














 

and Chol and the effects on the membrane surface that drive 
domain anti-registration. 

Chol, DIPC, and DPPC are evidenced to strongly prefer 
concave, weakly prefer concave, and weakly prefer convex lo-
cal curvature on the membrane surface, respectively, as deter-
mined via x-ray measurements on monolayers supported by in-
verted hexagonal phases.(77) Because soc domains contain Chol 
in higher concentration, soc domains may induce concave cur-
vature overall. This would explain the preference for soc do-
mains to register with Ld domains in the opposing leaflet, which 
are more fluid and contain less Chol. This important difference 
in domain preferences for local curvature may be accounted for 
by the theoretical model of Schlomovitz and Schick.(67, 72) 
However, our results demonstrate that these quantities are 
sensitive to the concentration of Chol in the membrane, and par-
ticularly in each domain, which has not been considered in these 
models. 

 
 
 
 

D. Transitions between regimes of phase behavior 
In undergoing transitions between phase regimes we ex-

pect the system to present fluctuations in local lipid composi-
tions with a disperse distribution of domain sizes. To explore 
the transitions, we identified transleaflet clusters of DPPC and 
Chol tails, defining aggregates of n intra- and m inter-leaflet 
tails at equilibrium (Figure 6, explanation in Methods, and il-
lustration in Figure S6). We find that the structural order of do-
mains is largely insensitive to domain size (Figure S6(A)), as 
previously identified in 30 mol% Chol.(81) 

Examination of transleaflet aggregate sizes in regimes I 
and III show a bifurcation of slopes of m(n)≈2/3 and m(n)≈1/3 
corresponding to a ~2/3 domain overlap similar to Figure 4(B). 
A polydispersity in domain sizes is observed at 7 and 42 mol% 
Chol. The transition from regimes I to II seems to be well-de-
scribed by the 50% miscibility point, as the 7 mol% Chol sys-

tem 𝑆mix, is marginally lower than 𝑆mix-.% (Figure 4(B)). Addi-
tionally, order parameters at 7 mol% Chol show larger fluctua-
tions at equilibrium than other system compositions (Figure 2). 
The transition observed at 42 mol% Chol is apparently not well-

described by 𝑆mix-.%. However, the transition of domain overlap, 

Figure 5. Voronoi tessellations of lipid and Chol tails in upper leaflets of simulated membranes at the last frame of each trajectory. DPPC 
(blue), DIPC (red), and Chol (white) dots represent tails. Voronoi cells are colored according to the absolute and untransformed value of 
lipid tail bond-orientational order parameters at (A and D) 3 mol% Chol, (B and E) 22 mol% Chol, and (C and F) 52 mol% Chol. 
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Λ, to below Λrandom indicates the onset of anti-registration at 42 
mol% Chol(Figure 3(B)), and there is a clear signature of this 
transition in 𝑃) and  |𝛹f| (Figure 4(C-H)). It may be possible to 

identify the transition to regime III by measurement of domain 
overlap via a method analogous to our computation of Λ spec-
troscopically using leaflet-selective deuteration.(74) The transi-
tion from nanoscopic domain coexistence to macroscopic phase 
separation near 7 and vice-versa at 42 mol% Chol approxi-
mately fits the DPPC:DOPC:Chol phase diagrams of Veatch et 
al. and Davis et al., which measure these transitions to occur at 
approximately 10 and 45 mol% Chol, (33) and 10 and 35 mol% 
Chol, respectively.(43) 

 
CONCLUSIONS 
Via molecular dynamics simulation we have performed a 

detailed investigation of Chol concentration on phase separa-
tion in bilayers formed of ternary lipid mixtures. We observed  
three regimes of phase behavior, denoted I) miscible Ld phase, 
II) macroscopically phase separated Ld+Lo coexistence featur-
ing registered domains, and III) microscopically phase sepa-
rated anti-registered domains of Ld coexistent with the newly 
identified liquid cholesterolic gel (soc) phase. These structures 
were validated by comparison to experimental determinations 
of Chol partitioning in lipid domains(40, 46, 61) and theoretical 
expectations of Chol-lipid complex structures at high mol% 

Chol invoking the umbrella model(5) supported by FRET ex-
periments.(6) We demonstrate the structural difference between 
these three regimes via order parameters characterizing mixing, 
domain registration, structural order along the bilayer normal, 
structural order within the membrane plane, and transleaflet do-
main sizes. We find regimes I, II and III to manifest distinct 
differences in bond-orientational order. The soc phase is found 
to exhibit 2D bond-orientational order over the length scale of 
the lipid domains, characterized by lamellar lines of face-to-
back threads of Chol and DPPC. 

There may be biological implications of the soc phase for 
determination of protein structure and function, as proteins can 
preferentially partition to particular lipid domains. For exam-
ples, amyloid precursor processing (APP) is known to change 
structure due to binding cholesterol(116–119) or changes in 
membrane thickness,(120–122) which depend on lipid domain 
composition and structure. APP is processed by α- or β-
secretase which residue in different lipid domains.(123–126)  If 
APP is processed by α-secretase, occurring at low mol% Chol, 
the amyloid cascade will not proceed and production of toxic 
amyloid beta (associated with Alzhimer's disease) will not oc-
cur. The complex phase behavior induced by cholesterol effects 
the structure, function, and processing of proteins in Alzhei-
mer's and other diseases, and will therefore continue to be rele-
vant to our understanding of these disease mechanisms. 

Figure 6. Occurances of intra- (n) and inter-leaflet (m) lipid tails in transleaflet DPPC-Chol domains at equilibrium in each mol% Chol 
system. 
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These collected observations substantially enhance our 
understanding of the role of Chol in complex phase behavior in 
ternary lipid mixtures and provide a framework for exploring 
structure and dynamics of domain formation in future compu-
tational, theoretical, and experimental investigations. 
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