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ABSTRACT

Aggregation and fibrillation of a-synuclein bound
to membranes are believed to be involved in Par-
kinson’s and other neurodegenerative diseases. On
SDS micelles, the N-terminus of a-synuclein forms
two curved helices linked by a short loop. However,
its structure on lipid bilayers has not been experi-
mentally resolved. Using MD simulations with an
implicit membrane model we show here that, on a
planar mixed membrane, the truncated a-synuclein
(residues 1-95) forms a bent helix. Bending of the
helix is not due to the protein sequence or mem-
brane binding, but to collective motions of the long
helix. The backbone of the helix is ~2.5 A above
the membrane surface, with some residues partially
inserted in the membrane core. The helix periodic-
ity is 11/3 (11 residues complete three full turns) as
opposed to 18/5 periodicity of an ideal a-helix,
with hydrophobic residues towards the membrane,
negatively charged residues towards the solvent
and lysines on the polar/nonpolar interface. A se-
ries of threonines, which are characteristic for o-
synuclein and perhaps a phosphorylation site, is
also located at the hydrophobic/hydrophilic inter-
face with their side chain often hydrogen bonded
to the main-chain atom. The calculations show
that the energy penalty for change in periodicity
from the 18/5 to 11/3 on the anionic membrane is
overcome by favorable solvation energy. The bind-
ing of truncated a-synuclein to membranes is
weak. It prefers anionic membranes but it also
binds marginally to a neutral membrane, via its C-
terminus. Dimerization of helical monomers on the
mixed membrane is energetically favorable. How-
ever, it slightly interferes with membrane binding.
This might promote lateral diffusion of the protein
on the membrane surface and facilitate assembly of
oligomers that precede fibrillation.
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INTRODUCTION

a-Synuclein is a small presynaptic protein that belongs to the
same protein family as B-synuclein and y-synuclein.1>2 It is com-
monly believed to play a role in diseases such as Parkinson’s disease
(PD),34 Alzheimer’s disease (AD),> Down’s syndrome,6 and Haller-
vorden-Spatz syndrome.” For instance, a large population of a-syn-
uclein is found in Lewy body filaments that are a distinctive patho-
logical characteristic of PD and dementia with Lewy bodies.3»4
Three missense mutations, ASOP,8 E46K,9 and ASST,10 are related
to familial PD. a-Synuclein is postulated to serve as a fatty acid
binding protein!! and likely has a role in a fatty acid uptake and
metabolism.!2 In songbird brain, it may be involved in the song
control circuit during the song learning period, through modulating
synaptic plasticity.13 It has also been reported that «-synuclein
inhibits phospholipase D2,14:15 determines the size of vesicular
pooll®17 or not,18:19 influences the level of dopamine, 1820 com-
plexins, and 14-3-3 proteins,19 and repairs neurodegeneration in
mice produced by deletion of cystein-string protein-a that inhibits
assembly of the SNARE complex.21

As other synucleins, a-synuclein is unstructured in solution. Bind-
ing to anionic membranes induces folding of its N-terminus into an
amphipathic helix, whereas the C-terminus (residues ~98-140)
remains unstructured.22-26 The helical content is much lower in
buffer and in the presence of zwitterionic membranes.22-27 Binding
of a-synuclein seems to be lipid specific and dependent on vesicle
size.22:27-31 On the basis of available data, it is not clear whether a-
synuclein binds to zwitterionic membranes. Several groups reported
that the presence of anionic lipids is necessary for binding of a-synu-
clein to membranes,22’24’30 whereas others observed binding of
wild-type a-synuclein or of the truncated protein (residues 1-95) to
zwitterionic lipids.31=32 In solution, a-synuclein has a propensity to
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aggregate, in a nucleation-dependent manner, and after-
wards to form B-sheet rich fibrils.30 Fibrils and/or protofi-
brils are believed to be neurotoxic.37—39

The sequence of a-synuclein consists of 140 amino
acids. Similarly to the exchangeable apolipoproteins‘m’41
and phosphocholine cytidylyl‘uransferase,42’43 the N-ter-
minus of a-synuclein contains seven imperfect 11-residue
repeats (Fig. 1), with the sixth repeat lacking the consen-
sus motif KAKEGV or KTKEGV. Related to its 11-residue
repeat sequence and a propensity to form a curved am-
phipathic helix that wraps around lipid particles, Segrest
et al. proposed that the helix of apolipoprotein A-I is an
al11/3 helix, which has 3.67 residues per turn instead of
3.6 residues per turn of an ideal a-helix.44 It has been
established that the same periodicity exists in repeats 5-7
of a-synuclein bound to SUVs%> as well as in a-synu-
clein bound to micelles.46 The region enclosed by resi-
dues 61-95, the so-called non-AB component of AD
amyloid (NAC) region,5 seems to be prone to fibrillation.
Giasson et al. noted that the peptide corresponding to
residues 71-82 of a-synuclein forms fibrils and initiates
aggregation of wild-type a-synuclein.47 B-Synuclein lacks
11 residues in the NAC region, whereas the sequence of
v-synuclein largely diverges from the sequence of the
NAC in a-synuclein; these synucleins are not found in
Lewy bodies? and have a reduced tendency to form
fibrils. 48,49

The structure of monomeric a-synuclein bound to SDS
micelles has been determined using nuclear magnetic re-
sonance (NMR) spec:troscopy.24_26’50 The N-terminal
a-helix (residues 1-94) is broken into two curved helices,
connected by a short linker involving residues ~42-44.
The structure of a-synuclein bound to vesicles is unknown,
although there are indications that it is either similar to
that on SDS micelles24 or a continuous helix.23:4>

Oligomerization of a-synuclein on vesicles or micelles
is also a point of debate. Dimers were produced by incu-
bation of a-synuclein with PI (phosphatidylinositol)
containing Vesicles,22 or PIP, (phosphatidylinositol 4,5-
bisphosphate) vesicles or in the presence of long chain poly-
unsaturated fatty acids.’! «-Synuclein oligomers (~45
kDa, the molecular mass of monomeric a-synuclein is
~17 kDa), exclusively bound to lipid membranes, were
isolated from human dopaminergic cells SH-SY5Y.%2 It
has been reported that, under nonreducing conditions,
a-synuclein forms helical dimers in the presence of bPE

(brain L-a-phosphatidylethanolamine)/bPS (brain L-a-
phosphatidylserine) MLVs (multilamellar vesicles)?3 and
that lipid vesicles promote fibrillation of wild type a-syn-
uclein.®® In the presence of synthetic cross-linking
reagents, Cole et al. detected dimers and trimers that
preferentially bind to lipid droplets, though they did not
determine the conformation of oligomers.>> Lee et al.
found that the membrane-bound a-synuclein has a high
propensity to aggregate and to seed the aggregation of its
soluble form.>© Necula et al. also observed that anionic
micelles and vesicles could induce a-synuclein fibrilla-
tion.>7 A recent MD study showed that a-synuclein,
modeled using the micelle-bound NMR structure as the
initial structure and docked on a flat surface, forms
dimers as well as pentamers and hexamers that form
ring-like structures.”® However, Narayanan and Scarlata
showed that increased protein concentration promotes
self-association of the protein, but the effect was inhib-
ited by increased concentration of lipids.32 In addition,
Zhu and Fink reported that the helical conformation on
its own inhibits aggregation.29 A recent paper by Ahmad
et al. argues that the formation of fibrils in the presence
of SDS micelles depends on detergent concentration: at
SDS concentration below 2 mM, a-synuclein is partially
folded and capable of making fibrils; at larger SDS con-
centrations, a-synuclein is fully folded (i.e., helical) and
does not make fibrils.>?

The goal of the present study was to determine the
structure of the N-terminal domain of a-synuclein on
planar anionic membranes using theoretical methods. We
also explore the ability of a-synuclein to bind planar
membranes composed of zwitterionic lipids and the via-
bility of protein dimerization on the mixed membrane.
Taking advantage of readily available energy components
calculated from MD trajectories, we quantify the ener-
getics of membrane binding, change in helix periodicity,
and dimerization.

METHODS

Implicit membrane model

Molecular dynamics simulations were carried out using
the program CHARMM.®0 The effective energy of a solute
is calculated using an implicit model, IMM1-GC®! on an-
ionic membranes and IMM192 on neutral membranes.

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVYV
HGVATVAEKTKEQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFV

Figure 1

The amino acid sequence of the first 95 residues of a-synuclein. The six 11-residue repeats containing the consensus motif KAKEGV or KTKEGV (shown in bold letters)
are colored in gray and shown in alternating roman and italic print for easier reading. The 11-residue repeat without the consensus motif is shown in underlined italic.
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The effective energy equals the sum of the intramolecular
energy of the solute,03 the solvation free energy account-
ing for interactions of each atom with solvent, and, in the
case of anionic membranes, the lipid headgroup-solute
electrostatic interaction energy, obtained from the Gouy-
Chapman theory for the electrical double layer.64

Simulation protocols

The membrane is taken to be parallel to the xy-plane,
with its center located at z = 0. The hydrocarbon core of
the membrane was 23 A wide. The hydrophobic/hydro-
philic interface is thus at z = +11.5 A and the plane of
smeared charges, corresponding to the position of phos-
phates, is at z = +14.5 A. Henceforth, a position men-
tioned in the text refers to the z-coordinate. The valence
of anionic lipids was 1, with area 70 A% per lipid. As in
experiment, the mixed membrane consisted of 30 mol %
of anionic lipids at 0.02M salt and the temperature was
298 K.24 All energy minimizations were done using the
adopted basis Newton-Raphson algorithm (ABNR). The
numerical integration of equations of motion was carried
out using the Verlet integrator with a time step of 2 fs.
All bonds involving hydrogen atoms were fixed using
SHAKE constraints. Unless otherwise noted, error bars
are the standard deviation of the mean.

Initial structures

Since experiment has already shown that the mem-
brane-bound N-terminal domain of a-synuclein (residues
1 through 95) is helical,22=26 we start the simulations
from an ideal a-helix (¢; = —57°, ; = —47°). Figure 1
shows the amino acid sequence of the protein. A dimer
was built by placing two monomers on the membrane
surface, parallel or antiparallel to each other, with their
center of mass 15 A apart.

We previously reported that the protonation of gluta-
mates is a prerequisite for binding of the helical peptide
VEEKS, derived from the membrane-binding domain of
phosphocholine cytidylyltransferase,43 to anionic mem-
branes.%5 VEEKS is similar to a-synuclein in that it con-
sists of three 11-residue repeats, forms an amphipathic
helix on anionic membranes, its lysine residues are at the
polar/nonpolar interface and are key to binding, and its
polar face is rich in glutamates and aspartates. However,
three glutamates of VEEKS are located on the polar/non-
polar interface and their protonation state controls pH-
dependent binding of the protein to anionic membranes.
In the truncated a-synuclein, all lysines are at the polar/
nonpolar interface and all glutamates and an aspartate
are in the polar face of the helix, as is typical for class A
helices.40 Therefore, we deem that their ionization state
does not interfere with the binding, at least not to a large
extent, and that, at pH around 7, all acidic residues are
deprotonated and His is protonated.
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Determination of the optimal orientation

Four simulations were run starting from an ideal a-he-
lix at four arbitrary orientations, obtained by rotating the
protein 90° around the x-axis. The center of the protein
and the center of the membrane were first aligned with
the x-axis. The protein, in each of the four orientations,
was then placed on the membrane surface (its center of
mass at 17 A) and its energy was minimized, followed by
a 12-ns MD simulation. All simulations were run using
four sets of random numbers, and the energies were
averaged over the four seeds. The average energy was
compared with the energies of the structures obtained
from the other three simulations; the optimal orientation
relative to the membrane corresponded to that which
yielded the lowest average energy.

In the case of a dimer, the initial orientation of each
monomer, relative to the membrane, was the same as that
which resulted in the optimal orientation of the mono-
mer. Three sets of 12-ns MD simulations were performed:
(1) on the parallel dimer, (2) on the antiparallel dimer,
and (3) on two mutually noninteracting monomers. All
simulations were repeated using three additional seeds.
The energies were averaged over the last 11 ns of each
simulation and then over the four seeds. Whether the par-
allel or the antiparallel dimer is more favorable is deter-
mined based on the lower average energy.

To calculate the average water-to-membrane transfer
energy, effective energies were extracted from MD trajec-
tories, saved every 2 ps, and averaged over the last 11 ns.
The energy of the protein in solvent was obtained by
transferring the protein from the membrane to solvent,
at each frame, keeping the conformation the same to
minimize statistical error. Again, the energies were aver-
aged over the four seeds.

RESULTS

a=-Synuclein on a neutral membrane

Several studies agree that a-synuclein preferentially
binds to anionic membranes as opposed to neutral mem-
branes.22,24,30 However, Narayanan and Scarlata32 and
Rhoades et al.3> observed that a-synuclein also binds to
LUVs composed of POPC (1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine). Nuscher et al3! and Kamp and
Beyer>4 reported binding of wild-type a-synuclein to
SUVs composed of DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) or of DPPC (1.2-dipalmitoyl-sn-glycero-
3-phosphocholine) in the gel phase, but neither to SUVs
in the liquid crystalline state nor to LUVs. A recent paper
by Ramakrishnan er al. suggests that, although wild-type
a-synuclein does not bind, the truncated a-synuclein (res-
idues 1-95) binds to DMPC membranes over a broad
temperature range.33 Motivated by these contradictory
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findings, we tested whether the truncated «-synuclein
binds to neutral membranes equivalent to DMPC bilayers.

Sixteen 12-ns MD simulations were performed to test
binding of the truncated o-synuclein to the neutral
membrane, exploring the four orientations of the protein
relative to the membrane, each orientation tested using
four random numbers to initialize velocities. In 7 out of
the 16 simulations, the protein binds to the membrane
for at least ~3.5 ns and at most ~10 ns. If binding takes
place, regardless of the initial orientation, the protein
quickly reorients at the beginning of the simulation to
essentially the same orientation relative to the membrane
(i.e., with the hydrophobic face of the helix next to the
membrane and the hydrophilic face exposed to solvent).
To compare energies of all membrane-bound conforma-
tions (generated in the seven simulations), the energies
were averaged between 1 and 3.5 ns, time period during
which binding takes place in all the simulations. The av-
erage energies obtained from 6 out of the 7 simulations
differ by no more than 5 kcal/mol whereas that from the
seventh simulation is ~17 kcal/mol higher than the low-
est average energy. The energy of the protein, averaged
over all seven simulations, is ~6 kcal/mol lower than the
same conformation in water, due to favorable hydropho-

Table |

bic interactions (Table I). Although the protein moves
away from the membrane in long simulations, we con-
sider both the structure and the water-to-membrane
transfer energy when deciding whether the protein binds
to the membrane. In the case of nonconstitutive binding
to membranes, unconstrained simulations will always
lead to unbinding at some point due to entropic reasons.

Figure 2 shows snapshots of the truncated a-synuclein
on the neutral membrane from the 12-ns MD simulation
that yields the lowest energy and during which the protein
stays bound to the membrane up to ~10 ns. The some-
what destabilized N-terminal half of the helix is detached
from the membrane surface, which is not surprising given
the number of charged residues and the propensity of the
helix to unravel in solvent. As the snapshots suggest, this
domain is very flexible; during the simulation it flips
about relative to the membrane-bound C-terminus. Mem-
brane binding is facilitated by the hydrophobic residues
that slightly insert in the membrane core.

a-Synuclein on a mixed membrane

Regardless of the initial orientation, the helix reorients
at the onset of the MD simulations so that hydrophobic

Average Effective Energies (in kcal/mol) of the Truncated o-Synuclein on Membranes

Neutral membrane®

Mixed membrane®

Dimer on mixed membrane®

764 FroTEINS

<W->pem —1977.24 + 1.23 —1990.54 + 0.47 —4024.67 + 0.63
—1987.38 + 0.45 —3996.92 + 0.65
—1985.13 & 0.45 —3964.73 + 0.66

—1984.42 + 0.51
<AWS = Wiem — Wivater® —5.85 + 1.74' —11.53 + 0.66° —16.03 + 0.88"
—11.01 £ 0.63' -17.33 + 091
—9.30 + 0.64 —19.88 + 0.92'

—10.08 £ 0.72"

<GC>" 869 =+ 0.04 —13.89 + 0.05
—863 £ 0.04 —15.44 + 0.05
~7.99 =+ 0.04 —16.96 + 0.07

—8.12 £ 0.04

“Averages are calculated between 1 ns and 3.5 ns of 7 MD simulations started from different initial orientation of the protein relative to the mem-
brane and run using four seeds.

®Averages are calculated over the last 11 ns of 12-ns MD simulations performed using four seeds. The four values correspond to the four initial
orientations of the protein.

“Averages are calculated over the last 11 ns of 12-ns MD simulations and four seeds. The first value corresponds to an antiparallel dimer, the sec-
ond value corresponds to a parallel dimer and the third value corresponds to two non-interacting monomers.

*“Error bars are the standard deviation of the mean.

9The average effective energy of the protein on a membrane.

“The average effective transfer energy calculated as the difference between the average effective energy of the protein on a membrane and in water
(Wose)-

(CAWgee> = —8.63 = 1.76; <AW,op> = 278 = 0.94; <AWpoar> = 20.58 = 113; <AWyip> = —17.32 = 0.3% <AW,rom> = —0.48 * 0.04,
where “elec” denotes the electrostatic energy, “solv” is the total solvation energy, and “polar,” “alip,” and “arom” are components of the solvation
energy due to polar, aliphatic, and aromatic groups, respectively.

S<AWee> = —4.98 = 0.69; <AWo,> = 2.14 £ 0.40; <AW,o1> = 14.56 = 0.46; <AW,;,> = —11.06 = 0.26; <AW,pop> = —1.36 = 0.02.
PCAW o> = —6.62 + 0.98 <AW,op> = 4.49 + 0.5% <AWpg> = 19.11 + 0.74 <AWyp> = —13.99 = 0.25; <AWypom> = —0.63 *+ 0.03.
CAWgee> = =411 % 0.68; <AW,o> = 174 + 0.33; <AWpgper> = 12.35 % 0.43; <AWyp> = —9.32 £ 022 <AW,rom> = —1.30 % 0.02.
J<AWgee> = —4.24 * 0.89; <AW,op,> = 2.34 * 0.60; <AWP‘,|ar> = 14.01 £ 0.72; <AV\{,“P> = —10.13 £ 0.21; <AW, ;> = —1.54 £ 0.03.
EeAWyee> = —2.66 % 0.63; <AW,p> = 134 + 0.39; <AWpopr> = 8.49 = 0445 <AWyip> = —5.93 = 0.11; <AWyrom> = —1.21 * 0.02.
LCAWgee> = —5.77 = 1025 <AWep> = 2.85 % 0.53; <AWpope> = 18.64 = 0.63; <AWyp> = —13.57 % 0.28; <AWypom> = —2.22 * 0.03.
MAWae> = —3.81 * 0.82; <AWg> = 1.85 * 0.48; <AWpoa> = 1125 + 0.57; <AWyp> = —8.44 * 0.23; <AW,po> = —0.96 = 0.02.
"The average Gouy-Chapman energy.
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Figure 2

Snapshots of the truncated o -synuclein on a neutral membrane from a MD trajectory. The line represents the hydrophobic/hydrophilic interface (z = 11.5 A). On the left
is a view from above the membrane (shown are the C, atoms only) and on the right is a side view.

residues point towards the membrane surface, lysines are
at the interface and acidic residues are in solvent. As a
result, the average effective energy of the four runs is
almost the same (the difference is not larger than 6 kcal/
mol, as shown in Table I). On the basis of the average
energies, binding is mainly due to favorable electrostatic
interactions between the protein and the negative charge
on the headgroups (see the <GC> term in Table I), with
a small contribution from hydrophobic interactions.
Figure 3(A) shows snapshots from a 12-ns MD simula-
tion of a-synuclein on the membrane containing 30 mol %

DOI 10.1002/prot

of anionic lipids, at 0.02M salt. The snapshots show that
the truncated a-synuclein is helical on the mixed mem-
brane. Up to ~6.57 ns, the entire helix interacts with the
membrane, with occasional detachment of the C-termi-
nus or, less frequently, of the N-terminus. Its center of
mass is at ~17 A, around 2.5 A above the phosphates
(i.e., the plane of smeared charges). At later times, the C-
terminus of the helix moves away from the membrane
surface whereas the N-terminus interacts with the mem-
brane until the end of the simulation. The effective
energy of a-synuclein on the mixed membrane calculated
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as a function of time shows a slight increase when the C-
terminus of the helix detaches from the membrane
(shown in Fig. S1 of the supplementary material section).
A similar scenario has been observed in all simulations,
though in a few of them the helix folds over so that its
termini interact.

The helix shown in Figure 3(A) is bent. The bending
angles between two local helix axes, defined by four con-
secutive C, atoms, were calculated using the HELANAL
program®® and the angles were averaged between 1 and
6.57 ns. The bending angle of 0° corresponds to com-
pletely straight helices. The local average bending angles
at the intersecting residue are shown in Figure 4(A)
(error bars are the standard deviation). Although the
largest bending angle is at residue 47 (17.22° + 8.35°),
the bending is dispersed along the entire helix. The large
standard deviations as well as the time evolution of the
angle at residue 47, shown in Figure 4(B), suggest that
the bending angles are not static but constantly undergo
changes.

As Figure 4(C) illustrates, the average values of dihe-
dral angles ¢; and \;, calculated between 1 and 6.57 ns
of a MD simulation, are near their canonical values
(¢; = —62° and ; = —41°), with the largest deviations
in the terminal residues and E46 and G47 located in the
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Figure 4

middle of the helix. Fluctuations of the dihedral angles
are ~10°, except at the N-terminus, G36, and in the
middle of the helix [Fig. 4(D)]. Taken together, these
data suggest that, due to bending motions (see below),
the helix is most severely disturbed in its midsection,
accompanied by a local co-operativity of neighboring
dihedrals.

Another characteristic of an a-helix is hydrogen bonds
between backbone atoms. Figure 5 shows the average
interaction energies between the backbone O; atom and
the backbone H;i4, H;+3, or H;i5 atom, where averages
are calculated between 1 and 6.57 ns of a 12-ns MD sim-
ulation. The O,...H;,, hydrogen bonds are dominant,
though some residues occasionally make O;...H;15 or
O;...H;+s hydrogen bonds, implying that the a-helical
conformation of the protein is preserved during the sim-
ulation, with some instabilities.

The O,...H;;, hydrogen bonds are perturbed about
residues 43—47. Besides being hydrogen bonded to the H
of G47, the O of K43 is sometimes hydrogen bonded to
the H of V48 (the interaction energy of the former is
—2.02 £ 0.04 kcal/mol and that of the latter is —0.13 £
0.02 kcal/mol). The O of T44 is hydrogen bonded to the
H of V48 (—2.02 &+ 0.04 kcal/mol), to the H of V49
(—1.69 £ 0.06 kcal/mol) and to the H of G47 (—0.16 £+
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A: The average local bending angles; B: the bending angle at residue 47 as a 2 function of time; C: average dihedral angles (@; and \s;); and D: their fluctuations during

a MD simulation of the truncated o-synuclein on a mixed membrane.
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Figure 5

Interaction energy between O; and H; 4 atoms, O; and H; . 5 atoms or O; and
H; . 5 atoms, averaged between 1 and 6.57 ns of a MD simulation of the
truncated o-synuclein on a mixed membrane. Error bars are twice the standard
deviation of the mean.

0.02 kcal/mol). The O of K45 is bonded to the H of V49
(—1.08 & 0.04 kcal/mol) and to the H of H50 (—2.07 &
0.06 kcal/mol), thus the i, i +5 hydrogen bond is more
frequent than the i, i + 4 hydrogen bond. The O of E46
only weakly interacts with the H of H50 (—0.75 £ 0.06
kcal/mol) and the H of G51 (—0.26 + 0.06 kcal/mol).
Similarly, the O of G47 is bonded to the H of G51 (—1.8
+ 0.04 kcal/mol) and to the H of V52 (—0.13 + 0.02
kcal/mol). The usual O,...H;y, hydrogen bond network
is resumed from V48 on.

The helix features a series of hydrogen bonds between
the backbone and side-chain atoms. The backbone oxy-
gen is often bonded to the HG1 of Thr (the average
interaction energy is approximately —2.5 kcal/mol),
whereas the backbone hydrogen is bonded to the OGI of
Thr (the average interaction energy is approximately
—1.2 kcal/mol). Several threonines are located on the
nonpolar face of the helix and are exposed to the mem-
brane, in spite of their polarity (Fig. 6; Thr is colored in
lime). These hydrogen bonds lower the penalty for hav-
ing threonines in the apolar environment.

Lysine residues are important in binding; all twelve
lysines are in the proximity of the membrane, with the
NZ atom at ~17-21 A (the position of the center of
mass of lysines is shown in Fig. 6 as the dark blue dia-
mond). The lysines are responsible for favorable protein—
membrane electrostatic interactions. The side chains of
some of the lysines partially embed into the headgroup
region of the membrane, but not below the hydrophobic
tail/headgroup interface as would correspond to snorkel-
ing?0 in a classical sense. This is most frequent in K60,
the CB and CG atoms of which are ~50% of time at
~13.7 + 0.6 A; the CB, CG, CD, and CE atoms of lysines
12, 23, 45, 58, and 80 occasionally intercalate the mem-
brane as well. The C-terminus of the a-synuclein helix is
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poor in lysines, implying that only weak protein—head-
group electrostatic interactions are feasible. A string of
valines and threonines (in Fig. 6 shown as the pink and
lime diamonds, respectively) however facilitates its bind-
ing to the membrane.

The truncated «-synuclein contains two phenylala-
nines, F4 and F94, at its ends, which might anchor the
protein on the membrane via hydrophobic interactions.
Between 1 and 6.57 ns of a MD simulation, F4 is ~92%
of time embedded in the membrane, with the average
position of the CZ atom at 9.68 + 1.71 A, whereas the
CZ atom of F94 is only ~21% of time within the mem-
brane (its average position is 11.80 £ 1.60 A). At longer
times, F4 stays embedded in the membrane, while F94
gets exposed to solvent as the C-terminus moves away
from the membrane. To test whether F94 would stay on
the membrane within a somewhat longer helix, we per-
formed a 12-ns MD simulation of the first 100 residues
of a-synuclein. The additional five residues are KKDQL,
which might facilitate electrostatic interactions with
charges on the membrane and/or hydrophobic interac-
tions. However, as in the shorter helix, F94 moved away
from the membrane. According to the measured effect of
the aqueous spin label Mn** on backbone NMR reso-
nances, F94 seems to be solvent-exposed in the micelle-
bound a-synuclein as well 46

All negatively charged amino acids are located exclu-
sively in the polar face of the helix, with side chains
extended towards solvent. Such an arrangement may
reduce electrostatic repulsions between the negative
charge of acidic residues and the membrane charges, as
well as desolvation penalties, thus allowing the protein to
approach the membrane closer than if the acidic residues

ot
llr:I

position of GOM (A)

residue number

Figure 6

The average position of the center of mass (COM) of residues, between 1 and
6.57 ns of a MD simulation of the truncated o-synuclein on a mixed
membrane. Error bars are the standard deviation. The full line at 14.5 A
represents the position of the plane of smeared charges; the dashed line at 11.5 A
denotes the headgroup/hydrocarbon tail interface. The following color-coding of
residues is used: Lys is dark blue, His is light blue, Glu or Asp is red, Tyr is
yellow, Val is pink, Thr is lime, other hydrophobic residues are gray, and other
hydrophilic residues are black.
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were at the polar/nonpolar interface. For example, a
study by Mishra et al. showed that a class A amphipathic
helix interacts more strongly with anionic lipids than
with zwitterionic lipids, whereas the opposite is true for
a helix in which lysines are in the polar face and acidic
residues are at the polar/nonpolar interface.6” They
attributed the lower affinity of the latter helix for anionic
lipids to electrostatic repulsions between acidic residues
and the lipid charges and to lower solvation of long
hydrocarbon side chain of lysines than of shorter side
chain of glutamates or aspartates. In the helical peptide
VEEKS, derived from the membrane-binding domain of
phosphocholine cytidylyltransferase, three glutamates are
located at the polar/nonpolar interface and binding to
acidic membranes is pH—dependent.43’65 The location of
acidic residues in the polar face, not at the polar/nonpo-
lar interface, may also discourage salt bridges that could
interfere with lysine-membrane interactions.

As pointed out by Bussell et al. for a-synuclein bound
to micelles*® and shown here in Figure 6 for the trun-
cated a-synuclein on the mixed membrane, a few resi-
dues around K12 interact strongly with the membrane,
with their atoms near the headgroup/hydrocarbon tail
interface. The region between residues 63-79 is most
deeply buried, which is also in accordance with experi-
mental studies. 4650 The sole tyrosine of the truncated
protein, Y39 (shown as the yellow diamond in Fig. 6), is
located either at the membrane—solvent interface or is
exposed to solvent, which is in agreement with Chandra
et al.,24 Bussell and Eliezer,25 and Jao et al.,4> but not
with Bisaglia et al.>0 who predicted Y39 to be buried in
the SDS micelle and suggested that the burial might pro-
tect a-synuclein from aggregation as well as to protect
Y39 from phosphorylation by p72%* tyrosine kinase.08
The center of mass of the three residues, A30, A53, and
E46, the mutation of which to proline, threonine, and ly-
sine, respectively, is associated to PD,3-10 is in the prox-
imity of the membrane surface (the center of mass of
A30, A53, and E46 is at 17.74 £ 2.86 A, 14.67 £ 2.17 A,
and 17.10 £+ 2.92 A) and, thus, the mutation might
influence binding to the membrane. The environmental
exposure of residues in the optimal orientation deter-
mined here agrees well with that reported in an electron
paramagnetic resonance study of a-synuclein bound to
SUVs containing 30 mol % of anionic lipids, at 0.1M
salt, by Jao et al.4> (see Fig. S2 in the supplementary ma-
terial section).

Helix bending

As shown in Figures 3 and 4, the helical truncated a-
synuclein bound to the mixed membrane is bent, most
prominently near its middle (i.e., at residues 46—48). The
bend location is close to the helix break on micelles,
reported at residues 43—44,24 42—44,25 and 38-44.26 Tt
has been suggested that the break is related to micelle
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curvature2425-45 and that the break region can be more
or less ordered depending on the micelles,26 that the
break facilitates contact between hydrophobic residues
and membranes, 225 or that it is due to ¥39.25 We per-
formed a series of tests to obtain insight into what causes
the helix bend.

To test whether the bend is related to binding of the
protein to the membrane, a MD simulation of the helical
a-synuclein was run in implicit water (EEFI.1)62’69 and
in implicit cyclohexane. Although «-synuclein is a ran-
dom coil in water,22 we modeled it here as a helix in
order to study helix bending as a function of environ-
ment. Bending of the helix in water [Fig. 7(A)] is compa-
rable to that in the membrane-bound helix [Fig. 4(A)],
being large at residues 45 (16.65° £ 16.91°) and 46
(16.54° £ 10.91°), but it is also significant at other loca-
tions, such as at residues 8, 51, and 72-75. The helix is
bent in cyclohexane as well [Fig. 7(B,C)]. However, the
bending angles are smaller and more delocalized than in
water or on the membrane. On the basis of these data,
we can rule out that bending of the helix is exclusively
due to the membrane binding. Additional simulations
showed that helix bending is not linked to protein
sequence either; in fact, that bending was present in all
long helices (see Fig. S3 and accompanying text in the
supplementary material section). Thus, we conclude that
bending is an intrinsic characteristic of long helices.

In Figure 3 it can be seen that a-synuclein bound to
the anionic membrane exhibits a wide range of bending
motions during a MD simulation and, in Figure 4(B),
that the bending angle at residue 47 oscillates between
high values and values near zero (corresponding to the
straight helix). Collective vibrations of the helix backbone
in (Ala),, peptide, studied by MD, revealed that the bend
vibrations are thrice slower than the stretch vibrations.”0
It follows from the elastic rod model’! that, in a rod
with free ends, the frequencies of the stretch (v°) and
bend (v°) vibrations depend on the rod length (L) and
the elastic modulus (Y) and are defined as

v = (1/2L)(Y/p)'* (1)
and
V= L12(R/1)(Y/p)? 2)

where R is the radius and p is the density. The ratio of
the stretch and bend vibrations is thus

v¢ /W = (1/2.24)(L/R). (3)

Given the radius of the helix, R, of 0.45 nm and, for
(Ala),o helix, L of 3 nm, VWP is 3; for the truncated
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Figure 7

The average local bending angle of the a-synuclein helix in water (A) and in cyclohexane (B); snapshots from a 12-ns MD of a-synuclein in cyclohexane (C). The
averages are calculated between 1 and 6 ns of MD simulations. The error bars are the standard deviation.

a-synuclein helix, L is 14.7 nm (assuming an ideal a-he-
lix), and thus V¥V is 14.6. The bend vibrations are
therefore ~15 times slower than the stretch vibrations in
a-synuclein, giving rise to bending angles, as observed in
our simulations.

Helix periodicity

Several studies raised the question regarding the perio-
dicity of the helix formed upon binding of a-synuclein
to membranes. Using site-directed spin-labeling, Jao
et al. determined that repeats 5-7 of a-synuclein bound
to SUVs have 11/3 periodicity (i.e., 11 residues corre-
spond to three full turns),45 and later Bussell et al. con-
firmed that the SDS micelle-bound a-synuclein exhibits
the same periodicity,46 as opposed to the 18/5 periodic-
ity of an ideal a-helix. To date, there are no data on the
periodicity of a-synuclein bound to LUVs. In 18/5 perio-
dicity, there are 3.6 residues per turn and the rotation
per residue is 100°. In 11/3 periodicity, the number of
residues per turn is 3.67 and the rotation per residue is
98.18°. To determine the periodicity of the a-synuclein
helix in our simulations, we calculated the rotation per
residue (aka twist angle, C,; — Cg,;+3) and the number
of residues per turn, using the HELANAL progmm,66
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in the energy-minimized average conformation of the
protein [shown in Fig. 3(B)] calculated from a MD tra-
jectory between 1 and 6.57 ns (i.e., at the time period
during which the protein binds to the mixed membrane
lengthwise). The average twist angle for residues 2-93 is
98.03 £ 3.55° the average number of residues per turn is
3.68 £ 0.16. These values imply that the helix periodicity
is likely 11/3. To get a more conclusive proof, we plotted
the position of the center of mass of each residue, rela-
tive to the membrane, against the position of the residue
in a 11-residue repeat [Fig. 8(A)] and in a 18-residue
repeat [Fig. 8(B)]. That is, the sequence from residues 1
to 88 is divided into windows, each 11 or 18 amino acids
long, and the windows are superimposed so that the resi-
due i is at the same position as the residue 7 + 11, or, in
the case of the a18/5 helix, the residue 7 + 18. If there is
a clear trend in the positions of the center of mass of
each residue in the superimposed windows that repeats
after the given number of turns, the periodicity is satis-
fied. The points cluster much better in Figure 8(A) than
in Figure 8(B), which clearly demonstrates that, in a-syn-
uclein bound to the mixed membrane, the helix periodic-
ity is much closer to 11/3. The same trend is observed in
the position of the C, atom of each residue (data not
shown).
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Figure 8

The position of the center of mass of each residue (COM) in the energy-minimized average conformation of a-synuclein on a mixed membrane, relative to the plane of
smeared charges (PSC), (A) for 11/3 periodicity or (B) for 18/5 periodicity. The full line represents the position of PSC, which is taken as the reference point and
corresponds to 14.5 A; the dashed line represents the position of the headgroup/hydrocarbon tail interface. The average conformation is calculated from a MD trajectory
between 1 and 6.57 ns. In (A) the first residues of the seven repeats are colored in red.

Figure 8(A) further says that the residues at positions
4, 8, and 11 are closer to the membrane than those at
other positions, whereas the residues at positions 2, 6,
and 9 are exposed to solvent; residues at position 1, 3, 5,
7, and 10 are at the interface. Such an arrangement is
tantamount to the 11/3 helical pinwheel.2> Lysines are
mostly found at positions 1, 3, and 10, whereas glutamates
and an aspartate are at positions 2 and 6; a number of
threonines, characteristic for a-synuclein, are in the non-
opolar face of the helix (i.e., at positions 4 and 11).
Regarding the seven 11-residue repeats, the first residue of
repeats 1—4 is at position 9, whereas the first residue of
repeats 5-7 is shifted to position 2 due to the four resi-
dues (ATVA) that demarcate repeats 4 and 5. However,
this shift does not break the periodicity since both posi-
tions are equivalent with respect to the membrane prox-
imity and the environmental exposure (that is, both are in
the polar face of the helix and solvent-exposed). We con-
clude that the periodicity of a-synuclein is indeed 11/3,
and that, through positioning of charged residues, it has
implications on membrane binding.

Energetics of the 11/3 and 18/5 helices

To get some insight into why the a-synuclein helix
bound to the anionic membrane prefers 11/3 instead of
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18/5 periodicity, we performed 1-ns MD simulations in
water or on the anionic membrane, starting from the
ideal 18/5 or 11/3 helix. To preserve the periodicity, the
dihedral angles were constrained to their ideal values
(b; = —57°, \; = —47° in the 18/5 helix; ¢; = —58.77,
; = —48.8° in the 11/3 helix)44 before energy minimi-
zation and molecular dynamics. Since the 18/5 helix does
not bind to the membrane as tightly as the 11/3 helix,
the center of mass of the helices was prevented from exit-
ing a cylinder of 17 A radius (with the axis of the cylin-
der along the x-axis), using the miscellaneous mean-field
potential (MMFP) facility of CHARMM. This led to
comparable average position of the center of mass of the
helices during the simulations (16.15 £ 0.40 A and 16.88
4+ 0.22 A for the 11/3 and the 18/5 helix, respectively).
The average energies were calculated from the last 800 ps
of the simulations.

In water, the transition from the 18/5 to 11/3 helix
involves a change in the average effective energy, <AW>,
of 12.35 + 1.13 kcal/mol, mostly due to the van der
Waals (<AW, 4> = 12.56 £ 0.89 kcal/mol) and electro-
static (KAWee> = 14.44 + 0.96 kcal/mol) energies; the
solvation energy components due to polar, aliphatic and
aromatic groups are <AW,o,,> = —12.62 £ 0.45 kcal/
mol, <AW,;,> = 0.47 & 0.03 kcal/mol, and <AW,op,>
= 0.01 £ 0.01 kcal/mol, respectively. However, <AW>
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for the same transition on the anionic membrane is
—4.93 + 1.09 kcal/mol (<AW,4,,> = 13.66 + 0.85 kcal/
mol, <AWec> = —2.29 & 0.95 kcal/mol, <AW,o10,> =
—7.85 £ 0.66 kcal/mol, <AWy;,> = —3.65 £ 0.27 kcal/
mol, and <AW,.,,,> = —1.37 £ 0.03 kcal/mol). There-
fore, because of more favorable solvation of polar groups
and hydrophobic interactions, the membrane-bound 11/3
helix is energetically more stable than the 18/5 helix.
Compared to the energy of the helix in water, the effec-
tive energy of the 11/3 helix is by 23.80 4 1.10 kcal/mol
lower on the membrane (<AW,q,> = —3.97 + 0.87
kcal/mol, <AWg..> = —2229 =+ 0.95 kcal/mol,
<AWpotar> 39.36 £ 0.56 kcal/mol, <AW,;,> =
—30.74 £+ 0.23 kcal/mol, and <AW,,,,> = —1.58 £
0.02 kcal/mol); the effective energy of the membrane-
bound 18/5 helix is 6.52 £ 1.11 kcal/mol lower than the
helix in water (<AW,q,> = 2.87 + 0.88 kcal/mol,
<AWgee> = —5.56 £ 0.96 kcal/mol, <AWpga>
34.59 £ 0.56 kcal/mol, <AW;;,> = —26.61 £ 0.15 kcal/
mol, and <AW,,;nn> = —0.19 =+ 0.02 kcal/mol). The elec-
trostatic interactions with the negative charge on the
membrane are similar regardless of the helix periodicity
(the GC term is —10.46 = 0.04 kcal/mol for the 11/3 helix
and —9.12 &£ 0.05 kcal/mol for the 18/5 helix), but 11/3
periodicity allows more favorable solvation effects (—15.24
kcal/mol in the 11/3 helix vs. 2.22 kcal/mol in the 18/5
helix, calculated as <AW,jec> + <Wpelar> + <Wyp> +
< Warom>). This observation is in agreement with predic-
tions of Segrest and coworkers that 11/3 periodicity aligns
hydrophobic residues to form a continuous nonpolar face
of the helix and increases lipid affinity, which can offset
the cost of 18/5 to 11/3 helix transition.4472

a-Synuclein dimer on a mixed membrane

The lack of consensus on the role of membranes and/
or of the helical conformation in aggregation and fibrilla-
tion motivated us to perform simulations of an a-synu-
clein dimer on the mixed membrane in order to deter-
mine whether dimerization is energetically feasible and
how it affects membrane binding.

On the basis of the effective energies, averaged over
the last 11 ns of 12-ns MD simulations, performed using
four different random numbers, the antiparallel dimer is
~28 kcal/mol more favorable than the parallel dimer (Ta-
ble I). Relative to the effective energy of two noninteract-
ing monomers, dimerization is energetically favorable.
The average interaction energy between two monomers
in the antiparallel dimer is —73.50 £ 0.26 kcal/mol
(<Wyqw> = —131.35 4+ 0.37 kcal/mol; <Wye>
—26.87 £+ 0.24 kcal/mol and <W,,> = 84.73 + 0.31
kcal/mol); that in the parallel dimer is —55.34 £ 0.30
kcal/mol (< Wyqw> = —98.67 £ 0.40 kcal/mol; <We.>
= —20.33 £ 0.20 kcal/mol and <W,,> = 63.66 £ 0.29
kcal/mol). Thus, dimerization is mainly driven by the
van der Waals energy.
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The average transfer effective energies of the antiparal-
lel and parallel dimers are ~2-3 kcal/mol more positive
than that of two noninteracting monomers (Table I). The
main difference in effective energies of the dimers versus
monomers comes from the Gouy-Chapman energy term;
it is more favorable for monomers than for the parallel
dimer and even more so than for the antiparallel dimer,
suggesting that some lysines that facilitate interactions of
monomeric a-synuclein with the headgroups are instead
involved in protein—protein interactions.

Figure 9(A) shows snapshots from a 12-ns MD simula-
tion of the antiparallel dimer on the mixed membrane.
Compared to monomeric a-synuclein under the same
conditions [Fig. 3(A)], the dimer is more displaced from
the membrane surface, with only a few residues embed-
ded in the headgroup region. Some lysines are at the pro-
tein—membrane interface but many are exposed to solvent
or are at the protein—protein interface. Hydrophobic resi-
dues within the C-terminal half of one monomer, includ-
ing residues 71-82 found to promote fibrillation and
aggregation of wild type a-synuclein in solution,4” rarely
interact with the membrane but engage in interactions
with the N-terminal half of the second monomer. Even
when they intercalate in the membrane, as, for instance,
at 3.16 ns, dimerization is not suppressed.

As in the monomer, bending motions are present in
the dimer. The location of the largest bending angles is
shifted from the middle of monomer to residues 53-57
in the chain more displaced from the membrane (chain
1) and to residues 18-20 in the other chain. Both helices
in the antiparallel dimer experience destabilization rela-
tive to monomer, which is more pronounced in the helix
closer to the membrane (chain 2). The average interac-
tion energy between the backbone O; and H; 4, atoms is
less favorable in chain 2 than in chain 1 or in monomer
(Fig. 5), whereas the average interaction energy between
the backbone O; and H; | 5 atoms is more favorable. Di-
hedral angles (¢; and ;) and their fluctuations are also
more perturbed in chain 2 than in chain 1 or in mono-
mer [Fig. 4(C,D)].

The calculated average twist angle (the average number
of residues per turn) is 98.52° £ 2.38° (3.66 £ 0.09) for
residues 2-93 of chain 1 in the energy-minimized average
conformation, calculated over the last 11 ns of a 12-ns
MD simulation, whereas that for the same residues of
chain 2 is 96.68° £+ 5.38° (3.74 + 0.24). Although the
effect of dimerization on helix periodicity is not apparent
from the calculated twist angles due to the large error
bars, the plot of the position of the center of mass of res-
idues versus the residue helix position (Fig. 10) reveals
some discrepancies compared with the same plots for
monomer (Fig. 8). According to the 18/5 plot (the lower
plot of Fig. 10(A)], the periodicity of the helix more dis-
placed from the membrane is closer to 18/5 than to 11/3.
The periodicity of the other helix seems to be 11/3
[Fig. 10(B)], though the position of the center of mass of
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Figure 9

A: Snapshots of a a-synuclein antiparallel dimer on a mixed membrane taken from a 12-ns MD simulation. See the caption of Figure 3 for the membrane description.

The residues shown in stick representation are lysines. B: Coiled coils formed by the energy-minimized average structure of the antiparallel (on the left) and parallel (on
the right) dimers. The structure was averaged over the last 11 ns of simulations on the mixed membrane. The residues with the knobs-into-holes side chain packing are
shown as sticks; chain 1 is shown in gray; chain 2 is shown in black.
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residues 1-16, relative to the membrane, is somewhat
shifted when compared with the other residues. These
data imply that, in order to accommodate protein—pro-
tein interactions, the helices undergo subtle conforma-
tional changes.

Because of the 11/3 periodicity of monomeric a-synu-
clein, it has been suggested that a-synuclein might form
a rare right-handed coiled coil,2> characterized by an
undecad repeat in lieu of a heptad repeat of a left-
handed coiled coil.”3 To check whether a-synuclein
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Figure 10

The position of the center of mass of each residue (COM) of (A) chain 1 and (B) chain 2 of an antiparallel dimer on the mixed membrane, relative to the plane of
smeared charges (PSC), for 11/3 periodicity (the upper plot) or for 18/5 periodicity (the lower plot). The solid line represents the position of PSC, which is taken as the
reference point and corresponds to 14.5 A; the dashed line represents the position of the headgroup/hydrocarbon tail interface.
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dimers form coiled coil structures, we used the SOCKET
program74 to search for the required knobs-into-holes
side chain packing in the energy-minimized average
structure of the antiparallel and parallel dimer. A coiled
coil was identified in both dimers. In the antiparallel
dimer [shown on the left in Fig. 9(B)], the knobs-into-
holes packing extends over 11 residues: residues 13-23
(EGVVAAAEKTK) of chain 1 and residues 72-82
(TGVTAVAQKTYV) of chain 2, resulting in a right-handed
coiled-coil. In the parallel dimer [shown on the right in
Fig. 9(B)], the packing is again 1l-residue long and
involves residues 54-64 (TVAEKTKEQVT) of chain 1
and residues 52—62 (VATVAEKTKEQ) of chain 2, but the
coiled coil is left-handed.

Taken together, these results suggest that at low surface
concentration of a-synuclein, at which protein—protein
interactions are prevented, the C-terminal hydrophobic
residues embed in the membrane, whereas at high surface
concentration, the same residues promote protein—pro-
tein interactions, at a slight expense of membrane—pro-
tein interactions.

DISCUSSION

We report here a computational study of the binding
of truncated a-synuclein (residues 1-95) to planar
bilayers. The key findings of the study are as follows: (1)
the protein conformation on a mixed membrane is a
bent helix, oriented in such a way that hydrophobic resi-
dues and a series of threonines are exposed to the mem-
brane, lysines are at the hydrophilic/hydrophobic inter-
face, and glutamates are exposed to solvent; (2) the helix
bend is not related to membrane—protein interactions
and is not sequence dependent; (3) the helix periodicity
is 11/3 (that is, 11 residues makes up three full turns);
(4) the truncated a-synuclein prefers anionic membranes
but also binds to a neutral membrane; (5) both protein—
headgroup electrostatic interactions and hydrophobic
interactions are responsible for binding to the mixed
membrane; and (6) dimerization of a-synuclein bound
to the mixed membrane is energetically favorable.

The implicit membrane model used here is a conven-
ient tool for studying protein—-membrane interactions.
However, one needs to keep in mind a number of limita-
tions. In IMM1, the membrane is modeled as a hydro-
phobic slab and thus neglects, for example, membrane
deformations, the membrane curvature, lipid reorganiza-
tion induced by the presence of proteins, or specific
interactions between amino acids and the headgroups.
Furthermore, the Gouy-Chapman theory neglects discrete
charge effects and cannot account for local charge fluctu-
ations as present in lipid demixing. Theoretical studies
showed that charged macromolecules bind more strongly
to membranes when lipids can undergo lateral diffusion
and reorganize in the vicinity of the binding site.”>>70
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Given that experimental studies reported that a-synuclein
may induce the lateral segregation of the lipids in a
mixed membrane’” and that its binding affinity depends
on the chemical nature of the lipids and/or lipid pack-
ing,22’27_3 1 the binding energies and penetration depth
of the helix reported here might be somewhat underesti-
mated.

As a peripheral protein, a-synuclein does not penetrate
deep in the membrane core. 30,46 Jao et al. estimated
that the center of the a-synuclein helix bound to SUVs is
located at an immersion depth of ~1-4 A below the
phosphates.45 In our simulations, during the time period
at which both termini of the protein are bound to the
mixed membrane, the center of mass of the helix is at
~17 A, or, around 2.5 A above the phosphates. The posi-
tion of the most buried C, atoms is at 12-14 A, or 2.5-
0.5 A below the phosphates. A slight discrepancy in the
location of the center of the helix could be due to differ-
ences in the curvature of vesicles used in experiment and
simulation. Proteins often bind more strongly to SUVs
than to LUVs, as a consequence of differences in lipid
packing induced by the curvature.”8-81

The a-synuclein helix bound to the mixed membrane
is bent, with the largest bend about residue 47. Other
groups have also observed bending in the middle of a
helix during simulations,82-84 Recently, Zagrovic et al.
measured the radius of gyration of alanine-based pepti-
des of different length. They found that, as the length of
the peptide increases, the radius of gyration becomes
smaller than that of an ideal a-helix, and suggested that
the longer helices have to be bent somewhere in the mid-
dle.85 We showed herein that bending of the a-synuclein
helix is related to delocalized bending vibrations. It is
noteworthy that, as the helix length increases, bending
vibrations lag the stretching vibrations more, implying
that short helices tend to stretch whereas long helices
tend to bend.

Lee et al. hypothesized that formation of amyloid
fibrils of a-synuclein involves transition from a-helix to
B-sheet via partially folded intermediates.”® Such a path-
way has been recognized in other proteins such as
human islet amyloid polypeptide,86 amyloid B—protein,87
insulin,38 and a helix-turn-helix model peptide.89 Our
finding that dimerization of a-synuclein is energetically
favorable suggests that an initial step in fibrillation might
be oligomerization of membrane-bound helical mono-
mers, accompanied by destabilization of the helical struc-
ture, which could further lead to formation of a predom-
inantly B-sheet conformation. Interestingly, as has been
reported recently, a-synuclein fibrils become unstable in
the presence of a large concentration of SDS micelles,
accompanied by B-sheet to a-helix transition.>® Zhu
et al. found that a negatively charged mica surface signifi-
cantly speeds up the growth of fibrils of amyloidogenic
light chain variable domain at low protein concentration
and under conditions at which the fibrillation does not
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occur in solution.?0 They postulated that association of
the protein with a surface could increase the local concen-
tration of the protein, resulting in faster fibril formation.
The weaker membrane—dimer interactions that we
observed could facilitate lateral diffusion of the protein
on the membrane surface, leading to formation of higher-
molecular-weight oligomers and, ultimately, fibrils.
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