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Quantitative relationship between cholesterol
distribution and ordering of lipids in asymmetric
lipid bilayers†

Mohammadreza Aghaaminiha, Amir M. Farnoud and Sumit Sharma *

The plasma membrane of eukaryotic cells is known to be compositionally asymmetric. Certain

phospholipids, such as sphingomyelin and phosphatidylcholine species, are predominantly localized in

the outer leaflet, while phosphatidylethanolamine and phosphatidylserine species primarily reside in the

inner leaflet. While phospholipid asymmetry between the membrane leaflets is well established, there is

no consensus about cholesterol distribution between the two leaflets. We have performed a systematic

study, via molecular simulations, of how the spatial distribution of cholesterol molecules in different

‘‘asymmetric’’ lipid bilayers are affected by the lipids’ backbone, head-type, unsaturation, and chain-

length by considering an asymmetric bilayer mimicking the plasma membrane lipids of red blood cells,

as well as seventeen other asymmetric bilayers comprising of different lipid types. Our results reveal that

the distribution of cholesterol in the leaflets is solely a function of the extent of ordering of the lipids

within the leaflets. The ratio of the amount of cholesterol matches the ratio of lipid order in the two

leaflets, thus providing a quantitative relationship between the two. These results are understood by the

observation that asymmetric bilayers with equimolar amount of lipids in the two leaflets develop tensile

and compressive stresses due to differences in the extent of lipid order. These stresses are alleviated by

the transfer of cholesterol from the leaflet in compressive stress to the one in tensile stress. These

findings are important in understanding the biology of the cell membrane, especially with regard to the

composition of the membrane leaflets.

1. Introduction

The plasma membrane is a lipid bilayer that separates the cell
from the outside environment.1–3 While different mammalian
cells are known to have a wide variety of lipids in their plasma
membrane, it is now well-understood that the phospholipid
composition of the inner (cytofacial) leaflet in all mammalian
cells is different from that of the outer (exofacial) leaflet.4–6

Verkleij et al. pioneered studies on phospholipid asymmetry,
showing that sphingomyelin (SM) and phosphatidylcholine
(PC) are abundant in the outer leaflet, while phosphatidyletha-
nolamine (PE) and phosphatidylserine (PS) are primarily
localized in the inner leaflet.7 These findings were later verified
by the recent studies of Lorent et al.5 and Vahedi et al.8 The
phospholipid asymmetry in membrane leaflets has important
functional implications for the cell. For instance, in healthy red

blood cells, PS is known to be almost exclusively localized in the
inner leaflet, the presence of this lipid in the outer leaflet is a
sign of eryptosis and a signal to macrophages to phagocytose
the old red blood cells and maintain homeostasis.4,9

While the asymmetry of phospholipids in the plasma
membrane is well-established, there is little consensus regarding
cholesterol distribution in different leaflets of the plasma
membrane.4,6,10 Unlike phospholipids, there are no specific
enzymes for cholesterol transport across the bilayer, and cho-
lesterol distribution is believed to be primarily dictated by its
affinity towards other lipids.4,10 However, experimental results
in this regard have been contradictory. It has been reported that
cholesterol molecules are enriched in the outer leaflet because
of their strong interactions with the saturated acyl chain
phospholipids, specifically SM.11–14 Contrarily, it has also been
suggested that the inner leaflet is favored by cholesterol due to
(i) the abundance of PE phospholipids in this leaflet which
provides higher negative curvature,15,16 and (ii) the abundance
of C24 sphingolipids in the outer leaflet which pushes choles-
terol to the inner leaflet.17 There are also other reports that
mention that cholesterol is symmetrically distributed in the cell
membrane.18,19
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Experimental studies of cholesterol distribution are complicated
by several confounding factors. First, different mammalian
cells have different membrane lipid compositions.20,21

Secondly, experimental methods such as quenching of dehydro-
ergosterol fluorescence, filipin staining, noninvasive neutron
scattering, and enzymatic degradation by cholesterol oxidase,
while helpful, each suffer from various drawbacks.22,23 Finally,
cholesterol is known to flip-flop between the two leaflets at a
rapid rate,24–27 making it difficult for experimental probes to
trace it with high accuracy at any time-point.28 A mechanistic
study on how changes in lipid structure and chemistry affect
cholesterol distribution helps to provide a general understanding
of cholesterol asymmetry in the plasma membrane.

In the current work, we have studied the spatial distribution
of cholesterol within asymmetric lipid bilayers via coarse-
grained (CG) molecular dynamics (MD) simulations. We have
performed two sets of simulations, with the first focusing on
characterizing cholesterol distribution in a lipid bilayer
mimicking the known membrane lipid composition of red
blood cells and the second focusing on elucidating how the
structure and chemistry of the lipids in the bilayer affect
cholesterol distribution. Results reveal that the ordering of lipids
in membrane leaflets is the primary regulator of cholesterol
spatial distribution in the asymmetric bilayers.

2. Methodology
2.1. Force field

We have employed the coarse-grained (CG) Wet Martini force
field with polarizable water to model all lipids, cholesterol,
ions, and water molecules in the system. The polarizable water
model for the Martini force field, developed by Yesylevskyy
et al.,30,31 is a three-beadmodel to represent four water molecules
and can capture the orientational polarizability and the dielec-
tric screening effect of bulk water. The topologies of lipids are
described in Fig. S1 and S2 (ESI†) alongside the name and type
of each bead. The main types of particles in the Martini CG
force field are P, polar; N, intermediate; C, apolar; and Q,
charged. Subscripts 0, a, d, and da indicate if the particle has
hydrogen-bond (H-bond) forming capacities. The particle with
‘‘0’’ has no H-bond capacity, ‘‘a’’ is a H-bond acceptor, ‘‘d’’ is a
H-bond donor, and ‘‘da’’ is both H-bond acceptor and donor.32

Other subscripts are numbers: 1, 2, 3, 4, and 5 that display the
degree of polarity, where 5 is the most and 1 is the least polar
particle.32

2.2. Simulation details

Periodic boundary conditions were applied in all three directions
of the simulation box. In the first set of simulations (Fig. S1,
ESI†), the simulation box size was 250 � 250 � 125 (Å3), the total
number of lipids in the systems was 2043, and the total number
of water molecules was 41487. In the second set of simulations
(Fig. S2, ESI†), the simulation box size was 125 Å in all directions,
the total number of lipids in the systems was 510, and the total
number of water molecules was 10834. Initial configuration of

lipid bilayers was generated using the Insane.py script developed
by Marrink et al.33 All simulations were performed on the
GROMACS/5.1.2 molecular simulation package.34

The initial configuration of the system was energy minimized
by employing steepest descent algorithm with the maximum
force tolerance of 1000.0 kJ mol�1 nm�1. This was followed
by a 25 ns canonical ensemble (constant number of particles
N, volume V, and temperature T) simulation and a 25 ns
isothermal–isobaric (constant N, pressure P, T) ensemble
simulation for pre-equilibration. The time-step chosen for both
the ensembles was 10 fs. Then, three replicas of 10 ms NPT
simulation with a timestep of 20 fs were performed, as in
previous studies,3 and the data was collected for the last 6 ms
for all the simulations.

The parameters of the simulation system were chosen to be
the same as in the previous work done to parameterize the
polarizable water model on the Martini force field.31 Briefly, a
spherical cut-off of 1.1 nm was chosen for the Lennard Jones
(LJ) interactions. For coulombic interactions, Reaction-Field-
zero (RF-zero) was employed with the spherical cut-off of
1.1 nm.31 The RF-zero and PME (Particle Mesh Ewald) electro-
statics have been systematically compared previously and no
differences in the bilayer properties were identified.31 The
relative dielectric constant was taken to be 2.5.30,31 Both LJ
and Coulombic interactions were smoothly shifted to be zero
beyond the cut-off. In the short pre-equilibration runs, Berendsen
thermostat and barostat with the time constants of 1 ps and 3 ps,
respectively were employed for quick equilibration. For the NPT
equilibration and production runs, the velocity-rescaling
thermostat developed by Bussi et al.35 was used. Semi-isotropic
pressure coupling was accomplished using Parrinello–Rahman
barostat with the coupling time constant of 12 ps.3,31 Along the
axis of the bilayer plane and the z-direction, the reference
pressure and isothermal compressibility were set to be 1.0 bar
and 3 � 10�4 bar�1, respectively. All simulations are performed
at 37 1C.

Radial distribution functions, g(r), were calculated to examine
the proximity of the hydroxyl headgroup of cholesterol (ROH CG
bead) to various chemical moieties in phospholipids. Pioneering
work by Huang has described the importance of the proximity of
the –OH group of sterols, in the b configuration, to the carbonyl
oxygen of the fatty acyl groups in phospholipids for strong
cholesterol-lipid interactions.36

We divided the bilayer into three regions, namely, inner
leaflet, midplane, and outer leaflet. The threshold for separating
these regions was set to be 0.8 nm from the center of the bilayer
as previously suggested.2,3 Cholesterol flip-flop rate was defined
as the average frequency by which the cholesterol molecules
undergo intramembrane exchange, in other words, leave the
inner/outer leaflet, reach the outer/inner leaflet, and then return
to the inner/outer leaflet.24,25,37 Orientation of a cholesterol
molecule within a bilayer was defined as the angle between
vector, %a (the vector joining the ROH bead to the C1 bead of
cholesterol, see Fig. S1, ESI†) and vector %z (the bilayer normal).
To measure the ordering of lipids in each leaflet, ensemble-
averaged order parameter of the acyl chains of lipids38,39 was
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calculated, as in eqn (1):

SChain ¼ 1

2
3 cos2 y
� �

� 1
� �� �

(1)

where y is the angle between each bond vector of the acyl chain
beads and the bilayer normal. A high value of the SChain (B1)
indicates that the bonds are aligned with the bilayer normal,
whereas a low value (B0) indicates that the bonds are randomly
oriented with respect to the bilayer normal.38,39 The area per
lipid, a(x) for each leaflet was calculated based on the ensemble-
averaged area of the plane in the simulation box, A(x), divided by
the total number of two-chain lipids + cholesterols in that leaflet
(x is the mole fraction of cholesterol in the system).40

a xð Þ ¼ AðxÞ
Nlipids þNchol

(2)

The thickness of the bilayer was estimated as the ensemble-
averaged distance between the phosphate head group of the
lipids (PO4 CG bead shown in Fig. S1, ESI†) in the two
leaflets.40,41

3. Results and discussion
3.1. Cholesterol distribution in the leaflets of the bilayer

The asymmetric distribution of lipids in the plasma membrane
is expected to affect the localization of cholesterol in membrane
leaflets. To examine this phenomenon, an asymmetric lipid
bilayer, mimicking the lipid composition of the plasma
membrane of red blood cells was studied. The asymmetric
lipid bilayer comprised of seven different lipids. The outer
leaflet lipids were selected to be POPC/16:0SM/POPE/CHOL
with the molar ratio of 31/29/7/33 while the inner leaflet lipids
were DOPC/16:1SM/DOPE/DOPS/CHOL with the molar ratio of
10/7/31/19/33. This composition of phospholipids matches the
predominant lipids in each leaflet of the plasma membrane of
red blood cells.5,7,8 Cholesterol was the only sterol included in
the system, and was added in a molar ratio of 1 : 2 with respect
to the total number of lipids in the two leaflets. Cholesterol
content has been reported to be in the range of 30 mol% to
50 mol% in mammalian cell plasma membranes.42,43 Two
symmetric model lipid bilayers were also studied. In the first
bilayer, labeled cyto-symmetric, the two leaflets had the same
lipid composition as that of the inner (cytofacial) leaflet of the
asymmetric bilayer noted above. In the second symmetric
bilayer, labeled exo-symmetric, the composition of both leaflets
was the same as the outer (exofacial) leaflet of the asymmetric
bilayer. The lipid compositions of the three systems are listed
in Table 1.

In the initial configuration, cholesterol molecules were
equally distributed between the two leaflets. Upon equilibration
of the simulation, cholesterol distribution became asymmetric
in the bilayer with asymmetric lipid composition, and symmetric
in case of the two symmetric bilayers, confirming the direct role
of phospholipid chemistry in cholesterol localization (Fig. 1A). In
the asymmetric bilayer, the fraction of cholesterol molecules in
the inner and outer leaflets were 41 � 1% and 53 � 2%,
respectively, while 6� 2% of cholesterol resided in the midplane
of the bilayer. In the cyto-symmetric bilayer, mimicking the
inner leaflet, a larger fraction of cholesterol was found in the
midplane (11 � 3% compared to 6 � 2% for the asymmetric
bilayer), while the exo-symmetric bilayer only had 3 � 1% of
cholesterol molecules in the midplane. This result is consistent
with the experiments showing that cholesterol have a preference
for the bilayer midplane in the case of polyunsaturated
bilayers.44

Fig. 1B shows the orientation of cholesterol molecules as a
function of location within the bilayer for the three bilayers. For
this calculation, the lipid bilayer was divided into B30 slabs
parallel to the plane of the bilayer. In each slab, the ensemble-
averaged angle of the cholesterol molecules with respect to the
bilayer normal was found. The reported angle with respect to
the bilayer normal corresponds to the average over the config-
urations in the last 6 ms of three independent replicas of each
system. Within 0.8 nm from the center of the bilayer, cholesterol
orientation changes almost linearly with the distance from the
center for all the three studied systems. At the distance of 0.8 nm
from the center, a sharp change in the orientation of cholesterol
is observed and so this region is defined as the midplane.2

It has been suggested that the alignment of cholesterol in
the leaflet is such that it facilitates the cholesterol-lipid inter-
action in the PM.36,45 Therefore, it is hypothesized that the
ordering of lipids in a leaflet should also favor the presence of
cholesterol. Indeed, the outer leaflet of the asymmetric bilayer
has a larger SChain (0.48� 0.02) as compared to that of the inner
leaflet (0.33 � 0.02). SChain, as defined in eqn (1), is a measure
of ordering of the lipids in a leaflet; a high value of SChain
corresponds to more order. The exo-symmetric and the cyto-
symmetric bilayers have the SChain values of 0.48 � 0.02 and
0.32 � 0.02, respectively, for both leaflets, which explains the
higher concentration of cholesterol in the exo-symmetric leaf-
lets as compared to in the cyto-symmetric leaflets. These
findings suggest that the ordering of the lipids in the leaflets
is an important factor in determining the localization of
cholesterol within the leaflets of the bilayer. Other physical
characteristics of these bilayers, such as area per lipid and the
thickness, were also compared and are listed in Table S1 (ESI†).

Table 1 Composition of the inner and outer leaflets of the lipid bilayers studied in this work. Cholesterol was included in all the bilayers with the molar
ratio of 1 : 2 with respect to the total number of lipids

System Inner leaflet Outer leaflet

Asymmetric DOPC/16:1SM/DOPE/DOPS/CHOL:10/7/31/19/33 POPC/16:0SM/POPE/CHOL:31/29/7/33
Cyto-symmetric DOPC/16:1SM/DOPE/DOPS/CHOL:10/7/31/19/33 DOPC/16:1SM/DOPE/DOPS/CHOL:10/7/31/19/33
Exo-symmetric POPC/16:0SM/POPE/CHOL:31/29/7/33 POPC/16:0SM/POPE/CHOL:31/29/7/33
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The cyto-symmetric is the thinnest and exo-symmetric is the
thickest bilayer, as expected, but the difference in the thickness
is only B2 Å. The asymmetric bilayer has the same area per
lipid (0.52 � 0.01 nm2) of the inner leaflet as the cyto-
symmetric bilayer but has a slightly larger area per lipid
(0.48 � 0.01 nm2) of the outer leaflet as compared to the exo-
symmetric bilayer (0.47 � 0.01 nm2). Therefore, small differ-
ences in the area per lipid due to the asymmetry were
observed.46 The values of area per lipid were smaller than those
usually reported for the bilayers with no cholesterol (B0.5 to
0.7 nm2).47

It should be noted that the composition of lipids in different
leaflets of the asymmetric bilayer did not get altered during the
simulations. The density profiles of different lipids in the
equilibrated bilayer confirm this (Fig. S3, ESI†). On average,
in the asymmetric bilayer only 2 out of 103 DOPC, 1 out of
74 SM, 7 out of 311 DOPE, and 6 out of 192 DOPS lipids moved
from the inner leaflet to the outer leaflet, while no lipid
molecule from the outer leaflet moved to the inner leaflet.

3.2. Cholesterol flip-flop rate

A large range of cholesterol flip-flop rates have been reported in
previous simulations24,25 and experiments.23,48,49 It has been
argued that chemical probes or markers that are employed in
experimental measurements of the flip-flop rates also end up
affecting the rates.23 While some non-invasive but indirect
measurements of the flip-flop rates23 have been introduced,
the predictions made from these methods have remained
contentious.22,29 Cholesterol flip-flop rate is understood to
increase with temperature and the amount of unsaturated
lipids50 and decrease with the thickness of the bilayer.9 However,
there is little understanding of how the flip-flop rates are affected
by changes in bilayer (a)symmetry. One would presume that the
flip-flop rate in an asymmetric bilayer will be dictated by the
slower flip-flop rate of the more ordered leaflet. Furthermore,
previous investigations have not studied the distribution of
cholesterol flip-flop rates. Fig. 2 shows the distribution of
cholesterol flip-flop rates for the asymmetric, cyto-symmetric

and exo-symmetric bilayers. The more ordered exo-symmetric
bilayer showed the slowest average flip-flop rate of 0.77 �
0.03 ms�1. The flip-flop rate of the asymmetric bilayer was found
to be higher, 1.39 � 0.04 ms�1. The flip-flop rate of the cyto-
symmetric bilayer was the highest at 2.80 � 0.05 ms�1. Interest-
ingly, the distribution of flip-flop rates was symmetric around
the mode value for cyto-symmetric bilayer, whereas for both the
asymmetric and the exo-symmetric bilayer, the distribution was
skewed. An interesting conclusion from this analysis is that the
cholesterol flip flop rates of asymmetric lipid bilayers are in-
between the flip flop rates observed for symmetric bilayers made
up of their individual leaflets.

3.3. Spatial arrangement of cholesterol molecules in the plane
of the bilayer

Next, we analyzed the spatial arrangement of cholesterol and
phospholipids within the leaflets of the asymmetric lipid bilayer

Fig. 1 (A) Percentage of cholesterol molecules located in the inner leaflet (cyan), midplane (black striped), and the outer leaflet (purple) of the
asymmetric, cyto-symmetric, and exo-symmetric lipid bilayers. (B) Ensemble-averaged angle of cholesterol molecule with the bilayer normal as a
function of the location of the hydroxyl headgroup of cholesterol in the bilayer. Shaded area represents the midplane of the bilayer. Beyond the midplane,
the orientation is almost independent of the location. Error bars in both the figures were estimated as standard error of the mean when the last 6 ms of the
three replicas of each system were split into four equally sized blocks of 1.5 ms each.

Fig. 2 Distribution of cholesterol flip-flop rates for the three bilayers. Exo-
symmetric bilayer with more ordered lipids has a narrower distribution with
the smallest mode value. Cyto-symmetric bilayer has a broader distribution
with the largest mode value. The flip-flop rate of the asymmetric bilayer is
in-between the two symmetric bilayers. The error bars are estimated as the
standard error of the mean when the last 6 ms of the simulations of three
replicas of each system were split into four equally sized blocks.
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via 2D radial distribution functions, g2D(r). Fig. 3A and B, show
that the ROH-AM and ROH-GL g2D(r) display a strong peak at the
location of first coordination shell. First coordination shell can
be thought of as the closest distance around a molecule that is
accessible to other molecules. Therefore, this result suggests that
there is a strong affinity of cholesterol molecules for the amide
and glycerol beads of phospholipids (refer to Fig. S1C (ESI†) for
the representation of different CG Martini beads of the lipids
and cholesterol).

The 2D RDF between cholesterol molecules, the ROH–ROH
g2D(r), shows that cholesterol molecules do not cluster together
but rather are separated by phospholipids molecules. This
observation is in accordance with the ‘‘umbrella model’’ that
postulates that cholesterol molecules are hidden from water by
the phospholipid head groups. If cholesterol molecules were to
cluster together then they would get exposed to water.51,52 This
is also confirmed by Fig. 3C and D, which show the top and
bottom view snapshots of the leaflets, respectively. Fig. 4 shows
the three-dimensional radial distribution function, g(r) between
the water molecules and the headgroup of the phospholipids
and cholesterol. This g(r) shows that the headgroups of the

Fig. 3 2D radial distribution function, g2D(r), of different beads of lipids around the hydroxyl headgroup of cholesterol (ROH CG bead) at the (A) inner
leaflet and (B) outer leaflet of the asymmetric bilayer. ROH headgroup of cholesterol resides in close proximity to the amide (AM) and glycerol (GL) beads
of lipids. On the other hand, no significant local structure is observed between ROH and other beads (PO4, phosphate; NC3, choline; NH3, ethanolamine;
and CN0, serine). (C) The top view snapshot of the inner leaflet, and (D) the bottom view snapshot of the outer leaflet of the asymmetric bilayer after 10 ms
long simulation. The white boundary is the boundary of the simulation box with periodic images outside of it. The cholesterol molecules and
phospholipids are colored yellow and gray, respectively, within the simulation box, and pink and silver outside the simulation box. The hydroxyl
headgroup of cholesterol is shown in orange.

Fig. 4 3D radial distribution function, g(r) of water around the
headgroup beads of lipids for the asymmetric system. CN0, NC3, and
NH3 represent the headgroup of PS (phosphatidylserine), PC (phosphati-
dylcholine) & SM (sphingomyelin), and PE (phosphatidylethanolamine)
phospholipids, respectively, and ROH represents the hydroxyl headgroup
of cholesterol.
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phospholipids are solvated by water, whereas those of cholesterol
are hidden from water, further confirming the umbrella model.

3.4. Cholesterol localization as a function of phospholipid
structural properties

Our simulations of asymmetric lipid bilayer mimicking those of
red blood cells showed that cholesterol distributes unequally
between the two leaflets. To investigate the underlying reasons
that govern cholesterol distribution in lipid bilayers, we studied 17
different equimolar asymmetric bilayers made of two different
kinds of lipids. In 12 of these bilayers, one leaflet was kept as
DPPC, while the lipid type of the other leaflet was varied. For the
sake of convenience of terminology, the DPPC leaflet was labeled
as the ‘‘outer’’ leaflet and the other leaflet as the ‘‘inner’’ leaflet.
The types of lipids in the inner leaflet were selected so as to isolate
the effect of lipids’ backbone, headgroup, acyl chain saturation,
and acyl chain length on cholesterol distribution. The composi-
tional details of these lipid bilayers are listed in Table 2. The
snapshot of DPPEi/DPPCo/CHOL lipid bilayer is displayed in
Fig. S2 (ESI†). Apart from the 12 DPPC-based asymmetric bilayers,
5 other asymmetric bilayers were studied that did not have DPPC.
These bilayers were studied to ensure that our results are not
specific to DPPC-based asymmetric bilayers.

As before, all the simulations were performed at 37 1C; the
molar ratio of cholesterol to the total number of lipids was kept
1 : 2; and cholesterol molecules were equally divided between
the two leaflets initially. As a control, a symmetric DPPCi/
DPPCo/CHOL system was also examined. For this system, as
expected, cholesterol was equally distributed between the two
leaflets (Fig. 5A, left panel).

The effect of lipid backbone. The role of lipid backbone in
modulating cholesterol distribution was studied from a system
containing cholesterol, 16:0 SM in the inner leaflet, and DPPC
in the outer leaflet (16:0SMi/DPPCo/CHOL). The headgroup of
SM and DPPC is the same but their backbone is different. SM
has polar moieties in the backbone (AM1 and AM2), which are
missing in DPPC. It was observed that cholesterol molecules
have a higher concentration in the 16:0 SM leaflet compared to
the DPPC leaflet (Fig. 5A, right panel). The preference of
cholesterol for sphingosine over phosphatidylcholine has been
observed in experimental studies.11,12

The effect of the lipid headgroup. The effect of the lipid
headgroup was studied in a lipid bilayer with the outer leaflet
as DPPC and the inner leaflet as DPPE or DPPS. It was observed

that cholesterol has a stronger affinity for the lipids with serine
(DPPS) and ethanolamine (DPPE) headgroups than the lipids
with a choline headgroup (DPPC) (Fig. 5B). This finding is in
agreement with the suggestion that PE, which is known to
predominantly exist in the inner leaflet of the PM,5,7,8 draws
cholesterol to that leaflet (for complete discussion see ref. 16).

The effect of the acyl chain saturation. The distribution of
cholesterol was examined in two bilayers: with DPPC in the
outer leaflet, the first bilayer had DOPC (with two unsaturated
acyl chains), and the second bilayer had POPC (with one
unsaturated acyl chain) in the inner leaflet. In both cases,
cholesterol was found to localize in the leaflet with more
saturated lipids (Fig. 5C), in agreement with previous
reports.45,50,53,54 Importantly, the difference in cholesterol
distribution between the two leaflets of these systems was
much more significant than the other systems studied by us.
In accordance with previous studies,44 we find higher amount
of cholesterol in the mid-plane for the DOPCi/DPPCo bilayer as
compared to the POPCi/DPPCo bilayer as DOPC has higher
degree of unsaturation than POPC. One explanation of this
observation is that unsaturated lipids with disordered acyl
chains do not allow proper alignment of cholesterol in the
leaflet.

The effect of the acyl chain length. To examine the role of
lipid chain length in cholesterol distribution, bilayers contain-
ing DPPC in the outer leaflet and 12:0 PC or 24:0 PC in the inner
leaflet were studied (Fig. 5D). In both cases, cholesterol was
preferentially localized in the leaflet that had lipids with longer
acyl chain length. A previous study by Courtney et al. reported
that cholesterol is enriched in the inner leaflet where shorter
lipids are located as compared to the outer leaflet where long
chain sphingolipids exist.17 While in our study, the inner and
the outer leaflets have the same headgroup, backbone, and
chain saturation, Courtney et al. used a variety of different
lipids in the two leaflets, and therefore did not isolate the effect
of the acyl chain length.

From these studies, it was found that acyl chain saturation
results in the strongest asymmetrical distribution followed by
the lipid backbone, the headgroup type, and the acyl chain
length. Characteristics of these bilayer systems, such as the
area per lipid, bilayer thickness, SChain and cholesterol flip-flop
rates are tabulated in Table S2 (ESI†). To understand the
relationship between cholesterol distribution and the ordering
of lipids in the bilayer, the ratio of the distribution of

Table 2 Composition of asymmetric bilayers with DPPC in the outer leaflet. Cholesterol was present in all the bilayers with a molar ratio of 1 : 2 with
respect to the total number of lipids. The ‘‘i’’ and ‘‘o’’ subscripts represent the inner and outer leaflets, respectively

Feature Composition Headgroup Backbone Saturation Chain length LIPIDi/LIPIDo

Control DPPCi/DPPCo/CHOL Choline Glycerol Saturated 16-16/16-16
Backbone 16:0SMi/DPPCo/CHOL Choline Sphingosine Saturated 16-16/16-16
Headgroup type DPPEi/DPPCo/CHOL Ethanolamine Glycerol Saturated 16-16/16-16

DPPSi/DPPCo/CHOL Serine Glycerol Saturated 16-16/16-16
Acyl chain saturation DOPCi/DPPCo/CHOL Choline Glycerol Unsaturated 18-18/16-16

POPCi/DPPCo/CHOL Choline Glycerol Mono-unsaturated 16-18/16-16
Acyl chain length 12:0PCi/DPPCo/CHOL Choline Glycerol Saturated 12-12/16-16

24:0PCi/DPPCo/CHOL Choline Glycerol Saturated 24-24/16-16
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cholesterol in the inner and the outer leaflets versus the ratio of
the SChain of the lipids in the inner and the outer leaflets
was plotted (Fig. 6A). Interestingly, for all bilayers, the data
lies close to the y = x line, implying that the ratio of distribution
of cholesterol is similar to the ratio of the ordering of lipids in
the leaflets. This striking result suggests that there is a unifying
principle governing the distribution of cholesterol in lipid
bilayers. It is well understood that cholesterol promotes ordering
of lipids in the leaflets. Therefore, it is like a chicken-or-egg
conundrum as to whether the ordering of the lipid bilayers
governs the observed cholesterol distribution or it is the
distribution of cholesterol that results in the ordering of the
lipids. To answer this question, we performed simulations of
the asymmetric lipid bilayers without any cholesterol to calculate
their SChain. In Fig. 6B we have plotted the ratio of cholesterol
distribution in these bilayers obtained previously with respect
to the ratio of the SChain of the leaflets when cholesterol was
absent. A positively sloped linear relationship between the
distribution of cholesterol and the ordering in the two leaflets
(in the absence of cholesterol) is observed. This result suggests
that the distribution of cholesterol is dictated by the relative
ordering of the lipids. Certainly, the presence of cholesterol
increases the SChain, but it is not the sole effect underlying the

relationship observed in Fig. 6A. The SChain of the lipids in
both leaflets in the presence and absence of cholesterol is
summarized in Table S3 (ESI†).

To explain the distribution of cholesterol observed in the
equimolar asymmetric bilayers, we studied symmetric bilayers
comprised of the lipid types studied above with a mole fraction
of cholesterol equal to 0.33. Table S4 (ESI†) reports the area per
lipid, a(x) of these bilayers. It is observed that different bilayers
have different a(x), which implies that in the equimolar
asymmetric bilayers, the leaflet with smaller a(x) is under
tensile stress and the other one is under compressive stress.
Therefore, to relieve these stresses, we constructed ‘‘relaxed’’
asymmetric bilayers by taking the number of lipids + choles-
terol in each leaflet equal to the overall area of the bilayer
divided by the a(x) of the leaflet (Table S4, ESI†). Therefore, in
these asymmetric bilayers, each leaflet now retained its a(x)
equal to the value found in its symmetric bilayer counterpart,
and therefore did not have any mechanical stress. For these
asymmetric bilayers, we did not find any significant transfer of
cholesterols between the leaflets. This implies that cholesterol
molecules transfer between the leaflets of equimolar asym-
metric bilayers in order to relieve the mechanical stresses.
Interestingly, we find that the a(x) of the leaflets of the

Fig. 5 Cholesterol distribution within different asymmetric bilayers (inner leaflet: cyan, midplane: black striped, and the outer leaflet: purple). The effect
of lipids’ (A) backbone, (B) headgroup, (C) acyl chain saturation and (D) acyl chain length were analyzed. In all the systems, the outer leaflet was taken as
DPPC, and the lipid type of the inner leaflet was varied.
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equimolar asymmetric bilayers is same as that of symmetric
bilayers of these lipids. A question that arises is whether the
naturally occurring asymmetric bilayers are equimolar in lipid
composition or have different number of lipids in the two
leaflets so as to relieve stress. In prior work on synthetic
asymmetric bilayers, the researchers have assumed equimolar
lipid composition in the leaflets.56 In such a case, one would
expect cholesterol to get re-distributed to relieve the stress.

To estimate the contribution of cholesterol and lipid
molecules on the area per lipid of a leaflet, one can calculate
the partial molar areas as suggested by Edholm and Nagle.55

We have performed this calculation on the DPPC/CHOL
and DOPC/CHOL symmetric bilayers. The partial molar areas

of cholesterol and lipid, achol(x) and alipid(x), can then be
estimated based on eqn (3) and (4):

ai xð Þ ¼ @AðN1; . . . ;NmÞ
@Ni

� 	
Njai

(3)

achol xð Þ ¼ a xð Þ þ 1� xð Þ @a xð Þ
@x

and

alipid xð Þ ¼ a xð Þ � x
@a xð Þ
@x

(4)

Fig. 7 shows a plot of a(x) versus x for DPPC/CHOL and
DOPC/CHOL symmetric bilayers. It is observed that for the

Fig. 6 (A) Relationship between cholesterol distribution in the leaflets with respect to the average order parameter (SChain) of lipids. The ratio of cholesterol
in the inner and outer leaflets lies close to the ratio of SChain of lipids in the inner and outer leaflets. (B) Ratio of fraction of cholesterol in the inner and outer
leaflets for different lipid bilayers plotted as a function of the ratio of the SChain of lipids in the same bilayers but in the absence of cholesterol. A positively
sloped linear relationship is observed. This figure corresponds to the bilayer systems with the same number of lipids in the inner and outer leaflets.

Fig. 7 Area per lipid, a(x), as a function of cholesterol mole fraction, x ¼ Nchol= Nlipid þNchol

� �
, for (A) DOPC/CHOL and (B) DPPC/CHOL symmetric

bilayers. The a(x) for the DOPC/CHOL bilayer varies linearly with x implying that the aDOPC(x) and achol(x) are constants. On the other hand, the a(x) for the
DPPC/CHOL bilayer shows some curvature implying that the partial molar areas are not constants for this bilayer.
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DOPC/CHOL bilayer, the achol(x) and aDOPC(x) do not vary with x
and are found to be achol(x) = 0.21 � 0.01 nm2 and aDOPC(x) =
0.69 � 0.01 nm2. In the case of DPPC/CHOL bilayer, the partial
molar areas depend on x and are listed in Table S5 (ESI†). In the
case of DPPC/CHOL, the achol(x) is close to zero for small values
of cholesterol mole fraction. This result, which has been
reported before55, is due to the condensation effect wherein
lipids in the vicinity of cholesterol molecules get more ordered
resulting in only a small increase or even a decrease in the area.
As the concentration of cholesterols increase, the effect of
addition of one more cholesterol molecule is smaller and thus
the achol(x) increases. The Schain of the DOPC/CHOL and DPPC/
CHOL bilayers are listed in Table S5 (ESI†). It is observed that
the Schain in the case of DOPC/CHOL bilayers changes linearly
from 0.23 � 0.02 to only 0.37 � 0.02 as the cholesterol amount
increases from 0% to 50%. Therefore, the condensation effect in
this case is weak and the partial molar areas of cholesterol and
lipids remain constant as a function of cholesterol concentration.
On the other hand, in the case of DPPC/CHOL bilayers, the Schain
increases non-linearly and at a more appreciable rate from 0.40 �
0.02 to 0.79 � 0.02 indicating that the condensation effect is
strong. As a result, the partial molar areas of cholesterol and lipids
vary with cholesterol concentration.

4. Conclusions

We have studied the distribution of cholesterol in various
asymmetric bilayers. In the bilayer mimicking the composition
of the bilayer of red blood cells, we report that cholesterol is
enriched in the outer leaflet, which is comprised of more
saturated phospholipids, and which shows a higher lipids
chain order than the inner leaflet. By studying the distribution
of cholesterol in several other equimolar asymmetric bilayers,
we show that the distribution of cholesterol is strongly coupled
to the ordering of lipids in the leaflets. In fact, our results
demonstrate that the ratio of the distribution of cholesterol in
the leaflets is close to the ratio of the chain order parameter of
lipids in the two leaflets. This observation provides a quantitative
relationship for predicting the distribution of cholesterol in
equimolar asymmetric lipid bilayers. By simulating the lipid
bilayers devoid of any cholesterol, we conclude that the ordering
of the lipids in the leaflets governs the distribution of cholesterol
in these bilayers. Ordering of lipids in the bilayers dictate the
value of area per lipid. Since the area per lipid values for different
lipid types is different, equimolar asymmetric bilayers are under
mechanical stress: the leaflet with smaller area per lipid, that is
higher lipid order, is under tensile stress and the other one
(smaller lipid order) is under compressive stress. Therefore,
transfer of cholesterol molecules occurs from the leaflet with
compressive stress to the one with tensile stress. Interestingly,
we find that the area per lipid of the leaflets of asymmetric
bilayers remain the same as for the symmetric bilayers. Our
findings indicate that in asymmetric lipid bilayers, the distribution
of cholesterol is chiefly governed by the tendency to alleviate
the mechanical stresses between the two leaflets. Differences in

the affinity of cholesterol and various lipid species is not
dictating the cholesterol distribution. However, one would
presume that in case there is some strong specific interaction
between cholesterol and a lipid type, then such an interaction
will also affect the cholesterol distribution. Furthermore, our
results show that the cholesterol flip-flop rate is also a function
of ordering of lipids in the bilayer. The more ordered the lipids
are in the leaflets, the lower is the flip-flop rate. Cholesterol
is understood to play an important role in modulating the
physical and biological characteristics of lipid bilayers. Our
findings highlight the strong relationship between cholesterol
distribution and lipids ordering within asymmetric lipid
bilayers and therefore provides useful insights in the field.
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