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Abstract

For forty years, the existence and possible functional importance of cholesterol dimer formation
has been discussed. Due to challenges associated with structural studies of membrane lipids, there
has as yet been no direct experimental verification of the existence and relevance of the cholesterol
dimer. Building on recent advances in lipid force fields for molecular simulation, in this work the
structure and stability of the cholesterol dimer is characterized in POPC bilayers in absence and
presence of sphingomyelin. The cholesterol dimer structural ensemble is found to consist of sub-
states that reflect, but also differ from, previously proposed dimer structures. While face-to-face
dimer structures predominate, no evidence is found for the existence of tail-to-tail dimers in POPC
lipid bilayers. Near stoichiometric complex formation of cholesterol with sphingomyelin is found
to effect cholesterol dimer structure without impacting population. Comparison with NMR-derived
order parameters provide validation for the simulation model employed and conclusions drawn
related to the structure and stability of cholesterol dimers in multicomponent lipid bilayers.
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The existence of cholesterol dimers has long been proposed to be important to the function of
cholesterol in facilitating membrane domain formation and lipid-protein interaction. Molecular
dynamics simulation is used to characterize the structure and stability of the cholesterol dimer, as
well as its dependence on membrane lipid composition. The results support the existence of a
variety of cholesterol dimer structures, the nature of which may be critical to our understanding of
cholesterol's function.
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Introduction

Eukaryotic cell membranes, which are primarily composed of lipid bilayers, are complex
molecular environments that mediate many biological processes. Cellular lipid bilayers are
primarily composed of a matrix of phospholipids, sphingolipids, and sterols. While
variations are observed in the structures of phospholipids and sphingolipids, the chemical
structure of cholesterol (CHOL) is constant across eukaryotic cells of different species and
serves as the major sterol component in the membrane, making it essential to all animal
life.l

CHOL is a polycyclic and amphiphilic molecule that has a flat asymmetric structurel-2
defined by a planar alpha-face and rough beta-face, named according to the nomenclature of
ring compounds (Figure 1).3 A hydroxyl group defines the CHOL “head,” which interacts
favorably with extra-membrane water and may participate in hydrogen bonding with
membrane lipid or protein.24 CHOL is known to influence the rigidity and permeability of
the bilayer and is observed to facilitate the formation of ordered phases in the lipid bilayer,
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including lipid "rafts," via composite interactions between sphingomyelin (SM) and other
lipid components.2°

The properties of ternary lipid mixtures containing a lipid characterized by low melting
temperature (T¢), such as an unsaturated phospholipid, a lipid characterized by high T, such
as a saturated lipid or sphingomyelin, and CHOL have long been employed as model
systems for exploring domain formation in multicomponent lipid bilayers.6.7 In such ternary
mixtures, CHOL and high T, (typically saturated) lipid components may aggregate to form a
liquid-ordered (1) lipid raft-like phase, while low T, (typically unsaturated) lipid
components aggregate to form a liquid-disordered (l4) phase. As dimerization can be viewed
as the initial step in any aggregation process, understanding the dynamics of CHOL
dimerization is an essential component of our understanding of specific molecular
interactions that drive lipid aggregation and domain formation, including the assembly and
disassembly of lipid rafts.

Among existing models that describe CHOL dimerization, face-to-face dimerization and
tail-to-tail dimerization are most commonly proposed to exist (Figure 1a).2 The face-to-face
dimer model can be attributed to Martin and Yeagle8 who hypothesized that CHOL forms
stabilizing face-to-face van der Waals contacts, an interpretation that is consistent with X-ray
diffraction measurements on lipid-solvated CHOL. Trans-bilayer tail-to-tail dimerization of
CHOL has also been hypothesized in order to explain experimental observations of freezing
point depression induced by CHOL in short-chain lipid bilayers.?10 Surprisingly, while
reference to cholesterol dimers has been common since the seminal work of Martin and
Yeagle, to date there have been no detailed investigation of the molecular structure and
stability of the dimer.2

In addition to its established role in bilayer phase separation, CHOL is known to interact
with proteins, and a substantial number of protein crystal structures have been isolated with
CHOL in the vicinity of the protein surface.2# Moreover, experimental studies of the role of
membrane in protein aggregation have demonstrated sensitive dependence of protein-
membrane interaction on the abundance of CHOL,1112 and CHOL is suspected to play a
crucial role in the genesis of some cardio vascular disorders, lung diseases and diseases that
affect brain functions like Parkinson’s and Alzheimer’s diseases.13:14

In recent atomistic simulations of CHOL-containing DMPC lipid bilayers, CHOL monomer
orientations were observed to be strongly correlated with sterol composition.1® Binary lipid
mixtures of CHOL and DMPC in 1:1 and 1:2 ratios have been studied and CHOL
aggregation observed for elevated CHOL concentration.18 Other simulation studies have
provided evidence of CHOL aggregation characterized by a three-fold symmetric
arrangement apparent in two-dimensional density distributions.}” An additional simulation
study, incorporating both artificial CHOL aggregates and randomly distributed CHOL in
phospholipid bilayer, noted rapidly varying aggregate sizes and disaggregation of artificial
aggregates, providing evidence that large aggregates of CHOL are inherently unstable.18
Scott and coworkers reported atomistic simulations of a nano-scale domain of CHOL and
SM embedded in DOPC.19 Formation of CHOL phospholipid domains has also been
observed in all-atom simulations by Berkowitz and coworkers.2921 |n addition, spontaneous
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phase separation and domain formation has been observed in coarse-grained model
simulations of lipid bilayers.22:23

These works support the view that CHOL can induce structural order in lipid bilayers.
However, to our knowledge large-scale domain formation has not been observed using all-
atom simulations and the detailed nature of the structure and stability of CHOL dimers and
larger aggregates has not been characterized. As a result, fundamental questions remain
regarding the structure, stability, and mechanism of domain formation in multicomponent
lipid bilayers, including the role of CHOL aggregation and dimer formation, and the nature
of CHOL interactions with sphingolipids.

In this work, near-microsecond molecular dynamics simulations of lipid bilayers, with
POPC as the major lipid component and varying levels of CHOL and SM (stearoyl-
sphingomyelin), are used to explore the nature of CHOL aggregation, with a particular
emphasis on CHOL-CHOL and CHOL-SM dimer formation. The heterogeneity of the
CHOL dimer structural ensemble is characterized in terms of structural order parameters
derivative of Crick angles used in the characterization of coiled-coil protein structures.3” The
stability of CHOL aggregates is defined through nearest neighbor distributions and lifetimes,
radial distributions, and potentials of mean force. The nature of CHOL-SM interaction is
also characterized. Comparisons with experimentally measured area per lipid and deuterium
order parameters are used to validate the simulation models. Overall, this study provides the
first detailed characterization of the structure and stability of CHOL-CHOL and CHOL-SM
dimers, as well as larger aggregates, providing insight into the role of CHOL-CHOL and
CHOL-SM interactions in the cell membrane.

Molecular Simulation

Lipid bilayers of four compositions were studied in this work (Table 1). The initial lipid
configurations were constructed through random lipid placements using the CHARMM-GUI
Membrane Builder.2425 The CHARMMB36 all-atom lipid force field26-28 and TIP3P water
model2® were used for all simulations. All systems were prepared in rectangular periodic
boxes with 22.5 A water thickness and Na* and CI~ ions at an approximate concentration of
0.15 M. The membrane normal was defined parallel to the zaxis.

Three replicate simulations (R0, R1 and R2) of each system were initiated from unique
randomly distributed bilayer configurations. RO was simulated for 900 ns and R1 and R2
were simulated for 600 ns.

Statistics were independently computed over the top and bottom leaflets of the symmetric
bilayers for the three replicates and averaged. Minimization and equilibration of the systems
were carried out according to CHARMM-GUI protocols (see Sl). Production run
simulations of each replicate were maintained at a temperature of 310 K using the Nose-
Hoover thermostat3:31 with coupling time <, of 1.0 ps. Pressure was set to 1 bar using the
Parrinello-Rahman barostat with the semi-isotropic coupling scheme and a coupling time t,
of 5.0 ps.32 Van der Waals interactions were truncated using a force-switch function from
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1.0 nm to 1.2 nm. The Smooth Particle-Mesh Ewald method was used to model long-range
interactions with grid spacing of 0.1 nm and a 1.2 nm cutoff.33 MD simulations employed
the leap-frog integrator with a time step of 2 fs using a parallelized linear constraint solver to
constrain the hydrogen bond lengths.34

GROMACS 5.0 was used for all MD simulation.35-37 GROMACS packages and in house
scripts using MDAnalysis38, NumPy and SciPy libraries and VMD3® were used in the data
analysis and visualization.

Voronoi Tessellations and Nearest Neighbor Distributions—To analyze the lateral
structural organization of the lipids within a bilayer leaflet, we performed a tessellation of
space into lipid “cells.” To represent the hydrophobic core of the leaflet, in which lipid tail
interactions are prominent, the C8 atom of the sterol ring B section of CHOL, C27 and C37
atoms from each tail of POPC, and C10S and C10F atoms in the SM tail were selected.
(Figures 1a and S1) The choice of reference atoms was inspired by the work of Engelman
and Rothman“? and the nearest neighbor description of CHOL-lipid interactions. Voronoi
tessellations have also been successfully utilized in prior works to compute area per lipid in
simulated lipid bilayers.1241 We follow suit by selecting C3 atom in the sterol ring A section
of CHOL, P atom in POPC head group, and P atom in SM head group representing the
surface of the bilayer for the purpose of computing the area per lipid. (Figures 1a and S1)
The coordinates of the selected atoms were projected onto the xy-plane with their periodic
images. These coordinates were used to construct the Voronoi polygons using the Quickhull
algorithm.*2 Nearest neighbor (NN) distributions were computed by identifying the
neighbors shared by the edges of Voronoi polygons in the tessellations of the lipid bilayers.

Aggregation and Structural Analysis—To quantify the aggregate size distributions, a
single-link hierarchical clustering algorithm#3 was applied to the projections of atomic
coordinates onto the bilayer plane. The top leaflet and bottom leaflets of each bilayer were
separately selected for the aggregate analysis. The projections of CHOL C3 atoms onto the
bilayer plane were grouped within a distance threshold of 0.8 nm for aggregates existing 100
ps or longer. The threshold distance is the position of the first minimum of the radial
distribution function of CHOL C3 atoms (Figure S2 in SI).

In the evaluation of CHOL dimer structures, we employed an order parameter inspired by
Crick angles used in the analysis of coiled-coil protein structures. The sterol ring structure of
CHOL provides a convenient reference in the definition of a sterol ring director-vector
(Figure 2). The intermolecular displacement vector was defined in terms of the separation of
the centers-of-mass of sterol ring B (COM) for the two CHOL molecules. The rotation
vector connects C19 of a methyl group on the beta-face of CHOL (closer to the hydroxy!l
group) and the director vector. For a dimer with components 7and /, Crick angles were
defined in terms of C19(s) — COM(s) — COM(y) (V1) and C19(j) — COM(j) — COM(J) (¥5).

The area per lipid (APL) was derived from the areas of Voronoi polygons associated with
lipids and CHOL at the bilayer surface using the shoe-lace algorithm that computes the area
of an arbitrary convex polygon.
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Dimer Lifetimes—L.ifetime distributions for CHOL dimers are computed using
tessellation-based nearest neighbor detection. With 7and jbeing components of a dimer, a
dissociation event was identified when monomer /left the nearest neighbor set of monomer
/. This approach was found to be more robust than a cutoff-dependent definition for
dissociation and reformation of dimers.

Uninterrupted hydrogen bond lifetimes were computed using the gmx hbond analysis
package in GROMACS with hydrogen-donor-acceptor angle cutoff of 30.0° and donor-
acceptor distance cutoff of 0.35 nm.

Dimer Tilt (8;j) and Relative Slide (AZjj)—The tilt of the cholesterol with respect to the

membrane normal was defined as the angle between sterol ring vector (C5C8) and the
membrane normal (z-axis).

Dimer tilt (®;j) was defined in terms of the mean tilt angles of the component monomers, ©;
and ©;

@i+@j

YT W

The displacement of one member of the dimer relative to the other is quantified as the
relative slide

A

AZii=
I Cos Oy )

where @jj is the tilt angle and AGj; is the z-coordinate displacement of C8 of dimer
components 7and

AGj=CCHOL(i)C8 — CCHOL(;)C8  (3)

Lipid Chain Order Parameter (Scy)—An NMR order parameter has been calculated for
C-H bonds of CHOL structures in general and dimers and monomers separately using

IlIlIl'lZ
Son= 2N1v ZZ -

ol @

where 1+ is the vector connecting the C-H bond and rnm ; is its z-component. The

summation was taken over N frames and M molecules, n being the individual frame index
and m the molecular index.
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RESULTS AND DISCUSION

We simulated four multicomponent lipid bilayers consisting of varying concentrations of
POPC, cholesterol (CHOL), and stearoyl-sphingomyelin (SM) using near-microsecond MD
simulations (Table 1 and Methods). The association of CHOL molecules into small
aggregates was observed in all systems, demonstrating significant dependence on
concentration and bilayer composition.

CHOL Aggregates are Transient and Highly Dynamic

Engelman and Rothman“? investigated the number of hydrocarbon chain NNs of CHOL in
binary lipid mixtures using molecular models and wide angle x-ray diffraction, concluding
that, for a mixture of 33% CHOL in DPPC, each CHOL should be surrounded by seven lipid
tails. In the case of CHOL dimers, Martin and Yeagle8 extended the Engelman and Rothman
model to predict the existence of nine NN hydrocarbon chains for the face-to-face CHOL
dimer in a DPPC bilayer.

Voronoi tessellations provide an effective means to visual and characterize lipid packing and
identify nearest neighbor distributions involving CHOL. CHOL-CHOL contacts and CHOL-
SM contacts are strongly evident in the Voronoi representations of the final configurations of
the dynamics simulations (Figure 3). The simulated binary and ternary lipid bilayer systems
are characterized by NN distributions strongly peaked at six and seven neighbors
independent of bilayer composition (Figure 4a). Both POPC and SM have longer carbon
tails than DPPC (used in the Engelman and Rothman study). As a result, a smaller number
of NN lipid tails can be sufficient to compensate for the hydrophobic mismatch of CHOL.
Similarly, we observe NN distributions peaked at nine hydrocarbon chains for the CHOL
dimer (see Figure 4b and Table S1 in Sl) in agreement with the prediction of Martin and
Yaegle.

The 2D radial distribution function, g(rxy), of the C3 atom on CHOL (Figures 5a and S2a)
shows significant structural order in the first and second solvation shells of CHOL. From the
radial distribution functions, Kirkwood Buff integrals (Eq. 5),*4 G(rxy), were computed to
determine the extent of CHOL aggregation in comparison to a random distribution (Figures
5b and S2b) in two-dimensions.

Gij(ry)=27 [ 37 (i (1xy) — 1Ty dryy (5)

Corrections were made to account for finite size effects and lack of asymptotic
convergence.*® The corrected G(rxy) values converged to a positive value indicating an
excess of CHOL in the vicinity of a reference CHOL molecule as compared with a random
distribution for SM10 and SM20. In contrast, the CHOL G(ryy) in CHL10 and CHL20
converged to a negative value, indicating the randomness of CHOL aggregations observed in
these trajectories. We have also compared the aggregate distributions (see Methods) of the
simulated systems to random point distributions (Figure S3a in Sl), supporting the
conclusion that the numbers of CHOL aggregates in CHL10 and CHL20 systems are
comparable to random distributions. Our observations suggest that the driving force
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characterizing the equilibrium state of CHOL aggregates in dilute systems is translational
entropy. It is known that SM-CHOL interactions are more persistent than CHOL-CHOL
interactions.! Consequently, SM in the bilayer environment acts as a ‘linker’ that facilitates
transient CHOL interactions and hinders the formation of large CHOL aggregates.

The potentials of mean force, (Eg. 6), w(ryy) characterizing CHOL interactions in the
simulated systems were derived from the radial distributions functions as shown in Figures
5c and S2c.

W(rxy)=— ks T In g(ryy) (6)

The observed minima are rather shallow, indicative of weak CHOL associations. This is
consistent with the rapid fluctuations observed in aggregate counts of all four systems
(Figure 6). Similar observations of transient formation of CHOL aggregates have been
previously reported.18

Effects of Sterol Content and SM on CHOL Aggregation

The stability of observed aggregates was quantified using disaggregation constants (see Sl).

An analogous disaggregation constant for CHOL dimers, K4 (Eg. 1 and 2 in SI), was derived
from melting point depression experiments employing differential scanning calorimetry and
CHOL concentrations ranging from 0-20% in DPPC.?

In the case of CHOL aggregates, we computed disaggregation constants based on numbers
of monomer and aggregated CHOL (Table S2 in SI). These predicted Kgisagr Values (Table
S2 and Figure S3b in Sl) suggest that higher concentrations of CHOL and SM facilitate the
aggregation of CHOL. The calculated disaggregation constants were found to be an order of
magnitude greater than those derived from melting point depression experiments, raising the
question of whether it is justified to use an ideal solution theory for systems involving
relatively high CHOL concentrations. Additional experimental measurements of cholesterol
aggregate concentration are needed to resolve these discrepancies.

Surprisingly, the presence of SM is found to only modestly impact the CHOL aggregate
distribution (Figure S3a) in spite of observed near stoichiometric CHOL-SM hydrogen
bonding interaction (Figure S4 and S5 in SI).

CHOL Forms Face-to-Face Dimers in POPC and POPC:SM Bilayers but not Tail-to-Tail

Dimers

Although CHOL configurations observed in these simulations are dynamic, we observe that
CHOL frequently forms locally ordered dimers. Aforementioned melting point experiments®
hypothesized that CHOL forms only tail-to-tail dimers in DPPC, based on the idea that
DPPC encourages trans-bilayer interactions. To test this idea, we have computed the area
overlap fraction of CHOL in opposing leaflets, using Monte Carlo integration of overlapping
Voronoi polygonal areas of CHOL.
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We do not observe any significant trans-bilayer correlation between CHOLS in the simulated
systems (Figure S6 in Sl). In contrast, we observe the formation of face-to-face CHOL
dimers in POPC and POPC:SM bilayers (Figure 7). In order to classify the observed CHOL
dimers, we employed generalized Crick angle order parameters characterizing relative
CHOL orientations (see Methods).46:47 We identified clusters of CHOL dimer
conformations in the (W1, '¥',) order parameter space and broadly classified the most
prominent CHOL dimer conformations in terms of five distinct CHOL dimer sub-states
(Figure 8).

While sparse CHOL dimer populations are observed at lower concentrations (CHL10 and
CHLSM10), corresponding (Y1, '¥'») distributions (Figure S7 in Sl) are consistent with
those observed for more concentrated conditions (Figure 8). The dominant face-to-face
conformation is observed with high population in the higher (¥, ¥'5) region (Figure 8). The
upper-right corner of (¥'1, V'), corresponding to perfect alpha-to-alpha dimers, suggests
that the actual face-to-face CHOL dimer differs in nature from the idealized flush face-to-
face dimer (Figure 8) that is commonly proposed. Instead, the majority of the population
consists of dimers in which the CHOL faces are not perfectly aligned. Observed
deformations are characterized by “twisting” of the two aligned faces or one monomer
“sliding™ relative to the other. Such deformed structures are abbreviated "twisted" (t) or
"twisted and slid" (ts). Dominant dimer conformations identified, include alpha-face to
alpha-face (aa), alpha-face to alpha-face (deformed) (aays), twisted (t), beta-face to beta-
face (deformed) (Bpys) and beta-face to beta-face (Bp) (Figure 8).

SM Enhances Formation of CHOL Dimers

On addition of SM, the overall number of CHOL dimers is observed to increase. (Figures 8
and S7). Flexibility in the tilt (®;j) of CHOL dimers with respect to the membrane normal
and the relative displacement (AZjj) of the monomers (see Methods) have also been
quantified (Figure S8 in Sl). Table 2 lists the averages and the standard deviations of the
dimer tilt angle and relative slide distributions. These statistics are block averaged every 60
ns for the top and bottom leaflets of the three replicates. Increasing sterol content is observed
to substantially decrease the tilt angle of dimerized CHOL (Figure S8a in Sl). Similar
observations have been reported for MD simulations of CHOL in a DMPC bilayer (a
shorter-chained saturated phospholipid bilayer relative to POPC).1°

This shift in tilt angle distribution may be explained by the inverted cone shape of CHOL
and the relatively long saturated hydrocarbon tail of SM, which facilitate tight packing in the
lipid bilayer.*8 We observe that this SM “packing effect” results in a narrow tilt angle
distribution (Figure S8a in SI). At higher SM concentration, dimerized CHOL is also
observed to be substantially less tilted with respect to the bilayer normal. This can be
attributed to attractive interactions between CHOL and the SM head group, which stabilizes
a more upright CHOL conformation. In addition, all systems show measurable relative slide
of one dimer component with respect to the other (Figure S8b in SI).
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Dimerization Induces Structural Order in CHOL

Measures of CHOL dimer tilt angles and relative slide suggest that increased CHOL and SM
concentrations induce tighter lipid packing constraints. Tighter packing is expected to induce
structural order in CHOL. In order to quantify this effect, we computed the NMR order
parameter (SCH) (see Eq. 4 in Methods) for CHOL C-H bonds as a function of increasing
CHOL and SM concentrations. The simulation results agree well with experimental solid
state NMR order parameters determined for 34% CHOL in POPC*? and CHOL tail NMR
order parameters for 25% CHOL in POPC Figure 9a).59 The sterol ring section of CHOL
shows slightly more disorder in simulation than experiment. This discrepancy may be due to
the relatively low concentration of CHOL present in the simulation model relative to
experiment.

A compound effect of increased SM and CHOL concentration can be seen in SMCHL20,
which shows the highest structural order (Figure 9a) of the four bilayers studied. CHOL
dimers show relatively high structural order in their sterol ring section, (Figure 9b) which is
consistent with our observation of the prominent formation of face-to-face dimers. Further
evidence for enhanced packing effects upon increased CHOL and SM concentrations is
found in computed area per lipid distributions (Figure S9 in SI).

Higher CHOL concentrations shift the APL distributions of both CHOL and POPC in binary
mixtures (Figure S9a in Sl). In ternary mixtures, similar shifts in distributions were observed
with increasing CHOL and SM concentrations (Figure S9b in SI). Averages of the area per
lipid and experimental average APL values corresponding to the simulated CHOL
concentrations are included in Table S3 in SI.

Dimer Lifetimes are Independent of CHOL and SM concentration

Interestingly, while computed disaggregation constants and structural order parameters
suggest that higher CHOL and SM concentrations increase the stability of the CHOL dimer,
average dimer lifetimes are found to be independent of CHOL and SM concentrations.
Voronoi tessellations of the lipid bilayers were used to perform dimer lifetime analysis (see
Methods). Average lifetimes were found to be on the order of hundreds of picoseconds. A
majority of the detected dimers dissociate rapidly (see the lifetime distributions in Figure
S10 in SI). However, very stable dimers lasting tens of nanoseconds were observed and were
most prominent at higher CHOL and SM concentrations (Table 3).

CHOL Forms Persistent Hydrogen Bonds with SM

There is substantial support from experimental and computational studies for the importance
of hydrogen bonding interaction between CHOL and SM.1.1951.52 | an impressive recent
study, Yagi et al. demonstrated the persistency and versatility of hydrogen bonding
formation in SM clusters through the interpretation of amide vibrational bands for an SM
bilayer.53

In line with past observations, we observe stable CHOL-SM heterodimers in ternary lipid
mixtures (Figure 10). The “uninterrupted” hydrogen bond life time definition is known to
underestimate the average lifetimes and produce time-step dependent lifetime distributions
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in highly diffusive systems including water and polar solvent mixtures.>* Since lipid
diffusion is relatively slow and CHOL-SM hydrogen bonding is known to be persistent?,
interruptions to hydrogen bonds should be relatively infrequent. In contrast to those
expectations, the bulk of CHOL-SM hydrogen bonds appear to be short-lived, though stable
hydrogen bonds persisting up to 5 ns are observed (Figures S4a and S5 in Sl). The donor-
acceptor distance distribution is centered near 0.3 nm (Figure S4b in Sl) in agreement with
standard hydrogen bonding distances.® In comparison to CHOL-SM, hydrogen bonding
between CHOL-CHOL is found to have low probability (on the order of 1/10,000 per CHOL
per frame). These observations suggest that CHOL-CHOL hydrogen bonding is insignificant
to the structure and stability of the CHOL dimer. On the other hand, CHOL-SM and CHOL-
POPC hydrogen bonding contributes to the structural stabilization of CHOL aggregates
(with a CHOL-SM and CHOL-POPC hydrogen bonding probability of 0.2—-0.3 per CHOL
per frame). CHOL-SM hydrogen bonding is found to be more persistent than CHOL-POPC
hydrogen bonding (see Figure S5 in Sl). A detailed breakdown of hydrogen bonding
populations for cholesterol with itself and other lipids is tabulated in SI (Table S4).

Conclusions

Using molecular dynamics simulation we have observed and rigorously characterized the
structure and stability of dimers of cholesterol (CHOL) formed in POPC and sphingomyelin
(SM) containing model lipid bilayers. Higher CHOL concentrations are observed to promote
self-aggregation of CHOL, with sphingomyelin acting as a “linker” that further promotes the
formation of CHOL aggregates. While evidence of liquid ordered domain formation from an
initially disordered mixture was absent, local order in the form of CHOL homodimers and
CHOL-SM heterodimers was observed.

Computed disaggregation constants characterizing CHOL aggregates were found to be an
order-of-magnitude higher than experimentally measured values.® Given the assumptions
underlying the interpretation of the experimental data, the origin of this discrepancy is
unclear. Additional independent assessments of cholesterol association would therefore be
valuable in providing a critical test of existing force fields.

Simulated CHOL homodimers were observed to predominantly form alpha-to-alpha face
(deformed) structures. However, evident relative twist and slide of the corresponding CHOL
monomer suggests a need to refine the classic, idealized view of face-to-face CHOL dimer
conformations.8 No evidence of tail-to-tail CHOL homodimer formation, proposed in the
past in theoretical and experimental studies of CHOL aggregation, was observed in POPC
bilayer within the sub-microsecond simulation time scale. As trans-bilayer CHOL diffusion
is suggested to facilitate these interactions, further extensive simulation may be necessary to
thoroughly assess the importance of CHOL tai-to-tail dimerization. While the alpha-to-alpha
face dimer was observed to predominate, measurable heterogeneity is observed in the CHOL
dimer structural ensemble, including significant population of beta-face to beta-face dimer.
The dimer ensemble is characterized by a relatively narrow distribution of dimer tilt and
relative monomer displacement (slide).
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Figure 1.
(a) Face-to-face CHOL dimer models. a- and p-faces refer to smooth and rough faces of

CHOL, respectively. (b) CHOL structure with the standard atom numbering, showing sterol
rings, hydroxI group, and branched acyl chain.
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Figure 2.
Definition of generalized Crick angles (¥, V) as order parameters characterizing the

structures of CHOL dimers. C19 atoms (blue) identify the beta-face of CHOL and COM
denotes the center of mass of CHOL ring B.
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CHL20

Figure 3.
Final configurations of four bilayer systems after 900-ns of molecular dynamics (all-atom

(top), and corresponding Voronoi representations (bottom), depicting hydrophobic core of
the bilayer). POPC (green), CHOL (red), and SM (grey).
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(a) Distribution of the overall number of nearest neighbors of CHOL and (b) distributions of
the number of nearest neighbors of CHOL monomers (M) and dimers (D), separately, in
four lipid bilayers. Error bars on the distributions are too small to be visible.
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Figure 5.
(a) 2D radial distribution functions, g(r), of C3 atoms of CHOL. (b) Corresponding

Kirkwood-Buff integrals, G(r), with thick (dotted) lines representing corrected (uncorrected)
results for the asymptote. (c) Corresponding potential of mean force, w(r), in simulated lipid
bilayers. Error bars for computed statistics are shown on Figure S2 in SI.
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Figure 6.
The number of CHOL aggregates over time (left), as a function of CHOL concentration in

absence or presence of SM, and corresponding aggregate number distributions (right).
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Figure 7.
Representative CHOL homodimer structure in a POPC:SM lipid bilayer, with CHOL (red),

POPC (green) and SM lipids (grey), showing face-to-face association and tilt relative to the
bilayer normal.
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Figure 8.
CHOL dimers projected onto the generalized Crick angle order parameter space (¥'1, ¥'5)

for (a) 20% CHOL and (b) 20% CHOL and 20% SM in POPC bilayers (see Methods, Figure
2). The color map defines the population densities and is scaled to the largest values in (a)
and (b), respectively. The lower panel shows characteristic homodimer (aa, aas, t, BB and
BP) structures. C19 atoms (blue) identify the beta-face of CHOL. Hexabin density plots are
used with grid size of 45.
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Figure 9.
NMR order parameters (SCH) of CHOL C-H bonds computed for (a) overall CHOL (b)

CHOL dimers (D) and monomers (M) in four bilayer compositions. Experimentally
measured NMR order parameters are shown for comparison (points).49-20 Error bars on SCH
values are too small to be visible.
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CHOL-SM heterodimer in POPC:CHOL.:SM lipid bilayer with CHOL (red), POPC (green),

Figure 10.
and SM (grey).
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Table 1

Absolute lipid compositions and lipid ratios of the systems studied.

System Symbol Replicates # Lipid
(RO,R1,R2) Lipids Ratio
POPC:CHOL CHL10 3 280 9:1
POPC:CHOL CHL20 3 280 8:2
POPC:CHOL:SM  SMCHL10 3 280 8:1:1
POPC:CHOL:SM  SMCHL20 3 280 6:2:2

J Comput Chem. Author manuscript; available in PMC 2018 June 15.

Page 24



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bandara et al.

Average tilt and relative slide of CHOL dimers in lipid bilayers with corresponding standard deviation.

Table 2

System

Tilt (deg)

Slide (A)

CHL10
CHL20
SMCHL10

SMCHL20

20.7£1.5
18.7+0.68
19.8+1.2
16.2+0.87

1.42+0.085
1.39+0.044
1.41+0.010

1.38+0.064
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Table 3

Average (with standard deviation) and maximum lifetimes of CHOL dimers.

System Average Dimer  Maximum Dimer
Lifetime (ns) Lifetime (ns)
CHL10 0.35+0.041 15.60
CHL20 0.37+0.029 33.00
SMCHL10 0.36+0.051 15.70
SMCHL20 0.37+0.038 32.30
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