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ABSTRACT

We show, via molecular simulations, that not only does cholesterol induce a lipid order, but the lipid order also enhances cholesterol locali-
zation within the lipid leaflets. Therefore, there is a strong interdependence between these two phenomena. In the ordered phase, cholesterol
molecules are predominantly present in the bilayer leaflets and orient themselves parallel to the bilayer normal. In the disordered phase,
cholesterol molecules are mainly present near the center of the bilayer at the midplane region and are oriented orthogonal to the bilayer
normal. At the melting temperature of the lipid bilayers, cholesterol concentration in the leaflets and the bilayer midplane is equal. This
result suggests that the localization of cholesterol in the lipid bilayers is mainly dictated by the degree of ordering of the lipid bilayer. We
validate our findings on 18 different lipid bilayer systems, obtained from three different phospholipid bilayers with varying concentrations
of cholesterol. To cover a large temperature range in simulations, we employ the Dry Martini force field. We demonstrate that the Dry and

the Wet Martini (with polarizable water) force fields produce comparable results.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002489

I. INTRODUCTION

Cell plasma membranes, the semipermeable interfaces that
allow cells to interact with the extracellular environment, are made
of proteins, lipids, sterols, and other molecules.””> The lateral
mobility and function of membrane proteins are understood to be
dictated by the structure and dynamics of the membrane.™
Cholesterol, the main sterol in the mammalian cell membrane,
affects physical properties, such as bending modulus,” fluidity,” per-
meability,” and phase behavior of the membrane,’ and it is under-
stood to play a role in the formation of ordered domains.”™"" Tt is
well-established that cholesterol solubility in the bilayers is a func-
tion of the molecular characteristics of the lipids. For instance, lipid
head groups shield cholesterol molecules from water, and thus, the
ones with large head groups, like sphingomyelins, display higher
solubility of cholesterol.'>"” Saturated lipids are reported to
enhanc4e Icholesterol solubility as opposed to mono/un-saturated
lipids."*™"*

Cholesterol is well known to affect the phase behavior of lipid
bilayers. To a first approximation, pure phospholipid bilayers pre-
dominantly display two main phases: ordered and disordered, as
distinguished by their spatial order and chain configurational order
in the bilayers.'”'” In the ordered phase, both the spatial and chain
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configurational order are high. While in the disordered domain,
both these orders are low. The pure phospholipid bilayers undergo
a first order phase transition from the ordered to the disordered
phase as the temperature is increased. Cholesterol molecules induce
conformational ordering of the lipids in the disordered phase. Even
though at high concentrations, cholesterol molecules perturb lipid
packing in the ordered phase, their overall effect is to favor the for-
mation of the ordered phase by enhancing the chain configurational
order.”” ™

In our previous work, we showed via coarse-grained simula-
tions that cholesterol distributes between the leaflets of equimolar
asymmetric lipid bilayers in a manner so as to relieve the compres-
sive and tensile mechanical stresses that arise due to differences in
the conformational ordering of the leaflets.”* Thus, the conforma-
tional ordering of phospholipids likely affects cholesterol distribu-
tion. This is also evidenced from neutron scattering studies that
have shown that in phospholipid bilayers comprising polyunsatu-
rated fatty acid (PUFA), cholesterol is sequestered near the bilayer
center rather than in the leaflets, due to the highly disordered struc-
ture of PUFA.'>'*** This interdependence of conformational order
and cholesterol distribution within the bilayer has not been estab-
lished in a quantitative manner. In this work, we investigate the
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TABLE |. Temperature and composition of the lipid bilayers that are compared
using the Dry and Wet Martini force fields. In the ternary mixtures, DOPC and
16:0SM are in the 1:1 molar ratio.
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carbohydrates, sterols as well as many types of phospholipids, it is
complicated to study such a system, and, therefore, we restrict our-
selves to studying lipid bilayers of only one or two kinds of phos-
pholipids with cholesterols.

Temperature CHOL To study the 1 4 ¢ in simulati .
Lipid bilayer No. of simulations () (mol. %) y the large temperature range in simulations, in some
cases, we need to access unphysical temperatures. Therefore, we
DOPC/CHOL 7 Tx 6% CHOL =42 290-350 0-50 employ an implicit solvent coarse-grained lipid model, termed as
16:0SM/CHOL 42 290-350 0-50 Dry Martini force field.”® However, an important concern is
DOPC/16:0SM/ whether the Dry Martini force field is amenable to capturing the
CHOL 42 290-350 0-50 structural properties of lipid bilayers and the distribution of choles-

relationship between the distribution of cholesterol molecules
within the leaflets and the midplane region of the bilayers and the
conformational ordering of the lipids in various symmetrical bilay-
ers. To systematically study this relationship, we simulate the lipid

terol that are observed in more detailed simulations of lipid bilayers
with explicit water. Therefore, as a first step, we have performed a
systematic comparison of the results obtained from Dry Martini
with an improved coarse-grained Wet Martini force field with a
polarizable water model as well as known experimental results.””
We show that the results obtained from the two force fields are

bilayers at small temperature increments to impart a conforma- comparable for the purpose of this study. For all the studied lipid §
tional disorder. While cell membranes include membrane proteins, bilayer systems, we find that at the melting temperature, the 5
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FIG. 1. Comparison of results obtained from the Dry and Wet Martini force fields for DOPC/16:0SM/CHOL lipid bilayers for temperatures ranging from 290 to 350 K, and a
cholesterol concentration of 30% mole. (a) Area per lipid, apl; (b) bilayer thickness, Dp.p; (c) chain order parameter, Scnain; 2D RDFs of C1B-C1B beads of the two-chain
lipids, gop(r) obtained from the (d) Dry Martini; and (e) Wet Martini simulations. Successive gop(r) have been shifted vertically by 0.4 units for the sake of clarity. Error bars
in the figures are obtained by performing block averages over three equally sized blocks.
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FIG. 2. (a) Area per lipid, ap/; (b) bilayer thickness, Dp.p; (c) chain configurational order, Sgnain; 2D RDFs of C1B-C1B beads, gap(r) in (d) pure DOPC bilayer; (e) gop(r) in

pure 20:0SM bilayer; and (f) gop(r) in 1:1 DOPC/20:0SM bilayer. Successive gop(r)

concentration of cholesterol in the leaflets and the midplane is the
same. This result, in support of our previous work,”* shows that
while experiments have identified numerous factors that affect cho-
lesterol localization in the bilayers, the main effect boils down to
how these factors change the ordering of the lipids in the bilayers,
which ultimately dictates cholesterol localization.

Il. COMPUTATIONAL METHODS
A. System setup

For comparing the results obtained from Dry Martini version
2.1 and Wet Martini version 2.2 (study-I), we have studied three
symmetric lipid bilayers, namely, DOPC (1, 2-dioleoyl-sn-glycero-
3-phosphocholine)/CHOL (Cholesterol), 16:0SM (d18:1/16:0 sphin-
gomyelin)/CHOL, and DOPC/16:0SM/CHOL for a temperature
range of 290 to 350 K and cholesterol concentrations varying from
0% to 50% mole-ratio. DOPC in an unsaturated phospholipid that is
in the disordered phase at room temperature. SM, on the other
hand, is a saturated phospholipid that has a higher conformational
order than DOPC. The system of a saturated lipid, cholesterol, and
an unsaturated lipid is a simple mimic of the mammalian membrane

T T T T ] 0.0 T T T T T ]
2 3 4 S 6 0 1 2 3 4 5 6

have been shifted vertically by 0.4 units for the sake of clarity.

and has been used in many biophysical studies to mimic the mam-
malian cell membrane.”*™*

After establishing the suitability of the Dry Martini force field
for studying the structural properties of lipid bilayers at different
cholesterol concentrations, we examine the spatial distribution of i~
cholesterol in DOPC/CHOL, 20:0SM/CHOL, and DOPC/20:0SM/ '
CHOL lipid bilayers over a wider range of temperatures and choles-
terol concentrations using the Dry Martini force field (study-II).
The temperature of the system and the concentration of cholesterol
in study-II are varied from 210 to 400 K and 0% to 50% mole-ratio,
respectively. We have chosen temperatures beyond the range that is
biologically relevant so as to clearly identify phase transitions in all
the studied systems. For instance, the melting temperature of a
pure DOPC bilayer is quite low (~253 K)*»** while that of a pure
20:0SM bilayer is relatively high (~319 K).”
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B. Simulation details

In both studies-T and -II, the simulation box size is 125 A in all
directions and periodic boundary conditions are applied. The total
number of lipids (two-chain lipids + cholesterol) for all the systems
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FIG. 3. Structural properties of 20:0SM/CHOL bilayers as a function of temperature and cholesterol concentration. (a) Area per lipid, apl; (b) bilayer thickness, Dp.p; and
(c) chain order parameter, Sgai,- Error bars in all figures are estimated from the block averages of three equally sized blocks.

is kept at 510 + 2. In Wet Martini simulations, there are 10 850 + 40 material”* shows topologies of the lipids studied along with the
water molecules. Figure S1(a) in the supplementary material”* shows name and type of each bead. Initial configurations of the bilayer
a snapshot of the equilibrium configuration of the DOPC/16:0 SM/ systems are constructed using the insane.py script developed by
CHOL lipid bilayer at 290 K. Figure S1(b) in the supplementary Marrink and co-workers.’® The simulations are performed using the
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FIG. 4. Phase transition temperature, Tm, of the studied bilayers. The DOPC/
CHOL bilayers do not have Tm within the temperature range studied. Lines are
a guide to the eye.

GROMACS/5.1.2 molecular simulation package.”” To check for the
potential finite size effects, in our previous work, we performed sim-
ulations with a larger box size of 250 x 250 x 125 A* and confirmed
that the smaller box size is sufficient to capture the physical charac-
teristics of the studied lipid bilayers.”*

The initial configuration is energy minimized using the steepest
descent with the maximum force tolerance of 1000.0 KJ/mole/nm.
To pre-equilibrate the bilayer structure, a 25 ns canonical ensemble
(constant number of particles N, constant volume V, and constant
temperature T) simulation followed by a 25ns isothermal-isobaric
ensemble (constant N, pressure P, and T) simulation is performed at
each temperature. The time step for the pre-equilibration simulations
is 10fs. After pre-equilibration, a production run of 1us is per-
formed at each temperature in the NPT ensemble, and the data are
collected for the last 500 ns. A 500 ns of equilibration time ensures
that the system is in equilibrium even at the lowest temperatures
studied by us.

For the systems where the Dry Martini force field is used, sim-
ulation parameters are taken from the Arnarez et al. study that
parametrized this force field based on the original Martini force
field.”® The Wet Martini force field with the polarizable water
model parameters are taken from the work of Michalowsky et al.””
Table S1 in the supplementary material”* summarizes the simula-
tion parameters used in all the simulations of lipid bilayers studied
in this work. Tieleman and co-workers have shown that the free
energy barrier associated with the cholesterol flip-flop is lower than
that found in fully atomistic simulations.”” While a lower free
energy barrier increases the kinetics, it does not affect the
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equilibrium distribution of cholesterol in the leaflets and midplane
regions. We have employed a coarse-grained model to efficiently
sample the long time- and length-scales needed in these simula-
tions. However, a coarse-grained model may not capture some spe-
cific chemical interactions between lipids and water. Furthermore,
we acknowledge that apart from the Martini force field, there are
other coarse-grained models available as well to study the role of
cholesterol in phospholipid bilayers.*®

C. Properties of lipid bilayers

Area per lipid (apl) is the ensemble-averaged area of the plane
of the simulation box in which the bilayer resides divided by the
total number of two-chain lipids + cholesterol molecules in each
leaflet.” Bilayer thickness (Dpp) is calculated as the
ensemble-averaged distance between the phosphate (PO,4) beads of
lipids in each leaflet.”® Orientation of a cholesterol molecule within
a bilayer is defined as the angle between vector, a [the vector
joining the ROH bead to the C1 bead of cholesterol, see Fig. S1(b)
in the supplementary material’* and vector z (the bilayer normal).
To quantify the chain configurational order of lipids, we calculate
the ensemble-averaged order parameter of the acyl chain of lipids
(Schain) asl,l'l,/l()

Seham = <§(3 cos6 1)>, (1)

where 0 is the angle between each bond vector of the lipid beads
and the bilayer normal (z axis). A large value of the Sg, (~1)
indicates a large chain configurational order characteristic of the
ordered phase,'>*' while a small value is a signature of the disor-
dered phase. Translational ordering of lipids is quantified by calcu-
lating two-dimensional (2D) radial distribution functions [gp(r)]
of the C1B beads [Fig. S1(b) in the supplementary material™’] that
represent the center of mass of lipids.'

lll. RESULTS AND DISCUSSION

A. Comparison of Dry Martini and Wet Martini force
fields—study I

To ensure that the Dry Martini force field is adequate for studying
the structural properties and cholesterol distribution in lipid bilayers,
we compare its performance with the Wet Martini force field as well as
the known experimental results. While the Dry Martini force field has
been parameterized on the Wet Martini force field only, it is important
to ensure that their performance is comparable at different tempera-
tures and compositions of lipid bilayers. Table T lists the different
systems and conditions for which the two force fields are compared.

Figure 1 compares the results obtained from the Dry and Wet
Martini force fields for apl, Dp_p, Schain» and gop(r) of DOPC/16:0SM/
CHOL bilayers with 30% mole of cholesterol at different tempera-
tures. These results for DOPC/CHOL and 16:0SM/CHOL bilayers
with 30% mole-ratio of cholesterol are shown in (Figs. S2 and S3 in
the supplementary material’*), respectively. The results obtained for
other %mol. of CHOL using the Dry and Wet Martini force fields are
also found to be similar. From this analysis, it is established that the
results obtained from the Dry and the Wet Martini simulations are in
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good agreement with the studied lipid bilayers, the temperature
range, and CHOL concentrations. The largest difference in the results
is observed in the case of apl of the DOPC/CHOL bilayer [Fig. S2(a)
in the supplementary material]”* where apl from the Dry Martini
simulations is ~0.04 nm? lower than the Wet Martini results, but the
rate of change of apl with the temperature is the same (Fig. S3 in the

supplementary material’*). The apl and Dp.p values obtained for pure
DOPC and pure 16:0 SM at different temperatures from the Dry and
Wet Martini force fields are in excellent agreement with each other
(Table S2, supplementary material’*). These values are also in good
agreement with the reported e)q)erirnentzal,35’42’43 coarse-grained,z“’44
and atomistic simulation®”™" results (see the text accompanying
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FIG. 6. Relationship between the melting temperature of the lipid bilayers, Tm,
and the temperature when the distribution of cholesterol molecules is equal in
the leaflets and the midplane, Tcross. It is found that Tm = Tcross.

Table S2 in the supplementary material’*). From these results, we
conclude that the Dry Martini force field is adequate for studying the
structural properties of these lipid bilayers at different temperatures.

B. Cholesterol distribution as a function of lipid bilayer
domains—study Il

We employ the Dry Martini force field to perform a systematic
investigation of how the domain/phase characteristics of lipid bilay-
ers affect the distribution of cholesterol molecules within the
bilayer. For this purpose, we have studied three types of lipid bilay-
ers: DOPC/CHOL, 20:0 SM/CHOL, and DOPC/20:0 SM/CHOL
with the cholesterol molar concentration ranging from 0 to 50%. At
50% mol. cholesterol concentration, we are already close to the cho-
lesterol solubility limit in the lipid bilayers, and therefore, do not
study higher concentrations. Each of these systems have been
studied for a temperature range of 210-400 K. Overall, 360 different
simulations are performed. First, we discuss how the phase transi-
tion temperature, Tm, of the lipid bilayers is calculated. Then, we
illustrate the effect of cholesterol concentration on T, and finally,
we examine the relationship between Tm and cholesterol localiza-
tion and orientation within the bilayers.

C. Tm of pure phospholipid bilayers

Figure 2 shows apl, Dp_p, Sciain and gop(r) of pure DOPC, pure
20:0SM, and 1:1 mixture of DOPC/20:0SM bilayers in the absence
of any cholesterol, termed as pure phospholipid bilayers. It is
observed that the 20:0SM and the 1:1 mixture of DOPC/20:0SM

Biointerphases 18(3), May/Jun 2023; doi: 10.1116/6.0002489
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display the ordering of lipids at low temperatures, indicated by a
large value of S,y The ordering of lipids is accompanied by a
reduction in apl and an increase in Dpp as the lipids get tightly
packed. As the temperature increases, these bilayers undergo an
ordered — disordered transition. The pure 20:0 SM undergoes a
sharp transition, while the 1:1 DOPC/20:0 SM shows a gradual tran-
sition to the disordered phase. In contrast, a pure DOPC bilayer does
not show any significant ordering even at the lowest temperatures
studied, and therefore remains in the disordered phase. The transi-
tion temperature, Tm, of the bilayers is determined as the point of
inflection of apl, Dg g, and S, as a function of temperature.

Figure S4 in the supplementary material®* shows a plot of
temperature derivatives of these structural properties. Tm of pure
20:0SM is estimated to be 310 K, which agrees well with the experi-
mentally reported value of 310-320 K.”> Tim of 1:1 mixture of the
DOPC/20:0SM system is estimated to be 250 K. For pure DOPC,
there is no point of inflection in the studied temperature range. For
the 20:0SM and DOPC/20:0SM systems, gp(r) are shown in
Figs. 2(e) and 2(f), respectively. g,p(r) clearly shows a loss of long-
range structure as the temperature increases beyond Tm. g,p(r) of
DOPC does not show any long-range order. The behavior of g,p(7)
and the absence of Tm in DOPC in the studied temperature range
implies that this bilayer does not attain the ordered phase even at
the lowest temperatures studied. It is observed in Figs. 2(a)-2(c)
that the properties of the binary mixture of the DOPC/20:0SM
system are in between the two single-lipid bilayers.

D. Tm versus cholesterol concentration

Next, we study the effect of cholesterol concentration on the
structural properties of the lipid bilayers and the phase transition
temperature, Tm. Figure 3 shows the variation in the structural
properties of the three studied bilayers with the cholesterol concen-
tration at different temperatures. Figure 3(a) shows that apl
decreases with the cholesterol concentration, indicating the well-
known condensation effect of cholesterol.”**>** Figure 3(b) shows
that at high temperatures, that is in the disordered phase, bilayers
with higher cholesterol concentrations are thicker.'**’ However,
in the case of 20:0SM/CHOL and DOPC/20:0SM/CHOL bilayers,
in the ordered phase, the trend is reversed with the bilayer thick-
ness decreasing with the cholesterol concentration. Similarly, for
these two bilayers, it is observed that in the disordered phase (high
temperatures), Siqin increases with the cholesterol concentration.
In the ordered phase, this trend is reversed with S, decreasing
with the cholesterol concentration [Fig. 3(c)]. The decrease in Sgin
in the ordered phase is due to the perturbation of lipid packing by
cholesterol, as reported before.'**!

Tm, estimated as the point of inflection temperature of S,
for 20:0SM/CHOL and DOPC/20:0SM/CHOL bilayers with differ-
ent cholesterol concentrations are shown in Fig. S5 in the supple-
mentary material®®, T,, increases with cholesterol concentration, as
has been reported before for the DPPC/CHOL bilayer.’” The
DOPC/CHOL bilayers do not show any point of inflection temper-
ature for any cholesterol concentration, and so do not manifest any
ordered — disordered transition. The Tm values of all the studied
systems are shown in Fig. 4.
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1. Cholesterol distribution within the bilayer

We have shown previously that in equimolar asymmetric lipid
bilayers, cholesterol distributes between the leaflets so as to relieve
the compressive and tensile mechanical stresses.”* These mechani-
cal stresses arise due to differences in the conformational order of
the lipids in the two leaflets. The interdependence of cholesterol

0

3'0 60 9‘0 léO I;O lfllO
Angle, 0 (degree)
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distribution and lipid order should also manifest as a function of the

phase behavior of the lipid bilayers, which is the focus of this work.
In the current work, we relate the distribution of cholesterol in the
bilayer to the phase of bilayers. For this purpose, we divide the bilay-
ers into the leaflet and the midplane regions. As suggested for the
DPPC/CHOL bilayer,”” the midplane region is defined as ~14 A
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FIG. 8. Simulation snapshots of the three lipid bilayers studied by us with a molar cholesterol concentration of 30% and temperature of 290 K: (a) 20:0SM/CHOL, (b)
DOPC/20:0SM/CHOL, and (c) DOPC/CHOL. In these snapshots, the blue beads represent the choline and phosphate groups of 20:0SM and DOPC. The green and gray
beads represent the amide beads of 20:0SM and glycol beads of DOPC, respectively. The white and yellow colors represent cyclic rings and an alky! tail of cholesterol,
respectively. For the 20:0SM/CHOL system (a), the thickness of the bilayer is the largest of the other two systems, and most of the cholesterol molecules are parallel to
the bilayer normal. For the DOPC/20:0SM/CHOL system (b), some cholesterol molecules are at the midplane. The cholesterol molecules at the midplane are perpendicular
to the bilayer normal while the ones in the leaflets are parallel to the bilayer normal. For the DOPC/CHOL system (c), the bilayer thickness is the smallest, most cholesterol
molecules are at the midplane, and they are randomly oriented with respect to the bilayer normal. In these snapshots, we have not shown the alkyl tails of the phospholip-

ids for the sake of clarity.

from the center of the bilayers, and the remaining top and bottom
parts form the leaflet region (Fig. S6, supplementary material™*).
Figure 5 shows the fraction of cholesterol molecules in the
leaflet and midplane regions of the three studied bilayers as a func-
tion of temperature and the molar concentration of cholesterol. It
is observed that as the temperature increases, the cholesterol con-
centration decreases in the leaflets and increases in the midplane.
The temperature when the concentration of cholesterol is equal in
the leaflets and the midplane is termed as Tcross. It is observed that
for a bilayer, Tcross increases with cholesterol concentration. It
should be noted that the presence of cholesterol in the midplane
has been reported in previous simulation studies as well.'>'*'>
Figure 4 reveals that Tm increases with cholesterol concentra-
tion, which highlights the role of cholesterol in imparting confor-
mational order in the lipid bilayers. Figure 5, on the other hand,
reveals that the change in the conformational order, induced via

temperature, affects the cholesterol distribution. Thus, these two
results illustrate the interdependence of cholesterol concentration
and lipid order. In fact, we note that Tm = Tcross (Fig. 6). This
implies that when the bilayer is in the disordered phase, that is
T> Tm, the cholesterol molecules are predominantly in the mid-
plane of the bilayer. In the ordered phase (T < Tm), the cholesterol
molecules are mainly in the leaflets of the bilayer. The crossover in
the region that dominates in the cholesterol concentration happens
exactly at Tm. How does one rationalize this observation? In the
ordered phase, the phospholipid chains are arranged parallel to
each other, and so the cholesterol molecules prefer to align parallel
to the phospholipids in the leaflets due to the favorable hydropho-
bic interactions. However, in the disordered phase, when the con-
formational order of the phospholipid chains is lost, cholesterol is
unable to retain hydrophobic interactions by aligning with the
chains. Thus, it is more favorable for cholesterol to get sequestered
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FIG. 9. Diffusivity of phospholipids (A1, B1, C1, C2) and cholesterol (A2, B2, C3) as a function of temperature and different cholesterol concentrations. In the disordered
phase, the diffusivity follows Arrhenius behavior. The diffusivity at each temperature decreases with the increase in cholesterol concentration.

of cholesterol molecules as a function of their location in the lipid
bilayer.

Figure 7 shows the average orientation of a cholesterol mole-
cule as a function of its location in the three studied lipid bilayers,

in the midplane region, which is less crowded and so entropically
favorable. This result aligns with the previous reports that choles-
terol molecules prefer to lie parallel to the plane of the lipid bilayer
in the midplane region.*””" We have also analyzed the orientation
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namely, DOPC/CHOL, 20:0SM/CHOL, and DOPC/20:0SM/CHOL
with 10-50% mole of cholesterol at three different temperatures,
one above the phase transition temperature (Tm), one close to Tm,
and one below Tm. For this calculation, we divide the bilayers into
50 slabs parallel to the XY plane. In each slab, the
ensemble-averaged angle of the cholesterol molecules with the z
axis (bilayer normal) is calculated. The reported angles correspond
to the average over configurations of three equally sized blocks of
simulations. Figure 7 shows that irrespective of the conditions (that
is, temperature, type of the lipid bilayer, cholesterol concentration),
the cholesterol molecules that are located in the leaflets orient with
bilayer normal at an angle 8 <30° or 6 >150°, while, at the mid-
plane, they orient with the angle 30° < 8 <50°. An important obser-
vation from Fig. 7 is that the cholesterol orientation changes almost
linearly with the distance from the center of the bilayer. While we
have studied three different lipid bilayers, one would surmise that
our reported results are generally applicable to other lipid bilayer
systems as well. The rationale for this assertion is that in the three
systems studied by us, cholesterol distribution seems to be strongly
dependent only on the conformational order of the lipids rather
than on other chemical details of the lipids. Our previous work,
wherein we studied 17 different asymmetric bilayers, also showed
that irrespective of the bilayer type, the distribution of cholesterol
molecules depended strongly on the lipid order.”* An important
result of our work is that at Tm the concentration of cholesterol in
the leaflets and the midplane is comparable, and in the disordered
phase, there is a higher concentration of cholesterol in the mid-
plane region. Poly-unsaturated lipid bilayers are disordered at bio-
logical temperatures, and these bilayers indeed exhibit cholesterol
in the midplane region."** Our work explains this experimental
observation by demonstrating that cholesterol localization is dic-
tated by the ordering of lipids in the bilayers. Figure 8 shows snap-
shots of the three kinds of lipid bilayers studied by us with 30%
mole cholesterol and at 290 K. These snapshots illustrate the differ-
ences in bilayer thickness, and the orientation and location of cho-
lesterol molecules in these three bilayers.

2. Diffusivity of phospholipids and cholesterol as a
function of temperature and cholesterol concentration

We have plotted the in-plane diffusivity of phospholipids and
cholesterol molecules as a function of temperature and cholesterol
concentration [Fig. 9]. In the disordered phase, the diffusivity
shows Arrhenius behavior (see Fig. S7 in the supplementary mate-
rial’*) showing the plots of In (Diffusivity) versus 1000/T]. As
expected, diffusivity decreases with cholesterol concentration, as an
increase in the cholesterol concentration increases the lipid order.

Along with the in-plane diffusivity, flip-flop rates of cholesterol
across the leaflets are another measure of dynamics in the bilayers.
In accordance with our previous work, we find that the flip-flop
rates are slow in the ordered bilayers and are higher in the disor-
dered bilayers. The flip-flop rate increases with temperature, as
expected.”

IV. CONCLUSIONS

In this work, we show that the structural properties of lipid
bilayers (area per lipid, bilayer thickness, and chain order
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parameter) obtained from the Dry Martini force field match well
with those obtained from the Wet Martini force field. The Dry
Martini force field is computationally more efficient, and thus, is
useful for assessing longer time and length-scales than those
afforded by the Wet Martini force field. By simulating three differ-
ent lipid bilayers, namely, DOPC/CHOL, 20:0 SM/CHOL, and
DOPC/20:0 SM/CHOL as a function of cholesterol concentration
and temperature, we show that the spatial distribution of choles-
terol molecules is closely related to the ordered and disordered
phases of the bilayers. In the ordered phase, cholesterol molecules
are preferentially distributed in the leaflets and align themselves
parallel to the bilayer normal. In the disordered phase, cholesterol
molecules are preferentially located in the midplane region of the
bilayer. Interestingly, the melting temperature of the lipid bilayers,
Tm is found to be the same as Tcross, defined as the temperature
when the amount of cholesterol in the leaflets and the midplanes is
equal. Thus, there is an intimate relationship between cholesterol
distribution and lipid order. Not only does cholesterol impart a
lipid order, but an increase in the lipid order also facilitates the
localization of cholesterol in the leaflets rather than in the midplane
region. These results can have important biological applications, as
the distribution of cholesterol within the bilayer may impact the
transport of material and the activity of membrane proteins. An
interesting future line of inquiry would be if our findings will hold
for other sterols, such as ergosterols.
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We have shared simulation files for the system of 16:0SM/
CHOL with 30% cholesterol at the temperature of 290 K with the
Wet Martini force field. The files are located here: https:/github.
com/ssumit12/lipid_bilayers. The files include the system topology
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files, the configuration files of lipids and water, the GROMACS
simulation input files and the scripts for submitting simulation
jobs to a supercomputer. These files are sufficient to generate the
entire simulation trajectories. Other data are available on request
from the authors.
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