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Abstract

Biological membranes contain a broad variety of lipid species whose individual physicochemical 

properties and collective interactions ultimately determine membrane organization. A key aspect 

of the organization of cellular membranes is their lateral subdivision into domains of distinct 

structure and composition. The most widely studied membrane domains are lipid rafts, which are 

the biological manifestations of liquid-ordered phases that form in sterol-containing membranes. 

Detailed studies of biomimetic membrane mixtures have yielded wide-ranging insights into the 

physical principles behind lipid rafts; however, these simplified models do not fully capture the 

diversity and complexity of the mammalian lipidome, most notably in their exclusion of 

polyunsaturated lipids. Here, we assess the role of lipid acyl chain unsaturation as a driving force 

for phase separation using coarse-grained molecular dynamics (CGMD) simulations validated by 

model membrane experiments. The clear trends in our observations and good qualitative 

agreements between simulations and experiments support the conclusions that highly unsaturated 

lipids promote liquid-liquid domain stability by enhancing the differences in cholesterol content 

and resulting lipid chain order between the coexisting domains. These observations reveal the 

important role of non-canonical biological lipids in the physical properties of membranes, showing 

that lipid polyunsaturation is a driving force for liquid-liquid phase separation.
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INTRODUCTION

The functionality of the mammalian plasma membrane is believed to be enhanced by lateral 

segregation of its lipid and protein constituents into domains of distinct structure and 

composition.1–2 The most widely studied membrane domains are called lipid rafts because 

they arise from preferred interactions between specific membrane lipids. Such ‘rafts’ could 

potentially modulate cellular processes and signaling pathways by establishing local micro-

environments in the plasma membrane that facilitate or inhibit particular protein-protein and 

protein-lipid interactions3–4. For example, the stability of lipid rafts is tightly correlated to 

the clustering dynamics of the oncogenes H-Ras5–6 and K-Ras7, which are in turn critical for 

the activity of Ras-regulated pathways7. Membrane rafts have also been shown to be 

involved in subcellular sorting and membrane traffic8–9 and trafficking to the neuronal 

synapse10. Although there are currently few insights into specific molecular mechanisms by 

which rafts regulate cellular processes, it is certain that the functions of membrane domains 

are dependent on their physical properties, including size, lifetime, packing, and dynamics. 

The mechanisms by which such properties are regulated remain largely unexplored, 

although recent reports have shown that domains in biomimetic and biological membranes 

are dependent on properties such as bilayer thickness11, lipid order12 and cholesterol 

content13–16.

The study of membrane domains is facilitated by lipid model membranes that provide access 

to the full experimental and computational toolbox of biophysics in well controlled systems 

whose composition and properties are designed to address specific questions related to the 

physicochemical basis of domain formation17–18. In such model membranes, the inclusion 

of cholesterol often yields large lateral membrane domains due to the formation of a liquid-

ordered (Lo) phase distinguished from the bulk liquid-disordered (Ld) phase by more 

ordered lipids, lower diffusivity, and tighter lipid packing, among other differences19–20. The 

separation of biomimetic model membranes into coexisting Lo and Ld domains is believed to 

underlie lipid raft formation in vivo. A useful tool for interrogating molecular-scale behavior 

in such domains is molecular dynamics simulation, which has been used to elucidate the 

detailed compositions of membrane domains, the mechanisms of domain formation21–23, 

and the behavior of membrane proteins therein24. It should be noted that the macro-scale 

domains observed in synthetic25, computational26, and isolated biological bilayers27–28 are 

not observable in the plasma membrane of living cells, and were not detected in simulations 

of a complex bilayer system that was designed to mimic the composition of the plasma 

membrane29. Domains in vivo are believed to be nanoscopic and highly dynamic, with the 

mechanisms governing the relationships between macro- and nano-domains being an area of 

active debate30–33.
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Although both experiments and computations have yielded far-reaching insights into model 

membrane behavior, both approaches incompletely recapitulate the diversity and complexity 

of the mammalian lipidomes. One notable difference between model and biological 

membranes is that while model membranes are usually composed of lipids with saturated 

and monounsaturated acyl chains, natural membranes contain a sizeable fraction of 

polyunsaturated lipids34–38 (Fig. 1). Such polyunsaturated lipids have been shown to have 

distinct properties from their more saturated counterparts39, and these properties could play 

an important role in modulating the structure and dynamics of membrane domains40–48. For 

example, increasing levels of polyunsaturated lipids have been shown to progressively 

promote domain formation in ternary model membranes by CGMD simulations.49–50 

However, the specific structural mechanisms that determine the extent and nature of domain 

formationin complex membranes remain incompletely understood.

To address the role of polyunsaturated lipids in determining the properties of domains in 

biomimetic membranes, we applied both CGMD and experimental approaches to model 

membranes containing lipids with varying numbers of cis double bonds in their acyl chains. 

We measured the effects of lipid unsaturation on lipid chain order, membrane thickness, 

cholesterol interactions, and ultimately separation into ordered and disordered domains. We 

observed that increasing both abundance and extent of lipid unsaturation yielded larger, 

more stable membrane domains, likely due to enhancement of the differences between 

coexisting domains with respect to lipid order and cholesterol partitioning. These 

observations show that polyunsaturated lipids are important determinants of membrane 

physical properties and organization and begin to define the effects on non-canonical lipids 

on domains formation in biomimetic membranes.

METHODS

Molecular Dynamics Simulations

All simulations in this work were performed with the Martini CG force field (version 2.1)52 

and the GROMACS program v4.5.453. Parameterization of the Martini model is based on 

united-atom MD simulations (GROMOS force field) and experiments. With respect to 

modeling lipid unsaturation, an important aspect is that lipid acyl chain disorder is an 

entropic effect that arises from reduced energy of conformational transition around the 

double bond, which leads on average to kinked/bent acyl chains. This effect is modeled in 

MARTINI by an enthalpic component via an enforced bond angle and force constant for 

bending between beads. Although this model recapitulates many molecular and mesoscopic 

membrane behaviors (including lipid domain formation24, 26, 29, 54–56), it is nevertheless 

important to emphasize that the basis for the disordering effect of unsaturation is different. 

Therefore, this coarse-grained approximation may be susceptible to artifacts. For example, 

the Martini force field does not reproduce experimentally observed57–58 large scale domain 

formation of ternary DPPC/DOPC/Chol (DPPC: 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine, DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine, Chol: Cholesterol) 

mixtures, instead typically relying on doubly-unsaturated DLiPC to recapitulate 

experimentally observed lipid collective behavior24, 26, 59. We used standard setup protocols 

along with topologies of lipids, water, and ions.52 Our simulation systems consisted of 600 
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saturated lipids (DPPC), 360 unsaturated lipids (DOPC, DLiPC: 1,2-dilinoleoyl-sn-

glycero-3-phosphocholine, DAPC: 1,2-diarachidonoyl-sn-glycero-3-phosphocholine, or 

DDPC: 1,2-didocosahexaenoyl-sn-glycero-3-phosphocholine), 240 Cholesterol, 20516 CG 

waters, plus Na+ and Cl− ions to achieve an ionic strength of 0.15 M. The simulation box 

was ~ 18 × 18 × 12 nm. The chemical structures and Martini-based configurations of all 

lipids used in this work are shown in Fig. S1. Initial symmetric bilayers were built using the 

tool insane developed by Wassenaar et al.60. To homogenize the distribution of molecules, 

the system was initially simulated at temperature T = 400 K and the isobaric isothermal 

(NPT) ensemble for 100ns simulation time (4×100ns = 400ns effective time)52. A speed-up 

factor of 4 was used in the current work to approximately estimate the effective time from 

the simulation time, as suggested by Martini force field developers52. Subsequent production 

simulations were performed for 5 μs (4×5 = 20 μs effective time) with a time step of 20 fs 

and periodic boundary conditions. For all simulations, a cutoff of 1.2 nm was used for van 

der Waals (vdW) interactions, and the Lennard-Jones potential was smoothly shifted to zero 

between 0.9 – 1.2 nm to reduce cutoff noise. For electrostatic interactions, the Columbic 

potential was smoothly shifted from 0 – 1.2 nm, with a cutoff at 1.2 nm. The relative 

dielectric constant was 15, which is the default value of the force field52. Lipids, and water 

plus ions, were coupled separately to V-rescale heat baths61 at T = 298K (coupling constant 

τ = 1ps), which is below the expected Lo/Ld miscibility transition temperature of all assayed 

mixtures25. The systems were simulated at 1 bar pressure using a semi-isotropic Parrinello-

Rahman pressure coupling scheme62 with a coupling constant τ = 5ps and compressibility of 

3 × 10−4 bar−1. The neighbor list for non-bonded interactions was updated every 10 steps 

with a cut-off of 1.4 nm. Snapshots of the simulation system were rendered by VMD63.

Analysis of trajectories

Normalized Lateral Contacts of Unsaturated Lipids for Estimating Relative 
Domain Sizes—In the current simulations, Lo domains consisted almost entirely of 

saturated lipids and cholesterol while Ld domains are almost completely made up of 

unsaturated lipids. Therefore, relative domain sizes can be evaluated by proxy, using the 

number of lateral contacts between lipids of the same type (e.g. unsaturated contacts with 

unsaturated). In light of inter-leaflet cholesterol flip-flop during CG simulations54, 64, we 

chose unsaturated lipids for contact calculation. To this end, we first obtained the total 

number of lateral contacts, NLd, among unsaturated lipids in the phase separated bilayer, 

averaged over the two leaflets; contact was defined based on a distance cutoff of 0.6 nm 
between any two CG beads of the specified lipid type.65–66 Then we normalized NLd by 

Npure, the total number of lateral contacts in a pure bilayer of the same unsaturated lipid type 

obtained from the last 400 ns trajectory of a 1μs run. Npure thus represents the maximum 

number of contacts of unsaturated lipids in a fluid bilayer at the same temperature. The 

normalized number of Ld lipid contacts (N = NLd/Npure) was used as a proxy for quantifying 

relative domain size.

Lipid Chain Order Parameter—Lipid chain order parameter (Sz) was calculated using 

the formula
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where θn is the angle between the vector connecting the n − 1 and n + 1 sites of the tail and 

the bilayer normal z. To compare lipid chain order parameters among different systems we 

averaged Sz over the two lipid chains and the entire bilayer.

Lipid Height—Lipid height, h, was defined as the distance along the membrane normal 

between the head-group PO4 bead (colored in tan in Fig. S1) and the center-of-mass of the 

terminal lipid tail beads, averaged over same type lipids.

Cholesterol Preference—Cholesterol preference was determined based on the number of 

contacts (cutoff 0.6 nm) of cholesterol wit h saturated (Ns) and unsaturated lipids(Nus) 65 as

where χs and χus are the fraction of cholesterol in contact with saturated and unsaturated 

lipids, and ns and nus are the total number of CG beads of saturated and unsaturated lipids, 

respectively.

Giant Unilamellar Vesicle (GUV) experiments

GUVs were prepared by electroformation67. Briefly, a lipid mixture of dipalmitoyl 

phosphatidylcholine (DPPC), dioleoyl PC (DOPC) or didocosahexaenoyl PC (DDPC), and 

cholesterol was prepared from the lipid solution in chloroform/methanol (2:1) with a molar 

ratio of 5:3:2 (lipids purchased from Avanti). The fluorescent lipid marker DiO-C18 

(Molecular Probes, Invitrogen) dissolved in chloroform was added to the lipid mixture at 0.1 

mol %. The lipid mixture was applied to Pt-wires of a custom electroformation chamber and 

solvents were evaporated in a vacuum chamber. The electroformation chamber was filled 

with sucrose solution (0.1 M) and heated to 53°C. An alternating sinusoidal current was 

applied across the cell unit with 2.5 V, 10 Hz and 53 °C for 2 hours and 15 minutes. 

Fluorescence microscopy of GUV samples was done on a commercial fluorescence 

microscope. The percentage of phase separation at a given temperature was defined as the 

number of vesicles presenting microscopic phase separation divided by the total number of 

vesicles counted. A total of 200 GUVs were counted at each temperature. For each system, 

at least three independent GUV preparations were performed. Miscibility transition 

temperature Tmisc is defined as the temperature at which 50% of vesicles are phase 

separated, as determined from sigmoidal fits to phase separation versus temperature data68.

Synaptosomes and lipidomics

Synaptosomes were prepared from 4 separate preparations of adult (60 days post-natal) 

hippocampus as previously described34, 69. Briefly, both hippocampi from three female 

Sprague-Dawley rats were harvested within 30 sec of decapitation and placed in ice-cold 

Lin et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2017 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isotonic sucrose solution (5 mM Hepes, pH 7.4, 0.32 M sucrose, 1 mM MgCl2, 0.5 

mMCaCl2, and 1 μg/ml leupeptin) followed by disruption in a motor-driven glass/Teflon 

homogenizer. Nuclei and debris were removed by centrifugation at 1,400g for 10 min and 

then a crude synaptosomal fraction prepared by centrifugation at 13,800g for 10 min. The 

pellet was suspended in isotonic solution (5 mM Hepes, pH 7.4, 0.32 M sucrose and 1 ug/ml 

leupeptin) and synaptosomes were purified by centrifugation through a discontinuous 

sucrose density gradient (0.8/1.0/1.4 M) at 110,000g for 2 hr. The synaptosomal fraction was 

recovered from the 1.0 M/1.4 M interface and stored as aliquots at −80°C.

Lipidomics analysis was performed by Lipotype, GmbH, according to established 

protocols70. Briefly, membrane samples are spiked with internal standards for all relevant 

lipid classes, followed by extraction of lipids from synaptosomes using a two-step extraction 

procedure35, 44. Lipids are detected by a mass spectrometer instrument (Q Exactive, Thermo 

Scientific) then identified and quantified by an automated processing protocol using 

commercial software.28 Only lipid identifications with a signal -to-noise ratio >5, an 

absolute abundance of at least 1 pmol, and a signal intensity 5-fold higher than in 

corresponding blank samples were considered for further data analysis.

RESULTS AND DISCUSSION

Polyunsaturated lipids are abundant in rat synaptic membranes

Although investigations of biomimetic membrane typically, though not exclusively29, 41–44, 

focus on mixtures of saturated and monounsaturated phospholipids, polyunsaturated lipids 

are abundant in all biological membranes. In particular, such lipids are highly enriched in the 

excitable membranes of cells of the mammalian nervous system35–36. To justify our focus on 

polyunsaturated lipids, we performed detailed lipidomic analysis of the lipid composition of 

adult rat neuronal synapse membranes, isolated as “synaptosomes”71. These synaptosomes 

are an effective preparation of synaptic membranes, composed mainly of the post- and pre-

synaptic plasma membranes and the neurotransmitter-loaded synaptic vesicles. Mass 

spectrometry coupled to electron spray ionization (ESI-MS) provides comprehensive, 

quantitative data on the abundance of hundreds of membrane lipid species, identified by the 

polar headgroup as well as the length and unsaturation of both hydrophobic tails. Consistent 

with a plasma membrane enriched preparation9, 27, the major lipid class detected was 

cholesterol, comprising 33 mol% of all lipids. The neutral phospholipids PC (30 mol%) and 

phosphatidylethanolamine (PE; 23 mol%) were the other major lipid classes (Fig. 1a). 

Analysis of the fatty acids in glycerophospholipids revealed that although 48% were fully 

saturated (mostly palmitate and stearate), another 28% were polyunsaturated (PUFA). Of 

these, 12% had four double bonds (e.g. arachidonate) and 15% were ω-3 DHA with six 

double bonds (Fig. 1b). In lipids, these PUFA chains were often combined with saturated 

acyl chains to make mixed/hybrid lipids (Fig. 1c; see detailed lipidome in Table S1). This 

analysis confirmed the high abundance of polyunsaturated lipids in synaptic membranes, 

consistent with previous reports on the lipid composition of synaptic vesicles34 and post-

synaptic plasma membranes69, and prompted our study of the effects of these on the 

properties of biomimetic membranes. For the simulations and experiments below, we have 

focused on lipids with two polyunsaturated acyl chains because they have not been as widely 
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studied as their hydrid counterparts and because they provide a direct comparison to the 

most widely-studied domain forming membrane models25–26. Such di-polyunsaturated lipids 

are widely found in biological membranes, most notably in retinal membranes of 

mammals72–73, but also in fish74–75, amphibians76–77, and other aquatic organisms78.

Increasing the proportion of polyunsaturated lipids in model membranes enhances 
domain stability

We performed 20 μs CG molecular dynamics simulations for four-component model 

membranes composed of DPPC/[DLiPC+DDPC]/Chol with varying molar ratios of di-

unsaturated (DLiPC) to highly polyunsaturated (DDPC) lipids (full lipid names, chemical 

structures, and Martini-based configurations are shown in Fig. S1). Snapshots at the end of 

the simulation (Fig. 2a) reveal that all systems evolved toward stable liquid domains, with Lo 

domains enriched in DPPC and Chol (blue and white regions in Fig. 2a) coexisting with Ld 

domains rich in unsaturated lipids (orange and purple). However, the detailed features of the 

domains were dependent on the specific composition of unsaturated lipids. Namely, large 

domains were clearly stabilized by increasing the molar ratio of polyunsaturated DDPC 

relative to DLiPC, as assayed by the number of lateral contacts between unsaturated lipids, a 

proxy for domain size (see Materials and Methods) (Fig. 2b). Surprisingly, the lipids in the 

disordered phase were not well-mixed, instead showing subdomains enriched in the two 

different unsaturated lipids (Fig. 2a). Sub-structure has been recently described in the Lo 

phase by atomistic simulations79, and it remains to be determined whether the Ld 

substructure observed here is a real effect or an artifact of the simulation. The promotion of 

liquid-liquid domain segregation by polyunsaturated lipids is consistent with previous MD 

simulations of di-unsaturated lipids reported by Ackerman and Feigenson32 and 

experimental work by Shaikh and Wassall42. Lipids containing polyunsaturated fatty acids 

like docosahexaenoic acid (DHA, 22 carbons and 6 double bonds) do not interact readily 

with cholesterol80–81 due to the intrinsic disorder of their acyl chains39. This behavior is 

likely responsible for the enhanced lateral segregation we observe. It is important to point 

out that our model lipids contain polyunsaturated acyl chains in both the sn-1 and sn-2 

positions, distinct from previous experimental investigations of “hybrid” lipids in which only 

the sn-2 position is polyunsaturated while the sn-1 bears a saturated acyl chain. This 

discrepancy explains why we did not observe penetration of the ordered phase by 

polyunsaturated PC 41, 43.

Interestingly, analysis of the order parameter (Fig. 2c) and two-dimensional radial pair 

distribution of DPPC (Fig. S2a) shows that the presence of polyunsaturated lipids also 

affects the packing of the saturated lipids, with order and packing of DPPC progressively 

enhanced by increasing concentrations of DDPC. This observation suggested that PUFA-

containing lipids potentially affect the saturated lipid-rich ordered domains concomitant with 

their effects on disordered domains. To characterize this behavior, we analyzed several 

membrane properties (lipid chain order parameter, lipid height, bilayer thickness, and 

cholesterol preference) for both saturated and unsaturated lipids across all simulations (Table 

S2). For all these properties, we observed a progressive enhancement of the differences 

between Lo-preferring saturated lipids and Ld-preferring unsaturated lipids with increasing 

proportions of polyunsaturated DDPC (Fig. 2c–e and Fig. S2b–c). We note that all reported 
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observables for disordered lipids are a combination of DLiPC and DDPC, and appear to 

scale linearly with the relative DLiPC/DDPC fraction, suggesting that these effects are not 

an emergent property of mixed Ld phases, but rather simply the result of substituting lipids 

with one type of behavior (i.e. polyunsaturated) for those of another (less unsaturated).

The correlation between differences of lipid height/bilayer thickness and relative domain 

size in our simulations is consistent with neutron scattering measurements of another 

quatenary system (DSPC/[POPC+DOPC]/Chol, DSPC: 1,2-distearoyl-sn-glycero-3-

phosphocholine, POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) where 

increasing molar ratio of DOPC was used to tune thickness differences11. Similarly, the 

correlation between increased interdomain order differences and enhanced phase separation 

are supported by experimental results12–13. We interpret these observations based on 

cholesterol-mediated lipid ordering82 and the effective “repulsion” of cholesterol from 

PUFA-containing lipids80, 83 – i.e. disordered domains rich in DDPC essentially exclude 

cholesterol leading to thinner, less ordered, and more fluid membranes84. Exclusion of 

cholesterol from the disordered domain leads to its concentration in the DPPC-rich domains, 

enhancing its ordering effect on DPPC. This interpretation is similar to the “push-pull” 

mechanism for ordered domain formation, based on measurements of pairwise interaction 

parameters between lipids85–86 and NMR experiments 48, 87. Together, these effects enhance 

the difference between ordered and disordered lipids, which ultimately promotes their 

separation into stable domains.

Increasing unsaturation of disordered lipids enhances interdomain differences to promote 
domain stability

The observations described above suggest that increased levels of polyunsaturated lipids 

promote membrane domain stability. To analyze the effects of the degree of polyunsaturation 

on membrane domains, we investigated membrane systems wherein the concentration of 

unsaturated lipids was kept constant but the extent of unsaturation was varied. Specifically, 

we compared three-component model membranes composed of DPPC/DXPC/Chol (5:3:2), 

with DXPC being one of several different lipids containing varying numbers of double 

bonds in both lipid chains: DOPC (1); DLiPC (2); DAPC (4); and DDPC (6). The snapshots 

and analyses in Fig. 3a–b and Fig. S3a confirm the above observations that the presence of 

polyunsaturated lipids promotes the formation of larger, more stable domains. This effect 

was progressive, with domain size in DLiPC-containing membranes being approximately 

intermediate between the monounsaturated DOPC and the highly polyunsaturated DAPC 

and DDPC (Fig. 3a–b). It should be noted that DOPC-containing bilayers did not evolve to 

stable phase separation, rather small, transient, unsaturated lipid-rich clusters persisted 

throughout the simulation time course. This observation is in conflict with well validated 

experimental results25 and our own observations (see Fig. 5), revealing that the Martini 

model does not perfectly capture the collective behavior of DOPC, as previously noted57.

As above, domain size was tightly correlated with the interdomain differences in lipid chain 

order (Fig. 3c) and cholesterol preference (Fig. 3f), and to a lesser extent, lipid height (Fig. 

3d) and bilayer thickness (Fig. S3c). We also observed increased DPPC ordering resulting 

from increasing the extent of Ld lipid poyunsaturation (Fig. 3c). Interestingly, we find only 
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slight differences in all measured membrane parameters induced by increasing lipid 

unsaturation from 4 (DAPC) to 6 (DDPC) double bonds per acyl chain, suggesting an upper 

limit on the effects observed in this computational model. Both highly polyunsaturated lipids 

(DAPC and DDPC) produced Ld domains that were nearly devoid of saturated DPPC and 

cholesterol. This finding contrasts with conclusions from detailed experimental evaluations 

of phase diagrams of DOPC/DPPC/Cholesterol and similar systems88–89, which suggest that 

Ld phases have substantial levels of cholesterol, and to a lesser extent, saturated lipid. 

Unfortunately, the phase diagrams of mixtures with highly polyunsaturated lipids have not 

been detailed and therefore our observations of near-complete exclusion of DPPC and 

cholesterol from their Ld phases remains to be experimentally verified. Finally, although the 

shapes of the domains in DAPC- versus DDPC-containing membranes were different across 

multiple independent simulations runs (i.e. circular in DDPC, stripes in DAPC), these may 

be affected by periodic boundary conditions and limited system size.

Our extended simulations allow access to molecular-level information that can inform the 

physical mechanisms underlying the enhancement of domain size/stability by 

polyunsaturated lipids. Specifically, across all our simulations, we observed striking 

correlations between the differentials in properties - including lipid chain order (ΔSz), lipid 

height (Δh), and cholesterol preference (Δχ) - between coexisting domains and the stability 

of the domains estimated by normalized lateral contacts between unsaturated lipids (Fig. 4). 

In other words, domain stability in biomimetic membranes is driven by the differences 

between domains, consistent with several experimental observations11–13. In our 

experiments, the extent and abundance of unsaturation is a major determinant of these 

differences, and therefore domain size.

To verify our simulation results, we performed model membrane experiments in Giant 

Unilamellar Vesicles (GUVs) composed of DPPC, Chol, and an unsaturated lipid component 

being either monounsaturated DOPC or polyunsaturated DDPC (5:3:2 with 0.1 mol% DiO-

C18 for fluorescent visualization). As expected25, GUVs with these compositions showed 

Lo / Ld phase separation across a wide temperature range (Fig. 5a–b). The miscibility 

transition temperature (Tmisc) is an estimate of domain stability and was quantified by 

counting the number of phase-separated vesicles as a function of temperature and sigmoid-

fitting the resulting data to obtain the 50% phase separation temperature (Fig. 5b). The Tmisc 

of DOPC-containing GUVs was approximately 37°C, within range of published 

observations25. Strikingly, the presence of DDPC as the unsaturated component increased 

Tmisc by almost ~10 °C (Fig. 5c), confirming more stable domains in membranes containing 

polyunsaturated lipids and supporting our simulations.

Domain stability is tightly correlated with interdomain mismatch in lipid chain order

The simulations above show that the differences in physical properties between coexisting 

domains correlated with domain size / stability (Fig. 4). Moreover, these differences in 

domain properties (ΔSz, Δh, and Δχ) were also correlated with each other – the best 

correlations were between interdomain cholesterol partitioning Δχ and lipid chain order 

differences ΔSz (Fig. S4), consistent with recent model membrane experiments11, 38. To 

disentangle these effects, we computationally compared model membranes comprised of 
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lipids either with different heights but similar predicted order parameters(Fig. 6), or with 

different order parameters but similar predicted heights( Fig. 7). For the former, we 

compared ternary membranes containing DPPC and Chol with either di-unsaturated lipid 

(DLiPC) or a length-matched saturated lipid (DLPC: 1,2-dilauroyl-sn-glycero-3-

phosphocholine; Fig. 6a). As predicted, DLiPC in these mixtures was much more disordered 

than DLPC (whose order parameter was similar to DPPC; Fig. 6d), whereas the lipid height 

for DLiPC and DLPC were very similar (Fig. 6e). DPPC and DLPC also had more similar 

cholesterol affinity compared to DPPC/DLiPC (Fig. 6f). Strikingly, the DPPC/DLPC/Chol 

system did not show any macroscopic lipid demixing (Fig. 6b–c), in contrast to the clearly 

separated DPPC/DLiPC/Chol (Fig. 3). This result is consistent with experiments on the 

same system, which found no domains formation in DPPC/DLPC/Chol GUVs90. These 

simulations and experiments suggest that differences in lipid melting temperature (DPPC ~ 

42°C; DLPC ~1°C) and lipid height (Fig. 6e) are insufficient for liquid-liquid domain 

separation.

To further test the effect of order difference on domain size, we compared DLPC/DLiPC/

Chol with DPPC/DLiPC/Chol (Fig. 7a). Both systems formed domains with similar time 

scales and stabilities (Fig. 7b). DLPC was chosen to match the height of DLiPC, and 

consistently, no lipid height difference was observed in DLPC/DLiPC/Chol (Fig. 7e). In 

contrast, there were major differences in lipid chain order and cholesterol preference 

between DLPC and DLiPC, which were similar to those observed for DPPC/DLiPC/

Chol( Fig. 7d, f). Thus, disparities in lipid order and cholesterol preference, rather than lipid 

height, correlated with domain stability. This observation is consistent with recent 

experiments that did not find a strong relationship between domain stability and thickness 

mismatch 91, and others that observed a correlation between order disparity and domain 

stability 38. These observations do not rule out lipid height as a factor in phase separation, as 

Heberle et al. clearly show that thickness mismatch correlates strongly with domain size11. 

However, for the PUFA lipid-containing model membranes that we have tested, domain size 

and stability are more strongly correlated with differences in lipid chain order, rather than 

lipid height (Fig. S5).

CONCLUSION

Using coarse-grained molecular dynamics simulations and experiments, we explored the 

effect of biologically important polyunsaturated lipids on liquid domain formation in 

biomimetic model membranes. The clear trends in our observations and good qualitative 

agreements between simulations and experiments support the conclusions that the 

abundance and degree of lipid polyunsaturation promote domain stability by enhancing the 

differences in lipid chain order and cholesterol preference between the coexisting domains. 

These observations elucidate the important role of non-canonical biological lipids on the 

physical properties of membranes, showing that lipid polyunsaturation is a driving force for 

liquid-liquid phase separation. For all computationally tested systems, differences in 

cholesterol preference between saturated and unsaturated lipids were tightly correlated to 

difference in chain order, which were in turn correlated to domain stability (Fig. 4). Using 

model systems in which lipid chain orders or lipid heights were independently varied, we 

observed that membrane domain size and stability are tightly correlated with differences in 
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lipid chain order (Fig. S5). Further systematic studies are needed to definitively uncouple the 

relationships between these properties and resolve the key question of the causative physical 

drivers of membrane domain properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synaptic membrane lipidome is rich in polyunsaturated lipids
Synaptic lipids were isolated from synaptosomes51 prepared from adult rat hippocampus and 

subjected to lipidomic analysis. (a) Cholesterol and the neutral glycerophospholipids PC and 

PE were the major lipid classes. (b) Acyl chain unsaturation in glycerophospholipids 

(GPLs). ~50% of all GPL acyl chains were fully saturated, while >28% were 

polyunsaturated. (c) Total lipid unsaturation for both acyl chains of GPLs. More than half of 

GPLs have at least 4 unsaturations, with ~30% having 6 or more. Detailed lipidome was 

shown in Table S1. Mean ± s.d. was obtained from four independent preparations.
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Figure 2. 
Four-component lipid systems with increasing polyunsaturated lipid ratios: (a) Snapshots at 

the end of 20 μs simulations (DPPC: blue, DLi PC: orange, DDPC: purple, Chol: white); (b) 
time evolution of normalized lateral contact N of unsaturated lipids; (c) lipid chain order 

parameter, Sz; (d) lipid height, h; and (e) percentage contact with cholesterol, χ, of saturated 

lipids, unsaturated lipids and their differences. Results in (c–e) are obtained by averaging the 

last 4 μs of a 20 μs trajectory; error bars represent standard deviations. (d) and (e) share the 

same figure legend as (c). The datasets corresponding to (c–e) can be found in Table S2.
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Figure 3. 
Three-component lipid systems with varying degree of lipid unsaturation: (a) Snapshots at 

the end of 20 μs simulations (DPPC: blue, DOPC: green, DLiPC: orange, DAPC: yellow, 

DDPC: purple, Chol: white); (b) time evolution of normalized lateral contact N of 

unsaturated lipids; (c) lipid chain order parameters, Sz; (d) lipid height, h; and (e) percentage 

contact with cholesterol χ of saturated lipids, unsaturated lipids and their differences. 

Results in (c–g) are obtained by averaging the last 4 μs of a 20 μs trajectory. Error bars 

represent standard deviations. In (c–e) white bars represent observables measured for DPPC, 

gray bars are unsaturated lipids, and the colored bars are the differences between DPPC and 

unsaturated lipid. The datasets corresponding to (c–e) are presented in Table S3.
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Figure 4. 
Normalized lateral contact N of unsaturated lipids (relative domain size) is tightly correlated 

to differences between saturated and unsaturated lipids in lipid chain order ΔSz (a) and 

cholesterol preference Δχ (c), and to a lesser extent, lipid height Δh (b). Results are averages 

of the last 4 μs of 20 μs runs and error bars represent standard deviation. Different colors 

represent different systems as described in Fig. 2 and Fig. 3.
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Figure 5. Experimental validation of domain stabilization by polyunsaturated lipids
(a) Exemplary fluorescence micrographs of ternary GUVs show that Lo / Ld phase 

separation is observable at 40°C in DDPC- but not DOPC-containing membranes; (b) 
Representative curves show that DDPC produces a rightward shift of the phase separation 

curve in GUVs, indicative of more stable phase separation; (c) Effect confirmed by 

quantification of miscibility transition temperature Tmisc. Average ± s.d. of ~200 vesicles, 

representative of two different trials. Scale bar: 10 μm.
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Figure 6. 
(a) Swapping DLiPC for DLPC in a lipid mixture to remove unsaturation, thus maintaining 

lipid height but changing lipid order; (b) A snapshot at the end of a 20 μs simulation of 

DPPC/DLPC/Chol; (c) time evolution of the normalized lateral contact N of unsaturated 

lipids; (d) lipid chain order parameter Sz, (e) lipid height h, (f) percentage contacts with 

cholesterol χ of saturated lipids, unsaturated lipids and their differences. Results in (d–f) are 

obtained from averaging the last 4 μs trajectory of a 20 μs run. Error bars represent standard 

deviation. (e) and (f) share the same figure legend as (d).
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Figure 7. 
(a) Illustration of DPPC and DLPC with different lipid height but same tail saturation; (b) A 

snapshot at the end of a 20 μs simulation of a DLPC/DLiPC/Chol system; (c) time evolution 

of the normalized lateral contact N of unsaturated lipids; (d) lipid chain order parameter Sz; 

(e) lipid height h; (f) percentage contacts with cholesterol χ of saturated lipids, unsaturated 

lipids and their differences. Results in (d–f) are obtained from averaging the last 4 μs of a 20 

μs run. Error bars represent standard deviation. (e) and (f) share the same figure legend as 

(d).
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