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Abstract

The eukaryotic plasma membrane (PM) exhibits lipid mixing heterogeneities known as lipid rafts.
These lipid rafts, the result of liquid-liquid phase separation, can be modeled by coexisting liquid
ordered (Lo) and liquid disordered (Ld) domains. Four-lipid component systems with a high-
melting lipid, a nanodomain-inducing low-melting lipid, a macrodomain-inducing low-melting
lipid, and cholesterol (chol) can give rise to domains of different sizes. These four-component
systems have been characterized in experiments, yet there are few studies that model the
asymmetric distribution of lipids actually found in the PM. We used molecular dynamics (MD)
simulations to analyze the transition from nanoscopic to macroscopic domains in symmetric and in
asymmetric model membranes. Using coarse-grained MD simulations, we found that asymmetry
promotes macroscopic domain growth in a case where symmetric systems exhibit nanoscopic
domains. Also, macroscopic domain formation in symmetric systems is highly dependent on
registration of like phases in the cytoplasmic and exoplasmic leaflets. Using united-atom MD
simulations, we found that symmetric Lo domains are only slightly more ordered than asymmetric
Lo domains. We also found that large Lo domains in our asymmetric systems induce a slight
chain ordering in the apposed cytoplasmic regions. The chol fractions of phase-separated Lo and
Ld domains of the exoplasmic leaflet were unchanged whether the system was symmetric or
asymmetric.
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Introduction

The eukaryotic plasma membrane (PM) is a heterogeneous, two-dimensional liquid that
exhibits complex organization. (Simons and Vaz, 2004) Lipid rafts (Brown and London,
1998; Lingwood and Simons, 2010; Simons and Ikonen, 1997) are nanoscopic mixing
heterogeneities that are thought to play an important role in cellular signaling (Simons and
Ikonen, 1997; Simons and Gerl, 2010), protein sequestration (Simons and Ikonen, 1997;
Simons and Gerl, 2010), virus budding (Simons and Vaz, 2004; Aude de Gassart et al.,
2003), immune signaling (Simons and Gerl, 2010; Goh et al., 2013), membrane trafficking
(Simons and Ikonen, 1997; Simons and Gerl, 2010), and endocytosis (Goh et al., 2013).
Rafts, envisioned as areas with distinct physical properties compared to their surroundings,
are thought to be enriched in cholesterol (chol) and saturated, high-melting temperature
(high-Tm) lipids. (Lingwood and Simons, 2010; Simons and Ikonen, 1997; Goh et al., 2013;
Brown and Rose, 1992) In model membranes, rafts can be represented by a liquid ordered
(Lo) phase, a liquid phase with a high degree of order akin to that of a solid. If the raft is
the discontinuous phase, then the continuous phase can be modeled by a liquid disordered
(Ld) phase, which has the physical characteristics of a liquid and is enriched in unsaturated,
low-melting temperature (low-Tm) lipids. Model membranes composed of just three lipid
components - a high-Tm lipid, a low-Tm lipid, and chol - can give rise to a membrane with
coexisting Lo and Ld phases.

These three-component model membranes can exhibit nanoscopic Lo and Ld domains
(nanodomains, found to be ~15-30 nm diameter from neutron scattering data (Heberle

et al., 2013)) or macroscopic Lo and Ld domains (macrodomains, visible diameter >

~200 nm). (Goh et al., 2013; Van Meer et al., 2009; Ackerman and Feigenson, 2015;
Hakobyan and Heuer, 2013). For example, a mixture (termed Type 1) (Van Meer et al., 2009)
of high-Tm lipid distearoylphosphatidylcholine (DSPC, 18:0,18:0-phosphatidylcholine),
low-Tm lipid palmitoyl-oleoylpho sphatidylcholine (POPC, 16:0,18:1-PC), and chol can
form nanodomains. Likewise, a mixture (termed Type I1) (Van Meer et al., 2009)

of high-Tm lipid dipalmitoylphosphatidylcholine (DPPC, 16:0, 16:0-PC), low-Tm lipid
dioleoylphosphatidylcholine (DOPC, 18:1, 18:1-PC), and chol can form macrodomains. The
low-Tm lipid strongly affects whether nano or macro domains are formed. (Ackerman and
Feigenson, 2015) A transition between nanodomains and macrodomains can be modeled,

as we do here, by a four-component system in which the low-Tm lipids are systematically
varied (Ackerman and Feigenson, 2015).

Beginning with a Type | mixture composed of DBPC (20:0,20:0-PC)/PIPC (16:0,18:2-PC)/
chol and systematically replacing PIPC with DIPC (18:2,18:2-PC), a Type Il mixture forms
when the DIPC fraction is sufficient. This replacement of low-Tm lipid thereby produces

a transition from nanodomains to macrodomains. In these four-component systems, a
replacement ratio, p, may be defined as [DIPC)/[DIPC + PIPC]. With a system composed of
DBPC/DIPC + POPC/chol and incrementally varying p values from 0 (only PIPC) to 1 (only
DIPC), the system begins as a Type | mixture and ends as a Type Il mixture. Such studies
with four-component systems have successfully modeled the transition from nanodomains

to macrodomains for many mixtures. (Goh et al., 2013; Ackerman and Feigenson, 2015;
Konyakhina et al., 2013; Usery et al., 2017; Ackerman and Feigenson, 2016) To date,
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all such studies were performed on symmetric bilayers, /.e. lacking the asymmetry of
eukaryotic plasma membranes.

It has long been known that the PM exhibits transmembrane phospholipid compositional
asymmetry. (Van Meer et al., 2009; Kiessling et al., 2009; Ackerman and Feigenson,

2016; Kiessling et al., 2009; Quinn, 2002; Devaux and Morris, 2004; Op den Kamp,

1979) The exoplasmic leaflet is enriched in high melting sphingomyelin and low-melting
glycerophospholipids, such has phosphatidylcholine, whereas the cytoplasmic leaflet is
enriched in phosphatidylethanolamines and phosphatidylserines having multiply unsaturated
chains (Van Meer et al., 2009; Kiessling et al., 2009; Quinn, 2002; Devaux and Morris,
2004). Asymmetry is maintained by active translocation of amine-containing phospholipids
across the PM, together with the slow unfacilitated movement of phospholipids across the
bilayer (Quinn, 2002). The existence of lipid asymmetry across the PM could have many
effects on cellular function. Asymmetry is connected to roles of membrane bound proteins,
wherein the cytoplasmic leaflet contains proteins involved in intracellular events while the
exoplasmic leaflet contains proteins involved in cellular signaling and defense mechanisms.
Op den Kamp, 1979)A loss of asymmetry is related to cellular aging (Schroeder, 1984)

and cell apoptosis (Quinn, 2002; Harayama and Riezman, 2018; Fadeel and Xue, 2009).
Ultimately, a more faithful model of the PM must include an asymmetric distribution of lipid
types across the membrane, as well as any coupling between the leaflets.

Preparation of asymmetric lipid bilayers has been reported /n vitro using oil-water inverted
emulsion (Pautot et al., 2003a, b), cyclodextrin-mediated exchange (Visco et al., 2014;

Lin and London, 2014; Huang and London, 2013; Szente and Fenyvesi, 2017; Zidovetzki
and Levitan, 2007), and hemifusion (Enoki and Feigenson, 2019) of a supported bilayer
with a GUV. Some of these preparations pose problems that should be noted. Inverted
emulsions lead to some oil trapped within the bilayer (Gross et al., 2011). In addition,

the popular cyclodextrin-mediated exchange has challenges. Exchange is highly dependent
upon the cavity size of the cyclodextrin (Szente and Fenyvesi, 2017) and fluorescent-labeled
lipids can be poorly solubilized by MBCD, a commonly used type of cyclodextrin. (Lin

and London, 2014) MBCD and other types of cyclodextrin can change the natural levels

of cholesterol in the PM, ultimately affecting all intracellular membranes. Zidovetzki and
Levitan, 2007) And final exchange levels are typically in the range 50-70 %, not so close to
the desired 100 %.(Doktorova et al., 2018)

In silico studies provide an opportunity to study asymmetric lipid bilayers and compare
results with those found by wet lab study of asymmetric GUVSs. The effectiveness of

in sifico studies is well documented. (Goh et al., 2013; Ackerman and Feigenson, 2015;
Hakobyan and Heuer, 2013; Ingolfsson et al., 2014; Feller, 2000) Stable, asymmetric
bilayers are far easier to prepare /n silico than with in vitro techniques. Molecular Dynamics
(MD) simulations are particularly useful for modeling asymmetric, multi-component bilayer
mixtures. Unfortunately, MD systems have a trade-off between molecular high-resolution
and long computational run time. United Atom (UA) force fields, in which every atom
except for nonpolar hydrogens is represented, have a high degree of accuracy, but lateral
separation and the creation of phases will almost never be seen due to the long run time
required. Coarse Grained (CG) force fields, in which a bead represents about 4 heavy (non-
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hydrogen) atoms, are computationally quicker to run but have lower accuracy. Combination
of the two forcefields solves some of these problems. By beginning with a CG system,
running until natural phase separation occurs, and then converting the output to a UA
system, separate phases can be naturally created and then analyzed under high-resolution
conditions.

In this study, we combined CG and UA to study a transition from nano to macro domains

in symmetric and asymmetric bilayers. To our knowledge, this study is the first of its kind.
We separately created four-component symmetric bilayers and six-component asymmetric
bilayers. Symmetric four-component bilayers were composed of the high-Tm lipid DBPC,
the low-Tm lipids DIPC and PIPC, and chol. PIPC was chosen because it promotes
nanoscopic phase domains when mixed with DBPC and chol. DIPC was chosen because

it promotes the larger macroscopic phase-separated domains when mixed with DBPC and
chol. The asymmetric bilayer’s exoplasmic leaflet was exactly the same as that of the
symmetric bilayers. The symmetric bilayers and asymmetric exoplasmic leaflets were made
with [DBPC]/[PIPC + DIPC]/[chol] = .4/.4/.2. We define a replacement ratio as p = [DIPC]/
[PIPC + DIPC]. The asymmetric bilayer’s cytoplasmic leaflet was composed of POPE
(16:0,18:1-PE), POPS (16:0,18:1-PS), and chol, with [POPE]/[POPS]/[chol] = .4/.4/.2. p
was increased incrementally in steps of 0.1 starting at 0 (nanodomains) and ending at

1 (macrodomains). Bilayers were run using CG forcefield parameters until lateral phase
separation occurred. Then all bilayers were converted into UA force field parameters and
further run until equilibrated.

2. Materials and methods

The following sections describe the methods used for bilayer creation, production, and data
analysis.

2.1. Symmetric bilayer creation

Symmetric bilayers were fully solvated four-lipid component systems of DBPC, PIPC,
DIPC, and chol. Bilayer cross sections were square patches approximately 36 nm x 36

nm, with ~4200 total lipids. This box size was sufficient to capture without distortion the
properties of nanodomains of size scale ~ 25 nm diameter, as we showed using a 74 nm x
74 nm simulation box (Usery et al., 2017). Bilayers were solvated at ~60 water molecules
per lipid and with no ions. Lipid compositions were [DBPC]/[PIPC + DIPC]/[chol] = .4/.4/.2
with eleven different p conditions, ranging from p = 0to p = 1 in increments of 0.1.

Chol concentration was kept at 20 mol % in order to compare these systems with others
(Ackerman and Feigenson, 2015), despite evidence that PM chol concentration is 30-40 mol
% (Devaux and Morris, 2004; Mondal et al., 2008).All symmetric bilayers were created in
CHARMMGUI (Sunhwan et al., 2008; Qi et al., 2015).

2.2. Asymmetric bilayer creation

Our asymmetric bilayers were six-component systems of DBPC, PIPC, DIPC, POPE,
POPS, and chol. The exoplasmic leaflet was that of the symmetric bilayers, with a lipid
composition of DBPC/[PIPC + DIPC]/chol = .4/.4/.2. Bilayers were solvated with ~60
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water molecules per lipid and ~900 neutralizing sodium ions. The cytoplasmic leaflet had

a uniform composition of POPE/POPS/chol = .4/.4/.2. POPE and POPS were chosen for
future comparison with wet-lab experiments, despite evidence that the cytoplasmic PM
leaflet is enriched in polyunsaturated phosphatidylethanolamine (PE) and phosphatidylserine
(PS) (Verkleij et al., 1973). Cytoplasmic and exoplasmic leaflets were given the same

chol concentration because the distribution of chol between leaflet is not well understood
(Devaux and Morris, 2004; Mondal et al., 2008) Eleven different p conditions were made,
ranging from p =0to p = 1 in increments of 0.1.

Each p condition was constructed such that the equilibrated area of the exoplasmic leaflet
equaled that of the cytoplasmic leaflet. To do this, a symmetric CG POPE/POPS/chol
bilayer was created with the same 0.4/.4/.2 lipid composition and run until equilibrated.
Then area per lipid of this POPE/POPS/chol system was calculated. Independently, the
area per lipid was also calculated for each p condition of the symmetric bilayers after
equilibration. Then, each asymmetric bilayer condition was created by using the area per
lipid to calculate the number of lipids needed in exoplasmic and cytoplasmic leaflets to
achieve a square patch of 36 nm x 36 nm. The number of lipids needed for each leaflet
was entered into CHARMMGUI to create the bilayers. Additional criteria for creating MD
models of asymmetric bilayers, such as ensuring the tension in each leaflet is zero, have
been proposed. (Doktorova and Weinstein, 2018)

2.3. Force field and molecule parameters

All of our MD simulations used GROMACS 5.1.3. (Abraham et al., 2015) CG simulations
used the Martini force field with all beads having equivalent masses (Marrink et al., 2004,
2007; Melo et al., 2015). Lipid, chol, and water parameters were from Martini version 2.0
(Marrink et al., 2007), while ions were from Martini version 2.2 (De Jong et al., 2013).

UA simulations used GROMOS 53a6 (Oostenbrink et al., 2004) force field with added
Berger Lipid Parameters (Berger et al., 1997). DIPC (Hakobyan and Heuer, 2013),

PIPC (Ackerman and Feigenson, 2015), POPE (Tieleman and Berendsen, 1996), POPS
(Mukhopadhyay et al., 2004), and chol (Hakobyan and Heuer, 2013) were taken from
existing topologies. DBPC lipid topology was created by extending the s7+1 and s7-2 chains
of an already existing DPPC topology. (Berger et al., 1997; Tieleman and Berendsen, 1996)
The SPC model for water was used (Berendsen et al., 1981).

2.4. Simulation conditions

All CG simulations were energy minimized and then subsequently equilibrated for 4.75 ns,
over multiple stages with a gradually increasing time step parameter, using the provided
CHARMM-GUI equilibration template. The CHARMM-GUI equilibration template begins
with an NVT ensemble and transitions to NPT. Following the CHARMM-GUI equilibration,
all CG simulations were run in an NPT ensemble with a timestep of 20 fs. A V-rescale
temperature thermostat was used with a time constant of 1 ps to ensure a reference
temperature of 295 K. (Bussi et al. (2007)) The lipids and the solute were separately coupled
to temperature baths. A Parrinello-Rahman semi-isotropic barostat was used with a time
constant of 1 ps to maintain a pressure of 1 atm (Parrinello and Rahman, 1981). Electrostatic
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and van der Waals potentials both used a potential shift with a 1.2 nm cutoff distance. All
simulations were run past equilibrium for a total production time of 12 ps.

After completion of CG simulations, bilayers were converted to UA representation using
Backward. (Wassenaar et al., 2014) The conversion process involved energy minimization
steps along with an equilibration of 1.75 ps at increasing time steps. Equilibration steps
occurred in an NVT ensemble at 295 K with position restraints on the phosphorous of each
lipid.

After conversion to UA representation, bilayers ran in an NPT ensemble with a 1 fs time
step. A V-rescale temperature thermostat was used with a time constant of 0.5 ps to maintain
a temperature of 300 K following Ackerman and Feigenson in 2016 and Kiessling, et al.

in 2009. (Ackerman and Feigenson, 2015; Hakobyan and Heuer, 2013) Lipids and solute
were separately coupled to temperature baths. A Parrinello-Rahman semi-isotropic barostat
with a time constant of 2 ps was used to maintain a pressure of 1 atm. Electrostatic and van
der Waals interactions both used a potential shift with a 1.2 nm cutoff distance. A Particle
Mesh Ewald method was used for electrostatics with a Fourier grid spacing of 0.16 and a
cubic interpolation order of 4 (Darden et al., 1993; Essmann et al., 1995). The first 50 ns

of simulation were run with position restraints on the phosphorus of each lipid, and then
position restraints were subsequently removed for the last ~30 ns of the simulations. All
simulations were run past equilibration for a total production time of 30-33 ns. LINCS
algorithm was used for bond constraints, and XYZ periodic boundary conditions were
enforced (Hess et al., 1997, 2008).

atom backwards mapping

In the conversion from CG to UA using Backward, membranes were first separated from
the water solvent. The solvent-free membranes were then converted using the Backward
program. Occasionally, lipid penetration of the cholesterol rings or steric overlap would
appear during the conversion process. If the latter, molecular positions were manually
altered to avoid steric overlap. If cholesterol ring penetration by lipids occurred, either

the penetrated cholesterol or the penetrating lipid was deleted. To preserve equal area of
upper and lower leaflets, a randomly chosen lipid, in the opposite leaflet from where the
deletion occurred, was removed. In symmetric bilayers, this meant randomly deleting the
same lipid type in the opposite bilayer. In the asymmetric bilayers, sometimes multiple lipids
had to be deleted to preserve equal area. Ultimately, deletions and/or manual alterations of
position occurred rarely, in ~ 0.1 % of all lipids. UA simulations were run substantially past
equilibration to nullify potential effects of deletions and/or manual alterations.

After conversion of membrane from CG to UA, bilayers were resolvated using the SPC
model for water. The necessary number of ions was added to converted systems.

determination algorithm

Simulations were analyzed using self-made Python scripts which employ the MDTraj
(McGibbon et al., 2015) Library found here https://github.com/nav610/Asymmetric-
Membrane-Code. The script divides the exoplasmic leaflet into Voronoi cells, with each
lipid being represented as the center of the cell. The phosphate bead for phospholipids and
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the hydroxyl bead for cholesterol were used to represent each lipid. Then each lipid is
categorized as Lo or Ld based upon the lipid types in the bordering Voronoi cells. If a patch
of lipids has an above average make-up of high-Tm lipid and cholesterol it is designated Lo.
If not, it is designated Ld. The script iterates three times to remove small, artificial clusters.
Boundary lipids are thus determined as lipids of one phase type that border a lipid of another
phase type. The number of boundary lipids is summed and divided by the total number of
lipids, producing the percentage of lipids which reside on an interface between two phases.

The phase determination algorithm was based on local composition, rather than physical
properties such as area per lipid or order parameter. Our composition-based method
inherently includes a local averaging component due to inclusion of a lipid’s nearest
neighbors, recognizing that domains are not completely homogeneous at the scale of an
individual lipid. As shown in Supplemental Figs. 6 and 7, the distribution of area per

lipid for Lo-identified and Ld-identified lipids overlaps significantly in both symmetric and
asymmetric systems, even while it is clear that the phases have mean areas that differ by
over 0.2 nm2. Identifying phases by area per lipid directly is challenging, due to this overlap,
heterogeneity within a single phase, and the fact that different lipid types have different areas
in the same phase, due to varying head groups and the size of cholesterol molecules. Thus,
area per lipid was not used for Lo and Ld phase determination algorithm. Likewise, order
parameter of the acyl chains was not used, as order parameter and area per lipid are directly
correlated.

2.7. Registration determination algorithm

Registration is a measurement of the fraction of lipids of one phase having neighbors of the
same phase in the opposite leaflet. We measure registration as the percentage of lipids which
have like-phase neighbors in the opposite leaflet. This percentage was calculated using the
phase-determination algorithm described in 2.6. Once each exoplasmic lipid was assigned a
phase, its phase was compared to the phase of the all the lipids within a 1 nm radius residing
in the cytoplasmic leaflet. If the phases do not match, the lipid was marked anti-registered.
If the phases were the same, the lipid was marked registered. The number of registered
exoplasmic leaflet lipids was divided by the total number of exoplasmic leaflet lipids to
produce a percentage.

2.8. Equilibration and data analysis

CG systems were determined to be equilibrated when the percentage of exoplasmic lipids
on the interface displayed asymptotic behavior, which was after roughly 7 ps of production.
Data were taken after 10 ps. UA systems were determined to be sufficiently equilibrated
when the order parameter of DBPC and POPE displayed asymptotic behavior, which was
after roughly 12 ns of production. Figure S8 shows that DBPC carbons 6 and 9 order
parameters hardly change throughout the initial 15 ns of the simulation. Data were taken
after 15 ns.

Standard error was calculated by finding time autocorrelation lengths for each CG and
UA property. Since each property and p condition exhibited different time-autocorrelation
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lengths, each property’s and p condition’s own time autocorrelation length was used to
calculate error.

3. Results and discussion

The following sections describe the CG and then UA results.

3.1. Percentage of lipids on the interface

We used the phase determination algorithm detailed in section 2.6 to calculate the
percentage of lipids on the interface. Fig. 1 shows the percentage of lipids on the interface
versusthe p value for both symmetric and asymmetric systems. For both systems, as p
increases from 0 to 1 the percentage of interface lipids decreases. As p increases, PIPC
(18:0,18:2) is being replaced by DIPC (18:2,18:2) and thus more unsaturation is being added
to the system. This leads to more differentiated Lo and Ld phases forming larger domains.
This transition in domain size is seen in Fig. 1 as the decreasing percentage of lipids on the
interface. As domains become larger, the number of lipids on the boundary between phases
decreases. The growth of phase domains is visualized in Fig. 2, which shows snapshots of
some symmetric and asymmetric bilayers at different p values.

The symmetric and asymmetric systems both exhibit a domain size transition as p increases.
Notably, comparing Fig. 2B and 2 F at p = 0.5, the asymmetric system forms macrodomains
at Jower p values than does the symmetric system. This contrasts with published reports of
higher p values when the different cytosolic model leaflet of DOPC/chol is used to make
asymmetric vesicles. (Enoki and Feigenson, 2019; Wang and London, 2018) See Section 3.4
for additional discussion.

Looking more closely at the nano to macro transition, the symmetric system undergoes a
somewhat sharper phase transition between p ~.6-.8. This transition is the change from a
system composed of nanodomains to one of macrodomains. The midpoint p value at which
this transition occurs, denoted p*, is at ~ 0.7. The asymmetric system undergoes a broader
transition. Starting at p ~ 0.2 it exhibits a relatively constant decrease in percentage of lipids
on the interface, signifying a rather monotonic shift from nanodomains to macrodomains.

The value of p* is controlled by Lo/Ld line tension, as established in prior wet lab
experimental studies. (Ackerman and Feigenson, 2015; Usery et al., 2017) Our observed

p* transition is relatively sharp for the symmetric system, involving communication between
phases in the exoplasmic and cytoplasmic leaflets as observed when GUVs were first

used for such studies. (Korlach et al., 1999) Our asymmetric system inherently has no
separation of phases in the cytoplasmic leaflet, and thus macroscopic domain formation in
the exoplasmic leaflet might involve a loss of cooperativity between leaflets.

We have proposed an interpretation of interface length data shown in Fig. 1, or equivalently,
domain size, as a competition between the line tension that penalizes interface, /.e. small
domain size, and dipole-dipole repulsions originating near the lipid glyceryl backbone.
(Usery et al., 2017) Line tension promotes domain growth by minimizing the energy
penalty, decreasing the number of lipids at the aqueous interface. Dipole-dipole repulsions
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originating from permanent dipoles including tightly bound waters, perhaps at the carbonyl-
glycerol backbone, disfavor larger domains by creating an energy penalty for larger
domains. A possible explanation for the creation of macrodomains at lower p values in our
asymmetric systems is that dipole-dipole repulsions could be decreased in the asymmetric
bilayers: Asymmetry might decrease dipole-dipole cancellation from apposing leaflets,
leading to increased repulsion. (Usery et al., 2017) But such an increase in repulsion could
be offset through an overall decrease in dipole-dipole repulsion difference between Lo and
Ld phases created by the asymmetry; this has not been measured. We suggest that a decrease
in dipole-dipole repulsion that would lead to a higher measured line tension is an alternative
to a decrease in cooperativity to explain why the nano-to-macro transition is both less sharp
and at lower p* value for our asymmetric system.

Note that nanodomains and macrodomains in the simulation exist on a different scale from
those on a vesicle /n vitro, due to the limited size of the simulation box (approximately

36 nm x 36 nm). On this simulation scale, macrodomains are represented as infinite in

one dimension due to periodic boundary conditions, while nanodomains are smaller and

of irregular shape (Fig. 2). However, we have previously conducted MD simulations of
symmetric four-component phase-separating systems and found the size of nanodomains and
the transition from nanodomains to macrodomains to match in a system of this size (36 nm

x 36 nm) and in a system four times as large (74 nm x 74 nm). (Ackerman and Feigenson,
2015; Usery et al., 2017)

3.2. Symmetric registration

Fig. 3 shows the percent of registration for the symmetric system. Registration is a measure
of lipids in the exoplasmic leaflet whose phase matches that of its nearest neighbors in the
apposed leaflet. That is, registration means Lo lipids reside across from Lo lipids or Ld
lipids reside across from Ld lipids; anti-registration means that opposite phases reside across
from each other.

Registration data were found for only the symmetric system, because the asymmetric system
inherently has no registration, since phases do not form in the asymmetric cytoplasmic
leaflet. A registration percentage of >50 % corresponds to registration while a value <50

% corresponds to anti-registration. A value of exactly 50 % denotes a lipid whose apposed
neighbors are equally likely to belong to Lo or Ld phases.

Fig. 3 shows that at p = 0, the registration percentage is ~50 %. As p increases the
registration percentage decreases slightly until p ~ 0.6. The system sharply increases its
registration to reach ~90 % at p ~ .8-1. This sharp change in registration occurs around p*,
meaning that registration occurs only upon the creation of sufficiently large macrodomains.
In the regime of nanodomains where symmetric p < 0.6-0.7, domains are slightly anti-
registered as predicted by Olmsted and Williamson (Fowler et al., 2016), and found in

our previous MD study (Weiner and Feigenson, 2018), because nanodomains are not large
enough to align across the bilayer.
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3.3. Cholesterol location

The chol composition of exoplasmic Lo and Ld phases for the symmetric and asymmetric
system was tracked across the p trajectory in Fig. 4. These data indicate that in both

the symmetric and asymmetric system, as p increases the Ld phase becomes increasingly
depleted of chol while the Lo domain becomes increasingly enriched in chol. At p = 1, the
symmetric and asymmetric Lo domains are composed of ~30 % chol. Likewise at p = 1,

the symmetric and asymmetric Ld domains are composed of ~5 % chol. It is interesting
that at the highest p values there are almost no differences in chol composition between
symmetric and asymmetric bilayers. The depletion of chol in the asymmetric Ld phases and
the enrichment in the asymmetric Lo phase follows a more monotonic change, indicative of
the monotonic transformation from nanodomains to macrodomains shown in Fig. 1.

Fig. 5 displays the chol composition for the asymmetric cytoplasmic leaflet; areas were
determined to be across from exoplasmic Lo or Ld phases and were marked accordingly,
and their cholesterol percentage shown. Across the p trajectory, the chol in regions across
from Lo and Ld remain almost equivalent. It is not surprising to see almost equivalent chol
makeup at low p because the systems are still in the nanodomain regime. Since nanodomains
are small, they are unable to create a distinct environment in the apposed leaflet, as
previously shown by Usery, et al. in 2017. (Usery et al., 2017) Even at high p values,
wherein the systems are firmly in the macrodomain regime, the chol compaosition remains
equivalent, but this is consistent with our previous MD result. Because macrodomains

are large, they are able to create distinct environments in the regions across from them.
However, our data indicate that a distinct Lo domain does not sequester nor release chol in
the region across from it.

Supplemental Fig. 5 shows that there is no chol movement between leaflets for the
symmetric bilayers. There is a slight movement of chol from the exoplasmic leaflet to the
cytoplasmic leaflet in the asymmetric system across the p trajectory. This movement is most
likely due to the imperfect method of matching exoplasmic and cytoplasmic leaflet areas

in asymmetric bilayer creation. At higher p values, area matching may have led to slight
excesses of cytoplasmic chol which subsequently redistributed itself during the simulation.

3.4. UA sn-1 DBPC order parameter

After equilibrating the UA simulations, order parameter was calculated for the sn-7 chain
of the DBPC lipids using the carbon deuterium order parameter Scp = <3cos?a -1 > /2
(Brown and London, 1998) where a. is defined as the angle between the predicted CH

bond angle and bilayer normal. Because UA does not represent nonpolar hydrogens, the CH
bond angle was predicted from the carbon-carbon bonds along the chain. A custom script
used to evaluate the order parameter calculated the local bilayer normal for each DBPC
lipid, because some bilayers were curved. Prediction of the CH bond angle was made using
standard UA order parameter analysis methods. (Piggot et al., 2017)

-Scd for each methylene in the hydrocarbon sn-1 chain of DBPC was individually calculated
and averaged, then displayed in Fig. 6. The order parameters for the symmetric and
asymmetric system DBPCs are shown at p = 0 and p = 1. Evidently, DBPC order parameter
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at p = 1 for both the symmetric and asymmetric systems is significantly higher than at p

= 0. This finding shows the increasing differentiation of Ld domains from the DBPC-rich
Lo domains. As p increases, the DBPCs pack together with higher fractions of chol in an
ordered Lo domain. Surprisingly, at p = 1 the symmetric DBPC order parameter is only
marginally higher than the asymmetric DBPC order parameter. This is unexpected because
at p = 1, the symmetric system is highly registered and thus Lo resides across from Lo.
However, this finding indicates that despite the increased unsaturation in the POPE/POPS/
chol cytoplasmic leaflet compared to the Lo composition, the DBPC order parameter is
hardly increased. Thus the POPE/POPS/chol mixture is rather ordered.

Fig. 7 shows the -Scd for carbon 6 of the DBPC sn-1 chain across the p trajectory for
both the symmetric and asymmetric systems. The asymmetric -Scd shows an increasing
monotonic shift in order parameter across the trajectory, further validating the monotonic
creation of Lo and Ld macrodomains shown in Fig. 1.

In contrast, the symmetric -Scd remains constant until approximately p* = 0.7. Then

the order parameter sharply increases. These symmetric order parameter findings further
validate the sharp shift from nanodomains to macrodomains at p* as shown in Fig. 1. This
shift in order parameter is correlated with the registration data in Fig. 3. Once there is

high registration, which occurs after p*, exoplasmic DBPC is more likely to reside across
from cytoplasmic DBPC in an Lo domain, leading to increased ordering of the hydrocarbon
chains of the DBPCs.

The sharp shift in the symmetric DBPC order parameter caused by registration indicates that
DIPC and PIPC have large disordering effects compared to the ordering effect of DBPC
upon itself. Yet, POPE/POPS/chol creates little disordering when compared to the ordering
of DBPC in an Lo phase. This shows that cytoplasmic leaflet DIPC and PIPC induce

much more disordering than does POPE/POPS/chol, indicating the latter mixture’s relatively
high order. A cytosolic model leaflet using the relatively disordered DOPC/chol shifts the
transition of nano to macro domains to higher p value (Enoki and Feigenson, 2019), perhaps
by making less favorable the formation of ordered Lo domains.

The sharp shift in symmetric DBPC order parameter can also be seen in Supplemental
Fig. 1, with the monotonic shift in asymmetric DBPC order parameter is displayed in
Supplemental Fig. 2.

3.5. UA POPE order parameter

Order parameter was also calculated for the sn-1 chain of the cytoplasmic POPE lipids of
the asymmetric system. This calculation used the carbon-deuterium order parameter, as in
Section 3.3. However, the POPE lipids were first determined to be across from either an Lo
or Ld exoplasmic phase. Subsequently the order parameter was calculated.

Fig. 8 displays the POPE cytoplasmic leaflet order parameter for POPE across from Lo
and across from Ld. At p = 1, the POPE across from Lo exhibit a slightly higher order
parameter than those across from Ld. This difference in order parameter is most evident
between carbon 4 to carbon 9. This difference can also be seen in Fig. 9, where carbon 6
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for the sn-1 POPE chain is graphed across the p trajectory. However, for the majority of
the p trajectory, POPE across from Lo or Ld exhibit roughly the same order. Only at p =

1, is there any indication of order difference between POPE across from Lo or Ld as seen
by Weiner and Feigenson in 2019. (Weiner and Feigenson, 2019) This difference at high p
values can be attributed to the need for very large domains in exoplasmic leaflets to induce
POPE ordering.

Fig. 8 also shows that at p = 0, POPE across from Lo and Ld have very similar order
parameters. This is likely due to the exoplasmic nanodomains in which these lipids reside
across from being so small that they hardly affect the POPE order parameter.

The order parameter for the sn-1 chain of POPE across from Lo over the p trajectory is
displayed in Supplemental Fig. 3. Likewise, the sn-7 chain of POPE across from Ld over the
p trajectory is shown in Supplemental Fig. 4.

4. Conclusions

We found that compositionally asymmetric bilayers with a single-phase POPE/POPS/

chol model cytoplasmic leaflet and a phase-separating DBPC/PIPC + DIPC/chol model
exoplasmic leaflet form macrodomains in the exoplasmic leaflet at lower p values

than found in the symmetric DBPC/PIPC + DIPC/chol. While registration is a crucial
requirement for macrodomain formation in symmetric systems, asymmetric systems
inherently have no registration, and macrodomains form at lower p values for the
cytoplasmic leaflet POPE/POPS/chol. However, natural plasma membranes have extensive
polyunsaturation in the cytoplasmic leaflet. The model leaflet we studied, POPE/POPS/chol,
is relatively ordered, and the change in p* value might depend on properties of the particular
leaflets, and perhaps especially on the order of that cytosolic leaflet model.

There is little difference in chol distribution between symmetric and asymmetric systems.
Symmetric Lo and asymmetric Lo domains have roughly equivalent chol composition.
Symmetric Ld and asymmetric Ld domains also have roughly equivalent chol composition.
Though, Lo and Ld domains have very different chol compaositions. Also, being across
from Lo or Ld has only a small effect on local chol concentration in the asymmetric
cytoplasmic leaflet. Measurements of chol concentration per leaflet indicate there is little
chol redistribution between leaflets in both symmetric and asymmetric systems.

Order parameter data for the s17-1 chain of DBPC show that symmetric macrodomain
formation occurs sharply with increasing p once registration is achieved, whereas
asymmetric macrodomain formation is more gradual. Likewise, DBPC order parameter
shows that symmetric and asymmetric macro Lo domains are similarly ordered. Order
parameter data for the sn-7 chain of POPE indicates that POPE has similar order across from
Lo and from Ld. Once exoplasmic domains are big enough, there is a slight order difference
in which POPE across from Lo is more ordered than POPE across from Ld.

We chose to build model systems with 20 mol % chol in order to facilitate comparison with
the many other studies examining this composition, which produces maximally distinct
Lo and Ld phases. Future studies could build upon this one by increasing the chol
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composition to a more physiologically relevant 35-0 mol % and by using an asymmetric
model cytoplasmic leaflet which contains polyunsaturated PE and PS lipids. Previous
work has shown that increasing cholesterol concentration changes registration behavior
in symmetric systems (Weiner and Feigenson, 2018), which may affect the domain size
transition in asymmetric compositions. A prior MD study has shown only a small effect
for polyunsaturated lipids (Weiner and Feigenson, 2019), but their role in the domain size
transition has not yet been explored.

Our study utilizes MD to elucidate the effects of asymmetry on macroscopic domain
formation, order parameter, and chol concentrations. By adopting the more physiologically
relevant asymmetric membrane as a model, we have found that asymmetry plays a
significant role in membrane structure and is a crucial requirement to better understand
membrane rafts and how a cell may control their presence on its surface.
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Fig. 1.

Pegrcentage of lipids on the interface graphed for the exoplasmic symmetric and asymmetric
leaflets across the p trajectory. Percentage of lipids on the interface decreases as p
increases, indicating a transition from nanodomains to macrodomains. The symmetric
system decreases more sharply at p ~ 0.7, leading p ~ .7 to be characterized as the critical p
value (p*). The asymmetric system goes through no such steep transition. Standard error is
shown.
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Symmetric

Asymmetric

Fig. 2.

Sngapshots of equilibrated exoplasmic leaflets of symmetric and asymmetric bilayers at
different p values. Symmetric bilayersare (A) p=0(B)p=.5(C)p=.7(D).p=1.
Asymmetric bilayersare (E) p=0(F) p=.5(G) p =.7 (H) p = 1. DBPC is blue, DIPC

is red, PIPC is green, and chol is white. Bilayers were visualized with VMD version 1.9.4.
(Humphrey et al., 1996).
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Fig. 3.

Tr?e percentage of registration for the exoplasmic symmetric leaflet across the p trajectory.
Registration decreases slightly as p is increased, and then sharply increases at p ~ 0.7, p*.

High levels of registration do not occur until the system is in the macrodomain regime, p >
.7. Standard error is shown.
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Fig. 4.
Chol makeup of the Lo (black) and Ld (grey) phases for the exoplasmic, symmetric and
asymmetric leaflets across the p trajectory. Standard error is shown.
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Fig. 5.
Chol makeup of areas across from Lo (black) and across from Ld (grey) for the asymmetric,
cytoplasmic leaflet. Standard error is shown.
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5/7?1 chain DBPC order parameter shown for the symmetric system (black) and the
asymmetric system (grey). Dashed lines corresponds to p = 0 and solid lines to p = 1.

Both symmetric and asymmetric systems show an increase in order parameter from p = 0 to
p =1, indicating the creation of a DBPC rich Lo phase at high p values. Standard error is
shown.
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Fig. 7.
Carbon 6 of sn-1 DBPC -Scd chain graphed across the? trajectory for the symmetric (black)

and asymmetric (grey) systems. The asymmetric system shows a more monotonic shift

in increasing -Scd, indicating a more monotonic shift in DBPC ordering. The symmetric
system -Scd remains relatively constant until, p*, at which it more sharply increases. *p <
.05, **p < .01, ***p < .001. p-values were calculated using a two-tailed z-test. Standard
error is shown.
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Order parameter for sn-1 chain asymmetric, cytoplasmic POPE lipids graphed for p = 0 and
p = 1. POPE lipids across from exoplasmic Lo phases are graphed in black. POPE lipids

across from exoplasmic Ld phases are grey and dashed. Standard error is shown.
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Fig. 9.

Cagrbon 6 -Scd for sn-1 chain asymmetric, cytoplasmic POPE lipids graphed across the

p trajectory. POPE across from exoplasmic Lo phases are black and POPE across from
exoplasmic Ld phases are grey. *p < .05, **p < .01, ***p < .001. p-values were calculated
using a two-tailed z-test. Standard error is shown.
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