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Abstract 

Using molecular dynamics simulations, we have explored the effect of asymmetric 

lipids—specifically those that contain one polyunsaturated (PUFA) and one saturated 

fatty acid chain—on phase separation in heterogeneous membranes. These lipids are 

prevalent in neuronal membranes, particularly in synaptic membranes, where the 

Parkinson’s disease protein α-synuclein (αS) is found. We have therefore explored the 

relationship between asymmetric, PUFA-containing lipids, and αS. The simulations show 

that asymmetric lipids partition to the liquid disordered (Ld) phase of canonical raft 

mixtures because of the highly disordered PUFA chain. In the case of a membrane built 

to mimic the lipid composition of a synaptic vesicle, the PUFA-containing asymmetric 

lipids completely disrupt phase separation. Because αS is positively charged, we show 

that it partitions with negatively charged lipids, regardless of the saturation state of the 

chains. Additionally, αS preferentially associates with the polyunsaturated fatty acid tails 

of both charged and neutral lipids. This is a consequence of those chains’ ability to 

accommodate the void beneath the amphipathic helix. 
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1. INTRODUCTION 

Amphipathic α-helical proteins bind to biological membranes and alter their physical 

characteristics, including shape [1–3], order [4], and phase [5]. Yet the biophysical details 

as to how these proteins affect the organization of lipids in complex biological 

membranes remains poorly understood. α-Synuclein (αS) is a physiologically important 

amphipathic helix because of its role in Parkinson’s Disease [6–8]. Recently, solid-state 

NMR was used to show that αS homogenizes phase-separated, model membranes 

containing both liquid ordered (Ld, enriched in POPC) and liquid disordered (Lo, 

enriched in Sphingomyelin and cholesterol) phases, reducing both the bilayer’s overall 

order and thickness [5]. Synaptic vesicle (SV) membranes, a primary physiological 

location for αS [9], have profoundly different lipid compositions than these canonical 

lipid raft mixtures. In particular, greater than 60% of the non-cholesterol lipids are 

asymmetric, meaning they contain one polyunsaturated fatty acid (PUFA) and one 

saturated fatty acid; cholesterol makes up 45% of the total lipid content; and SM makes 

up just 4% of the composition [10,11]. Konyakhina & Feigenson recently solved a phase 

diagram for a mixture containing asymmetric PUFA-containing lipids, sphingomyelin, 

and cholesterol [12]. In the region of Lo/Ld phase coexistence these PUFA-containing 

lipids form the Ld phase while sphingomyelin and cholesterol pack into the Lo phase, 

much like a canonical raft mixture.  

 

The motivation for this current computational study is to begin to understand how αS 

relates to the complex lipid constituency of synaptic vesicles. Specifically, coarse-grained 



 2 

molecular dynamics (MD) simulations are used to predict how αS interacts with 

asymmetric PUFA-containing lipids in a variety of complex bilayers. MD simulations 

have previously been used to study PUFA-protein interactions and revealed that the 

transmembrane protein rhodopsin has a preference for the PUFA chain in asymmetric 

PUFA-containing lipids [13]. The extreme flexibility of PUFAs allows them to adopt 

irregular conformations that maximize contact with proteins, which is not possible for 

rigid saturated fatty acids. The details of the interactions between PUFA-chains and 

amphipathic helices, on the other hand, have not been investigated with MD simulation. 

Relatedly, we have recently used simulations to show that αS disorders lipid chains 

directly beneath the protein when embedded in simple, single-component bilayers 

composed of asymmetric lipids containing a monounsaturated chain and negatively 

charged headgroup (POPG) [4].  

 

Because it is polybasic, αS binds with much greater affinity to bilayers composed of 

negatively charged lipids [14,15]. How this relates to the interaction between αS and 

synaptic vesicles remains unknown. In synaptic vesicles, the vast majority of charged 

lipids have a phosphatidylserine (PS) headgroup, and those make up 12% of the total 

phospholipid content [10]. Of these PS lipids, 98% are asymmetric with a PUFA-chain, 

underscoring the likely biological importance of αS/PUFA interactions. There are 

contrasting reports of αS’s preference for Lo or Ld phases [16–18], both in model 

biophysical settings and in cells. Given Feigenson’s recent phase diagram [12], this raises 

the question as to whether the preference of the PUFA chain for the Ld phase drives a 

synaptic vesicle’s PS lipids into that phase and, if so, whether this brings αS along for the 

ride. We have designed a series of simulations aimed at addressing the possibility that αS 

localizes to whichever phase is enriched in PS lipids. In so doing, we address whether αS 

(and likely other amphipathic helices) has an intrinsic attraction to a given phase, or 

whether the electrostatics and/or chain disorder drive the protein’s partitioning behavior.  

We conducted four sets of simulations: To test 1) the behavior of asymmetric PUFA-

containing lipids in phase-separated bilayers, we simulated lipid raft mixtures (4:3:3 

DPPC:DLiPC:CHOL) with and without 12% PUFA-containing lipids (18:0-22:6 PS 

(SDPS)); 2) the phase behavior and lipid mixing of synaptic vesicle membranes, we 
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simulated a synaptic vesicle mimic with 45% PUFA-containing lipids (88:12 

SDPC:SDPS), 45% cholesterol, and 10% saturated lipids (DPPC); 3) how the fatty acid 

composition of anionic PS lipids influences the phase partitioning of the cationic αS 

helix, we simulated αS bound to lipid raft mixtures with and without 12% PS lipids of 

three different fatty acid compositions: mixed saturated and unsaturated (6% DPPS, 6% 

DLiPS), unsaturated (DLiPS), and asymmetric saturated polyunsaturated (SDPS); and 4) 

whether αS interacts with PUFA tails independent of lipid charge, we simulated αS 

bound to the synaptic mimic, which contains both charged and neutral PUFA-containing 

lipids.  

 

Coarse-grained molecular dynamics (MD) simulations used the MARTINI force field 

[19], with the GROMACS v.4 simulation software [20,21]. To model αS, we used a 

single extended helix, MARTINI model of residues 1-100 (the amphipathic membrane-

binding helix) [22,23], with a pre-defined secondary structure, a limitation currently 

imposed by the MARTINI force field. We have previously shown the equivalence of an 

extended helix and a broken helix in the protein’s impact on membrane curvature. It is 

possible that increased protein dynamics (e.g. in a broken helix configuration) may 

influence partitioning in complex bilayers, though we have not investigated that 

possibility here. We have previously employed the MARTINI force-field to study Lo/Ld 

phase-behavior in lipid raft mixtures [24,25], and also to study membrane-bound αS on 

bilayers [3,4]. We based our raft simulations on prior MARTINI studies of planar lipid 

bilayers which used a 4:3:3 ratio of di-16:0PC (DPPC), di-18:2PC (DLiPC) and 

cholesterol (CHOL) [26]. 

2. METHODS 

2.1 Simulation methods 

Each simulation was carried out using coarse-grain (CG) MARTINI force field 

parameters in the GROMACS v4.5.3 molecular dynamics software package. We used the 

MARTINI lipid [19], MARTINI2.2 protein [27], and MARTINI2.P polarizable water 

parameters [28]. Lipids were constructed using previously published MARTINI 

parameters. Palmitic acid (P) and linoleic acid (Li) chains were modeled with four 
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MARTINI beads [26,29], stearic acid (S) was modeled with five [30], and 

docosahexaenoic acid (D) was modeled with six (table S1) [31]. Each system was run in 

an isothermal-isobaric ensemble (NPT) using the velocity-rescaling thermostat [32], and 

Berendsen barostat [33], with a temperature of 295 K and compressibility of 3e-4 bar-1 

with a 10 fs time step. Pressure coupling was applied semi-isotropically with the xy- and 

z-dimensions coupled separately. For non-bonded interactions, the Lennard-Jones 

potential was shifted to zero between 0.9 and 1.2 nm and the van der Waals between 0 

and 1.2 nm.  

 

To explore the interactions between SDPS, αS, lipid rafts, and SV mimics we constructed 

the following bilayers: i) 4:3:3 DPPC:DLiPC:CHOL, a standard model lipid raft system 

[26]; ii) 12% SDPS and 88% 4:3:3 DPPC:DLiPC:CHOL; iii) 45% CHOL, 40% SDPC, 

10% DPPC, 5% SDPS, a synaptic vesicle mimic based on the makeup of rat synaptic 

vesicles [10]; iv) bilayer 1 with αS; v) bilayer 2 with αS; vi) bilayer 3 with αS; vii) 6% 

DPPS and 6% DLiPS added to 88% 4:3:3 DPPC:DLiPC:CHOL with αS; viii) 12% 

DLiPS added to 88% 4:3:3 DPPC:DLiPC:CHOL with αS (table 2). Each system contains 

~3,500 lipids randomly seeded in the bilayer plane and 56,000 polarizable water 

molecules with the appropriate counter ions to balance the system to a net neutral charge. 

Systems 1-3 and 7 were simulated for 5.5 μs of simulation time, and systems 4-6 and 8-9 

were simulated for 10.5 μs.  

 

For the systems with αS, lipids were seeded around a single protein with 23 lipids 

removed from the protein leaflet to accommodate the amphipathic helix [3]. The 

membrane-binding domain of αS (residues 1-100) was used. Proteins in MARTINI 

require secondary structure constraints [27]. Residues 1-93 were modeled as α-helical 

and residues 94-100 random coil [4] . 

 

Each system was energy minimized using the GROMACS steepest-descent energy 

minimization algorithm for 100,000 steps or until machine precision. Then solvent 

molecules were added and the system was simulated for 50-100 ps with the lipids fixed in 

the Z-dimension to allow the solvent to accommodate the membrane. An additional 1-3 
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ns were simulated without lipid constraints to allow the system to relax before beginning 

our production runs of 5.5 or 10.5 μs (actual simulation time).  

2.2 Data analysis 

Simulations results were analyzed with GROMACS (v.4.5.3) utilities (trjconv, trjcat, 

make_ndx) to manipulate the trajectory files and MATLAB (v.R2013) to perform 

analysis and generate figures.  

2.3 Number density profiles 

To show localization of the lipid components in each simulation, colored density maps 

were created from the trajectory file coordinate information for each lipid. The bilayer 

was first parsed into upper and lower leaflets by defining an undulating reference surface 

for each leaflet and averaging the two surfaces [34]. The systems with αS were oriented 

with the protein aligned on the x-axis. For the non-protein systems, the Cartesian 

reference orientation (default xyz-coordinates) was used. Each 30 x 30 nm leaflet was 

then binned into a 200 x 200 grid and the number of CG beads was counted in each bin 

for each lipid species. Colored density plots were then produced from a surface using the 

bin contents for each species and normalized using the number of bins and number of 

beads so the volume under the surface is 1. These plots are displayed in figures 1 and 6. 

A 500 ns time window was used to highlight domain formation and average out transient 

lipid diffusion (figure 7).  

 

To determine the density of a given acyl chain near αS, the protein-species distances were 

divided into 0.1 nm bins and the shortest distance between any protein bead and the 

center of mass of the species of interest was selected. Additionally, the shortest distance 

between any protein bead and any bead contained by the species of interest was selected 

for comparison as shown in figure 8.  We plotted the number of each acyl chain near the 

protein for SDPS and SDPC in figure 5A. 

2.4 Total lipid local order parameters 

To show the localization of phases in each system, we calculated total lipid order 

parameters as described in our previous work [4]. Order parameters were interpolated 

onto a uniform 100 x 100 grid encompassing the 30 x 30 nm leaflet and the resulting 
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surface was then plotted using the average order parameters at each point on the grid, as 

seen in figures 3A-C, 4, and 9.  

 

To generate one-dimensional order histograms, the order parameter values for each pixel 

were divided into 0.01 (order parameter units) bins. Figure 3D was generated in this 

manner.    

2.5 Radial distribution functions 

To calculate the radial distribution between the species in each of our systems, the 

distances between all species in the system for each leaflet were binned according to 

length using only x- and y-coordinates. Each system was then normalized to its bulk 

density. The radial distributions between each species in each system are found in figure 

6. These distribution plots are truncated to 3 nm to show enrichment and depletion at 

short distances.  

 

Figure 1. Local densities of lipid species in a (A) lipid raft mixture, (B) lipid raft mixture with 12% SDPS, 

and (C) synaptic vesicle mimic mixture (45:40:10:5 Chol:SDPC:DPPC:SDPS). Each plot is a 500ns time 

average of a single periodic cell taken from 5-5.5 μs. Hot colors indicate high density and cold colors 

indicate low density. 
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3. RESULTS 

3.1 Asymmetric PUFA-containing lipids disrupt phase separation 

In order to investigate the impact and localization of the asymmetric lipid SDPS in Lo/Ld 

separated bilayers, we first simulated the canonical raft mixture (4:3:3 

DPPC:DUPC:CHOL) established by Marrink absent SDPS [26]. Figure 1A shows the 

two-dimensional lipid distribution as calculated over a 500 ns window, and recapitulates 

the original findings of this mixture, showing strong phase separation. The Lo and Ld are 

single, well-defined and contiguous regions separated by clear boundaries that reflect the 

nearly complete isolation of cholesterol within the saturated lipid phase. It is important to 

note that the exact size and boundaries of the phase-separated domains portrayed in our 

analysis are not characteristic of a single snapshot from the system. The temporal 

averaging across the 500ns window smoothes the phase boundaries and results in a subtle 

loss of refined structural detail. Nevertheless, the overarching results are consistent across 

all systems and are converged over separate 500ns windows. 

 

Figure 1B shows that when SDPS is added to this mixture at 12 mol% it partitions to the 

Ld phase. Unlike in the case of an asymmetric, monounsaturated lipid (POPC), which 

was shown to partition to the boundary between the Lo and Ld phases [35], the 

polyunsaturated-containing SDPS is peppered throughout the Ld domains. The 

consequences of this on the separation of the phases are profound. Qualitatively, it is 

apparent that the phases are less well defined. Most notably, the exclusion of cholesterol 

from the Ld phase appears to be less complete. While cholesterol is still excluded from 

the centers of the Ld domains, it is more likely to encroach upon the boundaries of the Ld 

domains when SDPS is present. 

 

In the SV mimic system, in which 45% of the lipids contain a PUFA, large cohesive 

domains are no longer visible (figure 1C). Nevertheless, close inspection reveals co-

localization of DPPC and cholesterol into small nanodomains; for example there is a 

cluster near the top center edge of the simulation box. Additionally, in this location there 

is a depletion of PUFA-containing lipids, most noticeable as a blue spot in the third 

panel, which shows the density of SDPC.  
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To quantify the association between cholesterol and DPPC and understand the extent of 

ordered domain formation, the radial distribution function between DPPC and cholesterol 

for each of the three systems was calculated. Figure 2A shows that the likelihood of 

finding cholesterol in the first shell surrounding a DPPC lipid is quite similar in each 

system. At increasing distances, the probability of DPPC-cholesterol interactions drops 

off in the Raft + SDPS system and even more so in the SV mimic mixture, indicating the 

formation of smaller ordered domains than in the raft mixture. The addition of PUFA-

containing lipids causes the size of DPPC-cholesterol rafts to shrink. In the SV mimic, 

the RDF reaches the bulk value (g(r) = 1) at ~2 nm, whereas the Raft systems do not 

reach bulk until ~15 nm (half the box dimension). 

 

 

Figure 2. Cholesterol radial distributions. (A) Radial distribution plots between the cholesterol OH group 

and the phosphate bead of DPPC are displayed for the raft mixture (black) the raft + SDPS mixture (red), 

and the SV mimic mixture (blue). (B) Radial distribution plots between cholesterol molecules in each 

system. Each RDF is a time average from 5-5.5 µs of simulation time. The full-length (15 nm) radial 

distribution plots are shown as insets. 

 

Additionally, cholesterol-cholesterol interactions are ameliorated when PUFA-containing 

lipids are present (figure 2B), reflecting the migration of cholesterol out of the Lo phase. 

In both the Raft + SDPS and the SV mimic simulations, the probability of finding a 

cholesterol-cholesterol interaction in the first shell is roughly half as likely as in the Raft 

system. Interestingly, although the first-shell values for these two PUFA-containing 

systems are the same, the g(r) values are much lower in the SV mimic at greater 

distances. This provides evidence that cholesterol cluster size is inversely related to 
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PUFA concentration. Furthermore, there is a greater probability of an SDPS/CHOL 

interaction than a DLiPC/CHOL interaction (figure 6), presumably reflecting a 

preferential interaction between the cholesterol and the saturated chains that are in the Ld 

phase. Likewise, there are increased DPPC/DLiPC interactions in the SDPS system.  

 

The changes in lipid distributions induced by PUFA-containing lipids described in 

Figures 1 and 2 manifest in the calculated lipid order parameter profile, which further 

highlights the impact of the these lipids on the phase behavior of the membrane. Figure 3 

shows the local order parameters for the raft system with and without SDPS and from the 

SV mimic mixture. As is clear from the data, SDPS severely diminishes the order of the 

Lo phase. Figure 3D shows a histogram of the two-dimensional order parameter data, 

quantifying the extent to which SDPS reduces phase separation. The figure shows that the 

signature of the Lo phase (peak at Sz ~ 0.75) is completely eliminated, giving way to a 

broad, mixed state in the raft mixture with 12% SDPS. Furthermore, with 45% PUFA-

containing lipid, the region with mixed order parameter (Sz = 0.4 to 0.6) is also 

eliminated. What remains in this SV mimic mixture is a single wider Ld peak (Sz ~ 0.25). 

In this representation of the data, an ordering effect of SDPS on the Ld phase can also be 

seen, though the change in the distribution is less striking than the impact on the Lo 

phase. That this effect on the Ld phase is relatively small is somewhat surprising, given 

that the Ld phase contains both additional cholesterol and the saturated chains of SDPS. 

Thus, this must reflect the severity to which the polyunsaturated chain disorders the 

surrounding lipids, even at low mol%, mostly overcoming the presence of the cholesterol 

and stearoyl chains. In the SV mimic system, this increase in order is more pronounced, 

most likely resulting from the significantly increased cholesterol content.  

3.2 SDPS draws α-Synuclein into the Ld phase. 

 Having established that the polyunsaturated chain on the asymmetric SDPS lipid disrupts 

phase separation by preferential association with the Ld phase, we asked how this might 

impact the behavior of αS. As stated earlier, it is well known that αS has a strong 

preference for charged lipids and does not bind strongly to neutral membranes in the fluid 

phase [14,18,36–38]. Previously, atomistic simulations showed that the lysine residues in 

αS form salt bridges with charged headgroup [39]. Thus, we hypothesized that the phase-
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distribution of the charged lipid should dictate the partitioning of the protein. This was 

tested with multiple simulations of αS bound to the 4:3:3 membrane mixture doped with 

either: i) 12% SDPS; ii) 12% DLiPS; iii) 6% DPPS + 6% DLiPS; or iv) no additional 

charged lipids and the vi) SV mimic mixture. DLiPS and DPPS contain the same fatty 

acids as the raft components DLiPC and DPPC, but have anionic phosphatidylserine 

headgroups rather than zwitterionic phosphatidylcholine.  

 

Figure 4A shows that in the raft mixture, αS exhibits no obvious preference for either the 

Lo or the Ld phase, instead partitioning to the phase interface. In contrast, figure 4C 

shows that in the raft + 12% SDPS bilayer, αS partitions to the Ld phase, matching the 

behavior of the lipid (figure 1). As in the protein-free simulations, the Lo region is small 

and weakly formed (details below). Tracking the protein’s position over the full length of 

the simulated trajectory shows that as the ordered regions coalesced they never 

encroached on the protein (that is, the protein never sampled the Lo phase). A control 

simulation of the 4:3:3 mixture + 12% DLiPS was used as a first test of whether the 

localization of αS to the Ld domain is due to the PS headgroup localization, as opposed to 

something unique about the 18:0-22:6 chains. Here too, αS partitions to the Ld phase. Of 

the four αS simulations these were the only two where the protein remained squarely 

embedded in a single phase throughout the entire trajectory.  
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Figure 3. Local order parameter distributions. (A) Local order parameters in the raft mixture. (B) Order 

parameters in the raft + SDPS mixture (C) SV mimic order parameters (D) Order parameter histograms of 

the data shown in A, B, and C. Each plot is the average from 5-5.5 µs of simulation time and shows a single 

periodic cell. 
 

Next, we tested whether the partitioning of αS into the Ld phase in the 12% SDPS bilayer 

is in fact driven by the location of the PS headgroup, or whether the protein itself imposes 

a separate (non-electrostatic) driving force into the disordered region. To do so, the 4:3:3 

mixture + 6% DPPS + 6% DLiPS was simulated, which controlling against the 

headgroup charge localization to a particular phase. Figure 4B shows that αS exhibits 

dramatically different partitioning behavior in this case. As in the SDPS simulation, over 

the first 2.5 µs of the trajectory αS is excluded from the coalescing Lo phase (figure 9). 

At this time point, the Lo phase is almost fully formed, though its shape remains 

somewhat diffuse. After this time point, the Lo phase becomes more regular (a single 

stripe) and engulfs the protein. Thus, the result shown in figure 4B for the equimolar 

DPPS/DLiPS  
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Figure 4. Time-averaged local order parameter Sz (x̄,ȳ) for each system containing αS. Hot colors are 

more ordered than cool colors. αS is indicated with black circles and is oriented with the N-terminus on the 

left. Each image is a time-average of 500 ns taken from 10-10.5 μs centered on the protein and represents a 

single periodic box of 30x30 nm. 
 

system should be taken carefully. It is very possible that the protein became stuck in the 

Lo phase due to the slow exchange of saturated PS lipids, rather than having a true 

energetic preference for that phase. Given infinite sampling, one might expect that the 

protein would continue to sample both phases, with the Lo phase weighted heavily by the 

damped lipid diffusion and exchange. It is noted that there are two small patches of 

unsaturated lipids in the Lo phase at the site of the protein, and that the order parameter 

profile immediately under the protein reflects a slightly less-ordered lipid milieu (figure 

4B).   

 



 13 

In a further attempt to understand whether the protein has an intrinsic preference for the 

Lo over the Ld phase (absent electrostatics), we next simulated the protein in the PS-free 

raft mixture. In this case the protein was never fully engulfed in the Lo phase. It was 

again excluded from the Lo phase in the initial portion of the trajectory, however over the 

second half of the trajectory it partitioned to the interface between the Lo and Ld 

domains. This result is consistent with the idea that the Lo/Ld interface may act as a 

defect (due to a thickness mismatch) that increases αS binding affinity to gel-phase, 

charge-free membranes [5,15,40]. Regardless, the failure of the protein to sample the Lo 

phase in this mixture further suggests that it is not the palmitoyl chains that drive the 

protein into the Lo phase in the 6% DLiPS/6% DPPS system. Collectively, these results 

suggest that the protein has very little intrinsic drive towards either the Lo or the Ld 

phase. Rather, the protein’s localization to the Ld phase in the 12% SDPS bilayer (figure 

4A) is due almost entirely to the protein’s attraction to the PS headgroup on the SDPS 

lipid, which has its own intrinsic preference for the Ld phase.  

3.3 α-Synuclein shows a preference for PUFA chains.  

We showed recently that the lipids in the solvating shell of αS in a simple bilayer 

(comprised of asymmetric monounsaturated lipids) are disordered by the protein, and that 

this has consequences for the protein’s curvature-inducing properties [4]. Thus, we were 

interested in exploring the lipid organization in the solvating shell of αS. Interestingly, we 

find that there is a rotational preference of the PUFA chains for the protein (figure 5A), 

which is mindful of previous studies that have shown the propensity of PUFA chains to 

interact with transmembrane proteins [13,41,42]. In this case, we presume the preference 

is a consequence of the ease with which the more disordered chain accommodates the 

void beneath the protein. In the SV mimic mixture, this effect was observed for both 

SDPS and SDPC (figure 5). This result is particularly surprising given that SDPC lacks 

the electrostatic attraction to αS possessed by SDPS and suggests that the acyl-chain 

disordering is a driving force for lipid partitioning/orienting near αS. Figure 5B shows a 

representative snapshot of a single lipid near a segment of the αS monomer, clearly 

revealing the extent to which the PUFA curls underneath the helix. In addition to the 

rotational preference, there is an overall enrichment of PUFA-containing lipids near the 
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protein, which is highlighted in figure 8, which compares the average number of each 

type of fatty acid and cholesterol near the protein. 

 

In addition to the electrostatic interactions favoring αS association with SDPS and the 

disordering process favoring partitioning near αS for asymmetric PUFA lipids, we 

caution that the PUFA chain parameterization in the MARTINI CG forcefield may 

potentially bias PUFA-protein interactions. PUFA chains are slightly more hydrophilic 

than a typical saturated fatty acid chain, and as such are more attracted to typical CG 

protein beads. However, both CG and all-atom simulation studies have identified a 

preference for unsaturated chains to associate with proteins [13,41,42]. Although we 

cannot rule out a potential bias for PUFA-protein interaction we are confident that the 

two driving forces (electrostatics and disordering) dominate the observation.  

 

Figure 5. (A) Distribution of lipid-protein distances between SDPS and AS. The black plot shows the 

distances between DHA (22:6) and the protein, and the red plot shows the distances between Steroyl (18:0) 

and the protein. This data was sampled using 0.1 nm radial bins and is averaged over the last 500 ns of the 

10.5 μs simulation. (B) Snapshot of a single asymmetric SDPC lipid near the αS helix highlighting the 

orientation shown in panel A. 

4. DISCUSSION 

Because of its amphipathic nature, αS wedges into the headgroup region of a bilayer. 

This creates a void beneath the protein that forces the lipids to undergo a dynamic 

rearrangement that reduces their order [4,40,43]. In a recent NMR study of a raft-like 

mixture containing sphingomyelin but lacking PUFA chains, the protein was shown to 
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disorder the lipids in the bilayer and caused a dramatic thinning [5]. Our previous 

combined x-ray scattering and simulation study used a simple monounsaturated lipid 

mixture, and showed a much smaller thinning effect [44], despite a substantial decrease 

in the order of the lipids closest to the protein [4]. Here, too, we have seen no impact of 

the protein on the total bilayer order (table 3). This is not surprising in PUFA-containing 

bilayers where we have shown that the overall order of the protein-free bilayer is already 

substantially reduced (figure 3D). 

 

More interesting is that αS also has no effect on order or thickness in the simulated 4:3:3 

DPPC/DLiPC/Chol bilayer. This simulated mixture more closely mimics the composition 

used in the NMR study (equimolar mix of EYSM/POPC/Chol). The authors proposed 

that the protein acts by disrupting the interactions between lipid chains in defect zones, 

increasing diffusion and therefore mixing. In our simulation, interestingly, the protein 

spent considerable time either in the Ld (t < 6µs) or in the interface of the two domains 

(figure 9). A major difference exists between the two systems, of course, namely the 

high-melting lipid: DPPC (our simulations) and sphingomyelin (the NMR experiments). 

It was speculated that the source of the homogenization in the SM mixture was due, at 

least in part, to specific interactions between αS and the sphingosine backbone of SM that 

don’t exist with glycerolipids (hydrogen bonding and electrostatics). Indeed, a recent MD 

simulation showed a more complex electrostatic potential in an SM membrane in the 

backbone region suggestive of this difference [45]. Thus, there appear to be at least two 

molecular driving forces for domain mixing in the SM mixture, only one of which exists 

in our DPPC mixture: 1) in both cases, the more dynamic, unsaturated lipid chain is 

drawn to the void under the protein: we saw this in the orientation of the PUFA chain 

(Figure 5A), and also in the 6% DLiPS/6% DPPS bilayer, where even in the Lo domain 

there are small hot-spots of DLiPS and DLiPC near the protein; and 2) in the SM mixture 

only, sphingosine backbone-driven electrostatics and h-bonding to the protein.  

 

While the available information regarding phase behavior of PUFA-containing bilayers is 

limited [42,46,47], there has been considerable progress made in understanding how 

chain asymmetry in monounsaturated lipids affects the separation of phases. Recently, by 
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using a combination of fluorescence microscopy, FRET and ESR, nanodomains that are 

smaller than the large micron-sized domains and that are invisible to fluorescence 

microscopy, have been detected [48,49]. The core finding was that chain asymmetry in 

the unsaturated lipid (e.g. POPC or SOPC) results in much smaller domains (as small as 

5-10 nm in diameter, or approximately 50-150 lipids) than in bilayers containing 

symmetric chained lipids, such as DOPC. Additionally, in Feigenson’s ternary PUFA 

mixture, the substitution of small amounts of POPC for SDPC resulted in a transition 

from macroscopic to nanoscopic phase separation.  Significant questions remain 

regarding the nature of these nanodomains: why should small domains be stable if the 

penalty of a high line tension would tend to push the system towards larger domains? 

One possibility is that in the asymmetric lipids, the monounsaturated oleoyl chains face 

inwards, interacting with the liquid disordered (Ld) domain. This chain-rotational bias 

may decrease the energetic mismatch at the domain boundary—and hence the line 

tension—and therefore significantly decreases the driving force for large domain size 

[35]. Indeed, in the simulated bilayers with asymmetric PUFA-containing lipids, there is 

a clear blurring of the boundaries between domains (Figures 1 and 2). In this case, 

however, the PUFA chain drives the lipids into the interiors of the Ld domains, 

dramatically reducing the size of the Lo domain and slightly increasing the order of the 

Ld domain. In fact, the phase boundaries are so poorly defined in these simulations that it 

was impossible to determine the extent to which the asymmetric chains might be oriented 

(although, interestingly, they are oriented at the binding site for αS). The partitioning of 

PUFA-containing lipids into the Ld domain in this study is consistent with the phase 

diagram of Feigenson [12], and is consistent with the observations of Wassall [42]. 

 

While our simulations of asymmetric lipids containing PUFA chains are revealing in their 

own right, they take only one small step in the direction of building physically accurate 

models of synaptic vesicles. In addition to PUFAs, there are other characteristics of the 

SV lipid composition that will need to be addressed in future studies. For example, one 

important characteristic of SVs missing from our current model is the 2:1 

protein:phospholipid w/w ratio, and that an estimated 20% of the SV surface area is 

covered by protein [10]. It has been suggested that this high protein/lipid ratio depicts 
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SVs as rigid constructs composed of large protein patches surrounded by thin shells of 

lipid, rather than phase-separated fluid membranes [10,50,51]. These thin shells of lipid 

may look something like the nanodomains described above. 

 

Another critical perspective on understanding SV phase behavior is the impact of the 

high curvature imposed on SV membranes (SVs are small, with a diameter ~40nm). αS is 

known to preferentially bind to vesicles of high curvature [15], and to induce curvature in 

large bilayer sheets [15,52–54], Recent studies have shown that the Ld phase is recruited 

to tubules (curvature similar to that of an SV) pulled from the Lo phase in biphasic 

vesicles [55]. The high curvature stress induced in a tubule or a small vesicle does not 

favor the rigid lipid packing of ordered domains [56]. This perhaps explains the 

importance of such a high percentage of PUFAs in SVs relative to typical cell membranes 

[57], especially given our finding that PUFA-containing lipids reduce the extent of Lo 

phase formation. Additionally, PE phospholipids, which are curvature inducing and 

therefore may reduce the curvature-strain on SVs, make up 23 mol% of SV 

phospholipids. Perhaps more striking is that plasmalogen phosphatidylethanolamine (Pl-

PE) makes up an astounding 19% of the SV lipid content. Pl-PE is a terribly understudied 

lipid that is likely to strongly impact the physical characteristic of SVs. In particular, Pl-

PE has a vinyl ether linkage that promotes formation of the inverse hexagonal phase [58], 

and promotes membrane fusion [59]. 

 

Changes in a membrane’s phase can influence its propensity to deform and fuse 

[56,60,61]. In complex membranes (e.g. those containing Lo/Ld phase coexistence) it is 

likely that any perturbations (e.g. protein binding) that might drive the system towards a 

homogenized, Ld state will ameliorate the driving force for fusion. Understanding the 

relationship between curvature strain, phase separation and αS binding will remain a 

critical focal point in the study of αS biology and pathology. 

7. SUPPORTING INFORMATION 

Table 1. Coarse-grained lipid parameterization 

Name Acronym Atomistic composition* CG Bead Type 

Palmitic Acid P C16:0 CCCC 
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Linoleic Acid Li C18:2 CDDC 

Stearic Acid S C18:0 CCCCC 

Docosahexanoic Acid D C22:6 DDDDDC 

*CG lipid chains represent multiple atomistic lipid chains due to 4:1 carbon to CG bead mapping. 

 

 

Table 2. Bilayer compositions for each system. 

 Protein Free  With α-Synuclein 

1 4:3:3 DPPC:DLiPC:CHOL 4 4:3:3 DPPC:DLiPC:CHOL 

2 88% (4:3:3 DPPC:DLiPC:CHOL); 12% 

SDPS 

5 88% (4:3:3 DPPC:DLiPC:CHOL); 12% SDPS 

3 45% CHOL; 40% SDPC; 10% DPPC; 5% 

SDPS 

6 88 % (4:3:3 DPPC:DLiPC:CHOL); 6% DPPS; 6% 

DUPS 

  7 12% DLiPS; 88% (4:3:3 DPPC:DLiPC:CHOL) 

   8 45% CHOL; 40% SDPC; 10% DPPC; 5% SDPS 
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Figure 6. Radial distribution functions for each lipid species compared to all other lipid species. Each plot 

is taken from the latest 500 ns window for the corresponding system (either 5-5.5 μs or 10-10.5 μs). At 

longer distances, the values converge to 1, then continue to trend according to whether the interactions are 

initially enriched or depleted. This is because the small phase-separated systems are not evenly mixed, even 

at their maximum periodic dimensions.     
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Figure 7. Time series of the location of αS relative to the time-averaged local order parameter Sz (x̄,ȳ) of 

the lipid components in each system. Hot colors are more ordered than cool colors. αS is indicated with 

black circles and is oriented with the N-terminus on the left. Each image is a 500 ns time-average of a 

single periodic box of 30 x 30 nm centered on the protein, with the exception of the starting image, which 

is a 1 ns snapshot that emphasizes the random initial distribution of lipid components in all systems. 
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Table 3. Average order parameters for each system 

   5 μs 10 µs 

1 SDPS 0.34  

2 Raft 0.47  

3 Mimic 0.26  

4 SDPS + αS 0.35 0.36 

5 Raft + αS 0.46 0.48 

6 DUPS + αS 0.36  

7 DPPS/DUPS + αS 0.46 0.46 

8 Mimic + αS 0.26 0.26 

Each number represents the mean Sz(x,y) value across all lipids in the system averaged over the final 500 

ns window of the simulation. 
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Figure 8. Local densities of each lipid species in four systems with αS. Each plot is a 500ns time average 

of a single periodic cell taken from 10-10.5 μs. 
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Figure 9. Distribution of fatty acid –αS position in the SV mimic mixture. The distance is computed from 

the center of mass of each fatty acid to the nearest protein bead. 
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