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α-Synuclein (αS) is a natively disordered protein in solution, thought to be involved in the fusion of neurotrans-
mitter vesicles to cellular membranes during neurotransmission. Monomeric αS has been previously character-
ized in two distinct membrane-associated conformations: a broken-helix structure, and an extended helix. By
employing atomistic molecular dynamics and a novel membrane representation with significantly enhanced
lipid mobility (HMMM), we investigate the process of spontaneous membrane binding of αS and the conforma-
tional dynamics of monomeric αS in its membrane-bound form.
By repeatedly placing helicalαSmonomers in solution above a planar lipid bilayer and observing their spontane-
ous association and its spontaneous insertion into the membrane during twenty independent unbiased simula-
tions, we are able to characterize αS in its membrane-bound state, suggesting that αS has a highly variable
membrane insertion depth at equilibrium. Our simulations also capture two distinct states of αS, the starting
broken-helix conformation seen in the micelle bound NMR structures, and a semi-extended helix. Analysis of
lipid distributions near αS monomers indicates that the transition to a semi-extended helix is facilitated by
concentration of phosphatidyl-serineheadgroups along the inner edge of theprotein. Such a lipid-mediated tran-
sition betweenhelix–turn–helix and extended conformations ofαSmay also occur in vivo, andmay be important
for the physiological function of αS.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

α-Synuclein (αS) is a 14 kDa protein that is thought to play a role in
synaptic vesicle fusion [1,2]. The protein is, however, mostly known for
its involvement in human pathological conditions such as Parkinson's
disease, in which αS aggregates form Lewy bodies, the pathological
characteristic of such diseases [3,4]. These aggregates are known to
form as a result of three distinct point mutations [5–7], or from overex-
pression of αS [8,9]. A clear physiological role for αS within cells has not
been uniquely identified [10]; however, αS has been shown to localize
to nerve termini [11–13], bind copper [14], and play a role in the uptake
and release of neurotransmitters from vesicles [1,2,15–18], as well as in
the regulation of glucose uptake [19].αS has also been shown to interact
with proteins involved in lipid metabolism [20,21], and binds to nega-
tively charged lipids [22]. The formation of Lewy bodies through αS
fibrilation and aggregation is a process that is not fully understood,
but evidence suggests a close link to αS interaction with anionic phos-
pholipids [23–25] or to acidic conditions [26]. It has been suggested
that intermediate oligomeric states of αS disrupt membranes, and are
particularly toxic to neurons [27–30].

Since a large part of αS physiology is membrane-dependent, recent
studies have focused on its interaction with biological membranes [28,
).
31], with the primary goal of characterizing the membrane-bound con-
formation of αS in vitro. Some have suggested that only αS aggregates
bind tomembranes [26], or that αS binds as a tetramer [32]. In contrast,
the available NMR/EPR structures of αS on micelles are indicative of a
monomeric horseshoe-like broken-helix conformation [33–35]. ESR
and DEERmeasurements, on the other hand, suggest that αSmonomers
adopt an extended helical structure in the membrane [36–39]. There is
considerable evidence that the geometry of the membrane plays a cru-
cial role in determining the conformation of αS [40,41], but there is also
evidence of interconversion between membrane-bound extended and
broken-helix conformations [42,43], favoring the extended helix by a
ratio of 7.6:1 [44]. Long termNMRexperiments also show that the initial
membrane-bound helical structures undergo further transitions to
fibril-like structures over the course of several days [45]. The transition
between unfolded states in solution and a primarily helical membrane-
bound state for αS is thought to be driven by the first 15–25 N-terminal
residues [46–51].

In addition to this wealth of experimental information, computa-
tional studies have supplemented our understanding of αS dynamics.
Molecular dynamics (MD) is an excellent tool for probing spatial and
temporal resolutions that are difficult for typical experiments to
achieve. Prior MD studies have given us additional insight into the role
that membranes play in αS function. An atomistic MD study investigat-
ed the membrane-bound form of a broken-helix structure by initially
placing it within the membrane, suggesting that neighboring glycine
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Fig. 1. Initial simulation system setup. The protein structure (shown as a black cartoon and sidechains colored according to their polarity, blue are positively charged, red are negatively
charged, green are positively charged and white are nonpolar) is placed above the HMMM headgroups, shown here with each heavy atom represented as a colored element (carbon is
cyan, oxygen is red, phosphorus is brown and nitrogen is red) and packed in with explicit DCLE solvent, shown as a yellow surface.
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residues are the flexible segments of membrane-bound αS [52]. Other
studies have focused on the pore-formation of αS aggregates [28,53],
membrane binding of the N-terminus [48], or the membrane curvature
induced by binding of αS [54].

What is missing from this picture is an unbiased description of the
membrane associated states of αS, especially as it relates to the role of
specific lipid–protein interactions in shaping the membrane-bound
conformation. Earlier atomistic simulations of the conformational dy-
namics of αS initially placed αS within the bilayer, and removed lipids
to accommodate the added bulk [52]. In this context, the slow dynamics
of lipid molecules, D ∼ 8 × 10−8 cm2 s−1 [55,56], poses a problem, as
Fig. 2. Schematic of the lipid extension process (top) and an example round of tail extension (bot
solventDCLEmolecule. In the second step, theunderlying structures are patched,first by adding the
carbons to the chain. The resulting structure is thenminimized before simulation to eliminate the lo
is thus 2 carbons longer than the original lipid. Given in (a) is the initial membrane structure, as t
explicitlywith the following color scheme: carbons are cyan, nitrogens are blue, oxygens are red, an
representation [74]. In (b), the nearest unique solvent carbons are highlighted in purple, and (c)
the slow lipid dynamics restrict membrane reorganization around the
protein. The slow lipid dynamics are only compounded by the addition
of αS, and increase the relaxation time of the membrane by two orders
of magnitude [54]. For typical atomistic MD simulation times on the
order of hundreds of nanoseconds, lipids simply do not move and inter-
change frequently enough to sample the space efficiently, and result in
inadequate sampling for more than a qualitative description of individ-
ual protein–lipid interactions.

This problem is well recognized, and may be addressed through
various methodologies. Some choose to simplify the model through
the use of coarse graining, which permits longer timescales at the cost
tom). In the first step, the terminal methyl group of a short lipid finds the closest carbon in a
bondbetween the carbons, and thendeleting and retyping the appropriate atoms to add two
ngbonds that result from the joining of two initially disjointmolecules. The resulting lipid tail
aken from the end of the HMMM equilibration simulation. The lipid heavy atoms are shown
dphosphorus atoms are brown. The organic solvent is shownas a transparent yellow surface
shows the initial bonded structure. (d) shows the resulting structure after the minimization.



Fig. 3. Membrane insertion depth of αS. The height of the center of mass relative to the
phosphate plane was calculated for the three sections of αS, namely the N-helix, U-link,
and C-helix. Each simulation is represented by the same color in all panels. Over the last
5 ns, representing membrane-bound forms of αS in all simulations, the average insertion
depth for the N-helix (residues 1–33) was μN = −0.7 ± 5.7 Å for all simulations except
Simulations 12 and 18–20 where the N-helix did not fully insert. Likewise, the insertion
depth for the C-helix (residues 45–92) was μC =2.3± 5.9 Å for inserted C-termini. Inser-
tion times are tabulated in Table S1.
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of atomic detail [54,57].Monte Carlo approaches have been used to treat
binary lipid systems [58], however such approaches by their nature are
of limited utility when investigating the details of a transition. We will
be using a recently developedmembranemodel, termedHMMM(High-
lyMobileMembraneMimetic) [59], an alternativemembrane represen-
tationwhere lipid lateral diffusion is enhanced through the replacement
of a large fraction of the phospholipid tail with an organic solvent yet
still faithfully reproduces the energetics of membrane–protein interac-
tions [59,60]. The enhanced lateral diffusion accelerates binding of αS
by increasing the fluidity of the membrane; membrane headgroups
can easily move to accommodate the incoming αS, as demonstrated
by the accelerated binding of free lipid to HMMM bilayers [61]. Once
bound, the increased fluidity of the membrane also lowers the barrier
to further protein conformational changes within the membrane.
Through repeated insertion of a helically folded αS, which is believed
to best represent the fold of the protein in its membrane-bound form,
into this dynamic membrane that maintains atomic detail, we arrive
at an unbiased pool of 20 membrane associated states of αS.

These simulations have yielded new insight into the insertion pro-
cess, as well as the conformational range αS adopts when bound to
themembrane. In particular, we believe that we have isolated the initial
stage of the postulated transition between membrane bound the
broken-helix and extended-helix conformations, and can describe in
detail the interactions that govern the transition.

Selected simulations were carried forward after the HMMM tails
were extended through regrowing the shortened lipids towards their
native length. The lipid tail regrowth algorithm leverages the atomic
positions within the organic solvent to determine the locations of new
carbon atoms added to the end of the tail. The resulting structure has
longer tails, and as the structure is onlymildly perturbed from a previous
equilibrium run, is nearer to equilibrium than a newly regenerated
membrane would be. Our results with the regrown membrane show
agreement between short and longer lipids, indicating that the HMMM
representation describes the binding mechanics while still permitting
the membrane to sample space more rapidly.

2. Methods

The simulations performed were designed with the goal of arriving
at anunbiased population ofαSmonomers inserted into themembrane.
The approach was to begin with 20 copies of a helical model of αS as
determined by NMR for a micelle-bound form of αS [33], place it
above the membrane, and use the accelerated sampling and insertion
of the HMMM [61] to arrive at a pool of membrane associated states
of αS unbiased by its starting position along the membrane normal. In
other words, we primarily aim at characterizing the depth of insertion
and orientation of an already foldedαS in themembrane, and not on de-
scribing the process of folding of the protein which is obviously beyond
the timescales of atomistic simulations. This ensemble provides unpar-
alleled statistics on the membrane-bound state of αS at an atomistic
level. The details of system preparation and simulations are provided
here.

2.1. System setup and simulation

A solution NMR αS structure (PDB ID: 2KKW [33]) was truncated
beyond residue 100 as in earlier studies [52,54], and was placed 5 Å
above 20 independently generated 120 × 120 Å2 HMMM membranes
[59]. Residue 100 is the approximate boundary between the N-terminal
fragment known to adopt a predominantly α-helical membrane-bound
structure and the free floating C-terminus [62]. The lipid composition of
the membrane consisted of a 1:1 mixture of divalerylphosphatidylserine
(DVPS) and divalerylphosphatidylcholine (DVPC) with an area per lipid
of 75Å2/lipid (96DVPS and 96DVPCmolecules per leaflet), a ratio chosen
as a compromise between αS affinity to anionic phospholipids [22]
and natural mammalian membrane compositions. The interior of the
HMMM membrane was filled with 1,1-dichloroethane (DCLE) [59].
The area per lipid was chosen to be approximately 10% higher than
what is expected for a native membrane [63], in order to allow for the
asymmetric insertion of the αS monomer into one leaflet under the
fixed-area ensemble required to maintain a physiological headgroup
density. The measured area per lipid in the cis leaflet at the end of the
simulations after the protein has inserted is 66.7 ± 0.5 Å2/lipid, in line
with lipid density of a relaxed membrane. Sodium and chloride ions
were added using the AUTOIONIZE plugin of VMD [64] to neutralize
each system and bring the salt concentration to 100 mM. A representa-
tive initial simulation system is shown in Fig. 1.

For each replicate, the following simulation protocol was used: with
the protein held fixed, themembranewas equilibrated for 10 ns prior to
an equilibrium NPnAT simulation of 51 ns. Each replicate was simulated
using NAMD 2.8 [65], CHARMM27 protein force field [66] and the
CHARMM36 lipid force field [67], with a 2 fs time step. Non-bonded
forces were calculated with a 12 Å cutoff (10 Å switching distance).
Long-range electrostatic forces were calculated every other time step
using the particle mesh Ewald method [68,69]. A Langevin thermostat
using γ = 1 ps−1 maintained the system temperature at 310 K.
Pressure was maintained at 1 atm along the membrane normal using
a Nosé–Hoover piston [70,71] with period and decay of 200 fs.

image of Fig.�3
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2.2. Tail extension

While the HMMM efficiently and rapidly samples the membrane
binding and insertion of the protein, a frequent concern is how the
short acyl tails of HMMM bilayers impact equilibrium properties. In
order to ensure that the final result has not been severely affected by
the model's choice of acyl tail length, we extended the acyl tails by four
carbons and monitored equilibrium properties. To extend the tails, we
developed amethod to grow the short lipid tails of theHMMMrepresen-
tation in a stepwise manner taking advantage of the atomic coordinates
of the carbon atoms of the organic solvent as a guide. The extension
protocol reverses the process of creating an HMMM membrane in a
Fig. 4. Finalmembrane-bound αS states. A side viewof thefinal state of theN- and C-helices from
as bronze spheres. The N-helix is darker and shorter than the C-helix. The U-link between the
simulations where the N-helix interacted across the periodic boundary.
stepwise fashion by connecting the end of the lipid tails to the nearest
solvent molecule. By using existing solvent atoms as the basis for the
lengthened lipid tails, we try to minimize the perturbation of the mem-
brane core, allowing for a faster relaxation of the system. Fig. 2 shows
the steps within a single extension cycle schematically, summarizing
the process of finding the nearest solvent molecule to a tail, applying
patches to the structure, and reminimization of the structure to eliminate
long bonds. Three systems were chosen from the pool of membrane-
associated αS conformations and subjected to two rounds of tail exten-
sion, bringing the length of each lipidtail from 5 carbons to 9 carbons
each. These systemswith extended tailswere simulated for an additional
15 ns using the same simulation protocol as described above.
each simulation is shown. The position of phosphorus atoms in the two leaflets are given
helices is drawn using a transparent representation. Red borders around a state indicate



Fig. 5.Equilibrium insertion depth after lipid extension.As in Fig. 3, theheight of the center
of mass for three sections of αS was calculated for the three systems where the tails were
extended. Line colors are consistent with Fig. 3. The membrane insertion depth is consis-
tent with non-extended HMMMmembranes, however the fluctuation of the penetration
depth for a given trajectory is reduced. Over the last 15 ns of trajectory for a 5-carbon
HMMMbilayer, the standard deviation of the insertion depth is 1.8 Å for a single trajectory.
Once the HMMM bilayer is extended to 9-carbons, the deviation in insertion depth is only
1.3 Å over 15 ns. This indicates overall reduction in membrane flexibility with increasing
acyl tail length.
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2.3. Analysis

Purpose-built analysis VMD [64] scripts were devised to monitor
quantities of interest, and eventual output plots generated byMatplotlib
[72]. The depth of insertion was tracked for three regions of the protein.
Residues 1–33, corresponding to the N-terminal α-helical segment, will
be called the N-helix. Residues 45–92, corresponding to the C-terminal
α-helical segment, will be called the C-helix. The region linking the
two helices, corresponding to the tip of the U-shaped structure seen in
NMR structures [33–35], will be called the U-link (residues 34–44).
Residues 92–100 are ignored when monitoring the depth of insertion,
as they are unstructured, and were initially included in the simulation
to account for the long solvent-exposed tail. The membrane insertion
depth was determined by the center of mass for all alpha carbons in a
segment relative to the center of mass for all phosphorus atoms in the
cis leaflet of the bilayer.

Local deviations from a straight α-helical structure are measured by
the local kink angle (θk), whichmeasures the local helix kinking around
residue i by calculating the angle between the α carbons of the i− 4th,
ith, and i + 4th residue. The relative orientation of the N-helix and
C-helix is measured by the inter-helix angle (θh), which measures the
angle between least-squares linear fits of the N-helix and C-helix
alpha carbons.

Specific sites of interaction between αS and the surrounding phos-
pholipids were quantified by calculating a contact number over the
last 15 ns of the trajectory, which represents the fully associated form
in our simulations. The contact number for heavy atom i of αS is given
by:

Ci ¼
X
j∈lha

1− 1

1þ exp 5 Å−1 dij−4 Å
� �� �

where lha is the set of lipid heavy atoms within 5 Å of atom i and dij is
the distance between atoms i and j. This formulation for contacts was
originally designed for folding simulations [73], however we use it
here to reweight contacts based on their distance, which is a proxy for
strength.

To aid in the understanding of the results, the 20 independent simu-
lations have been reindexed according to structural features that arose
over the trajectories.

3. Results and discussion

3.1. Spontaneous membrane binding and insertion of αS

In each of the 20 independent simulations, the helical αS monomer
is rapidly inserted into the membrane from its initial position 5 Å
above the membrane. The insertion pattern of αS was not uniform,
and different regions of αS are inserted into the membrane at different
times, with complete membrane association and insertion occurring
within 30 ns. On this short timescale, αS remains helical as it was in
the starting micelle-bound NMR structure. The membrane insertion
depth of each region was tracked by following the position of the
alpha carbons along the membrane normal for each region (Fig. 3).
Membrane insertions of the N-helix and C-helix are independent
events, each typically embedding itself below the level of the phospho-
rus atoms of the surrounding phospholipids, with the insertion of the
N-helix usually preceding that of the C-helix by an average of 5.4 ns
(Table S1). The N-helix has been previously identified as being the cat-
alyst of membrane association, with implications that the first four [48]
or twelve [49] residues ofαS promotemembrane association and subse-
quent insertion, which is supported by the observed order of insertion
in our simulations.

The final average insertion depths (μ), taken to be the average inser-
tion depth relative to the average membrane phosphorus position, over
the last 5 ns, were computed for each segment. The final average inser-
tion depths relative to phosphorus atoms of the cis leaflet were μN =
−0.7 ± 5.7 Å for the N-helix, μU = −0.8 ± 6.0 Å for the U-link, and
μC = 2.3 ± 5.9 Å for the C-helix. The average values capture the trend
seen in earlier studieswhere the C-helix insertsmore deeply into the bi-
layer [39,52]. Through repeating the simulation 20 times, and especially
since the αS monomer was initially placed above the membrane rather
than embedded within it, a greater variability in insertion depths is ob-
served in our simulations. The accelerated dynamics of the HMMM
allow αS to sample more extensively in the limited simulation time al-
lotted. This allows us to capture for the first timewith atomic-scale res-
olution the broad range ofmembrane-associated conformations thatαS
can adopt in the membrane [10,44,62]. This range of structures is reca-
pitulated in Fig. 4, where the final frame from the 20 simulations depict
significant variability in the degree of insertion of the individual helices.
Very little of the insertion depth variability is ascribable to the organic
solvent, as it is largely confined within 10 Å of the membrane center,
which is well below the insertion depth of the average αS monomer.

As an additional check to extract out the effect of the organic solvent
on the insertion depth, we can compare what happens when the simu-
lations are extended after the short phospholipid tails are extended by
four additional carbons. The depth of membrane insertion, reported in
Fig. 5, shows the overall insertion depth relative to the surrounding
membrane not to be affected by the extension of the lipid tails. Thus
the wide distribution of equilibrium insertion depths does not appear

image of Fig.�5
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Fig. 6. Local kink angle (θk). The local kink angle is defined as the average of the angle formed by the intersection of thevectors connecting theα carbon of residues i− 4, i, and i+4over the
last 15 ns of simulation. The results for each simulation are given their own color, and the average and standard deviation of the local helix angle per residue shownwith a thick black line.
Panel (a) focuses on the N-helix region and likewise (b) focuses on the C-helix.
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to be an artifact of using an HMMM representation, but rather a feature
inherent to how αS interacts with biological membranes.

The deviation in insertion depth within individual trajectories does
decrease when the acylchains are extended. The reduced variability of
the insertion depth after lipid extension is indicative of the extent to
which acyl-chain length impacts membrane dynamics. The longer lipid
tails do not simply retard the motions of the embedded protein laterally,
but also present barriers to motion along the membrane normal. Using
Fig. 7. Inter-helix angle (θh). θh is defined by the angle between the two vectors formed by a li
pendent simulation are presented using a different color. Two distinguishable states emerge,
inter-helix angle approaches a right angle.
the standard deviation of insertion depth as a metric, we estimate that
a protein in a membrane with acyl chains nine carbons long needs to
be simulated twice as long to sample the same space as a protein in a
membrane with acyl chains five carbons long. Assuming a linear depen-
dence on chain length, simulations of peripheral proteins in conventional
bilayers will need to be run at least 6–8 times longer to sample the same
range of insertion depths as an HMMM membrane, an estimate that is
congruent with the acceleration observed in membrane insertion [61].
near interpolation of the α carbons of the N- and C-helices. The time series for each inde-
a horseshoe-like state where θh never exceeds 47°, and a semi-extended state where the

image of Fig.�7
image of Fig.�6
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3.2. Bending of αS in its membrane-bound form

Prior atomistic simulations have quantified the degree of helical
bending along the length of αS by measuring a local kink angle (θk) as
defined in the Methods [52]. This angle is designed to measure the
local helical structure, values near 10° are expected for a prototypical
α-helix; while larger values indicate a local helix-kink. Fig. 6 shows
that in a typical trajectory, the N- and C-helices of αS are comparatively
straightwith only small kinks along theα-helices. In fact, αS only shows
large kinks near the U-link region, residues 34–44 (Fig. S1). Qualitative-
ly, the structures that emerge consistently are two stiff helical segments,
linked together by the flexible U-link region where θk values are more
Fig. 8. Conformational heterogeneity of αS in membranes. The final conformations of αS from t
Each representation is colored consistentlywith Figs. 3 and 7, with theN-helix in the lower right
after aligning the structures in the membrane plane. Red borders around a state indicate simula
assigned with STRIDE [75].
varied and diverse. This qualitative description of αS helix dynamics
within the HMMM membrane is consistent with prior experimental
and computational studies, in which membrane-bound αS was pre-
dominantly helical [33–39,52].

Another important structural aspect of αS is the inter-helix angle
(θh) formed between the two comparatively stiff N- and C-helices. In
the proposed extended conformation of αS, the angle formed by the
junction of the N- and C-helices would be nearly 180°. Instead, NMR
structures from micelles have shown the angle to be between 20 and
30°. Coarse-grained simulations and titration calorimetry have ob-
served populations of both states [54,44], however atomistic simula-
tions have not been able to capture this conformational diversity [52].
he 20 independent membrane binding simulations, as viewed from above the membrane.
quadrant and darker than the C-helix in the upper left quadrant the subplot, which results
tions where the N-helix interacted across the periodic boundary. Secondary structure was
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From our population pool of 20 membrane-bound αS simulations orig-
inating from the same NMR structure, we obtain a diverse set of inter-
helix angles (Fig. 7). Thefinal frames of the 20 simulations are presented
graphically in Fig. 8. Broadly speaking, two populations are present in
the simulations. The predominant population, comprising Simulations
3–17, is where θh never exceeds 47°, consistent with the initial NMR
structure. In a minority of cases, comprising Simulations 1, 2, and
18–20, θh rises over the course of the simulation, approaching 90°. In
the particular case of Simulations 18–20, θh increases due to the
N-helix interacting with both leaflets across the periodic image while
the C-helix interacts with a single leaflet. This is a simulation artifact
that likely has a little meaning for αS function in vivo, aside from
demonstrating the flexibility of the broken helix conformation of αS.
Fig. 9. PS-contact map. A top view of the protein in its final state (a view equivalent to Fig
PS-headgroups over the last 15 ns of simulation (blue for no contacts, green for some, and re
the protein. PDB structures of final αS states are available as supplemental materials, with the
For Simulations 1 and 2, the increase in θh occurs as the αS monomers
are inserting into the membrane, suggesting that interactions with the
membrane interface can drive changes in the structure of αS away
from the initial broken-helix conformation taken from NMR structures,
and towards the extended conformation seen on bilayers. While the θh
does not cross the 47 degree threshold in Simulations 3 and 4, the
N-helix and C-helix are well separated from one another in the end
state, suggesting that these simulations may also be transitioning to-
wards an extended-helix conformation.

Extending Simulations 1, 2 and 9, after membrane extension, con-
firms that θh was not impacted by acyl tail length. The θh values within
the extended membrane simulations (Fig. S2) are approximately
constant, varying within 10° of their initial values over the 15 ns of
. 8) where each atom has been color coded according to the number of contacts with
d for many). The resulting Quicksurf [74] surface highlights specific interaction sites on
number of PS contacts coded into the beta field.

image of Fig.�9


Fig. 10. Representative inter-helix hydrogen bonds stabilizing the horseshoe conforma-
tion. Snapshots are color-coded and labeled according to the simulation of origin. Preva-
lent hydrogen bonds between residues on the N- and C-helices are highlighted in green,
and the interacting side chains are labeled and shown with the following color mapping:
carbon atoms are cyan, oxygen atoms are red, nitrogen atoms are blue, and hydrogen
atoms involved in hydrogen bonding are shown in white. All other atoms are omitted
for clarity. Note that the K21–E61 interaction is the most prevalent, appearing in Simula-
tions 7, 11, 13, and 15 (13 and 15 not shown).
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extended simulations. The low variability of θh in the extended mem-
brane suggests that the observed states where θh is larger, and the αS
monomer is transitioning towards an extended state are stable within
a bilayer composed of longer lipids, and given longer sampling times,
might result in a fully extended structure. Our interpretation is that
the HMMM representation of the membrane, with its inherently more
fluidmembrane, allowedus to escape the kinetic trap that confined pre-
vious atomistic simulations to sample only the broken-helix state.

3.3. Membrane interaction and linearization of αS

αS binds to negatively charged membranes, but not to neutral
membrane components [22,25]. This implies the existence of specific
interactions between αS side chains and negatively charged lipids in
the membrane, interactions that may play a role in the linearization of
αS. Taking advantage of the atomistic nature of the HMMM model we
track the detailed interactions between the lipid headgroups and αS
which might be responsible for the angular response of αS. Given the
conformational flexibility of αS, observation of the same exact interac-
tions over 20 independent trajectories is extremely unlikely, and so in-
stead we are tasked to any pattern of interaction that might influence
whether an individual trajectory will transition towards an extended
conformation or remain in the original broken helix conformation
observed in NMR experiments [33–35].

Using the metric of lipid contact number to highlight regions of αS
that interact extensively with the PS and PC headgroups of the mem-
brane, it is possible to elucidate some general trends (Fig. 9 for PS con-
tacts and Fig. S3 PC contacts). In Simulations 1–4, where the N- and
C-helices are well separated and represent a semi-extended helix,
there are clear interactions along the interfacial edges between the N-
and C-helices and PS headgroups. For Simulations 5–17, which repre-
sent a membrane-bound broken helix of αS, there are demonstrably
fewer PS contacts along the inner face (Fig. 9). Tabulating the contact
numbers by residue (Table S2 for PS, Table S3 for PC), an increase in
the total number of contacts for Simulations 1–4 relative to Simulations
5–17 becomes evident, a result of the greater surface area exposed in
the semi-extended conformation of αS. The increase is greater in
the number of PS-Lys contacts formed in the semi-extended state
(Sim. 1–4), suggesting that there is a possibility for salt-bridges to
form between the N- and C-helices that would stabilize the broken-
helix conformation found in the NMR structure. These interactions
would need to be disrupted before linearization of the broken-helix
conformation could take place.

Evidence of such interactions can be found in thebrokenhelix trajec-
tories from Simulations 5–17, where contacts are observed to form
between the N- and C-helices.

The observed exact bonding patterns, as exemplified in Fig. 10, are
not unique, and result in different topological constraints on the protein.
Depending on small rotations along the helical axes, different hydrogen
bonds between the N- and C-helices form. The hydrogen bonds are
largely confined to the same range of residues, between charged resi-
dues in the 54–62 range and polar ones from residues 21–28. For a tran-
sition towards an extended conformation, these interactions must be
replaced with equally favorable ones, such as the interactions to the
surrounding lipids. The access of these alternative bonding partners to
the protein promotes the transition between the broken-helix and
extended helix membrane-bound αS conformations.

4. Conclusion

In this study, we employed atomistic MD simulations to arrive at an
unbiased pool ofαSmonomers bound to lipid bilayers, and to investigate
the dynamics of itsmembrane-bound form. By leveraging the accelerated
sampling of an alternative membrane representation allowing for re-
peated (20) simulations, we not only capture the conformational
heterogeneity of membrane-bound αS in independent simulations,
but also collect sufficient data to report for the first time the influence
of membrane interactions on the conformational states of αS at an
atomistic level of detail. Furthermore, in a number of simulations,
αS was found to undergo a transition from the initial broken-helix
conformation, which was adopted from the starting NMR structure, to
a semi-extended conformation. The observed transition, which is
suggested to occur at equilibrium [42–44], implies that prior atomistic
simulations may have underestimated the natural variability within
the membrane-bound structure of αS. The transition between the
broken- and extended-helix conformations would likely also occur in
a conventional model bilayer, however the timescale needed would
be much longer than those currently achievable by atomistic simula-
tions. Indeed, inducing complete transition to a fully extended state in
an atomic simulation to obtain a free energy profile requires sampling
timescales that are currently inaccessible. Under equilibrium condi-
tions, these transitions are stochastic events, and can only be captured
with methods and models offering more robust sampling. Using our
previous estimate of the increased sampling rate of a peripheral protein
in an HMMMbilayer, the simulations here might be roughly equivalent
to 6–8 μs of equilibrium simulation of anαSmonomer in a conventional
membrane with a comparable lipid composition. It has to be noted
however that while the dynamics of the lipids have been enhanced
with the application of the HMMM membrane, the conformational
dynamics of the protein component, though less hampered by the
slow lipid dynamics here, are still governed by molecular events that
continue to be slow, such as protein folding, which are best sampled
using coarse grained approaches [54]. Therefore, even with the
HMMMmembrane,we have not been able to capture the entire process
of membrane-induced conformational changes in αS, though we have
isolated specific interhelical hydrogen bonds that can stabilize the
broken-helix conformation.

image of Fig.�10
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