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�-Synuclein remains a protein of interest due to its propensity
to form fibrillar aggregates in neurodegenerative disease and its
putative function in synaptic vesicle regulation.Herein,wepres-
ent a series of atomistic molecular dynamics simulations of
wild-type �-synuclein and three Parkinson disease familial
mutants (A30P, A53T, and E46K) in two distinct environments.
First, in order to match recent NMR experiments, we have sim-
ulated each protein bound to an SDS detergent micelle. Second,
in order to connect more closely to the true biological environ-
ment, we have simulated the proteins bound to a 1,2-dioleoyl-
sn-glycero-3-phosphoserine lipid bilayer. In the micelle-bound
case, we find that the wild type and all of the variants of
�-synuclein flatten the underlying micelle, decreasing its sur-
face area.A30P is known to lessen�-synuclein/membrane affin-
ity and, consistent with experiment, destabilizes the simulated
secondary structure. In the case of A53T, our simulations reveal
a range of stabilizing hydrogen bonds that form with the threo-
nine. In both environments, the E46Kmutation, which is known
to increase bilayer affinity, leads to an additional hydrogen bond
between the protein and either the detergent or lipid. Simula-
tions indicate that �S and its variants are less dynamic in the
bilayer than in the micelle. Furthermore, the simulations of the
mutants suggest how changes in the structure and dynamics of
�-synuclein may affect its biological role.

The main component of fibrous inclusions known as Lewy
bodies and Lewy neurites, �-synuclein (�S)2 plays a critical,
although as yet not fully understood, role in the onset of Par-
kinson disease (PD) (1). Three point mutations of �S, namely
A53T, A30P, and E46K, have been correlated with familial PD
(2–4), although it is still unclear exactly how these mutations
trigger the disease (5–8). In the case of A30P, a set of recent
NMR studies suggest that the proline substitution significantly
increases the structural dynamics of the protein when bound to
an SDS detergent micelle (9, 10). It is widely accepted that this

mutant has reduced binding affinity for membranes, although
the extent is somewhat controversial (9, 11–17). The change in
membrane affinity is correlated with a decrease in the helical
content of the protein, although again there is considerable
debate as to the extent of this effect (9, 10, 13, 16, 18). This result
is not altogether unexpected; proline disrupts helices due to the
loss of a backbone hydrogen bond and steric hindrance
between it and neighboring residues (19). The exact effects of
proline on a helix, however, can be 2-fold: substitution can
cause local unfolding (i.e. total loss of secondary structure) or
kinking without loss of helicity. In the case of A30P, current
experimental techniques have suggested a loss of helicity up-
and downstream of the substitution. However, it is still unclear
to what extent and where the proline substitution forces
unfolding, kinking, or both (9, 10).
The other PD familial mutants behave quite differently. The

threonine substitution does not disrupt �S affinity for either
synthetic vesicles or cellular membranes (9, 11–13, 15–17).
Likewise, the mutation does not appear to impact the protein’s
secondary structure (i.e. helicity is fully conserved) (9, 10, 13,
16, 18). The more recently discovered E46K mutation leads to
tighter binding between the protein and synthetic vesicles (20)
while also preserving the secondary structure (21). How these
three mutations exert such divergent affects yet are each linked
to PD remains an open question. Although the function of �S
remains unknown, localization to synaptic vesicles (12, 22, 23)
has led to investigation of its role in synaptic vesicle regulation
(24–28). Therefore, changes in membrane affinity or protein
structure may alter the functionality of �S and may be a signif-
icant factor in PD pathogenesis (29).
Structurally, the N-terminal domain (residues 1–99) of WT

�S forms two anti-parallel amphipathic helices on the mem-
brane surface (30, 31). The acidic C-terminal domain (resi-
dues 100–140) does not participate in membrane binding
and remains unstructured (32, 33). Truncation of the protein
beyond residue 99 has no affect on the structure or binding
properties of the N-terminal domain (9). When bound to an
SDS micelle, the two helices, connected by an unstructured
loop, are unusually dynamic and highly curved (the C-terminal
helix (helix-C) being nearly twice as curved as its N-terminal
(helix-N) counterpart) (34). This micelle-bound structure is
not nearly as curved as the unperturbed, spherical SDSmicelle,
and the degree of curvature is probably of functional signifi-
cance. It was speculated, although not proven, that binding of
�S deforms amicelle in a uniaxial direction, forcing an ellipsoi-
dal rather than spherical structure (34). This invites a highly
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attractive hypothesis; protein-inducedmembrane deformation
may underlie �S function, in particular as regards the potential
impact such deformations may have on membrane fusion and
the formation of fusion intermediates.
Computational molecular dynamics (MD) simulation is an

excellent tool for characterizing the structural anddynamic fea-
tures of proteins. MD simulations are capable of revealing
molecular level detail inaccessible to current high resolution
experimental methods and can therefore illuminate unresolved
issues connecting a protein’s structure to its biological function.
Because the function of �S appears so tightly coupled to
dynamic changes in its structure, MD is an ideal tool for study-
ing this system. Indeed, four recent MD simulations of �S have
provided tremendous insight into the behavior of theWT pro-
tein. In particular, simulations have revealed a broad distribu-
tion of natively unfolded structures in solution; mapped spe-
cific, stabilizing contact points within those structures (35);
elucidated the behavior ofWT�S on the surface ofmembranes,
in one case calculating the energetics ofmembrane binding (36)
and in another suggesting a novel homo-oligomeric organiza-
tion (37); and described the behavior of the interhelical turn
region in multiple environments (38).
The goal of this current study has been to useMD simulation

to uncover experimentally inaccessible information regarding
structural and dynamic changes to �S induced by the A53T,
A30P, and E46Kmutations. Collectively, our simulation results
confirm and expand upon the existing perceptions regarding
the PD mutants. The first set of simulations starts with the
recently solved, high resolution NMR structure of WT �S
bound to an SDS micelle, where great care has been taken to
accurately reproduce the experimental system (34). We find
that protein binding elongates the micelle, relieving curvature
stress and suggesting a functional role forWT�S.Helical bend-
ing, in particular at the site of consecutive glycine residues,
endows�Swith the conformational flexibility necessary to bind
to membranes with variable curvature. Simulations of the
mutant forms are analyzed in terms of local and long range
changes in dynamics and structure.
Significant questions remain about directly transferring the

insight derived from micelle studies to the character of �S in
biological membranes. Two recent experimental studies sug-
gest that the structure of the membrane-bound form of �S is
similar to that of themicelle form (i.e. contains the same broken
helix structural motif) (38, 39). These experiments provide a
good rationale for designing our second set of simulations, in
which we have studied the dynamics of �S and the three
mutants bound to a DOPS bilayer using the simulated, micelle-
bound structure of WT �S as our starting configuration. We
have chosen phosphatidylserine because of the high affinity of
�S for anionic phospholipids (31). A comparison of our results
for the highly curved micelle and the flatter bilayer patch sug-
gests that �S probably adapts to biological membranes of inter-
mediate curvature (e.g. synaptic vesicles) by modulating the
degree of bending at specific flexible sites.

MATERIALS AND METHODS

Micelle-bound Simulations—The starting configuration for
the �S protein was the structure as determined by high resolu-

tion NMR (Protein Data Bank code 1XQ8 (34)). For themicelle
simulation, a pre-equilibrated, fully hydratedmicelle consisting
of 100 SDS detergent molecules was positioned a few Å away.
Initial WT simulations were run using an SDS micelle com-
posed of 70 SDS molecules, the reported average size from
experiments (30, 34). However, despite considerable effort, we
were unable to stabilize the protein on this micelle and thus
nominally increased its size. The protein was positioned with
the hydrophobic surface facing the micelle so as to match their
concavities, building in an assumption regarding their relative
orientations that is fully reasonable given the results of the
NMR study (34). The protein includes only the N-terminal
domain, residues 1–99. Fig. 1 gives the primary amino acid
sequence for the simulated protein andhighlights the key struc-
tural segments as well as positions of the point mutants. This
system was solvated in a water box consisting of �23,000 TIP3
water molecules, with several layers of water molecules sepa-
rating the protein and micelle. The average size of the simula-
tion cell (90� 90� 90 Å) was carefully determined based upon
the minimum-image convention so as to avoid finite size arti-
facts and included 100 sodium cations and additional chloride
anions to neutralize the overall charge of the system. Thus, the
solvated protein/micelle simulations consisted of �76,000
atoms. Control simulations of a solvated, detergent-free WT
�-synuclein and a protein-free, solvated micelle consisted of
�69,000 atoms and �74,000 atoms, respectively.
The micelle-bound systems were constructed and analyzed

using CHARMM version 32 with the CMAP correction. Peri-
odic boundary conditions were applied, using a constant num-
ber of atoms (N), pressure (P), and temperature (T), to form
NPT ensembles. The temperature in each simulation was set to
303K. Simulationswere performed usingNAMDversion 2.6. A
cut-off of 10 Å was used for van der Waals interactions, and
particle mesh Ewald summation was used for long range elec-
trostatic interactions. The time step was 2 fs, and all bonds
involving hydrogen were fixed using the SHAKE algorithm.
The molecules were visualized with VMD (40), and secondary
structure was calculated with the Stride algorithm (41), which
assigns secondary structure from a given coordinate set based
upon hydrogen bonds and torsion angles.
Because the structure of�Sdoes not provide direct information

regarding the configuration of the SDS micelle, we employed a
strategy of protein restraints in order to allow the proteins to bind
toandequilibratewithin themicelle. Specifically, the systemswere
first energy-minimized and then simulated for 20 nswith the pro-
tein under a restraint to prevent unfolding. During the course of
these 20 ns, the micelle, which was not restrained, morphed into
contact with the protein, forming two deep channels into which
the two helices buried. The simulationwas then run in this bound

FIGURE 1. Amino acid sequence of membrane binding domain of �S. Only
the first 99 amino acids are involved in lipid binding and were considered in
these simulations. Underlined are the two helices in the lipid binding domain.
The positions in the wild-type where the PD familial mutations occur are in
boldface type. The highly hydrophobic NAC region consisting of residues
60 –95 is in italic type.
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statewithout restraint for 45ns.Thus, each�S/micelle systemwas
run for a total of 65 ns, although only the unrestrained simulation
was used for analysis. The protein-free and micelle-free systems
were each run for 10 ns, where in the case of the protein-free sys-
tem the micelle’s radius of gyration was deemed converged (data
not shown), and in themicelle-free system the r.m.s.d. of the pro-
tein clearly contrasted with the stability of the micelle-bound
protein.
In order to construct theA30P,A53T, andE46Kmutants, the

starting configuration of the system was the same as WT (i.e.
the NMR structure), with only the side chains of the appropri-
ate residues substituted. The orientation of the substituted res-
idue was determined by the coordinates of the WT side chain,
and additional atoms were added using the CHARMM force
field parameters for bonds, angles, and dihedrals. These two
simulations were set up and run using the identical conditions
and strategy of restraints and dynamics described for the WT.
Bilayer-bound Simulations—The bilayer-bound systemswere

constructed by placing the final structure of the WT micelle-
bound protein in the headgroup region of a pre-equilibrated pure
DOPS bilayer (containing 512 lipids and �17,500 waters). All
mutationsweremade fromthiscommonpointasdescribedabove.
An approximate surface areawas calculated for the protein (based
upon a cylindrical representation of the helices), which suggested
an approximate number of lipids that should be removed from the
monolayer that contained the protein. Lipids in closest contact
with the protein were thus removed, leaving a total of 479 lipids
along with neutralizing ions (�81,000 total atoms). In order to
minimize finite size effects and avoid artifacts of the simulated
boundary condition, we chose to use a large, fully hydrated bilayer
and to simulate with a variable lateral area. We used the united
atom GROMOS force field (GROMACS version 3.3.2), which
allows for more efficient simulation of large lipid systems and is
more frequently used for variable lateral area simulations than
CHARMM. Simulations were performed under the NPT ensem-
ble at 303 K and employed the Parrinello-Rahman pressure and
Nose-Hoover temperature coupling scheme.Acut-off of 16Åwas
used for vanderWaals interactions, andparticlemeshEwald sum-
mationwasused for longrangeelectrostatic interactions.The time
step was 2 fs, and all bonds were constrained using the LINCS
algorithm.Membrane simulations were run for 50 ns after a sim-
ilar minimization and constrained dynamics scheme as employed
for the micelle. Although comparison between different force
fields can be complicated, a recent exhaustive simulation study
suggests that both force fields are reasonably similar in modeling
protein behavior (42). In order to confirm that our comparison of
micelle and bilayer results was not overly dependent upon our
force field choice, we simulated WT �S bound to DOPS using
CHARMM(using parameters fromRef. 43) under a constant area

FIGURE 2. The interaction of �S with an SDS micelle. A and B, snapshots of
wild-type �S bound to the detergent micelle, after 45 ns of simulated dynam-
ics. The protein embeds deeply into the core of the micelle, forming channels

in both helix-C (A) and helix-N (B). C, a representative slice through the
micelle, illustrating typical side chain orientations. Nonpolar side chains are
directed toward the micelle center, basic side chains orient along the micelle
surface, and acidic side chains orient toward the water. �S backbone is rep-
resented as a green ribbon, and side chains are represented with the following
colors: nonpolar (black), basic (blue), and acidic (red). The SDS micelle is shown
with the following color scheme: carbon (white), sulfur (yellow), and oxygen
(red). Hydrogens, water, and ions have been removed for clarity of
presentation.
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(NPNAT ensemble) and observed magnitudes of protein motion
remarkably consistent with those we report below for GROMOS
(Fig. S1).
Simulations were run on the Minnesota Supercomputer

Institute’s cluster of 307 IBM BladeCenter LS21 nodes and the
University of Illinois’ National Center for Supercomputing
Application’s cluster of 1450 Dell PowerEdge 1750 nodes.
Approximately 200,000 total cpu hours were used.

RESULTS

BoundState Structure—Snapshots taken from the simulation
of WT �S bound to an SDS micelle are shown in Fig. 2. The
backbones of the two helices, consisting of residues 3–37

(helix-N) and 45–92 (helix-C), are
both deeply buried beneath the
headgroups of the detergent.
Despite a high degree of fluctuation,
the helices remain stably immersed
in these channels throughout the
course of all of the simulations. The
terminal regions of helix-C are
frayed but stable, and the helices
themselves follow a somewhat tor-
tuous path through the channels;
rarely are they straight. The major
features of the NMR structure are
conserved throughout the simula-
tions (34). In particular, as illus-
trated in Fig. 2C, the nonpolar side
chains orient toward the micelle
center, basic side chains (�S is
lysine-rich) orient along the micelle
surface and form salt bridges with
the sulfate headgroups, and the
acidic side chains orient into the sol-
vent. A similar motif has been
observed in apolipoproteins (44).
Within theN-terminal region of�S,
there are seven imperfect copies of
an 11-mer repeat, most of which
contain two (i, i� 2) lysine residues.
In all cases, these paired side chains
point in opposite directions along
the micelle surface, exerting a
strong influence on helical depth
and topology. In agreement with
previous observation, the highly
hydrophobic sixth 11-mer repeat
buries deepest into the micelle (34,
36, 45). This section of the protein is
within the largely hydrophobic
NAC (residues 60–95), the region
that is thought to drive fibril forma-
tion (46, 47). Fig. S2 plots the C�

r.m.s.d. from the NMR structure, a
quantitative measure of stability
and equilibration. Helix-C shows
slightly elevated deviation as com-

pared with helix-N, although the values of�2–4 Å for both are
typical for protein simulations and indicate that the structure is
equilibrated and the simulations are converged. An indication
of the micelle’s role in stabilizing �-synuclein’s structure, the
r.m.s.d. calculated from the simulation of the protein in water
(i.e. no micelle) reached 12 Å after only 5 ns.
In both the WT and mutant simulations, �S binding signifi-

cantly perturbs the equilibrium structure of the SDSmicelle. As
is readily apparent from Fig. 2,A and B, themicelle flattens into
an elongated, ellipsoidal (rodlike) shape. The deformation is
quantified by a 20% increase in the radius of gyration (23.6 Å
versus 19.5 Å in the case of the protein-free micelle). Quantify-
ing the area per headgroup for an irregularly shaped structure,

FIGURE 3. The interaction of �S with a DOPS bilayer. A and B, snapshots of wild-type �S bound to the DOPS
bilayer, after 45 ns of simulated dynamics. The protein embeds into the hydrophobic core of the bilayer,
beneath the lipid headgroup. �S backbone is represented as a green ribbon, and the DOPS bilayer is shown with
the following color scheme: carbon (white), oxygen (red), nitrogen (blue), and phosphorus (tan). Hydrogen,
water, ions, and lipids have been removed for clarity of presentation.
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such as the micelle, can be done by measuring the solvent-
accessible surface area. The change in micelle shape upon �S
binding is accompanied by an �10% decrease in solvent-acces-
sible surface area, a substantial change that will be discussed in
detail below. Differences in solvent-accessible surface area
between the �S variants were negligible.

Fig. 3, A and B, shows snapshots of WT �S bound to a nega-
tively charged DOPS bilayer. Over the course of the 50-ns sim-
ulation, the helices submergedmore than 5 Åmore deeply into
the bilayer core than their starting positions and flattened sig-
nificantly. The r.m.s.d. (Fig. S2) suggests that the bilayer simula-
tions are reasonably well converged, although there remain subtle
changes in the helix positions throughout the 50 ns.
Fig. 4 presents the electron density profiles for the molecular

constituents of the WT system. Electron density profiles are
commonly used to describe the location of molecules and their
chemical componentswithin a bilayer. The figures indicate that
the two helix backbones are submerged just beneath the lipid
headgroup/water interfacial region, allowing the hydrophobic
face of the protein to interact with the lipid hydrophobic core
and the hydrophilic face of the protein to interact with the lipid
polar region and water. Helix-N ends up at a depth of �3 Å
beneath the lipid headgroup phosphates, in agreement with a
recent experimental study (48).Helix-Cburies an average of�2
Å deeper into the bilayer center than helix-N despite having
started at the same depth. This result is consistent with our
micelle simulation and previous studies (34, 36, 45). As in the

micelle-bound state, the turn region projects outward from the
bilayer. This molecular architecture leads to a substantially dif-
ferent binding environment for the protein in the bilayer (Fig.
3B), as compared with the micelle (Fig. 2C). In contrast to the
micelle, portions of the protein are fully ensconced in the lipid
(a subset of the lipid headgroups hang over the helices and
directly interact with the polar side chains). Thus, the protein
appears in places to tunnel through the bilayer, although there
are regions where the protein is also exposed to the water. This
additional degree of incorporation may underscore a tighter
interaction with the lipids than detergents and probably
explains an overall decrease in dynamics of the bilayer-bound
proteins, as described below.
Protein Dynamics—The simulations provide insight into

similarities and differences in how themicelle and bilayer affect
dynamic deviations from the average NMR structure for the
WT and mutant proteins. The root mean square fluctuation
(r.m.s.f.) provides a quantitative measure of a protein’s C�

motion on a per residue basis and a first look at changes induced
by the mutations. Fig. 5A compares the r.m.s.f. for the micelle-
bound WT with the A53T, A30P, and E46K mutants. Consist-
entwith experimentalmeasurements, themaximal dynamics of
the WT protein occur in the nonhelical regions: the N and C
termini of the protein as well as the turn (residues 38–44) for
each of the proteins for which experimental data is available
(10, 34). The first two residues of the N terminus interact inti-
mately with the detergent, whereas the C-terminal residues
downstream of Gly93 extend out of the micelle, into the water,
causing a sharp increase in r.m.s.f. (data have not been included
in the graph). The r.m.s.f. also indicates a high degree of flexi-
bility near residues Gly67 and Gly68 as well as downstream of
Gly82 and Gly84. Interestingly, the WT r.m.s.f. is greater in the
helix-kinking region of Gly67/Gly68 than in any of the mutants,
with the greatest reduction in the case of A30P. As would be
expected, there is a clear maximum and subtle increase over
WT in the dynamics around the site of the proline substitution.
Less expected is an increase in dynamics in that same region in
the E46K mutant, with a maximal value at residue 24. E46K
dynamics are reduced immediately upstream of position 46, in
the turn region. A30P and E46K display less dynamics through-
out helix-C, suggesting that this measure cannot be directly
correlated with experimental binding affinity. The threonine
substitution behaves similarly to the WT, although there is a
subtle decrease in dynamics in helix-N and in helix-C near
Gly67/Gly68 as well as a slight increase in dynamics at Gly82/
Gly84. Direct comparison of simulated �S dynamics to experi-
ment is made through the NMR-measured S2 (10, 34). Fig. S3
shows S2 data from the simulations, overlaid with the experi-
mental data for WT, A53T, and A30P (10, 34). Experimental
results for E46K have not yet been published. Although direct
comparison between the experiments and simulation is diffi-
cult, and although there are some elements of the simulation
that do not exactly reproduce the experimentally observed
behavior, all of the major trends upon which our results are
based are reasonably consistent with experiments (49).
Fig. 5B shows r.m.s.f. data for the bilayer-bound �S variants

and indicates an overall decrease in protein dynamics of 2–3-
fold as compared with the micelle-bound forms. We have

FIGURE 4. Depth of �S in the DOPS bilayer. A, component electron density
profiles (EDP) for DOPS bilayer and wild-type �S. B, C� electron density,
describing relative backbone depth of the protein helices.
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checked to ensure that this reduction is not due to the differ-
ent force fields (as stated under “Materials and Methods”). A
comparison between GROMACS and CHARMM bilayer-
bound dynamics is given in Fig. S1; the similarity inmagnitudes
justifies comparison of our micelle- and bilayer-bound simula-
tions. The general features of the bilayer-bound r.m.s.f. data are
broadly similar to themicelle forms; the largest maximal values
are in the nonhelical segments and the turn. Remarkably, a
maximum is seen at the Gly67/Gly68 hinge in all variants except
the WT, where it has completely vanished (the r.m.s.f. curve is
concave for the mutants but flat for the WT). The micelle
trends for A53T and A30P are reversed in the bilayer; both
display an increase in their overall dynamics (relative to
WT). In contrast, the E46K mutant displays a slight suppres-
sion of dynamics. As is always the case with simulation, these
trends might change given significantly longer time scales.
A subset of the overall dynamics, helical bending is of partic-

ular interest. Bending can reflect at least two things: 1) equilib-
rium fluctuations that tightly couple the shape of the helices to

that of the highly malleable micelle
or more rigid bilayer or 2) perturba-
tion induced by mutation that dis-
rupts these normal interactions.
Helical bending was calculated at
each residue as the angle between
the two helical axes formed by the
residues four upstream and four
down-stream, and the results for the
micelle-bound states are given in
Fig. 6A. Both the WT and A53T
protein show minimal bending in
helix-N, whereas the A30P and
E46Kmutants bend significantly (as
much as 40° in A30P and 25° in
E46K). In the A30P protein, this
increase occurs upstream of the
substitution (maximally at position
25), where it is, on average, approx-
imately twice as bent (�40°) as the
WT is at its position of maximum
bending (just downstream of Gly67/
Gly68). In helix-C, the proline sub-
stitution has a significant effect in
reducing the bend around Gly67/
Gly68, indicating long range effects
that act through the detergent. In
contrast, the E46K system displays a
large increase in bending in
helix-C. In the A53T mutant, the
bending is of roughly the same
magnitude as the WT. The A53T
mutant also shows increased
bending at Gly82/Gly84 in helix-C.
Collectively, the effects of each
mutation on the r.m.s.f. and bend-
ing in the micelle-bound form
indicate that the two helices are
not fully independent, despite

being physically sequestered by the detergent.
Helical bending in the bilayer-bound state is shown in Fig.

6B. In helix-N, A30P displays an increase in bending, at approx-
imately the same location as in the micelle-bound state,
although slightly lower in magnitude. Similarly, the WT and
A53T mutants show minimal bending in helix-C. However, in
contrast to themicelle-bound state, E46K showsminimal bend-
ing in helix-N. The bending in helix-C is entirely different in the
bilayer-bound state than in the micelle-bound form. Whereas
in themicelle-bound structure each protein showed an increase
around Gly67/Gly68, in the bilayer-bound form, only A30P
shows a small increase in bending at that point. A30P also
shows a small increase in bending aroundGly82/Gly84. Interest-
ingly, the WT shows a maximal bending value at residue 60, a
position in which bending is not observed in themicelle-bound
state.
Fig. 7 shows a time series of the changes in bending angle at the

position of Gly67/Gly68 from the WTmicelle-bound and bilayer-
bound simulations. Snapshots illustrate the extreme values, as

FIGURE 5. Structural dynamics of the micelle- and bilayer-bound forms. Shown is the r.m.s.f. of �S C�

calculated from the eight simulations, in each case averaged over the last 25 ns for the micelle-bound (A) and
bilayer-bound (B) states.
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the micelle-bound helix fluctuates between nearly straight and
highly bent. The bilayer-bound protein equilibrates at a rela-
tively low angle (�15°). It is highly interesting that in the latter
part of the simulations, the average bending is similar in the two
environments, perhaps suggesting that the protein itself has
this as its preferred state. Consistent with the overall increase in
r.m.s.f., however, the micelle-bound form samples a wider

range of angles. These lower angles are about half that of the
averaged NMR structure, probably a consequence of the simu-
lated micelle being larger than the experimental average.
A30P: Destabilization and Unfolding—The proline substitu-

tion is known to alter the helical content of �S (9, 10, 13, 16),
and the simulations reproduce this result. Fig. S4 plots helical
content on a per residue basis for the micelle-bound A30P pro-

FIGURE 6. Helical bending. The angle formed by the intersection of the residues four up- and downstream at each helical position describes the structural
adaptation of the protein to the environment for the micelle-bound (A) and bilayer-bound (B) states.

FIGURE 7. Helical bending at Gly67/Gly68 is highly dynamic. The bending angle at Gly67/Gly68 was calculated at each time point in helix-C, as described under
“Results,” for the micelle-bound (blue) and bilayer-bound (red) states. The micelle-bound state shows a large range of values, capturing nearly straight as well
as highly bent structures, whereas the bilayer-bound state remains relatively straight. Representative snapshots from the micelle-bound state at the indicated
time points show minimal and maximal bending conformations (the micelle, water, and ions have been omitted). The helix is represented as a green ribbon, and
Gly67/Gly68 are shown in the space-filling representation as black.
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tein compared with theWT. In all simulations, the turn region
is completely without secondary structure. Consistent with the
r.m.s.f. and bending data, helicity is disrupted upstream of the
proline substitution. Snapshots in Fig. 8A illustrate three
loosely defined categories of helical structure observed in
micelle-bound A30P: straight, kinked, and unfolded (i.e. loss of
i, i � 4 hydrogen bonding and change in geometry including
backbone torsion angles). There is no significant reduction in
helicity in the micelle-bound forms of A53T or E46K mutants,
also consistent with experiments (9, 10, 13, 16, 18, 21).

Another way to present these
dynamic transitions is through the
time evolution of backbone torsion
angles. During a 15-ns pre-equili-
brated period of dynamics, there
were significant deviations in the
WT from typical �-helical torsion
angles in certain residues (Fig. S5).
Throughout the remainder of the
simulation, the WT protein dis-
played torsion angles for all residues
that are close to that of a typical
�-helix (� � �62°, � � �41° (19)).
The proline substitution induces
substantial deviations from helicity,
in particular at Val26 and Glu28. Fig.
8B overlays the results for residues
26 and 28 in the micelle-boundWT
and A30P. Ala27 and Pro30 show
more subtle variation (Fig. S5), as do
residues Gly25, Thr33, and Lys34
(data not shown). The time evolu-
tion of these structural fluctuations
is illuminating, showing a dynamic
volley between unfolded and helical;
unfolded regions can refold on the
nanosecond time scale, particularly
evident at residue 26. The structural
transitions back to a helical state for
this residue, however, appear to
mostly dissipate toward the end of
the simulation, suggesting that the
secondary structure may be fully
broken by this point. It is not clear,
given the brevity of our simulated
time scale, whether these transi-
tions will continue or whether the
equilibrium structure is indeed
completely unfolded at this or other
sites. Given the experimental evi-
dence for the latter and the data in
Fig. 8, it is likely that unfolding of
the bound A30P nucleates at resi-
due 26 but does not extend beyond
4–5 residues up- or downstream of
the mutation site. Whether this
unfolding would lead to unbinding,
given a significantly longer simula-

tion, remains an open question. A comparison of the time-de-
pendent changes in torsion angles and helical bending directly
correlates A30P unfolding with maximum bending angles in
theN-terminal helix (data not shown). This is in contrast to the
high bending angles at Gly67/Gly68, which are not accompanied
by a loss of helicity.
The A30P bilayer-bound simulation shows only minor

unfolding. Figs. 5 and 6 showed an increase in the backbone
r.m.s.f. and helical bending relative to the WT, suggesting that
the mutation destabilizes the protein in the same region as in

FIGURE 8. The A30P mutation causes a decrease in helicity. A, snapshots illustrating different conformations
of the A30P mutant from the micelle-bound simulation: straight helix, kinked helix, and unfolded (time points
21, 24, and 45 ns). Helix-N is represented as a green ribbon, and the proline is shown in black (micelle, water, and
ions omitted). B, torsion angles for the A30P substitution mutant and wild-type protein for residues 26 and 28
from the micelle-bound simulations show reversible unfolding. The color scheme is as follows: WT phi (green),
WT psi (red), A30P phi (dark blue), A30P psi (light blue).
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the micelle-bound simulation. However, the helicity and back-
bone torsion angles are only subtly affected (data not shown). In
this case, it must be noted that equilibration in bilayers is prob-
ably a slower process, given the relative relaxation rates of the
lipids and detergent, and, as a result, the time scale for full
unfolding in the bilayer is possibly longer than we are able to
simulate. Torsion angle dynamics for A53T are indistinguish-
able from WT in both environments; there are no unfolding
transitions. This lack of gross structural change agrees well
with experimental observation (9, 10, 13, 16, 18). Structural
analysis of side chain orientation also reveals no discernable
differences between the A53T mutant and the WT (data not
shown). Helicity is preserved in E46K and all of the bilayer
simulations, with only subtle deviations in torsion angles
(data not shown).
A53T: Intra- and Intermolecular Hydrogen Bonding—Recent

NMR results measuring protein dynamics at longer time scales
(nano- to milliseconds) have suggested that the micelle-bound
A53T mutant includes an unresolved, enthalpically stabilizing
motif (10). Indeed, Fig. 9 reveals that the secondary structure of
helix-C is probably stabilized in the A53T mutant by an intra-
protein hydrogen bond that forms between the threonine
hydroxyl and the backbone carbonyl of Val49. Fig. 9A plots a
time series that illustrates the dynamics of this partnership in
themicelle-bound system. The hydrogen bond was not present
at the onset of the simulation. In fact, during the pre-equilibra-
tion period (�15 ns), the hydroxyl group was stabilized by
interactions with the SDS and surrounding water. This clearly
indicates that the hydrogen bond is not a product of the initial
starting configuration but rather the natural, equilibrated
structural motif for A53T. Fig. 9B shows that the same side
chain-backbone hydrogen bond forms in the bilayer-bound
simulation of A53T; however, it is noticeably less stable, flick-
ering on and off throughout the simulation. Instead, a different
stabilizing interaction predominates; the hydrogen bond forms
with the lipid’s glycerol backbone carbonyl. SDS has no hydro-
gen bond acceptors beneath the micelle surface that can com-
pete for threonine’s donor hydrogen in this way.
E46K: Putative Increase in Binding Affinity—The E46K sub-

stitution leads to an additional intermolecular interaction that
is very similar in both environments. As illustrated in Fig. 10,
the substituted lysine side chain interacts with the SDS head-
group or the lipid hydrogen bond acceptors (primarily the car-
bonyl groups) aswell aswithwater throughout the course of the
simulation. No intraprotein interaction is observed. Although
this interaction probably contributes to the E46K mutant’s
increased membrane affinity, it has also been suggested that a
structural rearrangement may contribute (20). In the micelle-
bound simulation, there is an increased interaction between the
micelle and the protein turn region (residues 38–44), which is
reflected in the decrease in r.m.s.f. (Fig. 5A). Long range
changes in the r.m.s.f. (i.e. far from the mutation) suggest a
global change in dynamics, in agreement with a recent
experimental study (21). Significantly, in the bilayer-bound
state of E46K, helix-C buries �1–2 Å deeper than WT,
although helix-N appears to submerge to the same depth as
WT.

DISCUSSION

As regards function and pathology, the behavior of �S on the
surface of membranes has been the source of considerable
uncertainty. Several studies have concluded that �S aggrega-
tion is triggered by interaction with membranes (11, 50, 51),
whereas others suggest that membrane interaction inhibits the
process (52). Thus, as is the case with most membrane pro-
teins, the dynamic behavior in themembrane environment is
critical to function but is only partially understood (53).
Recent NMR data, however, have revealed highly informa-
tive and intriguing dynamic information in the case of WT
�S, A30P, A53T, and E46K. Indeed, it appears that the
dynamics of �S, which were described as “unusually rich”
(34), may be the critical piece in understanding the breadth
of its interactions and behaviors.
Our efforts to understand the structure and dynamics of the

A30P, A53T, and E46Kmutants start with a detailed character-
ization of the WT. �S is a widely studied, presynaptic protein
with an unknown physiological function. Recently, it has been
suggested that�S inhibits synaptic vesicle fusion after the dock-
ing of synaptic vesicles to the presynaptic terminal membrane
(28). Relative to other subcellular, membranous structures
(such as lysosomes and endosomes), presynaptic vesicles are
quite small and are thus characterized by a higher degree of
curvature. �S binds to lipidmembranes, with highest affinity in
the case of small, highly curved vesicles, and this interaction is
thought to be tightly coupled to the protein’s structure (31, 54,
55). Indeed, the NMR structure supports this notion, demon-
strating that the protein itself has a propensity to shadow the
binding surface of a micelle by adopting a highly curved, helical
structure (34).
In general, the spontaneous curvature of amembrane’s com-

ponent lipids is a significant factor in determining its fusogenic
properties (56). The curvature of a bilayer can be altered by the
binding of a protein, which can either induce or relieve curva-
ture stress (57). Curvature stress is caused by a discrepancy
between the intrinsic, spontaneous curvature of a subset of the
component lipids and the actual shape of the bilayer. For exam-
ple, a subset of the lipids may prefer to sit in a flat bilayer (e.g.
those with a headgroup cross-sectional area similar to that of
their chains) but be forced into a curved structure by the other
lipids (e.g. those with a headgroup area less than their chains).
Those flat-loving lipids would then be in a frustrated, or
stressed, state. Area per headgroup, which is directly related
to the intrinsic curvature, thus becomes a critical parameter
in understanding the fusogenic tendencies of biological
membranes.
Curvature stress is exploited by cells, allowing their mem-

branes to overcome a thermodynamic barrier (high energy
intermediates) to fusion (56). Membranes with high curvature
stress are more likely to fuse with a flatter, target membrane in
order to relieve that stress (the larger headgroup lipids will have
found a more comfortable home). Likewise, any perturbation
that ameliorates curvature stress lowers a membrane’s propen-
sity to fuse. One example of how a protein can alter curvature
stress is the case of synaptotagmin-1, which encourages fusion
of synaptic vesicles by inducing positive curvature in the rela-
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tively flat presynaptic terminal membrane (58). Conversely, as
would be relevant to the case of�S binding, synaptic vesicles are
typically highly curved (they contain a large fraction of nega-
tively charged lipids as well as lipids with both positive and
negative curvature (59)), and existing under curvature stress
makes them fusogenic. A decrease in curvature should there-
fore stabilize the vesicles and inhibit fusion. Consistent with
these ideas, a recently introduced theory is that �S binding
relieves the curvature stress in small vesicles by reducing pack-
ing defects that are thought to occur in highly curved bilayers
(54, 55).
MD simulation is a technique well suited for studying the

structural and dynamic behavior of membranes and mem-

brane proteins (60–64). Here, we confirm speculation that
�S binding significantly deforms a micelle and suggest that a
similar mechanism may apply to lipid vesicles (10, 34). It is
known that cations can deform spherical (highly curved)
SDS micelles into rodlike (flatter) structures (65). By screen-
ing the charge-charge interactions between sulfate head-
groups, which would otherwise be repulsive, the cations
allow the detergent heads to pack closer together, inducing a
change in shape. It has been suggested that the lysine resi-
dues in �S may have a similar effect (34). Indeed, Fig. 2
showed the elongated micelle structure induced by �S bind-
ing, which was quantified by an increased radius of gyration
and, perhaps most significantly, a decrease in the solvent-

FIGURE 9. Hydrogen bonding in the A53T mutant stabilizes the helicity. A, minimum distance between Thr53 side chain donor oxygen and water oxygens
(blue), SDS oxygen hydrogen bond acceptors (green), and Val49 backbone carbonyl oxygen (red). Shown is a representative snapshot illustrating the hydrogen
bond between the Thr53 side chain and Val49 backbone taken from the micelle-bound simulation. B, minimum distance between Thr53 side chain donor oxygen
and water oxygens (blue), DOPS oxygen hydrogen bond acceptors (green), and Val49 backbone carbonyl oxygen (red). Shown is a representative snapshot
illustrating the hydrogen bond between the Thr53 side chain and DOPS carbonyl from bilayer simulation. Micelle, bilayer, water, ions, and hydrogens have been
omitted for clarity. Backbone is represented as a green ribbon; Thr53, Val49, and DOPS are represented with the following color scheme: threonine donor
hydrogen (white), carbon (light blue), oxygen (red), nitrogen (blue), phosphorus (tan).
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accessible surface area, which correlates directly with area
per headgroup.We note that although the above average size
of themicelle results in a slight deviation from sphericity, the
difference in structure before and after �S binding is incon-
trovertible. Our convergent results forWT bending at Gly67/
Gly68 in the two environments (Fig. 7) suggested that �S
itself may have an intrinsic, preferred bend; perhaps it too is
in a stressed state when bound intimately to a highly curved
micelle or vesicle.
Given our results, we infer a potential mechanism for WT

function:�S flattens curvedmembranes by screening the repul-
sive interactions between negatively charged, acidic head-
groups, thereby reducing the effective area per headgroup and
relieving the inherent positive curvature of the lipids on the
outer leaflet of the vesicle. This process ameliorates the driving
force for fusion. Future simulations of curved bilayers should be
aimed at addressing this possibility, although such efforts will
probably require significantly more computer power than is
currently available. Regarding the mutants, then, we hypothe-
size that reduced binding of A30P could decrease this inhibi-
tory action of �S, potentially leading to overactive neural sig-
naling. Both the threonine and lysine substitutions are shown
to increase direct interaction with the lipids through a
hydrogen bond, whichmay then increase the protein’s inhib-
itory potential.
The deformation of the micelle also serves to maximize both

the favorable hydrophobic contact between the rather long hel-
ices and the core of themicelle as well as the stabilizing electro-
static interactions between the sulfates and lysines (51). The
helices of�S are highly pliable, particularly aroundGly67/Gly68,
where they exhibit particularly high dynamics and helical bend-
ing. This is within the highly hydrophobic NAC (residues
60–95), which we and others observe to bury deeply into the
core of the micelle/bilayer (10, 36, 45). Therefore, the simula-
tions suggest that �S bends in order to maximize the contact
area between the NAC region and the micelle.
Each mutation and environment has a distinct effect on

the average magnitude of helical bending near Gly67/Gly68;

relative to the WT, the micelle-
bound A30P mutant suppresses
bending, the E46K enhances bend-
ing, and A53T has little effect. If
WT �S bends at Gly67/Gly68 in
order to maximally insert the
hydrophobic NAC region into the
micelle center, then modulation of
this bending may affect the amount
of favorable interaction between
protein and micelle. Therefore,
changes in bending at the position
ofGly67/Gly68may contribute to the
observed increased affinity of E46K,
the decreased affinity of A30P, and
the unchanged A53T affinity (9, 12,
13, 16, 20). Our results suggest that
this bending is less prevalent (at
least on this time scale) in flat
membranes.

In the region of the threonine substitution, the dynamics
are nearly identical to those of the WT. This agrees with
experiments that concluded that the dynamics on this time
scale and the structure of �S are not affected by the A53T
mutation (9, 10, 13, 16, 18). However, experiments report a
decrease in dynamics near the A53T mutation, on the nano-
to millisecond time scale, outside the range of MD simula-
tion (10). How might A53T increase the stability of the
helical state? It was pointed out in the NMR study that aug-
mented 13C� secondary shifts at the point of the threonine
substitution are consistent with an increased helicity and
that this goes against the tendency for Ala3 Thr mutations
to destabilize secondary structure due to decreased entropy
of the Thr side chain relative to alanine. Indeed, Ulmer et al.
(10) speculated that a compensating, enthalpic interaction
must be responsible for this helix stabilization. We have
found that a hydrogen bond between the threonine and the
backbone carbonyl positioned four residues upstream may
be responsible for this stabilization. In the micelle-bound
state, this intraprotein hydrogen bond is highly stable,
whereas in the bilayer-bound state, it competes with hydro-
gen bond acceptors in the lipid interface region, which may
serve to stabilize the bound state of that mutant.
The E46Kmutation removes a negative charge that presents

a repulsive interaction in the WT. Therefore, this substitution
is thought to cause an increase in electrostatic interaction (with
SDS or PS) that may explain the observed increase in affinity of
the E46Kmutant for vesicles containing negatively charged lip-
ids (20). Indeed, the substituted lysine side chain directly inter-
acts with themicelle/bilayer, although in the case of the bilayer,
the hydrogen bond is formedmost frequently with the carbonyl
group and less frequently with the lipid headgroup, suggesting
that the headgroup chargemaynot fully determine the extent of
E46K affinity. Interestingly, both the micelle- and lipid-bound
simulations suggest larger scale structural rearrangements that
may contribute to an increase in affinity. In the micelle-bound
state, we observe increases in dynamics in the N-terminal helix
at the same positions where others have observed structural

FIGURE 10. Hydrogen bonding in the E46K mutant. Representative snapshot illustrating the hydrogen bond
between the Lys46 side chain and SDS detergent (A) or DOPS carbonyl (B) and water (other detergent mole-
cules, lipids, water, ions, and aliphatic hydrogens omitted). Backbone is represented as a green ribbon; Lys46,
SDS, DOPS, and water are represented with the following color scheme: hydrogen (white), carbon (light blue),
sulfur (yellow), nitrogen (blue), and oxygen (red).
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perturbations (21). In the bilayer-bound state, we observed
helix-C to submerge deeper into the bilayer center. This sug-
gests that changes in affinity due to this point mutation may be
more complex than simply the addition of a single electrostatic
interaction.
In the micelle-bound A30P simulation, we observe a

decrease in helicity, as has been observed experimentally (9, 10,
13, 16, 18). However, in the bilayer-bound state, decreased sta-
bility is reflected in an increase in backbone dynamics but only
slight changes in structure. It is possible that the relative stabil-
ity of A30P in the bilayer environment represents an equili-
brated structure different from in the micelle-bound state.
However, an equally likely conclusion is that a longer simula-
tion would be necessary to reach the final unfolded state in the
bilayer-bound state.
A main feature ofWT �S in the micelle-bound state, namely

the large increase in fluctuations near Gly67/Gly68 relative to
neighboring residues, is, remarkably, completely missing in the
bilayer-bound form.We interpret this tomean that�S becomes
somewhat locked into a stable conformation (i.e. the free energy
profile is steeply divergent from this conformation). This sug-
gests that on a surface of intermediate curvature (e.g. a synaptic
vesicle) the protein may respond by modulating the character
of fluctuation at this hinge location. Does membrane curva-
ture act as a switch that liberates or dampens relative fluctu-
ations at this glycine hinge? Is this effect all-or-none, or do
intermediate degrees of fluctuation exist depending upon
the degree of curvature?
Although each simulation began with an identical starting

configuration, the equilibrium structures and dynamics of the
mutants show deviations fromWT that are highly informative.
Each mutant does have its own particular local influence (i.e. at
position 30, 46, or 53), but there is also one common, long range
effect. In the bilayer only, the r.m.s.f. curve for each mutant
recovers the local maximum at theGly67/Gly68 hinge point that
was lost in the WT (Fig. 5). We are left with an unresolved
question; does this commonality suggest a functional signifi-
cance? Although we must entertain the possibility that this
result could be due to limited sampling of conformational
space, we find it remarkable that these fluctuations are only
absent in one of the eight simulations presented in Fig. 5.
Importantly, we also note the absence of these fluctuations
in the WT, bilayer-bound CHARMM simulation (see Fig.
S1), which increases our confidence that this is a real
phenomenon.
A highly curved micelle surface and a flat bilayer patch rep-

resent two possible extremes of curvature. On the relatively flat
bilayer surface, helical bending and dynamics of �S are consid-
erably reduced as compared with the micelle-bound state. We
therefore conclude that the extent of �S bending on highly
curved surfaces (e.g. a micelle) is largely imposed by the curva-
ture of the substrate and that a defining, specifically evolved
aspect of the primary sequence of �S is this inherent ability to
adapt its structure. We have, in part, addressed the ways in
which the familial PD mutants influence this adaptivity,
although the exact relationship between �S curvature, dynam-
ics, functionality, and PD pathogenesis remains elusive.
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