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Abstract

The spatial organization within lipid bilayers is an important feature for a range of
biological processes. Leaflet compositional asymmetry and lateral lipid organization are
just two of the ways in which membrane structure appears to be more complex than
initially postulated by the fluid mosaic model. This raises the question of how the phase
behavior in one bilayer leaflet may affect the apposing leaflet, and how one begins to
construct asymmetric model systems to investigate these interleaflet interactions. Here
we report of all-atom molecular dynamics simulations (a total of 4.1 pus) of symmetric
and asymmetric bilayer systems composed of liquid-ordered (Lo) or liquid-disordered
(Ld) leaflets, based on the nanodomain forming POPC/DSPC/cholesterol system. We
begin by analyzing an asymmetric bilayer with leaflets derived from simulations of
symmetric Lo and Ld bilayers. In this system, we observe that the properties of the Lo
and Ld leaflets are similar to those of the Lo and Ld leaflets in corresponding symmetric
systems. However, it is not obvious that mixing the equilibrium structures of their
symmetric counterparts is the most appropriate way to construct asymmetric bilayers, nor
that these structures will manifest interleaflet couplings that lead to domain registry/anti-
registry. We therefore constructed and simulated four additional asymmetric bilayer
systems by systematically adding or removing lipids in the Ld leaflet, to mimic potential
density fluctuations. We find that the number of lipids in the Ld leaflet affects its own
properties, as well as those of the apposing Lo leaflet. Collectively, the simulations reveal
the presence of weak acyl chain interdigitation across bilayer leaflets, suggesting that
interdigitation alone does not contribute significantly to the interleaflet coupling in non-

phase-separated bilayers of this chemical composition. However, the properties of both



leaflets appear to be sensitive to changes in in-plane lipid packing, possibly providing a
mechanism for interleaflet coupling by modulating local density and/or curvature

fluctuations.



Introduction

The plasma membrane (PM) separates the interior of a cell from its outside environment
and acts as a functional interface, where biochemical processes can take place. The
molecular organization of the PM is now thought to be more complex than originally
proposed by the Singer and Nicolson fluid mosaic model of the PM'. It is now well
known that compositional differences between bilayer leaflets® and lateral
heterogeneity4 are vital to a number of biochemical processes. For instance, lateral
organization is believed to play a role in signal transduction’, apoptosis®, cell adhesion
and migration’, cell recognition®, synaptic transmission’, cytoskeletal organization'® and
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protein sorting . Bilayer compositional asymmetry, on the other hand, has been

13-16 17-18 13,19-21

suggested to be involved in signaling apoptosis °, thrombosis "~ °, phagocytosis ,

o L 22:23
and as an indicator of tumorigenic cells™ .

The interplay of these two organizational principles is an emerging question in the study
of membrane biochemistry, biophysics and physical chemistry. In the case of mammalian
PMs, the chemical compositions of the two leaflets are very different, ** with the
extracellular leaflet containing a mixture of sphingolipids, unsaturated
glycerophospholipids, and cholesterol. When using a simplified mixture of these lipids,
their tendency is to phase separate into coexisting fluid phases. ** The phases primarily
differ from each other in that they possess different hydrocarbon chain order and
translational diffusion rates.”® In contrast, the cytoplasmic leaflet is mainly composed of
unsaturated phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine and

cholesterol, which do not phase separate in simplified membrane models.”” Nevertheless,



it has been shown in model systems that the presence of domains in the membrane’s
outer leaflet can induce domain formation in its inner leaflet.® This highlights the
possibility that these two organizational principles are somehow interconnected, a notion
vital to bilayer lateral structural organization and how information is communicated

across the membrane.

There is much debate as to the physical mechanisms involved in domain formation and

31 n natural PMs, lateral organization and interleaflet coupling are

interleaflet coupling
likely to be affected, or controlled, by the presence of bilayer-spanning proteins, which
“connect” the bilayer’s two leaflets. In addition to other features such as rapid lipid
turnover and cytoskeletal interactions™, it is clear that the PM’s organization is
maintained through active processes. However, observations in protein-free model
systems suggest that lateral organization and interleaflet coupling can also occur due to

3334 Local curvature and

the intrinsic properties of the lipids making up the bilayer
density coupling have been proposed in driving raft formation across bilayer leaflets®,
while simulation studies have shown that membrane curvature and domain anti-
registration are induced by domain-height mismatch.”® In a recent study of interleaflet
coupling mechanisms, including electrostatic coupling, cholesterol flip-flop and dynamic
chain interdigitation, May®' concluded that dynamic chain interdigitation is a major factor
for interleaflet coupling, a notion also supported by Chiantia et al.’s work on asymmetric
vesicles™. However, midplane surface tension’ 7 leaflet spontaneous curvature38,

monolayer height fluctuations®® and the bilayer’s bending rigidity have also been

proposed as important mechanisms for leaflet coupling. When combined with the local



compositional differences found in lipid domains and the line tension associated with the
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domain interface™ ", the delicate interplay of lateral organization and bilayer asymmetry

comes to the forefront.

In the current study, we focus on the development of a series of computational models
designed to interrogate the above-mentioned interleaflet effects. All-atom molecular
dynamics (MD) simulations provide a full description of the microscopic interactions
taking place in a lipid bilayer system, and make it possible to probe the physical
interactions that can lead to macroscopic coupling phenomena. We have studied
symmetric and asymmetric bilayer systems composed of laterally homogeneous leaflets
in the liquid ordered (Lo) and liquid disordered (Ld) phases in lipid mixtures contain a
high melting temperature (Ty,) lipid (1,2-distearoyl-sn-glycero-3-phosphocholine, DSPC),
a low Ty, lipid (1-palmitoyl-2-oleoyl-sn-glycero-3- phosphocholine, POPC) and
cholesterol (CHL), reflecting the composition of an experimentally studied system42'44,
where in-register” nanoscopic*> ** domains have been reported. By constructing
asymmetric systems of the two coexisting phases and comparing to their symmetric
counterparts, we seek to identify molecular mechanisms that may lead to the domain
registry observed experimentally43. The simulations show that the structural and
dynamical properties of individual bilayer leaflets, such as area per lipid, lipid density
profiles, acyl chain order parameters and lipid lateral diffusion, are not influenced by the
different phase apposing leaflets. In fact, the two leaflets behave as a single unit,

interacting with each other through the bilayer midplane. We then constructed and

simulated four additional asymmetric bilayer systems, systematically increasing or



decreasing the number of lipids in the Ld leaflet. The effects of the change in lipid
population in these additional simulations highlight trends in the different physical
properties, and interleaflet couplings, which are sensitive to in-plane lipid packing,
implying that local density fluctuations can be coupled with membrane tension to

influence interleaflet coupling.

Methods

A total of seven non-phase-separated Lo or Ld phase lipid bilayer systems were studied,
namely: symmetric Lo, symmetric Ld, and five asymmetric Lo/Ld systems. Both Lo and
Ld phases are composed of the high Ty, lipid 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), the low Ty, lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and cholesterol (CHL). The compositions are summarized in Table 1, with the Lo phase
containing DSPC:POPC:CHL in a ratio of 0.49:026:0.25, and the Ld phase in a ratio of

0.09:0.79:0.12, consistent with experimental studies****

. The two symmetric Lo and Ld
bilayer systems, denoted as LoLo and LdLd, respectively, were built using the
CHARMM-GUI web server.*> The numbers of lipids and water molecules for both

systems are listed in Table 1.

When constructing asymmetric bilayers, it is important that both bilayer leaflets contain
the correct number of lipids so that the surface tension within each leaflet is zero (i.e., a
tensionless bilayer). Following the approach of Perlmutter et al,*® we first built an

asymmetric Lo/Ld system based on simulations of symmetric Lo and Ld bilayers. With

the number of lipids fixed at 400 in the Lo leaflet, the requisite number of lipids in the Ld



leaflet was calculated from the area per lipid (APL) ratio between the LoLo and LdLd
systems. If the phase behavior in the two leaflets is not coupled, the Lo and Ld leaflets in
the asymmetric bilayer should have the same lateral area, and the bilayer is thus
tensionless (denoted as LoL.d(0)). However, it is not obvious that this assumption is valid.
To investigate the possibility of interleaflet coupling effects, we built four additional
asymmetric LoLd bilayers in which the number of Ld lipids was systematically varied by
adding/removing 5 or 10 lipids. These bilayers are referred to as LoLd(0), LoLd(-5),

LoLd(5), LoLd(-10), and LoLd(10) (Table 1).

Simulations were carried out using the GROMACS 5.0.1 program.*® The CHARMM ¢36
force field"” was used for the lipids, and the TIP3P*® model for water. All systems were
simulated under constant pressure (1 bar) and constant temperature (303 K) (NPT) with
periodic boundary conditions.*” The Nose-Hoover thermostat was used for temperature

49-50 and the Parrinello-Rahman extended

control with a 1.0 ps coupling constant,
ensemble coupling was used for pressure control with a coupling constant of 5.0 ps.”!
Pressure coupling was applied semi-isotropically, with the z dimension (i.e.,
perpendicular to the plane of the bilayer) allowed to fluctuate independently of the x and
y dimensions. Long-range electrostatic interactions were treated using the particle-mesh
Ewald method.’® The van der Waals interactions were treated using a switching function
to reduce the force to zero, from 0.8 to 1.2 nm, according to Piggot et al.’s work.” All
bond interactions involving hydrogen atoms were constrained using SETTLE>* and

LINCS™ to allow for a 2-fs integration time step. The LoLo, LdLd and LoLd(0) systems

were each simulated for 700 ns, while the LoLd(-10), LoLd(-5), LoLd(5) and LoLd(10)



systems were each simulated for 500 ns. A total of 4.1 us of simulations were performed
and analysis was done for each of the trajectories — excluding the first 100 ns, unless

otherwise stated.

Table 1. Detailed compositions of the bilayers studied.

Syfgfﬂfgsgm No. DSPC | No. POPC | No.CHL | No. Atoms | Time (ns)
LoLo Zg ;g ;g 43847 700
LdLd g ;Z g 47095 700

LoLd(0) 12926 égg 13030 164786 700
LoLd(-5) 12926 égi 13(;0 164116 500
LoLd(5) 12946 ég‘; 13050 165620 500
LoLd(-10) 12946 égg 13(20 163462 500
LoLd(10) 12986 ;Zj 13050 166188 500

Interfacial (surface) tension is an important characteristic of a lipid bilayer as it
determines its rigidity and stability, and is thus directly relevant for interpreting the
various physical phenomena taking place in the lipid bilayer. The surface tension (y) in
each bilayer leaflet may not always be zero, as it can be compensated by membrane
deformations. However, for an idealized (e.g., without undulation or spontaneous
curvature) planar and laterally homogeneous lipid bilayer, y each bilayer leaflet is
expected to be zero. As a result, the surface tension, can in principle, be used as a guide

for assembling asymmetric bilayers. y can be calculated using the relationship y =

— Oh n(z)dz, where m(z) is the lateral pressure of the bilayer along the bilayer normal z,

10



and h is the bilayer thickness. Given the interaction forces and velocities of individual

atoms in the system, the lateral pressure is calculated according to m(z) = %(axx (z) +

Tyy (z)) — 0,,(2), where 0y, 0y,, and 0,, are the components of the pressure tensor. We
calculated the lateral pressure profiles for the symmetric LoLo and LdLd systems using
Vanegas et al.’s customized GROMACS code,® with the results for simulation times of
100 ns , 300 ns and 500 ns shown in Figure 1. The lateral pressure profile of the LdLd
system converged at 300 ns simulations, while the LoLo system converged at 500 ns. At
500 ns, the LdLd lateral pressure profile shows three peaks for each leaflet. They are
associated with the lipid head group-water interface, the acyl chain hydrophobic region,
and the bilayer midplane, respectively. Overall, the LdLd lateral pressure profile looks
reasonably symmetric, and the integral of m(z) for each leaflet is approximately zero (-
0.8 dyn/cm), indicating that the leaflets are tensionless. At 500 ns, the LoLo lateral
pressure profile also shows three peaks for each leaflet. Although a little noisier and not
as symmetric as the LdLd system, m(z) for each Lo leaflet also integrates to

approximately zero (0.9 dyn/cm).
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Figure 1. Lateral pressure profiles for symmetric LdLd and LoLo bilayers. Integration of

the lateral pressure in individual Ld leaflets at 100, 300 and 500 ns leads to 7(z) of -5.6, -
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1.2 and -0.8 dyn/cm, respectively. In the case of individual Lo leaflets at 100, 300, and

500 ns, (z) is -53, -10, and 0.9 dyn/cm, respectively.

Results

Asymmetric Bilayers Generated from Equilibrated Symmetric Bilayer Leaflets
The most straightforward method for assembling an asymmetric bilayer is to combine
two different phase equilibrated leaflets, i.e., Ld and Lo. However, this may not
appropriately reflect an equilibrated asymmetric bilayer. The challenge in building
accurate asymmetric bilayers lies in understanding how they differ from symmetric
bilayers. An asymmetric LoLd bilayer can be built by adjusting the number of lipids in
the individual leaflets by using their respective lateral pressure profiles, essentially
ensuring zero surface tension within each leaflet. However, this calculation is
computationally very expensive (Figure 1). We thus took the structures of pre-
equilibrated symmetric LoLo and LdLd bilayers to construct asymmetric bilayers. We
chose the number of lipids in each Lo or Ld leaflet so that both leaflets would have the
same surface area — denoted as LoLd(0). For subsequent comparisons, we also built and
simulated four additional asymmetric LoLd systems with different numbers of lipids in
the Ld leaflet to account for any possible interleaflet coupling effects (LoLd(-10), LoLd(-
5), LoLd(+5), LoLd(+10)). We first compare the results of the LoLd(0) system to those
from symmetric LoLo and LdLd bilayers. We then went on to compare the LoLd(0)

system to the other four asymmetric systems.
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Figure 2. Time trajectories of APL for individual bilayer leaflets, namely LoLo (black),
LdLd (red) and LoLd(0) (yellow and green). The yellow and green lines represent,

respectively, the Lo and Ld leaflets in LoLd(0) asymmetric bilayers.

Area per lipid (APL) The equilibrated lateral structures of LoLo, LdLd and LoLd(0)
bilayers were analyzed by calculating APL as a function of time (Figure 2). For the
asymmetric LoLd(0) system, APLs for the Lo and Ld leaflets were calculated separately
and compared to the corresponding values from the symmetric systems. As shown in
Figure 2, a sharp decrease in APL is observed at the beginning of the symmetric LoLo
simulation — likely due, initially, to lipids being loosely packed. The APLs for all three
systems plateaued after ~100 ns. When calculating APLs we omitted the first 100 ns of
simulation time. This was done for all subsequent analyses, unless noted. The computed
APL is 56.5 + 0.7 A? for the symmetric Ld bilayer, and 41.3 + 0.3 A? for the symmetric
Lo bilayer. Not surprisingly, lipids in the Lo phase are significantly more densely packed

than those in the LLd phase. The APLs of the asymmetric LoLd(0) bilayer are 41.2 £ 0.3

13



A? for the Lo leaflet and 55.9 + 0.4 A? for the Ld leaflet, in good agreement with values

from corresponding symmetric Lo and Ld bilayers, respectively.

While APLs for these systems have not been experimentally determined, the related
property of bilayer thickness has been measured by neutron scattering experiments.** We
calculate bilayer thickness for the LoLo and LdLd systems to be 53.0 £ 0.9 A and 44.2 +
0.8 A, respectively, and in good agreement with small angle neutron scattering (SANS)
data (53.1+ 1.0 A for LoLo and 43.9 + 1.4 A for LdLd).** For the asymmetric LoLd
system, the bilayer thickness is 49.1 + 0.9 A, a value reflecting the average of the
symmetric LoLo and LdLd systems (48.6 + 1.7 A). Both APL and bilayer thickness
results suggest that the phase asymmetry across the two leaflets has little effect on the in-
plane lipid packing, and neither monolayer APL nor bilayer thickness is influenced by the

apposing leaflet in laterally homogeneous bilayers.
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Figure 3. Lipid mass density profiles for lipids (A) and methyl carbons (B) in individual

LoLo (red line), LdLd (blue line) and LoLd(0) (black line) bilayer leaflets.

Interdigitation The mass density profiles of lipids, as well as the methyl carbons for
each leaflet were calculated and the results are shown in Figure 3. Lipid density profiles
of the LdLd and LoLo systems are symmetric, with peak values of ~980 kg/m’ and
~1070 kg/m’, respectively. The LoLd(0) system exhibits an asymmetric density profile,
with the two halves closely matching those of their respective symmetric leaflets,
suggesting that the density profile of each leaflet in the asymmetric LoL.d(0) system is not

influenced by its neighbor. It is also interesting to note that the acyl chain density profiles
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for all leaflets span the midplane, overlapping each other. The degree of overlap is the

same for the three systems, approximately 2% of the total lipid density, a value similar to

that reported by Capponi et al.”’ This is not unexpected as all three lipid bilayers contain

DSPC and POPC, albeit in different ratios. The same degree of lipid tail mixing seen in

all three systems also indicates that the strength of interdigitation does not appear to

depend on the phase properties of the leaflets, but most likely on the length and chemical

properties of their acyl chains.” In summary, the density profiles suggest weak acyl chain

interdigitation for all three bilayers, but this weak interdigitation is unlikely to contribute

to the interleaflet coupling, as evidenced by the fact that the density profiles of the

individual bilayer leaflets are not influenced by their apposing leaflets.
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Figure 4. Acyl chain order parameters for DSPC in the Lo leaflet and POPC in the Ld

leaflet. Order parameters for both sn-1 and sn-2 acyl chains in DSPC or POPC were

calculated. Black, red and blue lines represent LoLd(0), LoLo and LdLd bilayers,

respectively.
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Order parameters Lipids in a fluid bilayer are highly dynamic. Lipid orientational
mobility contributes significantly to the system’s entropy, and is thus thought to be an
essential consideration in the phase behavior of lipid bilayers. The deuterium order

parameter is a convenient metric of these motions, a metric describing the orientational

3cos26-1
2

mobility of the C-D bond. It can be defined as S = ( ), where 0 is the (time

dependent) angle between the C-D bond vector and a reference axis. S for DSPC in the
Lo leaflet and POPC in the Ld leaflet were calculated and are shown in Figure 4. As can
be seen, S for the LoLd(0) asymmetric bilayer is similar to those in the corresponding
symmetric Lo and Ld bilayers. This again suggests that the order parameters of the
individual leaflets are not influenced by their apposing bilayer leaflets. This result differs
from Perlmutter et al. who found that leaflet coupling led to ~10% change in the order
parameters of lipids located across the center of an Lo domain in the apposing leaflet.*
We propose two possible reasons for this discrepancy. First, our study used all atom force
fields*’, while Perlmutter et al. used coarse grained Martini force fields™. Second, the
two leaflets in our asymmetric bilayers contain lipids with similar acyl chain length,
while those in the Perlmutter et al. study were composed of lipids with very different acyl
chain length. The difference in acyl chain length has been shown to lead to stronger acyl
chain interdigitation across the two leaflets™, while differences in the interleaflet

coupling, due to the use of different force fields, requires further investigation.

Table 2. Diffusion coefficients, in 107 cmz/s, of DSPC and POPC in LoLo, LdLd, and

LoLd(0) bilayers.
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LdLd Ldin LoLd(0) | LoLo Lo in LoLd(0)

DSPC 1.48+0.20 1.61+0.28 0.035+0.009 0.040+0.009

POPC 1.86+0.23 1.78+0.28 0.034+0.012 0.035+0.012

Lateral diffusion Lateral lipid diffusion has been suggested to be influenced by
interleaflet coupling.” The self-diffusion coefficient D was estimated from simulations
by evaluating the slope of the averaged mean square displacement (MSD) of the center of
mass of individual lipids as a function of time. We removed the center of mass
displacement for each monolayer in the manner used by Klauda et al®, in order to
eliminate finite size effects during simulation. Results for the LdLd, LoLo and LoLd(0)
systems are listed in Table 2. The DSPC and POPC lipids in the Ld phase have
comparable diffusion coefficients, with POPC (1.86+0.23 x10” cm?/s) diffusing slightly
faster than DSPC (1.484+0.20 x10” cm?/s) — likely due to the unsaturated acyl chain in
POPC disrupting local packing, and the preferential interaction of DSPC with cholesterol.
It has previously been shown that both the degree of saturation/unsaturation of lipid acyl
chains and lipid packing can affect lipid diffusion.’'** Compared to those in the Ld
phase, DSPC and POPC in the Lo phase diffuse about 50 times slower. The most
significant motions of these lipids in the Lo phase appear to be local rattling fluctuations
that are highly correlated with their surrounding lipids. The diffusion coefficients
calculated for DSPC and POPC in the Ld phase are comparable to experimental values,"
63-64 while the diffusion of DSPC and POPC in the Lo phase is about one order of
magnitude slower than what was determined by experiment.® ®** Similar results have
been reported for 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) with the
CHARMM c36 force field.®> However, the slow lipid diffusion in the Lo phase makes it

difficult to confidently assess, within our simulation time scales, how lipid diffusion in
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individual leaflets may be influenced by cross-layer coupling. Hence, we have focused
our comparisons solely on the lateral diffusion in the Ld phase. It is evident that the time
trajectories of DSPC and POPC MSDs in the Ld phase of asymmetric LoLd(0) bilayers
(Supporting Information) coincide well with those of the LdLd symmetric system,
suggesting that lipid diffusion in the Ld leaflet is not influenced by the apposing Lo

leaflet in the case of the DSPC/POPC/CHL system.

Correlation Coefficient
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Figure 5. Lipid HGPCs as a function of time for LoLo (black line), LdLd (red line) and

LoLd(0) (blue line) bilayers.

Lipid head group position correlation (HGPC) across leaflets Using continuum
elasticity theory, Galimzyanov et al. showed that interleaflet coupling (domain
registration) is driven by membrane deformations,’® and that the bilayer’s two leaflets
interact with each other through the bilayer midplane. To quantify this interaction, we
analyzed the correlated fluctuations of the lipid head groups across the leaflets (z-

position). First, each leaflet was divided into a 6.5 A x 6.5 A grid, and z-positions were
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calculated for all the cholines in the grid. Then the fluctuations of individual lipid head
group positions were calculated with respect to the grid average positions. Finally, the
Pearson correlation coefficient was calculated for the positional fluctuations of the two

apposing lipid head groups.

HGPC:s as a function of time for the three lipid bilayers are shown in Figure 5. The
symmetric LoLo bilayer shows the strongest positional correlation (i.e., strongest
midplane interaction), the symmetric LdLd bilayer shows the weakest correlation, and the
asymmetric LoLd(0) system is in between the other two. This implies that the LoLo and
LdLd bilayers have, respectively, the strongest and weakest midplane interactions. At the
macroscopic scale, the Lo leaflet is more rigid, and therefore harder to compress than the
Ld leaflet. The HGPC results are thus consistent with this prediction, that the two leaflets
interact with each other through the bilayer midplane as a single unit. These differential
bilayer midplane interactions further suggest that interleaflet tension differs in all three
bilayers. Membrane interleaflet tension can drive domain formation™ and has been
proposed as a factor in domain interleaflet coupling,®’ since it can modulate domain
height as well as the height mismatch across the asymmetric leaflets. Previous theory and
simulations have shown that the domain height mismatch leads to domain anti-
registration in asymmetric phase separated lipid bilayers,’® in the gel domains of solid-
supported bilayers®® — this is in sharp contrast to what we observed experimentally in

DSPC/POPC/CHL ternary mixtures.*
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Comparison of individual bilayer leaflets in LoLo, LdLd and LoLd(0) systems suggests a
lack of coupling in asymmetric, non-phase separated lipid bilayers of POPC/DSPC/CHL.
The APLs of the Lo and Ld leaflets in the asymmetric bilayer are the same as those seen
in the corresponding symmetric Lo and Ld bilayers. The deuterium order parameters for
DSPC in the Lo leaflet and for POPC in the Ld leaflet of the asymmetric bilayer are also,
within error , found to be the same as those in the corresponding symmetric bilayers.
Furthermore, all three bilayers show a 2% acyl chain density overlap between their two
leaflets, indicating some degree of lipid chain interdigitation. However, this weak
interdigitation does not seem to couple the phase and physical properties of the two
leaflets. Finally, lateral lipid self-diffusion in the Ld leaflet of the asymmetric system is
indistinguishable from that in the symmetric LdLd system, while lipid diffusion in the Lo
leaflet is too slow to draw any useful conclusions. A similar lack of interleaflet coupling
has been reported by Bhide et al. on simulations of binary lipid mixture asymmetric
bilayers.®” These results demonstrate what we can learn through the approach of building
asymmetric bilayers from pre-equilibrated symmetric leaflets, especially those that are

laterally homogeneous.

Assembly of Asymmetric Bilayers by Adjusting Lipid Packing

We next analyzed four additional asymmetric bilayers that were constructed with
differing numbers of lipids in the Ld leaflet to better reflect differences in lipid packing
that may emerge due to bilayer asymmetry. These asymmetric bilayers have an Ld
leaflet, whose number of lipids were systematically changed by adding or removing 5/10

lipids. They are denoted as LoLd(-10), LoLd(-5), LoLd(5) and LoLd(10). Using these
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bilayers we wish to study how one bilayer leaflet compensates for short term fluctuations

in the local lipid density taking place in the apposing leaflet.
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Figure 6. APLs of the Lo and Ld leaflets in LoLd(0), LoLd(-5), LoLd(5), LoLd(-10) and
LoLd(10) bilayers, compared to symmetric LoLo and LdLd bilayers. The lines are the

least squares fit to the data.

Area per lipid (APL) Changing the number of lipid molecules in the Ld leaflet of
asymmetric bilayers affects lipid packing, as well as the packing of the apposing leaflet.
Figure 6 shows the APLs for the Lo and Ld leaflets as a function of the change in the
number of lipids in the different asymmetric bilayers, compared to the two symmetric
systems. Increasing the number of lipids in the Ld leaflet causes the APL of the Ld leaflet
to linearly decrease, while the APL of the apposing Lo leaflet shows an inverse behavior.
This result implies an apparent coupling between the two leaflets — APL response is
dictated by lateral compressibility. We fit the data using a linear least squares approach

(Figure 6), and found that the decreasing slope for the Ld leaflet is five times that of the
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increasing slope for the Lo leaflet, suggesting that the Ld leaflet is roughly five times
more compressible (extensible) than the opposing Lo leaflet. Considering the area
compressibility modulus K4 can be related to the bending modulus K, through the
relationship KA=24KC/(2DC)2, the above estimate is consistent with the bending moduli

previously determined by experiment and simulation.*’
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Figure 7. Lipid density profiles for lipids (A) and methyl carbons (B) for each leaflet in

LoLo, LdLd, LoLd(0), LoLd(-5), LoLd(5), LoLd(-10) and LoLd(10) bilayers.

Interdigitation As shown in Figure 7, the lipid density profiles of the Lo and Ld leaflets
in the four other asymmetric systems still resemble those of the corresponding Lo and Ld
leaflets making up the symmetric bilayers. The degree of overlap between the two leaflets

(Figure 7b) is consistently ~2% of the total lipid density for all systems. This result
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suggests that the degree of acyl chain interdigitation between the two leaflets is

unaffected by the induced APL changes taking place in the different asymmetric bilayers.
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Figure 8. Averaged acyl chain order parameters for the sn-1 and sn-2 chains of DSPC in
the Lo phase and the sn-1 and sn-2 chains of POPC in the Ld phase, plotted as a function

of APL. Red lines are the least squares fit to the data.

Order parameters Deuterium order parameters averaged over all acyl chain carbons

were calculated for each bilayer leaflet, and the results as a function of APL are shown in
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Figure 8. Both the DSPC order parameter (in the Lo leaflet) and the POPC order
parameter (in the Ld leaflet) decrease almost linearly with increasing APL. The
magnitude of the decrease is larger for the Ld phase, but the change of APL is five times
greater in the Ld leaflet. Comparing the fits to the data (Figure 8) allows us to roughly
quantify the sensitivity of the deuterium order parameter to changes in APL. For
example, the slope in the Lo leaflet is three times that of the Ld leaflet, suggesting that
the order parameter (acyl chain orientational mobility) in the Lo leaflet is three times

more sensitive to the local lipid packing than in the Ld leaflet.

These differences in order parameters point to coupling through a mismatch in the free
energy related to the entropic contributions relating chain disorder and APL. From the

computed deuterium order parameter Scp, the associated configurational entropy can be

estimated using AS = kgln(3 — (1 + SSCD)i). 7 Adding 20 lipids (an increase of ~6%)
to the Ld leaflet of LoLd(-10) bilayers (resulting in LoLd(+10)) causes APL to decrease
from 57.3 A% to 54.1 A% in the Ld leaflet and increase from 40.8 A?to 41.4 A% in the
apposing Lo leaflet. This causes the configurational entropy to change by -0.0924
cal/(mol-K) in the Ld leaflet and 0.0693 cal/(mol-K) in the Lo leaflet. When multiplied by
their respective number of lipids per unit area, the entropy decrease of the Ld leaflet is
compensated exactly by the entropy increase in the Lo leaflet. If one considers that the
order parameter measures the local volume being sampled, the two estimated entropy
values are consistent with each other, as the total volume is conserved for each leaflet.
However, our model constrained the two leaflets to the same surface area. If this

constraint is relaxed — as in the case of a free-floating vesicle studied experimentally —
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this entropy compensation diminishes for an asymmetric alignment of the Lo and Ld
leaflets, thus providing a mechanism for interleaflet coupling through local density
fluctuations. The entropic gain for a registered vs. an anti-registered domain of size of 68

A is estimated to be ~7 kcal/mol at 6% of the local density change at room temperature.
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Figure 9. Monolayer bending moduli of (A) Lo and (B) Ld leaflets as a function of APL

in the five asymmetric systems studied.

Bending modulus The monolayer bending modulus was calculated following
Khelashvili et al. method”" by evaluating all the pairwise lipid splay angles in the ternary
mixture system, and performing a quadratic fit to the potential of the mean force of the
splay angle distribution. The bending moduli of individual Ld and Lo leaflets are shown
in Figure 9 for the five asymmetric lipid bilayers. Overall, the calculated bending moduli
are consistent with those reported previously” — considering these values are for a

monolayer. As APL increases, the bending modulus decreases linearly, with the largest
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value of 10.7120.7 k5T at 54.15 A? and the smallest value of 8.51+0.8 k5T at 57.29 A? for
the Ld leaflets. In the case of Lo leaflets, the largest and smallest values, respectively are
32.27+1.0 kgT at 40.8 A% and 28.69+1.0 kpT at 41.4 AZ. The results clearly show that the
bending moduli of both leaflets are very sensitive to the lipid packing in the Ld leaflets.
Changing from the LoLd(-10) to LoLd(+10) bilayers causes the bending modulus to
change by 2.2+1.5 kT for the Ld leaflet and -3.58+1.6 kT for the Lo leaflet, roughly
leading to a compensation of the bending free energy between the two leaflets. This again
provides a potential mechanism for interleaflet coupling through local density

fluctuations.
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Figure 10. Diffusion coefficients of (A) DSPC and (B) POPC in Ld leaflets as a function

of APL.

Lateral diffusion As shown in Figure 10, the self-diffusion coefficients of Ld DSPC and

Ld POPC leaflets remain roughly constant as APL increases — exception being the 57.3
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A% APL. Compared to leaflet properties such as the order parameter and bending
modulus, it is somewhat surprising that the lipid lateral diffusion is relatively insensitive
to changes in APL (within 6%). However, we anticipate a statistically significant change
in the diffusion coefficient with a greater increase (i.e., >6%) in APL. In fact, the
unusually high diffusion coefficient observed for APL = 57.3 A? may indicate that the
system has reached a transition point where the lipids are packed loosely enough to alter

their diffusion behavior.
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Figure 11. Lipid HGPC coefficient as a function of Ld leaflet APL for the five
asymmetric bilayer systems (LoLd(0), LoLd(-5), LoLd(5), LoLd(-10), and LoLd(10)),

including the symmetric LoLo and LdLd bilayers.

Lipid head group position correlation (HGPC) across leaflets As shown in Figure 11,
HGPC coefficients for the additional four asymmetric bilayer systems are similar to the
LoLd(0) system. This agreement suggests that the leaflets in all asymmetric bilayers
behave as a single unit. We further fitted the HGPC coefficient data as a function of Ld
leaflet APL, and found that HGPC increases as APL decreases. With decreasing APL, the

lipids pack more densely, the Ld leaflet becomes less compressible, and HGPC increases.
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In this section, we explore the how the different properties of the two apposing leaflets
are affected by changes in intraleaflet lipid packing by systematically varying the number
of lipids in the Ld leaflets. While no effect on the acyl chain interdigitation is observed in
these asymmetric systems, APL, order parameters and bending moduli are all affected by
changes in lipid packing. This shows that small changes in lipid packing density,
modeled here by adding or removing a small fraction (a few percent) of lipids from one
bilayer leaflet, can have a significant effect not only on its own properties, but those of
the apposing leaflet, thus providing a mechanism for the interleaflet coupling. For
example, curvature/composition fluctuations can modulate the local packing density, thus
leading to the apparent cross-layer coupling that has been observed experimentally.
Importantly, most structural and mechanical bilayer leaflet properties such as order
parameters and bending moduli, show a linear relationship with APL. Changes to the
order parameters in the two apposing leaflets are found to be correlated, and compensate
each other across bilayer leaflets. These results highlight the direct intraleaflet (packing)
effect on leaflet properties, as well as the indirect interleaflet coupling effect arising from

the compensatory changes in lipid packing across bilayer leaflets.

Discussion

Domain registration in DSPC/POPC/CHL ternary mixtures has recently been observed by
SANS experiments,* but the underlying molecular mechanisms remain elusive. In the
present study, we have examined acyl chain interdigitation as a potential factor for

interleaflet coupling in symmetric and asymmetric non-phase-separated (homogeneous
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Lo/Ld phase) lipid bilayers. Acyl chain interdigitation has been implicated as the main
factor for interleaflet coupling in studies using phenomenological models,*' but no
detailed molecular-level study has been reported. Our simulations show that the structural
and dynamical properties of the individual leaflets of this system are not affected by the
phase properties of their apposing leaflets, suggesting that dynamic chain interdigitation
is not a necessary mechanism for interleaflet coupling.”® However, our simulations only
implicitly considered laterally homogeneous bilayer models, so we cannot exclude the
possibility of strong interdigitation at domain boundaries. Additionally, interdigitation
may be a significant factor when dramatic differences exist in the acyl chains (e.g.,

length, degree of unsaturation, etc.).”®

Spontaneous curvature and local composition coupling has also been suggested for raft

. - . 38,7273
formation and registration.’®’

In our systems, the Lo and Ld phases are composed of
the same lipids, but with different molar ratios. The spontaneous curvature parameters for
DSPC, POPC and CHL are -0.1000 £+ 0.044, -0.022 + 0.010, and -0.494 + 0.013 nm'l,
respectively.”* Assuming full miscibility and linear additivity, we obtain spontaneous
curvatures for the Ld and Lo phases to be -0.103 and -0.183 nm™’, respectively, which
means that the Lo phase has a stronger tendency to bend than the Ld phase. These
numbers agree qualitatively with the results obtained by Nickels et al.* However, our
simulations appear insensitive to spontaneous curvature on the interleaflet coupling (by

visual examination of the trajectories), because a much larger bilayer system is needed to

observe this effect.
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Similarly, other possible factors contributing to interleaflet coupling, such as electrostatic
coupling,31 cholesterol flip-flop,” coupling of transmembrane proteins,76 overhang
energy penalty,”® line tension*” and curvature,”” may be better investigated in models
where the minimization of interfacial energy and line tension are can be directly
considered as potential mechanisms. Heberle et al. performed contrast-matched neutron
scattering experiments on lipid vesicles, and suggested that bilayer thickness mismatch
controls raft size. This result was related to the role of line tension in raft formation using

the theory of Kuzmin.** "’

Interleaflet domain coupling (raft registration/anti-registration) is likely the result of the
balance between several competing mechanisms.>””” To account for line tension, it
would require transversally asymmetric and laterally non-homogeneous bilayer models
(with mixed Lo and Ld phases in the same leaflet) to be studied; all atom simulations of
such bilayer systems are currently ongoing. Nevertheless, the present studies of non-
phase-separated asymmetric systems show that dynamic chain interdigitation is weak,
consistent with observations in supported lipid bilayer studies.”*Our simulation results
highlight that of the leaflet properties studied, deuterium order parameters and bending
moduli are affected by intraleaflet lipid packing. This interplay between the local lipid
density and bending modulus may play a role in governing interleaflet domain coupling

in lipid bilayers.

Conclusion
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We have performed MD simulations of symmetric and asymmetric Lo/Ld lipid bilayers
composed of POPC/DSPC/CHL to study interleaflet coupling. By constructing an
asymmetric bilayer from leaflets taken from equilibrated symmetric bilayers, we found
little interleaflet coupling between apposing bilayer leaflets, i.e., the properties of the
individual leaflets remain the same as those in the corresponding symmetric bilayers.
These results thus suggest that acyl chain interdigitation is not an important factor for
interleaflet coupling for this nanodomain forming lipid composition. When systematically
adding or removing lipids in one of the leaflets, we observed strong intra- and inter-
leaflet coupling effects on APL, deuterium order parameters, and bending moduli,
suggesting that the leaflet properties are extremely sensitive to lipid packing. We also
showed that the interplay between acyl chain dynamics and bending moduli in the two
leaflets could potentially contribute to interleaflet coupling. Collectively, our simulations
suggest that acyl chain interdigitation alone does not contribute to interleaflet coupling,
but local lipid packing fluctuations, and the resultant changes in the bilayers elastic
properties, can provide a plausible mechanism for interleaflet coupling in biological

membrane systems.
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