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of bilayer-inserted pyrene and the possibility of probe-induced perturbation of host bilayer properties
are potential sources of concern in this regard. Atomistic molecular dynamics simulations constitute a
useful method for the characterization of lipid membrane systems, and, in particular, to understand the
behavior of fluorescence probes upon incorporation in lipid bilayers. In this report, we present a detailed
characterization of the behavior of pyrene in fluid N-palmitoylsphingomyelin (PSM) and PSM/cholesterol
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cholesterol content. Whereas rotation and lateral diffusion of pyrene are greatly slowed in cholesterol-
rich systems, its relative transverse location is not significantly affected. While hydration of PSM bilayers,
as sensed by pyrene, is already low compared to that of fluid phosphatidylcholine, it becomes even smaller
for high cholesterol mole fraction at the studied temperature.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Phospholipid bilayers are the basic structural units of biologi-
cal membranes, demarcating the interior and exterior of cells and
their organelles. As models of biological membranes, lipid bilayers
have been a major research topic in biophysical chemistry [1,2].
One of their most important properties is their hydration or polarity
profile, which shapes the hydrophobic membrane barrier [3], and
thereby constitutes an energetic determinant for insertion of pep-
tides, proteins and amphiphilic molecules, as well as for transport
of both polar and apolar solutes across the bilayer [4].

Several techniques based on fluorescence spectroscopy are
available for the estimation of polarity in lipid bilayers, exploiting
the environmental sensitivity of extrinsic probes, such as pro-
dan, laurdan, dansyl, or anthroyl labeled probes (e.g. [5,6]). Among
these methodologies, one that has been surprisingly seldom used
in membrane systems is that based on the Ham effect of pyrene [7],
the so-called Py scale of equivalent polarity [8,9]. Pyrene is a poly-
cyclic aromatic hydrocarbon noted for its remarkable fluorescence
properties, such as an unusually long excited-state lifetime (>100 ns
in a variety of aerated solvents and micellar or model membrane
systems), emission spectrum highly sensitive to solvent polarity
and concentration-dependent and/or viscosity-influenced excimer
formation [10]. The Py scale of polarity is based on the measure-
ment of the ratio of the fluorescence intensities of the first and
third vibronic bands (I /I3) in the spectra of pyrene. Previously, we
demonstrated the application of this scale to lipid bilayers com-
posed of phosphatidylcholine (PC), both in presence and absence
of cholesterol (Chol) [11].

However, there are two crucial issues regarding use of extrinsic
membrane probes, and pyrene in particular: what is their pre-
cise location within the bilayer (and thus what region they report
on), and whether they induce significant perturbation on the host
bilayer properties. For this purpose, molecular dynamics (MD)
simulations have been useful to characterize simultaneously mem-
brane probe behavior and probe-induced perturbation with atomic
detail, for several classes of fluorescent lipophilic probes (see
[12,13] for reviews), including free pyrene [14,15]. Recently, we
carried out MD simulations of pyrene in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) bilayers, with varying amounts
of Chol [16]. This work was valuable in the clarification of the use
of the pyrene Ham Effect to effectively measure equivalent polarity
in mixed lipid bilayers containing unsaturated PC and Chol.

In this report, we extend our previous MD study by applying
this methodology to the study of pyrene inside N-palmitoyl-
sphingomyelin (PSM)/Chol bilayers (structures are shown in Fig. 1,
together with that of pyrene). Alongside PC and Chol, sphingosine-
based sphingomyelin (SM) is a major component of mammalian
plasma membranes, and is particularly relevant as (together with
Chol) the main constituent of lipid rafts, specialized membrane
domains implicated in processes including cellular signaling and
trafficking [17-19]. SM chains typically display a larger degree of
saturation and higher main transition temperature compared to
other lipid classes [2]. For this reason, and because of their ability to
form a network of intermolecular hydrogen bonds involving their
amide and/or hydroxyl groups, SM-enriched membrane domains
are highly ordered. This also applies to rafts, in which the order-
ing effects of Chol contribute to create a very tight molecular

packing. To investigate if pyrene is well accommodated within
SM/Chol bilayers, its precise location and effect on membrane prop-
erties, and to gain insights on the polarity sensed by the probe in
these systems, we carried out extensive (300-400 ns) simulations
of PSM/Chol bilayers (0 mol%, 5mol%, 20 mol%, 40 mol%, 45 mol%
and 50 mol% of the latter component). The determination of bilayer
polarity corresponding to rafts enriched in SM/Chol is relevant for
the understanding of the solvation properties of lipid bilayers, that
may influence the structure and functioning of proteins associated
to domain-limited biochemical reactions and processes. In bilayer
hydration terms, it is expected that bilayer domains enriched in
PSM, but with low Chol content (<5 mol%) are of significantly higher
polarity than those domains containing upper Chol proportions
(20 mol% < Chol content <50 mol%). When changing the propor-
tion of Chol in PSM bilayers, subtle changes in bilayer hydration
are revealed, together with the effects of pyrene in the bilayer
ordering and dynamics of the lipidic components, studied at the
atomic resolution. Besides the intrinsic less fluid characteristics of
bilayer domains enriched in PSM/Chol mixtures, there are unequiv-
ocal variations in bilayer hydration that must be taken into account
when analyzing membrane phenomena involving the specialized
raft domains.

2. Methods

MD simulations and analysis of trajectories were carried out
using the GROMACS 4.6.3 package [20-22]. PSM united-atom struc-
ture and topology, as used by Niemeld et al. [23], were obtained
through the Lipidbook web page [24]. Chol united atom structure
and topology were adapted from those of Holtje et al. [25] (avail-
able for download at the GROMACS webpage [26]) by changing
the molecule types from CH2/CH3 to LP2/LP3, to avoid overcon-
densation of the bilayer, as described and tested elsewhere [27].
Pyrene was parameterized as described by Hoff [14,28]. Bilayer
models with varying numbers (shown in Table 1) of PSM and Chol
molecules were assembled using GROMACS 4.6.3 tools, and fully
hydrated with SPC water [29]. For the simulations with incorpo-
rated probe, initial structures with 2 or 4 pyrene molecules (one
or two in each leaflet, respectively) were then obtained by ran-
domly inserting probe molecules inside a PSM or PSM/Chol bilayer
without replacement of lipids.

C
D

Fig. 1. Structures of PSM (A), Chol (B), and pyrene (C).
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Table 1
Composition of the systems studied in the present work.

Chol mole fraction Npsm Nchol Nwater/(Mpsm + Nchol )
0 144 - 329
5 152 8 37.7

20 120 30 32.2

40 90 60 314

45 72 60 34.8

50 72 72 32.9

Prior to the full MD simulation, all systems underwent a
steepest-descent energy minimization of the structure, followed
by a small MD run (100 ps) to properly allow the solvent molecules
to adjust and/or relax around the membrane. Extensive molecular
dynamics simulations (300 ns for 0, 5, and 20 mol% Chol, 400 ns for
40, 45, and 50 mol% Chol) were then carried out under constant
number of particles, pressure and temperature, and using periodic
boundary conditions. Pressure (semi-isotropic, 1bar, 1.0 ps cou-
pling time) and temperature (333K, 0.1 ps coupling time) control
was carried out using the weak-coupling Berendsen schemes [30].
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The temperature, well above the reported value for the main transi-
tion of PSM (~314 K [2]), was chosen to ensure that bilayers were in
a proper liquid-crystalline state. All bond lengths were constrained
to their equilibrium values using the SETTLE algorithm [31] for
water and the LINCS algorithm [32] for all other bonds. An inte-
gration time step of 2 fs was used. Van der Waals interactions were
cut off at 1.0 nm. Coulomb interactions were calculated using the
Particle Mesh Ewald method [33], with a cut-off of 1.0 nm for the
real space component. For visualization of structures/trajectories,
Visual Molecular Dynamics software (University of Illinois) was
used [34].

3. Results and discussion
3.1. Molecular areas
Fig. 2 depicts the evolution of the molecular areas of PSM and

Chol for all studied systems (calculated using the method of HofsdR
et al. [35]), while Fig. 3 illustrates the final configurations in each
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Fig. 2. Time variations of the molecular areas of PSM (in the 0.45-0.6 nm? range) and Chol (in the 0.2-0.3 nm? range) for the systems with 0, 2, and 4 inserted pyrene
molecules (blue, red and green lines, respectively). From A to F, Chol mole fraction is 0, 0.05, 0.20, 0.40, 0.45 and 0.50. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Final 4-pyrene simulation structures. Water, PSM and Chol molecules are depicted as cyan, green and red lines, respectively. Pyrene molecules are shown as van der
Waals representations. From A to F, Chol mole fraction is 0, 0.05, 0.20, 0.40, 0.45 and 0.50. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

case. A common feature to all simulations is that convergence of
these parameters is achieved rapidly, indicating that equilibrium
conditions are maintained throughout the runs.

Comparison with experimental values of area/lipid is very dif-
ficult, because of the extremely limited number of experimental
studies. To our knowledge, no values at all have been reported
for PSM/Chol bilayers, and a single value of 0.464 nm? has been
reported for PSM from X-ray diffraction at 55°C [36]. However,
as noted by the authors of this work, this experimental area/lipid
value was actually calculated from the measured bilayer period-
icities, assuming a partial specific volume of 1.012mL/g at 55°C,
corresponding to that of dipalmitoylphosphatidylcholine (DPPC).
However, it is widely known that fluid DPPC and PSM bilayers have
very different physical properties, and therefore, this “experimen-
tal” area/lipid value is probably incorrect. Indeed, experimental
values for other saturated SM pure bilayers are considerably larger.
For example, 0.55 nm? has been reported for N-stearoyl-SM [37].
These difficulties in comparison with experimental area/lipid val-
ues were also found and discussed in recent simulation studies
[38,39]. For these reasons, we resort to comparing our molecular
area values with results obtained from previous simulation studies.

The molecular area of pure PSM, averaged for t>50ns, is
(0.530 £ 0.014) nm?, which agrees well with the values at T=323K
of Niemeli et al. [23], who obtained (0.52 +0.01)nm? (with the
same force-field description), Metcalf and Pandit [38], who cal-
culated (0.533 +0.004) nm? (using slightly different united-atom
parameters) and of Jambeck and Lyubartsev [39], who reported
(0.541+0.004)nm? (with an all-atom force field). Incorporation

of either 2 or 4 pyrene molecules in pure PSM leads to no sig-
nificant changes in PSM molecular area ((0.530+0.013)nm? and
(0.529 +0.015) nm? are obtained, respectively; see Fig. 2A).

Upon loading the PSM bilayer with increasing Chol content,
two effects become apparent. First, the molecular area of PSM
decreases slightly, reaching a minimum of (0.493 4+ 0.012) nm? for
20 mol% Chol, and increases slightly for higher Chol mole fractions,
up to (0.535 +0.013) nm? for 50 mol% Chol. One possible explana-
tion to this non-monotonic variation is that, whereas relatively
low amounts of Chol are capable of ordering to a small extent
pure fluid PSM bilayers (similarly to the well-known effect on fluid
PC bilayers), too much Chol would actually cause disruption the
organization of PSM (possibly by reducing inter-PSM H bonding).
However, this result is best interpreted cautiously at this stage,
because artificial increases in molecular area of PC lipids have been
observed at very high Chol fractions when using the area parti-
tioning scheme employed here, due to its assumption that the area
fractions of the two components are equal to their volume fractions
[40]. In any case, it is clear from this analysis that the systems are
conveniently equilibrated early on in the simulations and that the
Chol condensing effect in PSM bilayers is much less pronounced
than in their PC counterparts.

Second, while pyrene incorporation does not affect signifi-
cantly lipid molecular areas for low Chol content, it is clear that,
for higher Chol mole fractions (>40mol%), inclusion of pyrene
induces an increase, which is most visible for the systems with
four inserted probe molecules. For example, for 50 mol% Chol,
(0.535+0.013)nm?, (0.53940.013)nm?2 and (0.545+0.013) nm?
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are obtained from the simulations with 0, 2 and 4 pyrene molecules,
respectively. This is a first indication that pyrene may actually
reduce the order of these systems, similarly to what we observed
for POPC/Chol [16]. Although these variations are still within the
statistical uncertainty associated with the calculations, it should
be stressed that these values are averaged over all PSM molecules
(not only those near the probe molecules), and local probe disor-
dering effects are most probably more significant. This issue will
be addressed in detail in connection to the lipid acyl chain order
parameters (Section 3.2).

3.2. Mass density profiles

Fig. 4 shows mass density profiles along the bilayer normal of
the different components of the 4-pyrene systems. The distance
between density peaks increases from 4.0 nm for pure PSM to
4.4nm for PSM/50mol% Chol. This agrees well with the experi-
mental peak separations in the electron density profiles, which
vary between 4.2 nm for pure PSM and 4.5 nm for PSM/50 mol%
Chol [36]. We believe that this comparison is more meaningful than
that with the molecular areas reported in this experimental study,
because, unlike the latter parameter, the experimental density peak
separation does not depend on further assumptions.

Pure PSM bilayers are remarkably compact for fluid membranes,
because of their characteristic strong intermolecular hydrogen
bonding properties (e.g. [23] and references therein). Therefore, it
is not surprising that, similarly to the modest variations in molecu-
lar area of the previous section, changes in the shape of the density
profiles upon increasing Chol content are subtle. In particular, the

distance between the center of the bilayer and the lipid/water inter-
face (operationally defined as the plane for which lipid and water
mass densities are equal) is remarkably invariant (mostly in the
z~2.4-2.5nm range) for all systems shown in Fig. 4. This agrees
with a recent synchrotron X-ray diffraction study, which reports
that the thickness of liquid-ordered structures of sphingomyelin
and cholesterol does not differ significantly from fluid phases of
bilayers formed by the pure phospholipid [41]. Similarly, pyrene
transverse distribution is virtually unaffected by the presence of
Chol, and its maximum is in the range of z~ 1.2-1.3 nm for all com-
positions. Small changes across the panels of Fig. 4 (e.g., deeper
penetration into the bilayer center for some peaks) are probably not
significant and reflect the behavior of individual pyrene molecules.
The asymmetrical density profile of pyrene in the 20 mol% simula-
tion is the result of a rare translocation event between monolayers
during equilibration, which led to the final configuration of Fig. 3C
with 3 (1) molecules in the upper (lower) leaflet, as well as 3:1 peak
ratio in the pyrene distribution in Fig. 4C.

Paying close attention, one can observe that the water profile
extends to slightly deeper locations in the membrane in the Chol-
poor systems (0 and 5 mol% Chol), compared to those with 20 mol%
or more of this component. This is most important regarding
pyrene-reported polarity, and it is reflected in the degree of overlap
of the pyrene and water distributions. A way to quantify this effect
is to calculate an average water density sensed by pyrene, using the
equation

_ fppyrene(z),owater(z)dz
pyrene f Opyrene(2)dz

(p(water)) (1)
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Fig. 4. Mass density profiles of PSM (red), Chol (magenta), pyrene (multiplied by 10 for better visualization; green), and water (blue) in the systems with 4 inserted pyrene
molecules. From A to F, Chol mole fraction is 0, 0.05, 0.20, 0.40, 0.45 and 0.50. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 5. Variation of the water density as sensed by pyrene (squares; calculated using
Eq. (1)), for varying bilayer composition. The dotted line is just a guide to the eye.

This is illustrated in Fig. 5, which demonstrates that loading the
bilayer with >20 mol% Chol reduces threefold the average density
of water sensed by pyrene, compared to the Chol-free and 5 mol%
Chol systems. The dotted line shown in the figure is reminiscent of
the variation expected for liquid ordered/liquid disordered phase
separation in the ~6-22 mol% composition range, as described from
variations in lipid lateral diffusion coefficients measured by NMR
[42]. No particular significance should be given to this fact, as
two few compositions are addressed in this study, and especially
because meso- or large-scale phase separation cannot be appreci-
ated in atomistic simulations of bilayers made up of 100-200 lipid
molecules.

3.3. PSM order parameters and Chol tilt in the bilayers

For our united atom forcefield, deuterium order parameters
(Scp) for saturated (Sé%t )and unsaturated (Sggsat) carbons are deter-
mined from the order tensor elements S, using the following
relations [43]:

2 1
—Séag = §Sxx + §Syy (2)
1 3 V3
—Sgpsat — ZSZZ + ZSyy + 7Sxy (3)

where, in turn

Sap = 1(3 c0s6,co80, —8qp) a,b=x,y,z (4)

2

In the latter equation, 6, (or 6;) is the angle made by ath (or

bth) molecular axis with the bilayer normal and §, is the Kronecker

delta(() denotes both ensemble and time averaging). The molecular
axes for the nth CH; are [44]:

z: vector from C,_1 to Cp41;

y: vector perpendicular to z, lying in the plane defined by C,, _ 1, Cy,
and C, .1, pointing from C, away from 1/2(Cy+1+Cy_1);

x: vector perpendicular to both z and y.

Figs. 6 and 7 show the order parameters calculated for the sph-
ingosine and palmitoyl chains (respectively) of PSM. The profiles
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Fig. 6. Deuterium order parameter —Scp of the sphingosine chain of PSM, for the systems with 0, 2, and 4 inserted pyrene molecules (blue, red and green lines, respectively).
From A to F, Chol mole fraction is 0, 0.05, 0.20, 0.40, 0.45 and 0.50. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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obtained here for PSM and PSM/20 mol% Chol are somewhat higher
than the experimental profiles obtained by 'H NMR for PSM with
perdeuterated palmitoyl chain [45], but agree very closely with
those reported in other simulation works ([23] for PSM; [39] for
both systems). Upon increasing the mole fraction of Chol in the sys-
tem from O to 0.40, the order parameters for each segment increase
steadily. Higher proportions of Chol lead to no discernible changes
in the —S¢p profiles. This confirms that the non-monotonic vari-
ation of the PSM molecular area was indeed artifactual, and that
there is no evidence for a maximum in order for intermediate com-
positions.

Looking now at the effect of inserting pyrene molecules on the
order parameter profiles, it appears that, for small to moderate
Chol content (up to 20 mol%), pyrene may induce an increase in
—Scp, most visibly in the intermediate region of the chains (where
pyrene predominantly resides) and in the 4-pyrene simulations.
For 40 mol% Chol, no significant differences are observed, while
for higher Chol concentration, loading the bilayer with pyrene
molecule leads to a reduction in the order parameter, most notably
in the lower end of the chains (where pyrene is rarely located,
therefore leading to the appearance of voids underneath the probe
molecules). Again, while this effect is modest overall, it could be
significant in the vicinity of the probe molecules. To address this
possibility, we calculated acyl chain order parameters for vary-
ing distance to the nearest pyrene probe. The results, illustrated
in Fig. 8 for palmitoyl chains in the 2-pyrene simulations, show
that whereas the effect of pyrene molecules on the order of nearby

lipid molecules is small for pure PSM and 5 mol% Chol, a signifi-
cant reduction is observed for the nearest lipid neighbors (located
at <0.6 nm) at higher Chol concentrations. This is relevant for the
interpretation of fluorescence measurements, because the probes
only report on their local physical-chemical properties. Thus, it can
be inferred that pyrene is an especially adequate probe of PSM/Chol
membrane properties for low Chol fractions, but reports a lower
local order for high Chol content, compared to the bulk bilayer.

We also examined the possibility of an effect of pyrene on the
tilt of the long axis of Chol. We verified that very small changes in
the angular distribution of this vector relative to the bilayer nor-
mal were produced upon loading each system with 2 or 4 pyrene
molecules. While adding pyrene to a PSM/5mol% Chol bilayer
decreases the average tilt from 27.3° (no pyrene) to 26.0° (4 pyrene
molecules), smaller variations (<0.5° in all cases) are obtained in the
other systems, with visually indistinguishable distributions cen-
tered around ~24° for 20 mol% Chol and ~22° for >40 mol% Chol
(data not shown).

3.4. Pyrene orientation and rotational dynamics

As illustrated in the snapshots of Fig. 3, pyrene tends to ori-
ent its long axis roughly along the bilayer normal. Fig. 9 shows
the angular distributions of the long axis tilt. While a small frac-
tion of conformations in the less ordered systems (0O and 5 mol%
Chol) displays large tilt angles (visible in some of the probes’ ori-
entations in Fig. 3A and B), these are not very frequent molecular
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Fig. 8. Deuterium order parameter —Scp of the palmitoyl chain of PSM, for the systems with 2 inserted pyrene molecules. The blue, red and green lines are the order parameter
profiles averaged for palmitoyl chains located at R< 0.6 nm, 0.6 nm <R<1.2 nm, and R> 1.2 nm from the nearest pyrene molecule, respectively. From A to F, Chol mole fraction
is 0, 0.05, 0.20, 0.40, 0.45 and 0.50. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

orientations. In accordance, the average tilt angles of the dis-
tributions shown in Fig. 9 (35-36° for 0-5mol% Chol) are
considerably smaller than those we obtained in POPC (48°) and
even POPC/20 mol% Chol (41°), and almost comparable to that in
POPC/40 mol% Chol (32°) [16]. For higher Chol content, the distribu-
tions shift progressively to lower tilt angles, albeit to a small extent
(averages are 30°, 29°, 27° and 26° for 20, 40, 45 and 50 mol% Chol,
respectively). In these latter compositions, the most significant
feature is that highly tilted configurations (>60°) become highly
improbable.
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Fig. 9. Angular distributions of the pyrene long axis tilt, relative to the bilayer nor-
mal, for the 4 pyrene simulations with 0 (black), 5 (blue), 20 (red), 40 (magenta),
45 (green) and 50 (cyan) mol% Chol. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Related to the question of the angular distributions is the ampli-
tude and dynamics of pyrene rotation. Fig. 10 shows rotational
autocorrelation functions (ACFs) of the long axis of pyrene for the
different studied systems, defined as

C(t) = (Px(cos B(5))) (5)

1.0
ACE(t).
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Fig. 10. Average rotational ACFs of the pyrene long axis in the simulations with
4 inserted pyrene molecules of the systems with 0 (black), 5 mol% (blue), 20 mol%
(red), 40 mol% (magenta), 45 mol% (green) and 50 mol% (cyan) of Chol. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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where 6(&) is the angle between the probe long axis at times
& and t+&, and P,(x)=(3x2 —1)/2 is the second Legendre polyno-
mial. Averaging is performed over &, which assuming a sufficiently
ergodic trajectory, is an approximation of the ensemble average.

Fig. 10 shows only the rotational ACFs for the 4-pyrene sys-
tems, being the 2-pyrene curves similar (data not shown). Because
averaging is carried out over a small number of probe molecules,
they are most likely affected by limited sampling. Still, it is pos-
sible to observe that, in all cases, the ACFs drop almost instantly
to ~0.4-0.6, probably because of very fast motions. Following this
very steep decrease, further decay is slow and limited in extent,
and a finite residual value of ACF is obtained in all cases. The rota-
tional motion of pyrene can be described by a “wobbling-in-cone”
model [46]. In this model, the probe has considerable orientational
freedom for configurations where the long axis lies inside a cone
of a given semi-angle Onax (With cone axis normal to the bilayer
plane), hence the very steep initial decrease. However, very tilted
configurations (6 >6max) are forbidden (as the tilt angular distri-
butions of Fig. 9 show, configurations with tilt angles 6 >60° are
indeed highly improbable), and hence the ACFs do not decay to
zero even at long times. Higher ACF residual values correspond
to narrower distributions, and are observed for the more ordered
Chol-rich bilayers. From our simulations, there is little (probably
non-significant) difference between the ACFs for 0 and 5 mol% Chol,
as well as between those of the systems with 45 and 50 mol% Chol,
with the other systems displaying an intermediate behavior. This
steadily slower and more restricted rotational motion of the probe
agrees with the increased order parameter profiles observed for the
most Chol-enriched systems.

3.5. Pyrene lateral diffusion
Lateral diffusion coefficients D were calculated from the two-

dimensional mean squared displacement (MSD), using the Einstein
relation

1. dMSD(t)

D= glm—g— (6)
In turn, MSD is defined by

MSD(t) = (|[Fs(t + to) — Fi(to)I1%) (7)

where F; is the (x, y) position of the center of mass of molecule i
of a given species, the averaging is carried out over all molecules of
this kind and time origins ty. To eliminate noise due to fluctuations
in the center of mass of each monolayer, all MSD analyses were car-
ried out using trajectories with fixed center of mass of one of the
monolayers, and the final result is averaged over the two leaflets.
Fig. 11 shows MSD for pyrene and the host lipids for varying con-
centration of Chol, while the corresponding D values are given in
Table 2.

The significance of MSD plots and accurate calculation of lateral
diffusion in membranes remains, to a great extent, a controversial
problem. It depends largely on the available time window [47,48].
Sampling problems are more important in lateral diffusion than
in some other properties, because it involves large-scale motions
of whole molecules rather than limited range/segmental motions
(like those involved in lipid acyl chain or probe long axis orienta-
tion). For relatively short times, lipid diffusion (as perceived by MSD
variation) is mainly due to conformational changes of the hydro-
carbon chains rather than diffusion of the entire molecule [47], and
therefore its meaning and its relationship to experimental observ-
ables are somewhat questionable. As the simulation time scale is
extended, the possibility of observing true diffusional motion along
the bilayer plane is increased. Our simulations span 300 ns, which
is clearly enough for describing lateral diffusion in the more dis-
ordered systems, but possibly insufficient for Chol-rich bilayers,
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Fig.11. Meansquare displacements of pyrene (A; systems with 4 pyrene molecules),
PSM (B; systems with no probe) and Chol (C; systems with no probe) for 0 (black),
5mol% (blue), 20 mol% (red), 40 mol% (magenta), and 45 mol% (green) of Chol. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

where dynamics is considerably slowed down. Probably owing to
this, MSDs of pyrene in the 50 mol% Chol system were unphysical,
and the data shown exclude this composition.

As expected, the diffusion coefficients of the three species
decrease with increasing Chol content and concomitant ordering of
the bilayer. The values obtained for PSM are comparable (~2-fold
lower) to the experimental data of Filippov et al. [42]), obtained
in egg yolk sphingomyelin/Chol. The reasons for the quantitative
difference could be non-equivalence in bilayer properties arising
from the difference in composition (according to the vendor [49],
chicken egg yolk sphingomyelin has at least 3% of unsaturated
fatty acids, which could account for increased fluidity), the above
mentioned sampling difficulties, and/or small force field parame-
ter issues. Accurate lateral diffusion coefficients are very difficult to
obtain, because small changes in the bilayer order/fluidity lead to
large variations in the D values. For example, the values measured
by Filippov et al. [42] for T=323 K are actually quantitatively very
similar to ours calculated at 333 K. Most importantly, these authors
report that loading with ~40 mol% Chol reduces D(SM) by a fac-
tor of 2-3, which is consistent with our observation that D(PSM)
is reduced by less than an order of magnitude as Chol content is
increased to 45 mol% (as expected for Chol-rich bilayers, which,
although more ordered, retain their lateral diffusion-related fluid-
ity [50]). According to our data, a similar variation occurs for Chol,
whose D values in fact match closely those of PSM for a given bilayer
composition.

This contrasts with the behavior of pyrene, for which increasing
Chol mole fraction leads to a dramatic decrease of two full orders
of magnitude in the lateral diffusion coefficient. Although precise
estimation of D(pyrene) is difficult because of the small number of
diffusing molecules used for averaging, even from visual inspection
of Fig. 11 it is clear that Chol-induced ordering of the bilayer affects
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Table 2

Lateral diffusion coefficients of pyrene (systems with 4 pyrene molecules), PSM, and Chol (systems with no probe).

Species D/(10-8 cm?/s)

0mol% Chol 5mol% Chol 20 mol% Chol 40 mol% Chol 45 mol% Chol
Pyrene 111 £ 11 54 + 11 41 +9 1.2+02 1.1+0.2
PSM 54+ 1.6 55+ 1.5 63 + 0.3 26+ 1.0 14+10
Chol - 51+0.5 42 +04 25+04 1.6 £ 03

diffusion of pyrene to a much larger extent than those of PSM or
Chol. The values of D of the three species are in fact similar for very
high Chol concentration, and the “anomaly” is the fact that pyrene
exhibits very fast diffusion in pure PSM (~20 times faster than PSM),
which is readily reduced upon loading of the bilayer with Chol.
Pyrene is a smaller apolar molecule (202.25 g/mol), which resides
in the more disordered, hydrophobic region of the bilayer. Because
it is unable to establish strong electrostatic/H bonding interactions
with water/lipid components, unlike PSM and Chol, it possesses
much more diffusional freedom than the latter for low-Chol sys-
tems. However, increasing the mole fraction of Chol leads to higher
order parameter values, most notably in the middle region of the
lipid chains, where pyrene is predominantly located. This is the
probable reason why diffusion of pyrene is more severely reduced
than that of the lipid species upon increasing Chol mole fraction.

4. Concluding remarks
4.1. Behavior of pyrene as a membrane probe

From the bilayer properties addressed in this study, pyrene
exerts minor effects on PSM bilayer properties, and does not cause
significant overall perturbation. It causes a slight, mainly local dis-
ordering of Chol-rich (>20 mol%) bilayers, which does not preclude
the use of pyrene in membrane studies. On the other hand, although
the condensing effect of Chol is much less significant in PSM (very
small area decrease/—Scp increase, as pure PSM already displays
low molecular area/high —Scp profile) than in PC bilayers, pyrene
dynamics is still greatly hindered upon adding Chol. This is prob-
ably because the ordering effect of Chol is most notably felt in the
middle region of the lipid chains, where pyrene is predominantly
located.

4.2. Polarity sensed by pyrene

Hydration sensed by pyrene in pure PSM bilayers is sub-
stantially low. For comparison, we calculated (p(pyrene))water,
as defined in Eq. (1), for our data obtained in POPC and
POPC/Chol [16]. The present values for PSM and PSM/5 mol% Chol
(~10-11kgm3) are well below those calculated in pure POPC
(~45-50kgm~3) and even in POPC/20 mol% Chol (~25kgm™3).
Remarkably, (p(pyrene))water in PSM/Chol drops to even lower val-
ues (~3-4 kg m~3) for high Chol mole fraction (>20 mol%). This is an
important contribution in the understanding of the physical prop-
erties of lipid rafts, which are mainly composed of SM and Chol. The
apolar nature of these domains may be relevant, e.g. for their role
in the sorting of membrane proteins.

This low hydration agrees with preliminary I; /I3 values obtained
in POPC/Chol and egg SM/Chol multilamellar vesicles (0-45 mol%
Chol) of varying lipidic composition [51]. The values obtained in
POPC/Chol at 25°C (which lie between 1.17 +0.01 for pure POPC,
and 1.11+£0.01 for POPC/45mol% Chol) are consistently higher
than those measured for pure PSM in the fluid phase (which lie
between 1.08 £0.01 at45°Cand 1.06 £ 0.01 at 55 °C), in accordance
with the simulation results. However, the experimental variation
of I;/Iz3 with PSM/Chol composition at fixed temperature is not
parallel to that of the simulated (p(pyrene))water. For the closest

temperature addressed experimentally, 55°C, I1/Is shows little
variation for <25mol% Chol (while (p(pyrene))water decreases
markedly), and for higher Chol content it actually increases (while
(o(pyrene))water Shows little change). While these variations are
not divergent, they point to the possibility that alterations in I /I3
may reflect other composition-influenced factors (that would, on
theirown, led to anincrease in I1 /I3 with Chol content) in addition to
water penetration alone. Regarding this, it is noteworthy that, upon
increasing Chol mole fraction, SM bilayers undergo a very signifi-
cant increase in dipole potential [52]. It is tempting to hypothesize
that membrane dipole potential could play an influence on I;/I3
similar to that of the solvent dipole moment in isotropic media,
especially for such dehydrated environments as the interior of
PSM/Chol bilayers. In this scenario, a continuous increase in dipole
potential, combined with the variation in hydration felt by the
probe as described here, could result in the experimentally deter-
mined dependence of I; /I3 on Chol-concentration.
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