∼8%, black) than in POPC/POPA
(∼30%, red), in accord with the CD binding data (Figure 2).
The reduced binding of α-syn to POPC/POPS stBLM might
also result from the preference of α-syn for curved PS-
containing membranes.54 Of note, the absolute volume

occupancy was particularly variable (6−11%) collected on
POPC/POPS stBLM, but consistently lower compared to
POPC/POPA membrane, confirming a preference of α-syn for
phosphatidic acid over phosphatidylserine.
In contrast to a recent NR study on α-syn and PC/PS

supported planar bilayer, where α-syn is mainly positioned in
the headgroup region of the outer leaflet,58 Figure 4C clearly
shows that a significant portion of α-syn is buried inside the
hydrocarbon chains. The protein envelopes within 68%
confidence show similar penetration of α-syn into either
bilayers (∼11 Å from the bilayer center). Integrating the
protein envelopes and normalizing them to the total number of
residues (140) yields the protein residue distribution in the
membrane (Figure 4D). Even with the large difference in
membrane surface coverage, the normalized integrals show a
comparable number of residues (∼100) that interact with both
stBLMs (Figure 4D).
In addition to protein position, membrane completeness and

thickness were obtained from NR (Table 1). For instance,
significant membrane thinning (−1.44 ± 0.2 Å) was observed
with a POPC/POPA stBLM at pH 7.4.38 In contrast, another
NR study on PC/PS (7:3 molar ratio), no membrane thickness
changes were observed upon D-α-syn association.58 Here,
membrane thickness changes were observed in both PA- and
PS-containing stBLMs after incubation with α-syn (Table 1).
Unfortunately, the difference in bilayer thickness changes, that
is, thickening versus thinning, is within our 68% confidence
limits so no definitive conclusion can be drawn. It is worth
noting that the current method of using extruded vesicle fusion
generally yields more complete bilayers (>99%) compared to
what we previously achieved by rapid solvent exchange
(≤94%)38 which could have an effect on the membrane
property (e.g., the presence of defects). Additionally, the
relative surface coverage by the protein may also impart an
effect. Currently, it is not clear what factor determines
membrane thinning or thickening that is induced by α-syn.
Nevertheless, NR results supports the idea that α-syn remodels
membrane bilayers.24−27 Self-quenching fluorescence measure-
ments using vesicles containing fluorophore-labeled PA or PS
under comparable α-syn concentration show evidence of
sequestration of anionic lipids upon protein binding (data not
shown). This lateral lipid reorganization would contribute to
membrane thickness changes consistent with what is observed
by NR.

Time-Resolved Depth-Dependent Tryptophan Fluo-
rescence Quenching. Unlike NR, which provides global
information on protein shape and penetration into a planar
bilayer, fluorescence measurements using single-Trp mutants
reveal residue-level details of α-syn on curved bilayers.39,70,71

WT α-syn is devoid of Trp residues, enabling single-Trp
incorporation as local fluorescent probes. It is well-established
that Trp membrane penetration can be monitored via
fluorescence quenching by the heavy-atom bromine incorpo-
rated at specific positions along the lipid hydrocarbon
chain.72−75 Three independent Br-positions (Br6−7, Br9−10,
and Br11−12) were used serving as markers for 11, 8.3, and 6 Å
from the bilayer center.76 Although NR suggests α-syn
membrane binding affinity is not caused by global penetration
disparities, local penetration differences into POPS or POPA
bilayers may contribute to the observed binding variability and
thus warrants investigation.
Time-resolved Trp fluorescence decays of three single-site

mutants (F4W, Y39W, and F94W) in the membrane-binding

Figure 3. Comparison of membrane binding and aggregation
properties of protiated (WT) versus deuterated α-syn (D-α-syn).
Mean residue ellipticity at 222 nm ([Θ]222 nm) is plotted as a function
of lipid-to-protein molar ratio (L/P) for POPC/POPA vesicles in pH
7 buffer at 25 °C. Inset: TEM images of amyloid fibrils formed by WT
and D-α-syn in pH 7 buffer at 37 °C. Scale bar is 100 nm.
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region of α-syn were recorded in the presence of POPC/POPA
or POPC/POPS vesicles and vesicles containing one of the
three different brominated lipids (30 mol %, L/P = 300). The
use of time-resolved measurements circumvents background

subtractions and allows characterization of the quenching
mechanism (vide infra). An additional Trp site, Y136W was
measured as a negative control because the highly acidic C-
terminus of α-syn does not associate with anionic lipid

Figure 4. α-Syn membrane binding probed by NR. Neutron reflectivity (R/RF) for (A) POPC/POPA and (B) POPC/POPS stBLM in the absence
and presence of D-α-syn (3 μM) in H2O buffer (pH 5.5). Error bars represent 68% confidence intervals for the measured reflectivity based on
Poisson statistics. Spline model fits to the data are shown as solid lines. Lower panels show the differences between reflectivity curves (ΔR/RF)
plotted in units normalized to the SD value (σ) of the experimental error. Best-fit neutron scattering length density (ρn) profiles for measurements
calculated from the composition-space model are shown as insets. The zoomed-in peak region is shown with arrows. (C) Simplified molecular
distributions for main molecular components of POPC/POPA and POPC/POPS stBLM, obtained from the best fit of reflectivity data. Median
protein envelopes with 68% confidence intervals (dashed lines) are shown for D-α-syn. Volume occupancy is indicated on the right axis. See Table 1
for fitting parameters. (D) Corresponding integrated protein envelope profiles normalized to total residue numbers (140) for POPC/POPA (red)
and POPC/POPS (black) stBLMs.

Table 1. Median Fit Parameters and 68% Confidence Intervals for POPC/POPA and POPC/POPS stBLMs in the Absence and
Presence of D-α-Syn

substrate bilayer +D-α-syn

PC/PA PC/PS PC/PA PC/PS PC/PA PC/PS

thickness of
SiOx (Å)

21.8 ± 4.5 9.8 ± 5.0 tether thickness (Å) 11.4 ± 0.4 11.4 ± 0.4 peak position,
penetration into
membrane (Å)a

12 ± 3 11 ± 5

nSLD SiOx
layer
(10−6 Å−2)

3.58 ± 0.09 3.52 ± 0.16 molar fraction of tether
in the inner leaflet (Å)

0.34 ± 0.17 0.81 ± 0.23 amount of protein,
protein volume
(Å3/Å2)

3.8 ± 1.3 1.4 ± 1.0

thickness of Cr
(Å)

24.4 ± 5.4 36.4 ± 4.9 number of βME per
tether molecule (Å)

4.0 ± 1.0 2.7 ± 1.2

nSLD Cr
(10−6 Å−2)

3.05 ± 0.13 3.14 ± 0.05 hydrocarbon thickness
(inner) (Å)

19.2 ± 1.3 17.2 ± 0.8 membrane thickness
change (Å)

+0.8 ± 1.2 −0.34 ± 0.25

thickness of Au
(Å)

147.0 ± 1.9 142.3 ± 0.8 hydrocarbon thickness
(outer) (Å)

13.7 ± 0.7 14.2 ± 0.8

nSLD Au
(10−6 Å−2)

4.49 ± 0.02 4.53 ± 0.02 bilayer completeness 0.99 ± 0.01 0.99 ± 0.01 bilayer completeness 0.99 ± 0.01 0.99 ± 0.01

aIn reference to bilayer center.
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membranes due to electrostatic repulsion.28 We ascertained
that there were negligible differences between the helical
content of α-syn bound to vesicles in the absence and presence
of the brominated lipids (data not shown). The logarithm of
the ratio of Trp fluorescence intensities measured in the
absence (F0) and presence of brominated lipids (FBr) is plotted
as a function of distance from the bilayer center. The depth
profile of α-syn into the bilayer was obtained by distribution
analysis66 (Figure 5). See Table 2 for all fit parameters.
For both lipid conditions, quenching efficiency follows the

trend W4 ∼W94 > W39≫W136. The negligible quenching at
position 136 is expected for any site along the negatively
charged C-terminus (Figure 5D). Distribution analysis of W4,
W39, and W94 fluorescence reveals similar mean Trp
penetration depths (∼9 Å from the bilayer center) with W4
and W39 exhibiting modest differences with slightly deeper
mean depths (0.4−0.5 and 0.6−0.9 Å for W4 and W39,
respectively) for POPS (Table 2).
Most unexpected are the penetration depths of W39 and

W94 which are at variance with one or both current membrane
binding models. In the case of the bent helix model, it may be
possible for W39 to insert into the bilayer as it is part of a
flexible linker region. However, in the elongated helix, position
39 resides on the water-exposed side of the amphipathic helical

structure. Neither bent nor elongated helices can account for
the large degree of penetration that is observed at position 94.
In the bent helix, position 94 resides in an unstructured region
that is not considered to be in the membrane associating region
and in the elongated helix, position 94 is predicted to be water-
exposed.
To visualize how a membrane-associated α-syn might look

where both residues 4 and 94 are at the same angle below the
water−lipid interface (i.e., similar penetration depths) as well as
having both K96 and K97 reside either at the interfacial or in
the aqueous region, a revised elongated helical structure was
generated and depicted in Figure 5F. This is one potential
model of how W94 may come to penetrate the bilayer, which
includes an additional deviation (break) from helical structure
at the highly hydrophobic stretch of residues 88−91. This only
represents one potential model building off existing inter-
pretations. While this model theoretically can account for our
spectroscopic results, it is not definitive and other possibilities
cannot be excluded, such as helix fraying or insertion of W94
due to the two adjacent Lys residues at positions 96 and 97
bringing the region proximal to the membrane surface. Clearly,
more work is needed to validate this model.

Local Conformational Differences between POPA-
and POPS-Bound α-Synuclein. Both NR and site-specific

Figure 5. Membrane insertion of α-syn determined by time-resolved Trp fluorescence quenching. Depth profiles for (A) W4, (B) W39, (C) W94,
and (D) W136 measured at L/P = 300. Trp fluorescence of α-syn variants (5 μM) was recorded in the absence (F0) and presence of 30 mol %
brominated PC lipid containing vesicles (FBr). Solid and dashed lines are distribution analysis fits for POPC/POPA and POPC/POPS, respectively.
Error bars indicate 68% confidence intervals (n = 3). For panel (D), solid and open circles indicate POPC/POPA and POPC/POPS, respectively.
(E, F) Revised helical model for α-syn membrane interaction. (E) Schematic of α-syn amino acid sequence showing the seven imperfect amphipathic
repeats (R1−R7). Acidic and basic residues are shown in red and blue, respectively. Trp mutation sites (4, 39, 94, and 136) used in this study are
denoted. Arrows indicate breaks in the elongated helix. A corresponding cartoon of the helical regions is shown underneath. (F) Helical wheel
diagram (periodicity of 3.67 amino acids per turn) of the α-syn elongated helix consistent with the experimental Trp penetration data, and residues
outlined by black octagons indicate the beginnings and ends of proposed breaks (residues 53−5646 and residues 88−91 (this work), residues not
shown). Amino acids are colored as in the top panel. The putative water/membrane interface is also indicated.

Table 2. α-Syn Trp Penetration Depths in POPC/POPA and POPC/POPS Vesicles Determined by Br-Quenchinga

F4W Y39W F94W

POPC/POPA POPC/POPS POPC/POPA POPC/POPS POPC/POPA POPC/POPS

mean depth, xm
b 9.07−0.10

+0.07 8.62−0.04
+0.04 10.30−0.32

+0.29 9.32−0.23
+0.41 9.45−0.02

+0.03 9.35−0.44
+0.36

dispersion, σ 4.63−0.15
+0.18 5.04−1.39

+2.97 3.80−0.33
+0.21 3.05−0.17

+0.28 3.30−0.25
+0.25 3.24−0.44

+0.22

area, S 11.0−0.79
+085 10.1−3.36

+6.21 5.12‑0.79
+0.74 4.00‑0.23

+0.31 9.41−1.52
+1.64 7.98−1.76

+1.70

aEstimated errors of fit parameters are based on fitting the upper and lower bounds of 68% confidence interval. bRelative to bilayer center.
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Trp measurements indicate that penetration depth of α-syn is
similar for either POPA- or POPS-containing membranes even
though there is a preference for α-syn binding to POPA.
However, closer examination of the individual Trp quenching
profiles reveals differences into local membrane interactions
beyond penetration depth. All Trp variants show greater
quenching efficiencies in the presence of POPC/POPA than in
POPC/POPS (S, Table 2), visualized in Figure 5A−C as the
area under the depth profiles. However, because the disparities
in quenching efficiencies vary nonuniformly between POPC/
POPS and POPC/POPA, they likely reflect differences
attributable to lipid specificity rather than differences in
membrane binding affinity. Of the four tested Trp sites, the
greatest difference in quenching efficiencies between POPC/
POPA and POPC/POPS vesicles is at position 39 (22%),
compared to 8 and 15% at positions 4 and 94, respectively
(Table 2). These lipid specific variations in quenched
population may be attributable to local conformations stabilized
by distinct chemical or physical aspects of the bilayer surface
and may account for binding affinity disparities.
Position 4 exhibits the greatest quenching efficiency with the

smallest variations between phosphatidic acid and phosphati-
dylserine (S, Table 2). This result aligns with the idea that the
N-terminal residues (1−25) act as the anchor for the α-syn-
membrane association,38,77 possibly adopting helical structure
before the rest of the membrane-binding region,78,79 and
implying that N-terminal interaction may be a conserved motif
across different bilayer makeups. However, similar quenching
efficiency was also observed for W94, indicating that residues
proximal to 94 may be equally as important in stabilizing
protein−membrane interaction.
The structural information that we are able to extrapolate at

specific sites between the two lipid compositions might lend
physical insight into α-syn amyloid formation in the presence of
membranes. The small but measurable differences between
local penetration depths for W4 and W39 as well as the
flexibility observed at position 39 may also play a role in the
conformational changes involved in α-syn misfolding. While it
could be just coincidental, we note that the five currently
identified missense disease-related mutations (A30P, E46K,
H50Q, G51D, and A53T) are near this N-terminal region.
Moreover, our proposed helical break from residues 88−91 is a
putative turn between C-terminal β-strands 4 and 5 in its
amyloid state,80 suggesting that membrane binding by α-syn
may stabilize intramolecular contacts for forming amyloid.
Conformational Heterogeneity for Membrane-Bound

α-Synuclein at Position 39. The reduced quenching
efficiency observed at position 39 is roughly half of that at
positions 4 and 94. There is an apparent missing quenching
fraction (54−60% relative to W4). Because there are no
differences in membrane affinities between the mutants,39 this
difference at W39 likely represents α-syn conformational
heterogeneity and dynamics at the membrane interface, which
would support the presence of both of the currently accepted
α-helical structures. In the bent helix, it is favorable for the
hydrophobic W39, or native Y39, to insert into the bilayer as it
resides in a flexible linker region (i.e., Br-quenched or measured
fraction), and in contrast, position 39 resides on the water-
exposed side of the elongated amphipathic helical structure
(i.e., unquenched portion).
It is uncertain if these are distinct conformers or if they are in

a dynamic equilibrium. Time-resolved Trp fluorescence
quenching data can be dissected into a static and a dynamic

component. The static component would represent a
preformed nonfluorescent Trp-Br (dark) complex and the
dynamic component describes the quenching proportion of
Trp-Br collisions occurring on the Trp excited-state lifetime
(∼1−2 ns). Intriguingly, evaluation of the difference between
static versus dynamic Trp quenching shows that there is more
collisional quenching at position 39, implying that there is more
mobility at this site. The N- and C-terminal regions of the
membrane binding region may remain stably anchored while
the middle of this region, the residues around position 39, can
sample several conformations. It is also possible that we are
measuring the coexistence of distinct structures, such as the
existing bent and elongated helices, which may be promoted by
local bilayer characteristics.

Site-Specific α-Synuclein Membrane Interactions.
Figure 6 shows steady-state spectral analysis of the Trp variants
in the presence of either POPC/POPS or POPC/POPA
vesicles. Values of peak position at maximum intensity (λmax)
and the full width at half-maximum (fwhm, Γ) were extracted
from log-normal distribution fits.62,63 λmax and Γ are indicators
of local environmental polarity and conformational hetero-
geneity, respectively.64,65 Through this analysis, clear distinction
between the three sites is revealed. The dashed line in Figure
6D is the reported fit64 to the width and peak position of a Trp
model compound (N-acetyl-L-tryptophanamide, NATA) fluo-
rescence spectra taken in solvents of varying polarity,
representing canonical Trp fluorescence in different environ-
ments. Points that fall above the line indicate conformational
heterogeneity of specific Trp side chains. The three selected
positions show comparable λmax (∼346 nm) and fwhm when α-
syn is in solution, consistent with Trp residues in hydrophilic
environments as would be expected for a disordered
polypeptide.64,65 Upon the addition of POPC/POPA or
POPC/POPS vesicles, Trp fluorescence spectra blue shift to
varying extents and quantum yield increases are observed.
The polarity of the Trp surrounding does not follow the

same trend as the Trp-Br quenching efficiencies. Among the
three positions, W4 exhibits the largest blue shift (24 nm) to a
λmax of 322 nm upon membrane binding, indicating that it is in
the most hydrophobic environment. Of note, despite residing
in the polypeptide region thought to be of the highest
membrane affinity,38,77 W4 actually exhibits slightly greater
conformational heterogeneity compared to the other sites
(Figure 6D). The shifts in W39 and W94 are moderate by
comparison (14 and 10 nm, respectively),64,65 but variations are
seen for W39 between POPC/POPS and POPC/POPA
supporting the proposal that the central region of α-syn may
function as a sensor of lipid properties and determine
membrane binding affinity.77 The spectral blue shift observed
for W94 is greater than what was previously reported for
POPC/POPS-bound α-syn by Wietek et al.,71 which may result
from different solution conditions (pH 7 versus 5.5). However,
their reported value of λmax for W3971 at neutral pH is
consistent with our pH 5.5 data; thus, other factors likely
contribute to the differences observed for W94 between the
two studies.
Three classical Trp environments are shown in Figure 6D,63

ranging from highly nonpolar (Class I), to ordered water (Class
II), and bulk water (Class III) surroundings. The blue-shifts of
W4 and W39 are in accord with their penetration into the
hydrocarbon chain. However, W94 exhibit characteristics closer
to Class II, which we interpret as a partially hydrophilic
environment surrounding W94 which would be more
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consistent with a Trp side chain located closer to the
headgroup region. The seemingly contradictory results between
spectral shift and penetration depth for W94 can be reconciled
if the region near W94 at the end of the NAC region
reorganizes the bilayer in a way that permits more water in the
hydrocarbon chains or if the lysine residues at position 96 and
97 pull water into the bilayer as W94 penetrates. These
proximal positive charges from lysines may also contribute to
the high quantum yield increase81 of membrane-bound W94
fluorescence observed in steady-state measurements. An
alternative explanation for the more polar environment around
the deeply penetrating W94 is that there is C-terminal helical
fraying. If W4 is part of a helical motif while W94 is part of a
membrane interacting and flexible region, there could be

disparities in the amount of water that is excluded from their
Trp environments.

■ CONCLUDING REMARKS
Here, NR and fluorescence spectroscopy were employed to
uncover molecular details of the interaction between α-syn and
two anionic lipids, PA and PS. NR data show that α-syn
comparably penetrates both PA- and PS-containing stBLM
even though α-syn binds more tightly to PA. Consistent
penetration depths on the residue level were obtained at three
sites, W4, W39, and W94, and thus, no correlation was found
between binding affinity to and α-syn penetration depth into
either PA or PS membranes. The spectroscopic properties of
W39 were found to be sensitive to the chemical nature of the
membrane surface, indicating that PA and PS may promote
different local membrane bound conformations and that there
is greater conformational heterogeneity in this region. Our
spectroscopic data also show that position 94 penetrates both
PA and PS membranes comparably to position 4, though
previous reports dictate that the former should be water-
exposed while the latter is buried in the bilayer. This new
finding allowed us to revise the current helical model in order
to accommodate position 94.
Phosphatidylserine is the most abundant anionic lipid in

synaptic vesicles while phosphatidic acid is a minor component
(∼2% of total phospholipids). Despite the lower abundance of
PA in vivo, α-syn has a greater affinity for PA, suggesting that
local concentrations of PA may be important for α-syn function
or misfunction. Lipid composition analysis on mouse brain with
α-syn overexpression56 or with aging57 shows an increasing
concentration of PA, and the presence of PA-containing
vesicles has been shown to stimulate α-syn aggregation/fibril
formation in vitro,24,82 suggesting that PA may promote
protein−protein interaction on the membrane surface. That
said, we observe no significant penetration depth differences
and only subtle local structural differences between PS-bound
and PA-bound α-syn that are unlikely to account for the
differences in binding affinities and aggregation behaviors of α-
syn in the presence of these anionic lipids. This is somewhat
counterintuitive given that the smaller PA headgroup is
expected to facilitate deeper α-syn insertion and contradicts
the assertion of previous literature that suggested a strong
correlation between the penetration depth and binding
affinity.83

A careful examination of the chemical structure and physical
property of the two phospholipids reveals underlying differ-
ences that may explain the strong preference of α-syn for
POPA. POPA has a much higher phase transition temperature
(28 °C) than either POPS (12 °C) or POPC (−2 °C). The
higher phase transition temperature of POPA decreases its
miscibility with POPC and enables the formation of micro-
domains rich in POPA at our measurement temperatures (20−
25 °C), enhancing local electrostatic interaction with α-syn.
Moreover, the phosphomonoester headgroup of PA can act as a
hydrogen bond donor or acceptor, forming hydrogen bonds
with either other PA headgroups or surrounding water
molecules.84 The hydrogen bonding network facilitates and
stabilizes the formation of microdomains, again favoring
electrostatic interaction. It has also been reported that basic
residues such as lysine and arginine increase the charge on PA
when the side-chains interact with the PA headgroup through
hydrogen bonding, promoting further the electrostatic
attraction between basic residues in a membrane-binding

Figure 6. Steady-state fluorescence of single-Trp α-syn variants in the
presence of POPC/POPA (black) and POPC/POPS (red) vesicles.
(A) W4, (B) W39, and (C) W94 in buffer are shown in cyan, green,
and purple, respectively. All three y-axes are on the same scale. Open
circles are measured data (n ≥ 2), and solid lines are log−normal fits.
(D) Comparison of peak position (λmax) and full width at half-
maximum (Γ) extrapolated from log−normal fits. Proteins in the
absence and presence of vesicles are denoted as squares and circles,
respectively. Error bars show standard deviation from the mean (n ≥
2). The dashed line is a linear fit of the spectral characteristic of NATA
obtained in various solvents,64 and shaded regions indicate the classes
of canonical Trp (I, II, III63).
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region and the negatively charged membrane surface.84 In
addition, the relatively smaller PA headgroup promotes lipid-
packing defects85 which may facilitate α-syn binding. Thus, the
higher affinity of α-syn for POPA as observed in our CD and
NR measurements may result from a combination of the
physicochemistry of POPA, including PA microdomain
formation and protein−lipid hydrogen bond formation. Even
though POPS is also capable of forming hydrogen bonds, it
mixes homogeneously with POPC under our experimental
conditions due to its lower phase transition temperature.
Therefore, the negative charges are more randomly distributed
through the whole POPC/POPS bilayer, leading to a less
efficient attraction of α-syn to the membrane surface.
In conclusion, structural information on α-syn binding to PA-

and PS-containing membranes revealed by the present study
underlies the importance of lipid composition in α-syn-
membrane interaction, providing the groundwork needed to
better understand the mechanisms related to its membrane-
related misfolding as well as its function.
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