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We investigate the structural organization of cholesterol (CHOL) analogues in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) bilayers using coarse-grained molecular dynamics simulations and the MARTINI forcefield. Different sterol molecules
are modelled by increasing (CHOLL) or decreasing (CHOLS) the diameter of the sterol beads employed in the MARTINI model
of CHOL. At high sterol concentrations, (xgero = 0.5), typical of liquid ordered phases, we find that the sterol arrangement and
sterol-DPPC interactions strongly depend on the sterol size. Smaller sterols (CHOLS and CHOL) form linear clusters, while the
larger sterols (CHOLL) arrange themselves into disc shaped clusters. By combining structural and dynamical properties we also
investigate the S, — Lq transition for the CHOLL and CHOLS sterols. We show that small changes in the sterol size significantly
affect the stability of the gel phase with the gel phase stabilized by the small sterols, but destabilized by large sterols. The general
dependence of the phase behaviour of the membrane with sterol content, is reminiscent of the one observed in naturally occurring

membranes. The relevance of our results to understand current cholesterol-bilayer structural models is discussed.

1 Introduction

Cholesterol (CHOL) is one of the most important molecules in
mammalian cell membranes and an essential structural com-
ponent that regulates the membrane permeability and fluid-
ity.! Tt is well established that CHOL affects the membrane
phase behaviour. It induces the so called condensing effect,*>
and modifies the membrane thickness,* as well as the mem-
brane mechanical properties.® The importance of cholesterol
in promoting the formation of small lipid “rafts”, which are
considered to mediate signal transduction, has also been high-
lighted. -8 Further, Ipsen et al., predicted the formation of the
“liquid-ordered” (L,) phase® at high cholesterol content. This
phase has been corroborated in a number of experimental and
simulation studies. *10-14

The structure of cholesterol in biological membranes has
been studied for a number of years. !>1® Three different mod-
els have been developed to rationalize the sterol-lipid in-
teractions. The Condensed Complex Model was proposed
following experimental observations in lipid monolayers ad-
sorbed at the vapor-water interface.!” This model postulates
the formation of sterol-phospholipid complexes, an idea that
was prompted by the observation of a liquid-liquid critical
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point in mixtures containing dihydrocholesterol and phos-
pholipids. The Superlattice Model assumes that the CHOL
molecules embedded in the fluid membrane are arranged in
hexagonal superlattices, with a CHOL-CHOL separation dis-
tance ~2-3 times the effective diameter of the phospholipid
molecules. %19 Finally, the Umbrella Model takes into ac-
count the distinct molecular structure of cholesterol, consist-
ing of a small hydrophilic head group and a bulky rigid hy-
drophobic tetrameric ring. According to the umbrella model,
the size mismatch between the head and tail regions of the
CHOL and phospholipid molecules favours the aggregation
of phospholipids around the CHOL, hence allowing the larger
head group of the phospholipids to help shield the CHOL
molecules from the water phase. In this way, unfavourable
interactions between water and the non-polar region of choles-
terol can be minimised. This model predicts that CHOL
molecules have a higher tendency to disperse in the bilayer
rather than cluster together. 2

Computer simulations can provide important structural in-
formation to test the validity of the CHOL-phospholipid mod-
els. Earlier atomistic simulations?!~2*> have shown that the
two off-plane methyl groups in CHOL significantly influence
the CHOL lateral structure in the bilayer. When the off-
plane methyl groups are removed, hence rendering a “flat-
ter” molecule, the sterols arrange into linear clusters, while
the original CHOL molecules form triangular clusters. These
simulations highlight the strong sensitivity of the sterol-sterol
and sterol-phospholipid interactions to small changes in the
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sterol structure. We note that the CHOL molecule has a cross-
sectional area of 0.27 nm2,2* which lies in between that of
a single saturated-acyl chain (0.21 nm?)?* and that of two
acyl chains (0.42 nm?)>* when the phospholipids are in the
gel phase. Thus, addition of CHOL to the membrane results
in a strong mismatch of the phospholipid packing, and conse-
quently a significant disruption in the 2D phospholipid hexag-
onal lattice. Hence a strong sensitivity of the membrane prop-
erties to the effective size of the sterol is expected. This hy-
pothesis motivates the present work. We expect that modifi-
cations of the sterol size that result in sterol areas closer to
the characteristic acyl chain area, should result in a better sta-
bilisation of the gel phase upon addition of sterols. There is
indeed evidence that the use of appropriate additives, e.g. al-
cohols, can stabilize the gel phase. As a matter of fact, tetrade-
canol (0.8 mol fraction) can increase the melting temperature
of the DMPC bilayer from 23.5 °C to 58.9 °C.%>

In order to understand the role of the sterol size in the phase
behaviour of biological membranes and on the clustering of
the sterol molecules in the membrane, we have performed
a systematic analysis of sterol analogs by using the coarse-
grained (CG) MARTINI forcefield.26 We have shown in our
previous work that the addition of cholesterol induces the gel-
L, phase transitions in DPPC bilayers, with the L, phase be-
ing stable at high CHOL molar fractions, (Xgerol ~ 0.5), over
a wide range of temperatures.'* Interestingly, we found ev-
idence for the formation of linear CHOL clusters in the L,
phase. These clusters are reminiscent of those found in atom-
istic simulations of cholesterol analogs, 27 but as we will show
below their formation is more strongly favoured in the CG
models and they can be inhibited by increasing the sterol size.

The article is organized as follows. Firstly, we report de-
tails of the molecular dynamics simulation method employed
in this work, the lipid forcefields and the analysis tools to iden-
tify and quantify the clusters. We then report our main results
for the lateral sterol structure as a function of sterol size as
well as the impact of the sterol type on the gel/Ly and gel/L,
phase transitions. A final section with our conclusions and a
final discussion on the relevance of our results to the superlat-
tice and umbrella models closes the paper.

2 Methods

2.1 Forcefield and simulation details

The MARTINI 2.026 coarse-grained forcefield was employed
in all our computations. This forcefield has been tested ex-
tensively in computer simulations of biomolecular systems,
and we have recently used it to compute the phase diagram
of DPPC as a function of cholesterol concentration, 4 hence it
represents a good starting point for our investigation.

The molecular dynamics simulations were performed us-

ing bilayer membranes of fully saturated 1,2-dipalmitoyl-
sn-glycero-3-phophocholine (DPPC) containing either 20 or
50 mol% of cholesterol (CHOL). The DPPC and CHOL
molecules were represented using the MARTINI approach,
coarse-graining the atomic representation into a molecular one
consisting of beads, where each bead represents typically 4
atoms, except for cholesterol which is represented by 8 pseu-
doatoms. Water was modelled using the original MARTINI
parameters. Given the temperature range considered in our
simulations it was not necessary to add antifreeze particles.
In addition to the original MARTINI CHOL molecule, we
simulated two additional sterol molecules, henceforth called
CHOLL and CHOLS. In these sterols the diameter of all the
CHOL beads was increased (CHOLL) or reduced (CHOLS)
by a factor of 1.15 and 0.85 respectively. As we will see
below this size change significantly influences the membrane
phase behaviour and cholesterol structure in the bilayer, in line
with the experimental behaviour observed in naturally occur-
ring sterols. The interaction strength was the same as that em-
ployed in the original MARTINI parameters for CHOL. The
interactions between sterol-sterol, sterol-DPPC and DPPC-
DPPC molecules were computed using the standard combin-
ing rules.
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Fig. 1 (A) Coarsed-grained DPPC, cholesterol (CHOL) and sterols
(CHOLL and CHOLS), and water models employed in this work.
(B) Snapshot of a DPPC bilayer with a (50:50)% (DPPC:CHOL)
composition.

The membranes consisted of either 2432 DPPC lipids and
640 sterols, or 2304 DPPC lipids and 2304 sterols, to achieve
the desired 20% and 50% compositions, respectively. In order
to simulate fully hydrated bilayers, we added between 38000
and 50000 CG water beads. This level of hydration is equiva-
lent to ~50 “real” water molecules per lipid.

The simulations were performed using the GROMACS
package (vs. 4.5)%% at constant pressure, zero surface tension
and constant temperature. The semi-isotropic Berendsen baro-
stat?® was applied separately in the x/y and z directions. The
pressure in the direction normal to the bilayer plane was set to
1 bar with a barostat time constant of 2 ps. The lipid bilayer
and water were maintained at constant temperature separately
by coupling them to separate Berendsen thermostats, using a
time constant of 2 ps. Periodic boundary conditions were ap-
plied in all three spatial directions. The equations of motion
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were integrated using the leap-frog algorithm3° with a time
step of 20 fs. Each bilayer was simulated for ~ 2 us. The first
us was discarded to ensure the averages were computed using
well equilibrated configurations.

The non-bonded interactions were modelled using the
shifted Lennard-Jones (LJ) 12-6 potential, with the forces de-
caying smoothly to zero between 0.9 and 1.2 nm, while 1.2 nm
was adopted as cutoff for both the LJ and Coulombic interac-
tions. The coulombic interactions were handled by using a
shifted coulombic potential throughout the whole distance in-
terval, 0-1.2 nm, combined with a relative dielectric constant
of 15.

To investigate the influence of the modified sterols on the
membrane phase behaviour we performed simulations in the
temperature range, 283-333 K. The main gel-L4 transition
temperature for the DPPC MARTINI model is in this temper-
ature interval.

2.2 Analysis

We have employed several order parameters to quantify the
impact of the sterol molecules on the lateral bilayer structure
and phase behaviour. The area per lipid was determined using
the Voronoi tessellation method.3! The Voronoi method pro-
vides a powerful approach to investigate the geometric struc-
ture of liquids*? and to analyse the lateral organisation of the
bilayer structure. '# The construction was performed by pro-
jecting the coordinates of the PO4 beads of the DPPC lipids
and the ROH beads of the CHOL, on to the bilayer plane
(xy) (See Figure 1A for bead labels). The Voronoi polygons
were then constructed and assigned to either DPPC or CHOL
molecules. The areas of these polygons were averaged to ex-
tract the area per lipid and area per cholesterol. As the bilayer
is isotropic in composition we performed an average over both
leaflets in order to increase the statistical accuracy of our cal-
culations. The computations were performed with the Qhull
library. 33

The 2D radial distribution functions (RDF) were computed
to quantify the long range lateral structure in the bilayer plane.
We used the coordinates of two beads in the middle of the
DPPC acyl chains (C2A and C2B, see figure 1), hence fol-
lowing a similar approach to that used in atomistic models. 3*
These beads are immersed in the hydrophobic region and pro-
vide a clear view of the lateral packing of the phospholipids.

The lipid diffusion coefficients were obtained from the anal-
ysis of the mean-square displacement (MSD), (Ar(t)?) ~ t%,
where ¢ is the time. In a typical diffusive process the ex-
ponent & should be equal to 1 but sub-diffusive behaviour,
o = 1/2 is not uncommon in the crowded environment of bi-
ological membranes. Indeed, sub-diffusion (¢ < 1) has been
reported at timescales reaching ~ 10~! us in simulations of
DPPC/CHOL mixtures 143> and at longer timescales for pro-

teins in bilayers.3® We ensured that the MSD diffusive regime
had been reached before calculating the diffusion coefficient
of the phospholipids, Dpppc. The latter was obtained from the
Einstein relation in 2D:

(Ar(1)?) () - (0> ()
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where the brackets () denote a time average. We used 2 x
10* configurations evenly distributed over a 2 s trajectory to
quantify the lipid diffusion. The centre of mass motion of the
simulation box was removed to eliminate possible errors in the
computation of the MSD.3’

The sterol cluster structure was analysed by using the
Voronoi construction. For a given configuration and for each
bilayer leaflet we projected on the bilayer plane (xy) the coor-
dinates of the R3 bead in the sterol molecule and the C2 beads
in the DPPC lipids (see figure 1). Two sterols were considered
to be part of the same cluster if their Voronoi polygons shared
at least one edge. Additional Voronoi polygons (molecules)
fulfilling this conditions were added to a given cluster. The
cluster construction was automatised using a Python script.
Once all the clusters were constructed we quantified their
shape by computing the radius of gyration tensor S.3%3 We
consider a cluster on the x, y plane, consisting of n, atoms with
the cluster center of mass defined such that Z;’;l s; = 0, where
s; = col(x;,y;) are the coordinates of atom i in the cluster. The
radius of gyration can be obtained from,

J Se S
S— — . T — XX Xy 3
ng 1:21 $iS; ( Syx Syy ) ( )

Note that we computed the 2D tensor using the coordinates,
x and y, defining the bilayer plane. The asphericity of the d-
dimensional cluster, Ay, is given by *°

1 Tr(A?)
dd—1) A2

Ag= “)
where A is the average of the eigenvalues obtained from the
diagonalization of the radius of gyration tensor, and A =S —
A1, with I being the identity matrix. The cluster asphericity
ranges from A; = 1, for a perfectly linear cluster, to Ay =0
for a circular cluster.

The chain order parameter, Schain, Was used to measure the
conformational order of the DPPC hydrocarbon tails. The or-
der parameter measures the orientation of the lipid tail bond
vectors with respect to the bilayer normal and is defined as '4:

Schain = <;(3c0529 - 1)> (5)

1-11 |3



Soft Matter

Page 4 of 11

where 6 is the angle that the bond vector between two con-
secutive coarse-grained beads makes with the bilayer normal.
The brackets, (), denote an average over tail beads and over
time.

3 Results and discussion

3.1 Sterol cluster structure and bilayer phase behaviour
at high sterol concentrations

In our previous work !4 we found evidence for the formation of
linear clusters of cholesterol in DPPC/CHOL bilayers at high
CHOL content, Xgero = 0.5. We analyze and quantify in the
following the average size and shape of the sterol clusters, and
evaluate the impact of the sterol size on the cluster structure
and bilayer phase behaviour.

We show in figure 2A the C2A-R5 (DPPC-sterol) and R5-
RS (sterol-sterol) radial distribution functions (RDFs) pro-
jected on the xy bilayer plane at 313 K. The RDFs clearly show
the impact of the sterol size. The position of the first peak in
the R5-R5 RDF shifts to longer distances as the sterol size in-
creases. We find that the positions of the main peak in the R5-
RS RDFS, (Fiain,CHOLS / Y'main, CHOL» Tmain,CHOLL / Ymain,CHOL) =
(0.82, 1.13) correlate well with the changes in the effective di-
ameters of the CHOLS and CHOLL sterols with respect to the
CHOL one, (0.85, 1.15) (see section 2.1). The shape of the
R5-RS5 first peak features a distinctive double peak in CHOLS
and CHOLL, whereas in CHOL shows a single peak, indi-
cating a more localized lateral correlation in the latter case.
We find similar shifts in the main peak of the phospholpid-
cholesterol correlations (see C2A-RS5 RDFs in figure 2A). The
sterol type also influences the RDF long range order. We
find strong long-range oscillations in the RDF structure for
the small sterol, CHOLS. Advancing the discussion below, we
find that this RDF structure reflects the better packing prop-
erties of the CHOLS sterol with the DPPC aliphatic chains,
which ultimately stabilizes the gel phase at high temperatures.
We show in figure 2B the dependence of the area of DPPC and
cholesterol (xsero1 = 0.5) on the scaling factor f, employed
to model the CHOLL and CHOLS molecules. We have con-
sidered two temperatures, below and above the main melt-
ing phase transition (gel/Ly) of the MARTINI DPPC model.
The area per sterol increases monotonically with the scale
factor (sterol size). We find that the three sterols have a dif-
ferent condensing efficiency (reduction in the area per lipid).
The smallest sterol induces a reduction in the area per DPPC
with respect to cholesterol (CHOL), while the largest sterol
(CHOLL) has a minor impact on the area per DPPC. These
different trends reflect the different packing abilities of the
sterols, and result in different mesoscopic structures (cluster-
ing). Generally, the results discussed above depend very little
on temperature, in the interval 283-313 K.
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Fig. 2 (A) Radial distribution function C2A-RS5 (bottom) and
R5-R5 (top — shifted vertically 1.25 units) for the different sterols
investigated in this work at 313 K and xgero = 0.5. CHOLS — full
lines; CHOL — dashed lines; CHOLL — dot-dashed line. (B)
Dependence of the DPPC (red solid square) and cholesterol (black
solid circle) areas with the sterol scale factor f at 283 K (top) and
313 K (bottom). The area per lipid was obtained from the Voronoi
analysis discussed in section 2.2. (C) Two dimensional radial
distribution functions of DPPC in DPPC/sterol bilayers. The RDFs
were computed using the positions of the DPPC central beads, C2A
and C2B. Full and dashed lines correspond to 283 K and 313 K,
respectively. DPPC/CHOL (middle two RDFs in red),
DPPC/CHOLS (bottom two in black) and DPPC/CHOLL (top two
in green).
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The changes in molecular area induced by the different
sterols can be understood by examining the DPPC lipids trans-
lational order, which can be quantified by computing the two
dimensional radial distribution function (see figure 2C). The
RDFs show a distinctive behaviour for the three sterols. The
CHOL RDF features a long range decay that we associated in
our previous work with the formation of an L, phase.'* In-
deed according to the phase diagram proposed in that work,
the thermodynamic states at 283 K and 313 K and Xgero) = 0.5
lie within the L, phase region. The DPPC RDF for the small
sterol, CHOLS, shows a strong long range order, which is rem-
iniscent of the one observed in a gel phase. In contrast we find
that the larger sterol, CHOLL, considerably disrupts the bi-
layer 2D structure. In this case the lateral RDF features a short
range order that is similar to that observed in the Ly phase.
To better understand the modifications of the bilayer structure
with changes in sterol size, we computed the DPPC chain or-
der parameter and diffusion coefficients. In all cases the order
parameter is high, Schan =~ 0.8, a value which is compatible
with a gel or L, phase, indicating a large degree of order along
the chain. The diffusion coefficient of DPPC in the CHOLL
case at 313 K is ~ 9 x 1078 cm?/s, of the order of the diffusion
expected for the fluid phase in this MARTINI model. 4

The cluster analysis reveals distinctive and important mod-
ifications in the bilayer lateral structure. We show in figure 3
typical snapshots of one of the monolayers in a DPPC/sterol
bilayer. The snapshots were constructed by assigning each
Voronoi polyhedron to a DPPC or sterol lipid. We have high-
lighted the “sterols” belonging to the same cluster by repre-
senting their corresponding polyhedra in the same colour. The
colour code gives information on their asphericity. The clus-
tering analysis reveals notable changes in the bilayer struc-
ture. Small (CHOLS) and medium (CHOL) size sterols form
1D-clusters mainly, with evident chain like structures (see fig-
ure 3). In contrast larger sterols (CHOLL) disrupt consider-
ably the formation of chain-like clusters, and we observe a
large preference to form 2D disc-like clusters. This general
trend is fairly independent of the temperature, visible at 283
and 313 K (see figure 3). The Voronoi construction also pro-
vides information on the sterol-phospholipid packing. Small
and medium size sterols (CHOLS, CHOL) pack better in the
phospholipid bilayer preserving the DPPC hexagonal struc-
ture, while the large sterol, CHOLL, considerably disrupts the
long range order. This observation is consistent with the gen-
eral trends discussed in the analysis of the RDFs (see figure 2).

We have quantified the local structure around a given sterol
molecule by performing a Delaunay triangulation analysis.*!
For this analysis we projected the coordinates of the PO4
DPPC bead and the ROH sterol bead on the xy plane. We
show in figure 4 the normalized probability distribution, P, of
finding a particular lipid (DPPC or sterol) as the nearest neigh-
bour of a given sterol. We find, irrespective of the sterol type,

283K 313K

CHOLS

CHOL
y/nm

x/nm x/nm

Fig. 3 Snapshots of representative bilayer leaflets showing the
Voronoi construction at 283 K (left) and 313 K (right). Results for
the different sterol molecules, CHOLS (top two panels), CHOL
(middle panels) and CHOLL (bottom panels) are shown. Light grey
polygons correspond to DPPC lipids and dark grey polygons
correspond to single sterols not part of a cluster. The remaining
polygons represent sterols which are part of a cluster and these are
colour coded according to the asphericity of their cluster, calculated
from equation 4.

that it is more likely to find a DPPC lipid next to a sterol one,
showing that sterol-sterol interactions are less favourable than
sterol-lipid ones, as predicted by the umbrella and superlat-
tice models. On average each sterol is surrounded by 2 sterol
and 4 DPPC molecules. Even within the disc-shaped clusters
formed by CHOLL, each CHOLL molecule tends to associate
on average with just two other CHOLL molecules. This in-
dicates that the disc-shaped clusters are not enriched in sterol
molecules and that the preference for forming linear or circu-
lar clusters is due to the way in which the sterol neighbours
are arranged and pack around each other, rather than forma-
tion of regions of heterogeneous composition. The average
number of neighbours around a point in a Delaunay triangu-
lation is 6 due to Euler’s theorem.*2 However, in total each
sterol is surrounded by 5 or 6 nearest neighbours making the

This journal is ©@ The Royal Society of Chemistry [year]
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average coordination slightly less than 6. At 313 K we ob-
tained, 5.76, 5.66 ad 5.87 for CHOLS, CHOL and CHOLL,
respectively. These results reflect the smaller cross-sectional
area of a sterol molecules compared to DPPC and it is com-
pensated for by DPPC molecules having an average of slightly
more than 6 neighbours.

0.5 T 05 T

04t A 4 283K 04t 313K A

{ N
P .
&
‘ ,
. i o, S
&

P i 3 § i 5
A NN (around sterol} B NN (around sterol}

Fig. 4 Normalized probability distribution for finding NN nearest
neighbours around a given sterol molecule; CHOLS (red), CHOL
(black) or CHOLL (green), at xger0 = 0.5. The nearest neighbours
are represented as follows: sterol — dashed lines, DPPC —
dash-dotted lines and all lipids (sterols and DPPC molecules) — solid
lines. Panels A and B show results for 283 K and 313 K,
respectively.

To demonstrate that the difference between linear and disc
shaped clustering with different sized sterols is significant, we
have compared our simulation results to a random system. For
the random system, we use a 2D box of the same area and
filled with the same number of molecules as in our simula-
tions, with Xgero] = 0.5 (see figure 5). The molecules are rep-
resented as hard, circular discs, with each CHOL molecule
represented by a single disc and each DPPC molecule repre-
sented by a dimer of discs to account for the two hydrocarbon
tails (the C2A and C2B beads used in the Voronoi tessella-
tion (figure 3)). The CHOL and DPPC disc sizes were chosen
such that the area per DPPC and per CHOL in the random sys-
tem, obtained from the Voronoi construction, closely matched
the values we calculate from our simulations. The use of this

B a/nm

Fig. 5 (A) Typical random system configuration, with CHOL in red
and DPPC in blue. The inset shows a close up part of the system so
that the random packing and dimer shape of the DPPC molecule can
be seen. (B) Voronoi tesellation of configuration shown in (A), the
colouring is exactly the same as in figure 3, indicating the
asphericity of the CHOL clusters.

excluded volume in our random system was necessary to pro-
duce configurations with more uniform density in the xy plane.

To classify the types of clusters formed, we plot cluster size
against asphericity and compare the regions of the plots which
are highly populated (see figure 6 and note that the colour-
ing to represent number of clusters is plotted on a logarithmic
scale). For the small and medium sized sterols (CHOLS and
CHOL), the heat maps show a larger density of points towards
the top left hand corner of the plot, indicating a larger num-
ber of relatively small, linear clusters (asphericities close to 1).
However, for the larger sterol (CHOLL) the colour distribution
is more even along the asphericity axis, showing that CHOLL
has less of a preference for linear clusters, with a larger num-
ber of more disc-shaped, low asphericity clusters present. The
random system most closely resembles the CHOLL simula-
tions, with clusters distributed fairly evenly over the full range
of possible asphericity values. Cluster size also increases with
sterol size, from a narrow size range in CHOLS, to wider
distributions for CHOL and again for CHOLL, especially at
low asphericities due to the higher multiplicity of these struc-
tures. The random system produces a much larger range of
cluster sizes, highlighting the importance of the relatively un-
favourable sterol-sterol interactions in limiting cluster size in
simulations. The comparison with a random system clearly re-
inforces the observation that the lateral organisation of small
and medium sized sterols is non-random and strongly favours
the formation of linear clusters. However, a small increase in
sterol size to CHOLL is sufficient to remove this preference
and disrupt the linear organisation in favour of more rounded,
disc-like clusters.

So far, we have shown that the sterol size has a significant
impact on the lateral structure of the bilayer. We focus in the
following on the influence of the sterol size on the membrane
thickness. We show in figure 7, the number density profiles for
the PO, and ROH beads in the DPPC and sterol lipids, respec-
tively, at 313 K. The bilayer thickness was estimated from the
PO4-PO4 distance. Swapping CHOL with the largest sterol
CHOLL has a negligible impact on the bilayer thickness.

To resolve the location of the sterol groups in the bilayer
we have calculated the distance, d, between the ROH and POy
beads (similar results are obtained if the distance is computed
considering the DPPC and sterol center of mass positions in-
stead). For all the three sterols the ROH bead protrudes less
towards the water phase, and sits below the POy bead. Our
results indicate that the relative height of the sterol with re-
spect to DPPC, as measured by d, is the same for all three
sterols (~ 0.52 nm), within the uncertainty of the computa-
tions. This shows that the relative position of the sterol with
respect to DPPC is not influenced by the sterol size or bilayer
phase. Note that CHOLS stabilizes a gel phase while CHOL
stabilizes the L, phase.

Finally, we have calculated the probability distribution for
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Fig. 6 Heat maps showing the probability of finding clusters of a
specific size and asphericity at 313 K for the different sterol
molecules, CHOLS (top left), CHOL (top right), CHOLL (bottom
left) and also for a random DPPC/CHOL (xgero1 = 0.5) system
(bottom right). The distributions have been normalized considering
all the clusters observed in the computations. We have represented
in the graphs clusters larger than 2.
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Fig. 7 Number density of the PO4 (DPPC, full line) and ROH
(sterol, dashed line) pseudoatoms at 313 K. The results for the
CHOL and CHOLL sterols have been shifted upwards 2.5 and 5
units respectively.

the sterol tilt angle (see figure 8) defined as the angle between
the vector connecting the R1-R5 beads in the sterol (see fig-
ure 1) and the vector normal to the bilayer plane. We find that
the angle distribution is insensitive to the sterol size and the av-
erage tilt angle of 9-10° (11° for CHOLL at 313 K) agrees well
with previous atomistic simulation studies** and is close to the
experimental value of 16° for a DPPC/CHOL (xcyor = 0.5)
bilayer at 303 K**. However, the increase in tilt angle which
occurs in the gel phase is not reproduced here in the low tem-
perature, small sterol simulations, reflecting a known limita-

tion of the MARTINI model.*’ In figure 8B, we compare the
tilt angle distributions from simulations to the probability dis-
tribution for the orientation of a system of ideal rods along
a given direction, given by Py = sin(6). In this system the
probability distribution is determined solely by the multiplic-
ity of states with a given tilt angle and so by plotting P(0) /P,
the entropic contributions to the tilt angle can be removed.
Figure 8B shows that all sterols show a strong preference to
align parallel to the bilayer normal, although this preference
is weakest for CHOLL. This, along with the slightly broader
tilt angle distribution for CHOLL (see figure 8A), reflects the
more fluid, less ordered conformation of the CHOLL bilayer.

— CHOLS 283 K
-- CHOLS 313K
— CHOL 283 K
-- CHOL 313 K
CHOLL 283
CHOLL 313K

P(0)

\
0.021- N b 0.25

Fig. 8 (A) Normalised probability distribution, P(8), for the angle
between the vector normal to the bilayer plane and the vector
connecting beads R1 - RS, for bilayers with xgero1 = 0.5. (B)
P(0)/Py derived from panel (A). The colouring in both graphs is
CHOLS - red, CHOL — black and CHOLL - green, the solid lines
are simulations at 283 K and the dashed lines are at 313 K.

3.2 Phase behaviour at low cholesterol content, x.., =
0.2

In this section we investigate the impact of sterol size on the
DPPC/sterol bilayer main phase transition, i.e. gel/Lg. We
found in our previous work '# that this transition is still present
at a cholesterol composition of xgero = 0.2, with a melting
temperature of ~ 310 K. We generated sterol/DPPC configu-
rations by replacing the original CHOL molecules by CHOLS
and CHOLL. These configurations were then equilibrated over
us timescales, before performing structural and dynamic anal-
yses.

We find that the area per lipid and area per sterol depends
strongly on the sterol type (see figure 9A). For the original
cholesterol molecule, CHOL, we observe a discontinuous
change in the area, between 303 K and 313 K, which is
connected to the gel/Ly first order transition discussed in
previous work. 14 However, for small CHOLS molecules, we
do not find evidence for the transition in this temperature
interval. Both, the area per DPPC and per CHOLS are low,
with values typical of a gel phase, hence indicating that
the small sterol stabilizes the gel phase shifting the melting
transition to higher temperatures. The stabilization of the
gel phase can be confirmed by analysing the lateral radial
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Fig. 9 (A) Area per DPPC (solid lines) and sterol (dashed lines)
obtained from the Voronoi construction in DPPC/CHOL (black),
DPPC/CHOLL (green) and DPPC/CHOLS (red) bilayers with

Xsterol = 0.2. (B, C and D) 2D RDFs of DPPC-DPPC pair correlation
computed using C2A and C2B beads at various temperatures (from
bottom to top: 283 K, 293 K, 303 K, 313 K, 323 K and 333 K for
the CHOLS sterol) in DPPC/CHOL (B), DPPC/CHOLS (C) and
DPPC/CHOLL (D) bilayers. RDFs are shifted vertically by 0.3 units
for clarity. (E) Schain Obtained by averaging over all acyl beads. (F)
and (G): Voronoi construction of representative bilayer leaflets in the
presence of CHOLS at 333 K (F) and 323 K (G). Voronoi polygons
for DPPC are coloured in blue, and polygons for CHOLS in white.

distribution functions (RDF) (see figures 9B, C). For the
CHOL molecules we observe behaviour consistent with the
gel/L4 phase transition. The radial distribution function looses
the long range oscillatory behaviour at a specific temperature
range, which agrees with the discontinuous change in area
per lipid reported in figure 9A. The RDFs of the bilayers con-
taining small sterols, CHOLS, feature long range oscillatory
behaviour up to 323 K, which is consistent with the existence
of a gel phase at that temperature. At higher temperatures, 333
K, the lateral DPPC RDF shows the structure characteristic of
the liquid disordered phase, i.e. short range oscillations, with
no indication of lateral ordering beyond 3 nm (see figure 9C ).
Snapshots of representative monolayers in the CHOLS bilayer

confirm the existence of the gel/Ly transition in the interval
323-333 K (see figures 9F, G). This transition can be further
confirmed by analyzing other order parameters. We find that
the area per DPPC features a discontinuous jump between
323 and 333 K, reaching 0.564 +0.016 nm? at 333 K, a value
typical of the Ly phase. The orientational order parameter
at this temperature, Scpain = 0.423, is also characteristic of a
fluid phase. Overall, our results strongly support the notion
that small sterol molecules stabilize the gel phase, shifting
the melting temperature of the gel/Lq transition (allowing for
hysteresis effects) to ~ 328 K.

CHOL

CHOLL

Fig. 10 Voronoi construction of one monolayer for a DPPC/CHOL
bilayer (xger0; = 0.2) at 283 K (top-left) and 323 K (top-right); for
DPPC/CHOLL at 283 K (bottom-left) and 323 K (bottom-right).
DPPC is represented in blue and the sterols in white.

The larger sterol, CHOLL, has the opposite effect on the po-
sition of the phase transition, causing it to move to lower tem-
peratures. This is indicated by the position of the discontinu-
ous jump in both the area per lipid and chain order parameter
over the temperature range of 289 - 297 K (see figures 9A, E).
However, CHOLL also has a significant effect on the struc-
tures of the two phases involved in the transition. In CHOL
and CHOLS, the low temperature phase is a gel, which can be
confirmed by noting the long range correlations in the RDFs
at low temperatures (see figures 9B, C) indicating a regular
arrangement of molecules, in this case on a hexagonal lattice.
However the CHOLL RDF (see figure 9D) shows a structure
intermediate between that of the other sterols at low and high
temperatures. This phase represents a disordered gel phase, in
which the larger CHOLL molecule no longer fits neatly into
the underlying hexagonal lattice, formed by the lipid tails in
the gel. Instead the CHOLL acts as an impurity, distorting the
underlying lattice and so reducing the long range periodicity.
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An example of this structure is shown in figure 10 (bottom
left panel) and can be compared with the CHOL gel structure
figure 10 (top left panel). In both cases, the hexagonal pack-
ing of DPPC molecules is clearly visible, however, around
CHOL molecules the hexagonal packing is much better pre-
served than around CHOLL molecules.

On the high temperature side of the CHOLL transition is a
fluid phase, which is confirmed by the diffusion coefficients
(see figure 11 and table 1). However, the appearance of this
phase at a lower temperature than usual, coupled with the sig-
nificant temperature dependence of Schain in the fluid phase
(note the high rate of change of Scp,in With temperature in fig-
ure 9E) means that it is considerably more ordered than the
L4 phase formed in CHOL simulations. Whilst the change
in chain order during the transition is reduced with the larger
sterol, the diffusion coefficients are less affected, and change
by two orders of magnitude over the transition temperature
range, from Dpppc ~ 10~%cm?s~! typical of the gel phase to
Dpppc ~ 10~ 7cm?3s™! typical of the fluid phase. These struc-
tural and dynamic properties suggest that the phase that forms
initially has some characteristics of an L, phase, but then be-
comes more Ly like as the temperature is increased. There-
fore, by increasing the size of the sterol molecule, the position
of the phase transition not only shifts to a lower temperature,
but the characteristics of the two phases either side of the tran-
sition become closer; the gel phase becomes more disordered
and the fluid has a higher chain order and smaller area per lipid
than a normal L4 phase.

100}

a 10

90! L

= 0

1t

0.1 e R
1x10* 1x10° 1x10°

t/ps

Fig. 11 Mean square displacement (MSD) of DPPC in
DPPC/CHOLL bilayers (xg.;o; = 0.2) as a function of temperature.
Dashed lines represent the expected behaviour of the MSD in the
diffusive regime.

Table 1 Lateral diffusion coefficient of DPPC, Dpppc /10~ cm?s ™!
In Xy, = 0.2 bilayers. The hyphen “—” represents a system for
which diffusive behaviour was not reached in our simulation time

scale.

T/K DPPC/CHOL DPPC/CHOLL

283 - 0.02
293 0.02 0.38
303 0.03 2.63
313 3.79 3.70
323 5.48 5.73

4 Discussion and Conclusions

We have examined the role of sterol size on the lateral struc-
ture and phase behaviour of DPPC membranes using molec-
ular dynamics simulations and the MARTINI coarse-grained
forcefield. Several order parameters were computed to quan-
tify the dependence of lateral order and membrane phase
behaviour on sterol type at sterol concentrations of 20 and
50 mol%.

The sterol size has a large impact on the lateral structure of
the bilayer. At high cholesterol concentrations (Xgero1 = 0.5),
typical of those stabilizing the L, phase, the MARTINI model
predicts the formation of linear CHOL clusters. Given that
the MARTINI CHOL forcefield captures the main qualitative
behaviour of cholesterol/DPPC phase coexistence, we expect
that the predicted linear clusters should be a general charac-
teristic of sterol lipids. Our results show that the formation of
these clusters is fairly sensitive to the sterol size. This sensitiv-
ity is reminiscent of the one observed with atomistic models,
which suggests that linear clusters are formed when the off
plane methyl groups of CHOL are removed.

The smaller sterol, CHOLS also forms linear clusters and
has an enhanced condensing effect, significantly reducing the
area per lipid compared to the CHOL and CHOLL sterols.
In contrast the large sterol, CHOLL, favours the formation
of disc like clusters. However for all three sterols, the aver-
age environment around each sterol is very similar, with on
average two sterol and four DPPC nearest neighbours. This
indicates that even at high sterol concentrations (xgero] = 0.5),
sterol molecules prefer to be next to DPPC molecules, as pre-
dicted by the umbrella and super lattice models. Interestingly
the bilayer thickness is fairly insensitive to sterol size, as is the
sterol tilt angle.

We have shown that the bilayer phase behaviour is also
strongly influenced by the sterol size. Smaller sterols stabilise
the gel phase due to their ability to insert more comfortably
into the underlying hexagonal lattice of the gel phase and pack
more closely with the DPPC hydrocarbon tails that form this
lattice. Reduction of the sterol size leads to a shift ( ~ 10 K) in
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the melting transition to higher temperatures. Conversely, the
larger sterol has the opposite effect, destabilising the gel phase
by disrupting and disordering the regular hexagonal packing
and long range periodicity. The consequence of this destabil-
isation of the gel phase, is the formation of a more ordered
liquid phase at lower temperatures than can be achieved using
the normal CHOL and which has some similarities to an L,
phase. The small change in molecule size that we introduce is
therefore sufficient to partially decouple the translational and
configurational changes associated with the S,/Lq transition.
Slightly larger changes in sterol size could potentially destroy
the So/Lg transition completely to favour a more continuous
and gradual transition via a liquid ordered phase.

The dependence of the lateral sterol organisation and phase
behaviour on sterol size is due to changes in the packing of the
sterol and DPPC molecules within the bilayer. A closer match
in size between the sterol and phospholipid aliphatic chains
means that the sterol can fit more easily into the underlying,
roughly hexagonally coordinated lipid structure with minimal
disruption to the bilayer. This in turn favours the formation of
linear clusters and stabilises the gel phase. The cross-sectional
area of cholesterol is intermediate between that of one and two
acyl chains, so small changes in cholesterol size can substan-
tially modify the packing of the sterol and lipids in a bilayer.
We note that the changes in the pseudoatom radius involve
a relative change with respect to the CHOL molecule of just
15% for both CHOLL and CHOLS molecules.

One important question is how representative are our
CHOLS and CHOLL molecules of real sterols? A compari-
son can be established with ergosterol and lanosterol. Ergos-
terol is found in funghi and it has a chemical structure very
similar to that of cholesterol, while lanosterol is a precursor to
cholesterol and is slightly bigger.*®*7 It has been found that
ergosterol promotes the packing of the lipid chains and it has a
stronger condensing effect. This is also reflected in the higher
melting temperature*® of the ergosterol/DPPC bilayers (330.5
K). This general behaviour is similar to what we observe for
the smaller sterol, CHOLS, which features a similar melting
temperature. On the other hand, it has been found in atomistic
simulations that lanosterol has a reduced packing and chain
ordering ability. 6> This behaviour is similar to what we ob-
serve with the larger sterol model (CHOLL).

To summarize, we have shown that small changes in sterol
size can significantly affect the bilayer phase behaviour and
lateral organisation. Our results highlight the importance of
the forcefield parameters in modelling the sterol molecules
and predicting the correct phase behaviour. The sensitivity
of the lateral sterol organisation to sterol size reported here
can be relevant to understanding the ability of different sterols
to promote raft formation, which is known to correlate with
sterol structure.”® Further, the high sensitivity of the cluster
structure to sterol size indicates that experiments performed

with cholesterol analogs, e.g. with fluorescent tags, need to
be carefully examined to assess whether they reflect the real
structure of cholesterol molecules in natural biological mem-
branes.
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