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Molecular dynamics (MD) simulations of bilayers of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) with varying amounts of cholesterol (0, 5, 20, and 40 mol%) were carried out in the absence and
presence of inserted pyrene molecules. Both fluorophore and bilayer parameters were computed, for charac-
terization of probe location and dynamics, as well as its effects on the host bilayer. In agreement with previ-
ous studies in fluid disordered bilayers, pyrene prefers to be located in the hydrophobic acyl chain region of
POPC bilayers, close to the glycerol group of lipid molecules and causes ordering of the lipid acyl chains. How-

ge:rr/zsrg;t membrane probe ever, incorporation of pyrene in binary POPC/cholesterol bilayers decreases the acyl chain order parameter
Ham effect (especially near the end of the chains), opposing the ordering effect of cholesterol. These effects are modest
Lipid bilayer and mainly felt locally. Significantly, as the bilayer is enriched with cholesterol, the relative position of pyrene
Molecular dynamics simulation and the POPC carbonyl and phosphocholine groups is invariant, and the local water density around the probe
Pyrene decreases. This work clarifies and supports the cautious use of pyrene Ham effect to effectively measure
Py polarity scale equivalent polarity in lipid bilayers. Within the time scale of the MD simulations, which is of the magnitude

of the fluorescence lifetime of pyrene, the thermally averaged polarity of lipid bilayers is nearly out of influ-
ence of spurious uncertainty in the transverse location of pyrene in the bilayers. This renders the values of
equivalent polarity measurements through the pyrene Ham effect more reliable and reproducible than pre-
viously expected.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The characterization of the structure, dynamics and functioning of
biomembranes at the molecular level requires the use of numerous
complementary biophysical techniques, both experimental and
theoretical. Among the former, fluorescence spectroscopy is especial-
ly important, owing to its very high sensitivity and versatility. How-
ever, most fluorescence studies of lipid bilayers require extrinsic
probes, which behavior and potential perturbing effects are often
unclear. To this end, molecular dynamics (MD) simulations have
been established as a useful method for the characterization of lipid

Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; MD, molecular
dynamics; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; RDF, radial dis-
tribution function
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membrane systems (see, e.g., the recent review by Lyubartsev and
Rabinovich [1] and references therein) and, in particular, to realize
the behavior of fluorescence probes upon incorporation in lipid bilay-
ers [2,3].

Pyrene is a polycyclic aromatic hydrocarbon noted for its remark-
able spectroscopic properties, such as an unusually long fluorescence
lifetime (>100 ns in a variety of aerated solvents and membrane
systems), emission spectrum highly sensitive to solvent polarity and
concentration-dependent and/or viscosity-dependent excimer for-
mation. Due to these distinctive features, both free pyrene and
pyrene-labeled lipids have been used as probes in membrane
biophysics studies [4,5]. Concerning free pyrene, two MD studies re-
ports have been published. The first combined MD and deuterium
NMR measurements [6]. The simulated system consisted of 128 mol-
ecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
with four pyrene molecules inserted inside the membrane and a
fifth located in the water region of the box at the start of the MD
run, which spanned 25 ns. The latter pyrene molecule was found to
partition into and inserting the POPC bilayer rapidly (<2 ns). Within
~8 ns of the start, all five molecules were located slightly inside the
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headgroup region of the bilayer. This somewhat shallow location
agrees with published experimental fluorescence quenching reports
[7,8] and could be due to entropic reasons, as location of this apolar,
large and rigid molecule in the highly disordered middle region of
the bilayer, would imply considerable acyl-chain ordering and entropy
decrease. No flip-flops were observed during the time-scale of the simu-
lations. The molecules were found to have their long axis essentially
aligned (within ~30°) with the bilayer normal. Good agreement between
probe order parameter values determined from deuterium NMR and MD
was verified, seemingly indicating that even 25 ns of simulation appeared
to be enough to cover all types of motions that pyrene performs inside a
lipid bilayer.

The second study was carried out in both fluid (T=325K or
350 K, 20 ns) and gel 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC; T=273 K, 50 ns) bilayers [9]. For all systems, the overall ef-
fects of pyrene on area/lipid and deuterium order parameter (-Scp)
are minor. However, significant local (for lipid-closest probe dis-
tances R<1.0 nm) effects are present. In the fluid phase simulations,
acyl chain ordering is verified. Concerning the gel phase, analysis of
-Scp is rendered difficult because pyrene reduces the tilt angle of
nearby DPPC acyl chains, which would per se result in an increased
order parameter (as the latter reflects the angle between the chain
and the bilayer normal). However, the fraction of trans/gauche defects
along the acyl chains of neighboring DPPC molecules actually in-
creases, meaning that pyrene molecules decrease their ordering. Var-
iations of bilayer thickness are consistent with these findings, and
pyrene incorporation causes a significant reduction and minor in-
crease in the gel and fluid phases, respectively. Pyrene has broad
transverse distribution and orientation profiles, with maxima around
acyl chain carbon 5 (distribution) and for 6 =90° (orientation of the
pyrene plane relative to the bilayer plane), respectively. Both obser-
vations are in agreement with Hoff et al. [6]. In the gel phase, the ori-
entation profile is slightly more complex, with a second maximum
being apparent at 50° (probably reflecting the tilt of the DPPC acyl
chains). No significant changes in lateral diffusion coefficient of
DPPC were observed upon pyrene insertion. No clustering of pyrene
molecules was observed, possibly as a result of time scale limitations.

In the present work, pyrene MD simulation is carried out in pure
POPC and mixed POPC/cholesterol bilayers containing variable amounts
(5, 20, and 40 mol%) of the sterol component (cholesterol), and thus
presenting variable extents of phospholipid acyl chain order, ranging
from the liquid-disordered phase to the predicted liquid-ordered
phase. Emphasis is given to the degree of proximity between the pyrene
fluorophore and water molecules inside bilayers, in order to gain in-
sights on the measurement of equivalent lipid bilayer polarity through
the pyrene Ham effect [10]. The empirical Py polarity scale is an inde-
pendent and robust descriptor of the lipid membrane polarity through
the dipolarity/polarizability mode of mutual interactions between
pyrene and the complex composite lipid bilayer molecular environ-
ment, determined mainly by the extent of hydration within the hydro-
phobic core of bilayers. The Py polarity scale is based on the
measurement of the ratio of the fluorescence intensities of the first
and third vibronic bands (I;/I3) in the pyrene emission spectra (see
[10] and references therein). Due to the remarkable sensitivity of fluo-
rescence techniques, the Py scale is extremely responsive to solvent po-
larity, because I; corresponds to a symmetry forbidden electronic
transition, which depends on the polarity of the medium, while I3 is
assigned to a transition nearly independent on polarity (being this
way a calibrating parameter for the calculated I,/I5 ratio). However,
doubts can be raised concerning the average precise location of the
free pyrene molecule inside bilayers (liberated transversal movements
were early forecast [11]), and whether or not this probe introduces
overlooked perturbations in membrane structure and/or dynamics.
Both issues can even be potentially magnified in bilayers containing
phospholipid/cholesterol mixtures, along with the observed and quan-
tified variations in the hydration of these lipid bilayers [10]. We present

a detailed and relatively extensive analysis of the pyrene location, prox-
imity to water molecules, and of the effects on the structure and dynam-
ics of lipid bilayers composed by pure POPC and various mixtures with
cholesterol. The thermally averaged location is in accordance with the
findings obtained through varied experimental techniques (X-ray dif-
fraction, NMR and fluorescence) and other MD simulation studies
[6-9,12]. The interaction of pyrene with water molecules inside the
lipid bilayers shows that the hydration of POPC bilayers does depend
on the proportion of cholesterol, the equivalent polarity decreasing
with the cholesterol content [13]. The presumed effects of the pyrene
in the bilayer structure and dynamics are small, even for relatively
large molar proportion of pyrene probe used in these atomic-level sim-
ulations (1.56 mol% and 3.13 mol%), and the impacts of the cholesterol
content in the average location of pyrene molecules, inside both pure
and mixed bilayers, are revealed as being nearly negligible. It is also
worth to highlight that although the present MD simulations consider
the pyrene molecules solely in the ground state, and the experimental
data counterpart is obtained from the excited state fluorescence emis-
sion, the general accordance of both outcomes is quite remarkable.
That is to say that within an analogous time resolution of both type of
approaches (100 ns in the present MD simulations, and more than
100 ns in the experimental fluorescence measurements), the averaged
local density of water inside lipid bilayers is unequivocally matching. In
both cases, the equivalent polarity or the local water density is being av-
eraged in two planes: the transverse dimension of bilayers, due to the
molecular dimensions of pyrene itself (sensing different chemical envi-
ronments within the =1 nm of the pyrene long axis) as well as
small-scale up-and-down motions, and in the two-dimensional bilayers
plane, due to the lateral diffusion of lipid membrane components during
the pyrene excited-state lifetime (also sensing different chemical envi-
ronments, corresponding to several two-dimensional diffusive steps of
free pyrene molecules in the bilayers). Additionally, in both approaches
the molecular rotational diffusion dynamics (for amphiphiles such as
POPC and cholesterol, and for apolar pyrene) is operating and exerting
the corresponding influences in the outcomes, within an analogous
time frame, e.g. the rotational dynamics (rotational correlation time
lower than 10 ns) is averaging the transverse differential polarity from
the interface to the apolar center of bilayers, at least along the ~1 nm
longest dimension of the pyrene molecule itself.

2. Simulation details

MD simulations and analysis of trajectories was carried out using the
GROMACS 3.3.3 package [14,15]. The SPC water model was used [16].
The topology of the POPC molecule (using a united united-atom de-
scription for CH, CH,, and CHs groups, based on the parameters
presented by Berger et al. [17] for 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), together with the coordinate file of a POPC bi-
layer, was obtained from Dr. Peter Tieleman's group webpage (http://
moose.bio.ucalgary.ca/index.php?page=Structures_and_Topologies) [6].
One POPC molecule from the downloaded POPC bilayer coordinate file
was used to build a fully hydrated (3902 water molecules) 128-lipid bi-
layer using GROMACS model set-up programs. Cholesterol model mole-
cules and their bonded and non-bonded parameters were taken from
Holtje et al. [18] and were downloaded from the GROMACS web page
(http://www.gromacs.org/index.php?title=Download_%26_Installation/
User_contributions/Molecule_topologies), whereas pyrene was parame-
terized as described by Hoff [6,19]. Bilayers containing 5 mol%, 20 mol%,
and 40 mol% cholesterol (152 POPC:8 cholesterol, 120 POPC:30 choles-
terol, and 90 POPC:60 cholesterol, respectively) were built using
GROMACS model preparation packages. Bilayers containing 2 or 4 pyrene
molecules (one or two in each leaflet, respectively) were then obtained
by randomly inserting probe molecules inside a POPC or POPC/cholesterol
bilayer without replacement of lipids. Fig. 1 shows structures and num-
bering of relevant atoms of the POPC, cholesterol and pyrene molecules.
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Fig. 1. Structures of POPC, cholesterol and pyrene. Atom numbering for POPC and cholesterol, as mentioned throughout the text, is also shown.

In all systems, unfavorable atomic contacts were removed by
steepest descent energy minimization. For each system, a short
(100 ps) MD run was then carried out using a 1 fs integration step,
followed by a 100 ns run using a 4 fs integration step. The use of this
time step was made possible by constraining bond lengths and angles
to their equilibrium values, using the SETTLE algorithm [20] for water
and the LINCS algorithm [21] for all other bonds (see also discussion
in [22,23]). All simulations were carried out under constant number of
particles, pressure (1 bar) and temperature (298.15 K), and with peri-
odic boundary conditions. Pressure and temperature control were car-
ried out using the weak-coupling Berendsen schemes [24], with
coupling times of 1.0 ps and 0.1 ps, respectively. Semi-isotropic pres-
sure coupling was used. Van der Waals and Coulomb interactions
were cut-off at 1.0 nm, whereas for long-range electrostatics the parti-
cle mesh Ewald treatment was applied [25]. While the use of a relatively
small van der Waals cut-off without introducing long-range dispersion
corrections (as done by Berger et al. [17]) has been observed to lead to
more expanded and disordered bilayers (see e.g., [23,26]), this is appar-
ently not the case in our systems. In fact, our choice of parameters has
been previously used in the simulation of POPC and POPC/cholesterol
bilayers, with recovery of adequate values for average area/lipid and
acyl chain order parameters [27-30]. The first 20 ns of each simulation
were used for equilibration, and the remaining 80 ns were used for
analysis. Errors were calculated according to the block method of
Flyvbjerg and Petersen [31]. VMD software was used for visualization
purposes [32].

3. Results and discussion

Fig. 2 shows final snapshots for simulations of 4 pyrene molecules
in a disordered (0 mol% cholesterol, Fig. 2A) and in an ordered
(20 mol% cholesterol, Fig. 2B) system. These configurations illustrate
some of the essential features: as widely known, cholesterol induces
ordering of the phospholipid acyl chains, whereas pyrene molecules
locate below the phospholipid headgroups but stay far from the cen-
ter of the bilayer. The pyrene molecule plane tends to align with the
bilayer normal direction in the POPC/cholesterol system, but pos-
sesses a large degree of orientation freedom in pure POPC.

The time variation of the area per lipid is a common indicator of
the equilibration of bilayer simulations (see e.g., [33]), whereas its av-
erage value is often used to assess the adequacy of the simulation
methodology, due to its sensitiveness to simulation details [23]. For
one-component bilayers (such as the POPC system in the present
work), the area per lipid is simply calculated as the area of the simu-
lation box divided by the number of lipid molecules in each leaflet.
For binary systems (such as POPC/cholesterol bilayers), evaluation
of the area per each component is not a trivial issue. In this work,
areas per POPC (apopc) and cholesterol (acho;) were calculated using
the following equations [34]:

2A V_nwvw_ncholvchol
V—n,vy

(1

Apopc =
Tpopc

2Avho)

Achol = m (2)

In these equations, apopc and acho are the cross-sectional area per
POPC and cholesterol molecules, A and V are the instant simulation
box area (in the xy plane, parallel to the bilayer) and volume, n,,
and npopc are the number of water and POPC molecules in the simu-
lation, and vy, = 0.0312 nm? and vy = 0.593 nm?> are the molecular
volumes of water and cholesterol, respectively [34]. These equations
implicitly assume that the area fractions of POPC and cholesterol are
equal to their volume fractions, and their limitations have been
discussed at length recently [35]. They are used here as they allow
for simple verification of system equilibration as well as a semi-
quantitative assessment (rather than precise calculation) of the con-
densing effect of cholesterol.

Fig. S1 depicts the time evolution of apopc and acp, for the systems
under study, whereas Table 1 shows the average values. Our results
for apopc agree with the experimental values of 0.65 nm? (T=298 K;
Lantzsch et al. [36]), 0.64 nm? (T=298 K; Konig et al. [37]), and
0.63 nm? (T=297 K; Smaby et al. [38]), as well as with those obtained
from MD simulations by Bdckmann et al. [39] (T=300K, a=
0.655 nm?), Mukhopadhyay et al. [40] (T=298 K, a=0.62 nm?),
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Fig. 2. Final snapshots of the 4-pyrene simulations for 0 (A) and 20 (B) mol% cholesterol systems. POPC CH,, groups (n=0-3), O atoms, N atoms, and P atoms are shown in red, cyan,
blue and black, respectively. Water and cholesterol molecules are shown in cyan and bright green, respectively. Pyrene molecules are depicted in licorice drawing style. Scale bar

length represents 1 nm in both panels.

Gurtovenko and Anwar [41] (T=310 K,a=0.65 nm?), and Pandit et al.
[42] (T=303 K, a=0.63 nm?).

Mass density profiles were calculated for all components of the
simulated systems, and are depicted in Fig. 3 for the bilayers with
two inserted pyrene molecules. It is visible that whereas pyrene mol-
ecules are well inserted in the bilayer, their transverse distribution
still presents some degree of overlap with that of water. This relatively
shallow location of pyrene agrees with that verified in other MD studies
[6,9].

This can also be assessed by looking at the average transverse lo-
cation of selected atoms, as shown in Fig. S2. As seen in the figure,
the center of mass of pyrene lies on average at a depth similar to
that of the cholesterol ring system (between cholesterol atoms C5
and C16). By comparing the transverse location of POPC and choles-
terol atoms for varying number of pyrene molecules, it is apparent
that the effect of pyrene insertion is rather modest. Globally, pyrene
seems to cause a minor increase of bilayer thickness in the disordered
systems (0 and 5 mol% cholesterol) and conversely for the ordered
ones (20 and 40 mol% cholesterol). However, the variations observed
are mostly <2% and thus less than the uncertainty associated to these
values (which is typically 3-4 mol%; data not shown).

Orientation of bilayer-inserted pyrene molecules was studied con-
sidering the long and short molecular axes defined in Fig. 1. Fig. 4 de-
picts the distributions of the angles between the long molecular axis,
the short molecular axis and the normal to the molecule plane, rela-
tive to the bilayer normal. Note that due to the high symmetry of
pyrene, there is two-fold orientation degeneracy of the represented
angles. The apparent bimodal distribution of the long axis (with
peaks at ~30° and ~150°) reflects this feature, which is not visible

Table 1
Average areas/molecule for the different simulated systems.

in the other distributions, due to their maxima being near ~90°. The
preferential alignments of the long axis and the molecular plane in
the directions of the bilayer normal and perpendicular to the latter,
respectively, agree with previous simulation studies [6,9]. As the cho-
lesterol content is increased, the angular distributions become some-
what narrower and better defined, reflecting the concomitant
increase in order in the hydrophobic region of the bilayer.

Whereas pyrene orientation is largely modulated by the bilayer
composition, membrane order is conversely affected by the presence
of pyrene molecules. This was hinted at but barely noticeable in the
modest variations in bilayer thickness (Fig. S2) but is clearly notice-
able in the deuterium order parameter -Scp. In our simulations,
using a united atom force field, Scp for saturated (S&%) and unsaturat-
ed (S¢B%") carbons is determined using the following relations [43]:

2 1
—S& =3Sw+35 3)

1 3 V3
_Sggsat _ Zgzz + ZSyy + 75"5’ (4)

where S, are the order tensor coordinates, given by

Sap = %(3 €0s0,3 cos0, —dyp) a,b=xy,z (5)

where in turn 6, (or 6) is the angle made by ath (or bth) molecular
axis with the bilayer normal and &, is the Kronecker delta (<> de-
notes both ensemble and time averaging).

Number of inserted pyrene molecules

0 2 4
mol% Chol aPOFC/an aChol/nm2 apopc/nm2 achol/l'll'nz ar’opc/nm2 achol/nﬂ'12
0 0.62540.015 - 0.622+0.019 - 0.626 4-0.020 -
5 0.61440.016 0.296 4+-0.008 0.611+0.015 0.293 4+0.007 0.6104+0.016 0.293 4-0.008
20 0.534+0.015 0.2654-0.007 0.54340.015 0.267 +£0.007 0.55040.014 0.2704-0.007
40 0.5114:0.013 0.2594-0.007 0.5094-0.014 0.258 +0.007 0.5244-0.014 0.263 4-0.007
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Fig. 3. Mass density profiles (solid: POPC; dash: water; dot: pyrene multiplied by 50; dot-dash: cholesterol) for bilayers with two inserted pyrene molecules (A: 0 mol% cholesterol;

B: 5 mol% cholesterol; C: 20 mol% cholesterol; D: 40 mol% cholesterol).

-Scp can vary between 0.5 (full order along the bilayer normal)
and —0.25 (full order along the bilayer plane), whereas Scp =0 de-
notes isotropic orientation. Due to the slow convergence of this pa-
rameter [44], analysis was restricted to the last 25 ns of the
simulations. Order parameters were calculated for both acyl chains
of POPC (Fig. 5). For pure phospholipid bilayer, the profiles obtained
agreed with both experimental (e.g., [45,46]) and simulated (e.g.,
[39,41,47,48]) data. Incorporation of pyrene leads to small but notice-
able effects on —S¢p of both acyl chains, namely order increase in pure
POPC and decrease in POPC/cholesterol. The latter effect is more
significant near the end of the acyl chain (from the 10th C atom
onwards) and can be understood by noting that whereas pyrene has
a rigid structure stemming from its polycyclic ring system, its distri-
bution does not span the |z|<0.5 nm region of the bilayer (see mass
profiles of Fig. 3). Hence, incorporation of a pyrene molecule in a
given location creates free volume directly underneath it, which
may be occupied by ends of neighbouring POPC acyl chains. This
leads to a local reduction of the acyl chain order parameter in this re-
gion. This behavior is in contrast with cholesterol, which, via its side
chain, is able to occupy the center of bilayer (Fig. 3).

These effects are most noticeable if -Scp is calculated as a function
of the distance to the closest pyrene molecule in the same bilayer
leaflet, R, as illustrated in Fig. 6 for pure POPC and POPC/20 mol% cho-
lesterol [3]. In pure POPC, pyrene induces considerable ordering in
nearby (R<0.6 nm) POPC acyl chains up to the 10th C atom. Closer
to the end of the chain, the effect is much weaker for the reasons
given above. Switching to the POPC/cholesterol bilayer, it can be
seen that pyrene insertion leads to a small but already noticeable de-
crease in the order parameter of the first C atoms of the POPC acyl
chains at short range. As one moves along the chain, this disordering
effect becomes much more pronounced. Overall, one may conclude
that whereas pyrene effects on POPC acyl chain order parameters
are rather small in global terms, significant changes are felt locally.

This trend of inducing ordering of nearby phospholipid chains in dis-
ordered phases and conversely for ordered bilayer systems can be ob-
served in other properties, such as tilting of the cholesterol molecule
(pyrene increases the average tilt of cholesterol long axis, whereas it
does not affect orientation of the P-N axis of POPC, Table S1), as well
as lateral and rotational diffusion of the bilayer components (pyrene
generally increases rotational tumbling of molecular vectors in POPC/

0.04 1
P(0) A
0.03

0.02

0.01

0.00 ‘

C

100 ©/deg 150 0 50

100 ©/deg 150 0 50

100 ©/deg 150

Fig. 4. Probability density functions P(0) of the angles between the long axis (A), the short axis (B), and the normal to the pyrene plane (defined as the vector product of the short
and long axes; C), relative to the bilayer normal. Blue, red and green lines refer to the 0 mol%, 20 mol% and 40 mol% cholesterol systems, respectively.
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Fig. 5. Deuterium order parameter -Scp calculated for the sn-1 (A) and sn-2 (B) POPC acyl chains in the POPC and POPC/cholesterol (20 mol% cholesterol) systems, in the presence

of either none or two pyrene molecules.

cholesterol 20 mol%, decreases lateral mobility of POPC in the absence
of cholesterol, and increases lateral mobility of both POPC and choles-
terol in POPC/cholesterol 20 mol%; see Figs. S3 and S4).

Turning now our attention to the interaction between pyrene and
water molecules, radial distribution functions (RDFs) of water around
pyrene, g(r), were calculated and are shown in Fig. 7 for the 2 pyrene
simulations.

Because the bulk density of water molecules is essentially invari-
ant (equal to the value for pure water, p=33.3 nm~> at 298 K),
g(r) is proportional to the local number density of water at a distance
R to a pyrene molecule. It is clear that, for a given R value, as the
cholesterol content increases in the bilayer, the local density of
water decreases, and thus pyrene molecules “sense” less water in
their vicinity.

A preliminary survey on the experimental measurements of the
lipid bilayer polarity of multilamellar vesicles composed of pure
POPC and POPC/cholesterol mixtures from 5 mol% to 45 mol% of cho-
lesterol appeared elsewhere [13], and those groundwork findings are
in generic agreement with the results presented in the present MD
simulations. Briefly, the equivalent polarity measured through the
pyrene Ham effect shows a dependence on the proportion of choles-
terol in the mixed POPC/cholesterol bilayers, being higher for pure
POPC and low cholesterol content (up to 30 mol%) and lowering for
high cholesterol content (data not shown). Therefore, the present
study reinforces the experimental studies on the measurement of
equivalent lipid bilayer polarity in model membranes containing
unsaturated phosphatidylcholines, such as POPC, and cholesterol.
Those quantitative studies are unequivocally meaningful, since the
precise average location of the pyrene probe inside the bilayer is
corroborated by the measured values for the equivalent lipid bilayer

polarity in the identical model membrane system, and in addition,
there are barely any artefacts regarding this location as a function
of the cholesterol content in those lipid bilayers. The average trans-
verse distance of pyrene to the bilayer midplane increases as the bilayer
becomes enriched in cholesterol (Fig. S2). This occurs because of the
overall increase in bilayer thickness induced by Chol, and, in fact, the
relative position of pyrene and the POPC carbonyl and phosphocholine
groups is invariant, as clearly illustrated in the unchanged locations of
the water RDF maxima (due to H-bonding to these POPC moieties)
around pyrene (Fig. 7).

InFig. 7, it can also be seen that the density of water molecules in the
vicinity of the pyrene molecules is generally decreasing from pure POPC
to the mixture containing 40 mol% of cholesterol. Some additional de-
tails should be highlighted. There is an increased number of water mol-
ecules at a distance of ~0.65 nmand at =~ 1.05 nm, and these peaks can
be assigned to the maxima of transbilayer profile of volume densities
[49] corresponding to water molecules bonded to the phospholipids’
carbonyls and to the phosphocholine groups, respectively. Taking as ref-
erence the water molecules hydrogen-bonded to carbonyls and to
phosphates, the distance from the center of mass of pyrene molecules
is invariant within the thermally averaged movements of both the
pyrene and lipid molecules: the peak corresponding to the carbonyls
shows a half-width of =1 nm, and the peak of phosphate an analogous
half-width of =2 nm. Both results are consistent with the thermal mo-
tions characteristic of these groups, e.g. the phosphocholine group is
more mobile than the carbonyls. However, there is an inversion of the
number of water molecules in the vicinity of pyrene for pure POPC
and the 5 mol% cholesterol mixture. At the distance of ~0.65 nm,
there are less water molecules for pure POPC than for 5 mol% cholesterol.
This sole off-trend result (not observed in the 4 pyrene simulations, not
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Fig. 6. Deuterium order parameter -Scp of POPC sn-1 acyl chain for varying distance to the closest pyrene molecule in the same bilayer leaflet, R, in the POPC (A) and POPC/cholesterol

(20 mol% cholesterol; B) systems, in the presence of two pyrene molecules [3].
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Fig. 7. Radial distribution functions g(R) of water around the center of mass of pyrene,
for bilayers of varying composition containing two probe molecules.

shown) is probably not significant and caused by sampling limitations
imposed by the low probe content in the simulated systems.

Beyond this region, and up to R~2.0 nm, RDFs begin to reflect con-
tribution from “bulk” water. For the 0 and 5 mol% cholesterol sys-
tems, g(R) approaches more rapidly the bulk value of unity, because
of two combined effects: the higher density of water inside these bi-
layers (concomitant with a lower lipid density), and their smaller
thickness (implying a larger relative contribution of “bulk” water to
the RDF). For even larger distances (R>2.0 nm), g(R) is dominated
by “bulk” water, and the different curves approach asymptotically
unity in an essentially parallel way.

In Fig. 7, it is unequivocally shown that the local number density of
water molecules around the pyrene molecules is effectively decreas-
ing from pure POPC to the 20 and 40 mol% cholesterol systems, the
latter showing identical water density profiles, within the experimen-
tal error. The diminished water density as a function of cholesterol in
the bilayer is consistent with the observed decrease in the equivalent
polarity measured through pyrene Ham effect in the very same model
membrane system. The increased proportion of cholesterol in mixed
POPC membranes produces a sort of dehydration in the lipidic
bilayers.

4. Concluding remarks

In this work we use MD to simulate bilayers composed of varying
proportions of POPC and cholesterol, spanning from 0 to 40 mol% of
the latter. In agreement with recent results reported for DPPC above
the gel/fluid transition temperature (Curdova et al., 2007), it is
found that pyrene prefers to be located in the hydrophobic acyl
chain region close to the glycerol group of lipid molecules and causes
ordering of the lipid acyl chains in fluid disordered POPC bilayers. On
the other hand, and similarly to one-component DPPC gel bilayers [9],
incorporation of pyrene in binary POPC/cholesterol bilayers produces
a disordering effect, increasing the area/lipid molecule and decreasing
the bilayer thickness and acyl chain order parameter, and thus oppos-
ing the ordering effect of cholesterol. That is, even though pyrene, as a
rigid planar molecule, induces ordering of nearby phospholipid acyl
chains in disordered bilayers, it does so not as efficiently as cholesterol,
and incorporation of pyrene in cholesterol-rich membrane systems
leads to a disordering effect.

For the relatively extended time frame (100 ns) of the present MD
simulations, enough to parallel with the experimental counterpart by
using the pyrene fluorophore during its excited lifetime, there are no
signs of other putative and relevant perturbations introduced by the
probe to the structure and/or dynamics of the lipid bilayers, nor are
there indications of other potential influences of the lipidic composi-
tions of bilayers in the probe's behavior. The present simulations do
not rule out other potentially relevant pyrene-related effects, such
as aggregation of pyrene molecules and/or transversal movements

of lipidic and probe molecules between the apposed monolayers
(flip-flop), since these phenomena would fall out the 100 ns time-
scale. On the other hand, for the more ordered systems (20 mol%
and 40 mol% cholesterol), the slower dynamics might affect the sam-
pling efficiency, particularly in parameters concerning relatively rare
events. This is the case for the order parameters and RDFs of neigh-
boring (R<0.6 nm to the closest pyrene) POPC molecules, since
these constitute a minor fraction (~1-2%) of total lipid conformations.
For these reason, these properties should be viewed more cautiously.

In any case, this does not distract from our overall conclusions. The
present work offers a long standing required enlightenment on the
presumed effects of the free pyrene fluorescent probe in the structure
and dynamics of lipid model membranes, in particular for those
containing cholesterol. Additionally, the presumed effects of the
lipidic composition of the mixed cholesterol bilayers in the transverse
location of pyrene have been clarified. In both cases, the effects are
practically negligible for the purposes of rendering meaningful and
self-consistent the experimental measurements of equivalent polarity
in homologous lipid bilayers systems.
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Appendix A. Supplementary data

Supplementary data: time variation of POPC and cholesterol molec-
ular areas for the simulated systems, tilts of POPC P-N and long cho-
lesterol axes relative to the bilayer normal, average transverse
positions of selected POPC and cholesterol atoms, pyrene molecules'
center of mass and bilayer thickness, lateral mean square displacements'
plots of pyrene, POPC and cholesterol and respective lateral diffusion co-
efficients, rotational autocorrelation functions of several molecular axes
in pure POPC and POPC/cholesterol systems (Fig. S1—S4, Table S1).
Supplementary data to this article can be found online at http://dx.doi.
org/10.1016/j.bbamem.2012.12.014.
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