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The lateral pressure profile of lipid bilayers has gained a lot of attention, since changes in the pressure profile have
been suggested to shift themembrane protein conformational equilibrium. This relation has beenmostly studied
with theoretical methods, especially with molecular dynamics simulations, since established methods to
measure the lateral pressure profile experimentally have not been available. The only experiments that
have attempted to gauge the lateral pressure profile have been done by using di-pyrenyl-phosphatidylcholine
(di-pyr-PC) probes. In these experiments, the excimer/monomer fluorescence ratio has been assumed to repre-
sent the lateral pressure in the location of the pyrene moieties. Here, we consider the validity of this assumption
through atomistic molecular dynamics simulations in a DOPC (dioleoylphosphatidylcholine) membrane, which
hosts di-pyr-PC probes with different acyl chain lengths. Based on the simulations, we calculate the pyrene di-
merization rate and the lateral pressure at the location of the pyrenes. The dimerization rates are compared
with the results of di-pyr-PC probes simulated in vacuum. The comparison indicates that the lateral pressure is
not the dominant determinant of the excimer/monomer fluorescence ratio. Thus, the results do not support
the usage of di-pyr-PC molecules to measure the shape of the lateral pressure profile. We yet discuss how the
probes could potentially be exploited to gain qualitative insight of the changes in pressure profile when lipid
composition is altered.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Membrane elasticity has gained a lot of attention in cell membrane
biophysics, since it, for example, explains various vesicular morphol-
ogies [1] and plays a role inmembrane protein functionality [2,3]. Mem-
brane elasticity emerges from the interactions that take place within a
membrane. More precisely, it has been shown how membrane elastic
coefficients can be derived from the lateral pressure profile that de-
scribes how the pressure is distributed inside a lipid membrane [4,5].
Therefore, it is not surprising that the connection between membrane
elasticity and membrane protein functionality has also been derived
by the lateral pressure concept [6,7]. Yet, there is still room for further
development, since for a mechanosensitive channel and similar pro-
teins, the second order elasticity theory seems to be too simple to
describe the dependence of functionality on membrane physical prop-
erties [8]. Further, there is still critical discussion taking place
concerning the relation between the lateral pressure profile and the
elastic properties of membranes [9,10].

To analyze how much the lateral pressure profile contributes to the
free energy of protein activation (inducing a shift in its conformational
la).
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state), two characteristics are needed [6–8]: the cross-sectional area of
a membrane protein in its active and inactive states, and the lateral
pressure profile in the membrane surrounding the protein. Both of
these quantities are difficult to measure. As for the cross-sectional
area, one needs to know the 3D structure of the membrane protein in
both of its two states [8]. Though considerable progress has been
made, the structure determination is still a major challenge [11]. Re-
garding the second case, there is no generally accepted experimental
method to measure the lateral pressure profile (see below).

Given the above concerns, there are still fundamental issues to be
solved before the importance of the lateral pressure profile in modulat-
ing membrane protein function can be assessed quantitatively.

Lateral pressure profiles have been calculated from various molecu-
lar dynamics simulation models with numerous lipid compositions
[12,13]. On the experimental side, the situation is more difficult, since
currently only one technique has been used to measure the transmem-
brane distribution of pressure inside lipid membranes. The technique
[14] is based on the assumption that the measured excimer/monomer
fluorescence ratio of di-pyrenyl-phospatidylcholine (di-pyr-PC) probes
correlates with the magnitude of lateral pressure in the location of the
pyrenemoiety. The experiments have been used to extract two different
kinds of information about the lateral pressure profile. First, for a fixed
lipid bilayer system, one measures the excimer/monomer fluorescence
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ratio with several di-pyr-PC probes with different acyl chain lengths
[14]. In the second setup, the excimer/monomer fluorescence ratio is
determined for a di-pyr-PC with a certain chain length, but here the ex-
periments are done in lipid bilayers with different lipid compositions
[15–17,14,18–20]. In the first case, the objective is to measure the
shape of the lateral pressure profile, while in the latter case the aim is
to measure the changes in the lateral pressure profile due to changes
in lipid composition. The appropriateness of the latter measurement is
supported by the increasing excimer/monomer fluorescence ratio
with increasing lateral pressure (and vice versa) in phosphatidylcholine
vesicles [21]. On the other hand, the decreasing excimer/monomer
fluorescence ratio with increasing hydrostatic pressure has been
interpreted in terms of free volume and molecular conformations, in-
stead of lateral pressure [22,17,16,23]. Thus, currently it is not really
clear whether the pyrene-based approach is appropriate for the deter-
mination of the lateral pressure profile inside lipid membranes.

In this work, our objective is to clarify this issue. We use atomistic
molecular dynamics simulations to estimate the relative excimer/
monomer fluorescence ratios in lipid bilayers, where some of the lipids
are probes with pyrene moieties attached to varying positions in the
chains of the host lipids. These simulations are compared to the simula-
tions of probes in vacuum to separate the effect of the internal molecu-
lar conformations of di-pyr-PC and the properties of the surrounding
lipid bilayer to the estimated relative excimer/monomer fluorescence
ratio. Also the lateral pressure profile determined by using the approach
suggested in Ref. [14]. is compared to the lateral pressure profiles calcu-
lated directly from the simulations.

Tomeasure the lateral pressure profile in fluorescence experiments,
one has to assume that the lateral pressure dominates the excimer/
monomer fluorescence ratio. However, our simulation results indicate
that the differences in excimer/monomer fluorescence ratios with dif-
ferent acyl chain lengths of di-pyr-PC arise from the differences in inter-
nal molecular conformations of di-pyr-PC instead of the lateral pressure
profile. This suggests that these probes are not suitable to measure the
shape of the lateral pressure profile. However, the probes might still
be appropriate to measure how the lateral pressure profile changes at
a fixed region in a membrane, when the experiment is carried out in
lipid bilayers with different lipid compositions and with a di-pyr-PC
probe whose chain length is fixed [15–17,14,18–20].

2. Methods

2.1. Simulation details

We simulated a lipid bilayer composed of 128 DOPC
(dioleoylphosphatidylcholine) molecules symmetrically divided into
two leaflets. The membrane was fully hydrated by 3655 water mole-
cules. Four randomly chosen DOPC molecules (two in each leaflet)
were transformed into DPPC (dipalmitoylphosphatidylcholine) mole-
cules by replacing the double bond region with a saturated one. The
DPPC lipids were then used as a basis for pyrene: we attached the
pyrene moiety to the 4th, 6th, 8th, or 10th carbon in both hydrocarbon
chains of the DPPC molecules, thus creating di-pyr-PCs (see Fig. 1 for a
molecular structure). The corresponding systems, in respective order,
are denoted as PYR4, PYR6, PYR8, and PYR10. Simulations of the pure
Fig. 1. Chemical structure of di-pyrenyl-phosphatidylcholine (di-pyr-PC) with pyrenes
attached to the 10th acyl chain carbon (PYR10).
DOPC membrane system without pyrene (denoted here as ‘DOPC’)
were also performed for comparison. The choice of these lipids for our
simulations is based on the experimental study by Templer et al. [14],
as the aim of this work is to study the potential of these probes to mea-
sure the lateral pressure profile as suggested by Templer et al. However,
the concentration of pyrene-labeled lipids in our simulations (about
3 mol%) is quite a bit larger than that of the concentrations typically
used in experiments (about 0.1 mol%). Simulationswith a similar num-
ber of pyrene-labeled lipids at a concentration of 0.1 mol% would have
required about 100 times larger computing resources compared to
those used in this work (due to increasing system size). Since the con-
centration used in our simulations is still quite small, it does not signif-
icantly affect the bulk membrane properties [24].

The parameters for lipids are based on the so-called Berger force
field [25], except for the double bonds in DOPC hydrocarbon chains
that were taken from Bachar et al. [26]. The general properties of lipid
bilayers and acyl chain conformations are well described by the
model, with good agreement with experimental data for, e.g., area per
molecule and acyl chain order parameters [27,28]. The possible influ-
ence of the glycerol and headgroup parameters on our results is
discussed in Section 4. For the pyrene moieties in question, we used
force field parameters from Ref. [29]. The SPC (single point charge)
model was used for water molecules [30]. The atomistic molecular dy-
namics (MD) simulations were carried out using the GROMACS 4 soft-
ware package [31] in the NpT ensemble (constant particle number,
pressure, and temperature). The temperature and pressure were set to
300 K and 1 bar to match the experimental settings used by Templer
et al. [14]. Periodic boundary conditions were used in all three direc-
tions. The LINCS algorithm [32] was used to preserve all bond lengths.
The time-step used in integrating the equations of motion was chosen
to be 2 fs, and the data of the trajectory was saved every 10 ps.

All five systems were equilibrated for 20 ns with temperature and
pressure controlled by the semi-isotropic Berendsen algorithm [33]
using time constants of 0.1 and 1.0 ps, respectively. In the subsequent
production simulations, each lasting for 500 ns, the pressure was con-
trolled by the semi-isotropic Parrinello-Rahman barostat [34] and the
temperature by the Nose–Hoover thermostat [35,36] (with no change
in time constants). The last 400 ns was used for the analysis. Long-
range electrostatic interactions were dealt with the particle mesh
Ewald technique [37], with 1 nm real space cut-off. A plain cut-off
with a radius of 1.0 nm was used for Lennard–Jones interactions.

We did also simulate di-pyr-PC molecules with each acyl chain
length in vacuum. The length of these simulations was 4 μs and simula-
tion parameters were exactly the same as in bilayer simulations, except
that the simulation box size was constant and 2 nm plain cut-off was
used for the electrostatics.

2.2. Analysis

An excimer is formed when an excited pyrene monomer forms a
dimer with a non-excited pyrene monomer. Since this is a quantum-
mechanical process, we cannot directly calculate the excimer/monomer
fluorescence ratio from the classical simulations. However, we can ob-
serve dimers formed by non-excited dimers (see below). Here we ana-
lyze the dimer formation rates since in the lateral pressure profile
measurement it was assumed that the excimer formation rate domi-
nates the measured excimer/monomer fluorescence ratio [14]. We as-
sume that the dependence of the non-excited dimer formation and
the excimer formation rates on external conditions, like pressure and
acyl chain length, is similar. In other words, we assume that the essen-
tial differences between the formation of a non-excited dimer and an
excimer are related to the direct interactions between pyrenes in differ-
ent states, not to the physical environment around them. Consequently,
the dependence of the formation rates for non-excited dimers and
excimers on pressure and acyl chain length should be similar, although
the actual rates are different.
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To analyze the rate of non-excited dimer formation we first divide
the simulation trajectory into 1-ns periods. We define that in a given
period, two pyrenes in the same molecule are in a dimer state if two
conditions are simultaneously satisfied in more than half of the frames:
1) the distance between the centers of mass of the two pyrenes is less
than 0.6 nm, and 2) the angle θ between the pyrene planes satisfies
the condition |cosθ| N 0.9. Furthermore, different periods in the dimer
state are considered to be individual events only if they are separated
by a period≥10 nswithout dimer states. Finally, the number of individ-
ual 1-ns periods where a dimer is formed is calculated for each probe
molecule, and the rate is calculated by dividing this number with the
simulation length. The 1-ns time periods and the 10-ns lag times were
used to ensure that the results are not affected by possible rapid fluctu-
ations between non-excited dimers and monomers. These rapid fluctu-
ations would probably not take place in the excimer formation process
since excimers are expected to be more stable than non-excited dimers
[38–40]. There is no specific justification for the used numerical values
for the length of the period and the lag time. However, repeating the
analysis by varying these values by 50% did not change the results
essentially. The error bars are based on an 80% confidence interval cal-
culated with the Clopper–Pearson method, assuming that each 1 ns
fraction is an independent trial to form a dimer.

In the analysis, we consider only intramolecular dimer formation
since in experiments one uses very low di-pyr-PC concentrations to
measure lateral pressure, thus intermolecular dimers/excimers are not
expected, and specifically the intramolecular excimer formation is as-
sumed to probe the lateral pressure [14,18,20]. However, as in our sim-
ulations the probe concentration is higher than that in experiments,
there are actually intermolecular dimers present in our simulation
[24]. In principle, it is possible that the intermolecular dimer formation
competes with the intramolecular dimer formation, thus lowering the
rates. Since the total amount of intermolecular dimer events is roughly
the same for di-pyr-PC molecules with different acyl chain lengths and
the events are relatively rare [24], we expect that those do not affect
the results presented in this work.

The pyrenes' density profile ρpyr(z) and the lateral pressure profile
p(z) were computed as a function of z, that is the coordinate along the
membrane normal (z=0 corresponding tomembrane center). The anal-
ysiswasmade byusing standardmethods [41,42,13] from the trajectories
with removed center of mass motion. Note that the reported lateral
pressure profile is p(z) = (Pxx(z) + Pyy(z))/2, instead of (Pxx(z) +
Pyy(z))/2 − Pzz(z) since in atomistic models the used methodology pro-
duces an unphysical non-constant normal component for the pressure
(for further discussion, see [13]).

In the lateral pressure profilemeasurementswith pyrene probes it is
assumed that the pyrenes probe the lateral pressure at their locations,
though the assumption is not quantitatively formulated [14]. However,
a quantitative definition is needed to calculate the pressure at the loca-
tion of pyrene probes from simulations. Here we assume that the
pyrenes gauge the lateral pressure in all locations where it visits during
the simulation, however the contribution to the experienced average
pressure is less from the locationswhich are visitedmore rarely. In prac-
tice, this is implemented by calculating the average pressure in the loca-
tion of pyrenes through the weighting of the pyrenes' density profile:

Ppyr ¼
X

z
ρpyr zð Þp zð Þ

X
z
ρpyr zð Þ: ð1Þ

3. Results

3.1. Dimer formation

Fig. 2 exemplifies the observations of the dimer formation events.
For the demonstration we have picked one PYR4 molecule with only
one dimer formation event and one PYR10 with seven dimer formation
events during the simulation. The center ofmass distance (r) and the co-
sine of the angle between the planes (|cosθ|) are shown as a function of
time for the two pyrenes attached to the same molecule. Also the indi-
vidual dimerization events are shown. Close to the selected events,
the results for r and |cosθ| are zoomed in to demonstrate the clearly vis-
ible dimerization events. This happens at ∼247 ns for the event in PYR4
and at ∼108.5 ns for the selected event in PYR10. In the example shown
for PYR10 the dimer temporarily breaks at ∼115 ns, however the re-
formed dimer is not counted as an individual event due to the 10 ns
lag time between individual events (see the Section 2.2). For the same
reason, the dimer formation events last always 10 ns after the dimer
has been broken.

The calculated dimer formation rates for di-pyr-PC molecules in
different environments are shown in Fig. 3. Details about the observed
dimerization events in a lipid bilayer are shown in the Supporting
Information.

Comparison between the rates in vacuum (Fig. 3a) and in a bilayer
(Fig. 3b) shows that the rates are roughly 1.7–3 times larger in vacuum
compared to the bilayer environment, however the dependence on the
di-pyr-PC acyl chain length is similar in both environments. The gener-
ally lower dimerization rates in a bilayer compared to vacuumprobably
arise from the hindered dynamics [16,17]. Most importantly the results
indicate that the bilayer does not affect the acyl chain length depen-
dence on dimer formation rates of di-pyr-PC, thus the chain length de-
pendence is dominated by the molecular conformations of di-pyr-PC
instead of the lateral pressure, or other bilayer properties.

Experimental estimates for the excimer formation rates in a bilayer
are roughly 0.1 (ns)−1 and 0.05 (ns)−1 for PYR4 and PYR10, respective-
ly [16]. The experimental numbers are larger than the dimer formation
rate values 0.003 (ns)−1 and 0.01 (ns)−1 calculated from simulations
for PYR4 and PYR10 in a lipid bilayer, respectively. This is not surprising
since the non-excited dimer formation in a classical model is a different
process than the quantum-mechanical excimer formation.

The excimer/monomer fluorescence intensity ratios measured by
Templer et al. [14]. for different di-pyr-PC molecules are shown in
Fig. 3c. Assuming that the acyl chain length dependence of excimer/
monomerfluorescence ratio and dimer formation rate in di-pyr-PCmol-
ecules are determined by the physical environment, the relative differ-
ences between different molecules in Fig. 3b and c should be similar.
However, we observe that the relative dimer formation rate is lower
for PYR4 and higher for PYR10 compared to the measured excimer/
monomer fluorescence ratios. This is in line with the above comparison
between simulated dimer and measured excimer formation rates, since
the difference was larger for PYR4 than for PYR10.

3.2. Lateral pressure in the location of pyrene probes

The lateral pressure profiles for membranes containing di-pyr-PCs
with different acyl chain lengths are shown in Fig. 4a, and the density
profiles of pyrenes are shown in Fig. 4b. As expected, the low concentra-
tion of probes does not have significant effects on the lateral pressure
profile, and the density of pyrene probes moves towards the center of
the bilayer for increasing acyl chain length in good agreement with ex-
periments [43].

The average lateral pressure in the location where pyrenes reside,
Ppyr, calculated with Eq. (1), is shown in Fig. 5. In contrast to the calcu-
lated pyrene dimer formation rates and the measured excimer/mono-
mer fluorescence ratios, the average lateral pressure in the locations of
the pyrenes decreases monotonously towards the bilayer center.

4. Discussion

Templer et al. suggested that themeasured pyrene excimer/monomer
fluorescence ratio reports the relative lateral pressure in the location of
pyrenes inside a lipid bilayer [14]. Following this argument (Fig. 3c), the
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pressure would first decrease from the location of PYR4 to the location of
PYR8 and then increase as one moves closer to the membrane center
where PYR10 is located. The pressure increase from PYR8 to PYR10 was
not expected at the time when the original experiment was done
[14,44], however it seems to agree withmore recentmolecular dynamics
simulation resultswhere the centralmaximumof the pressure profile has
been observed in several independent studies [12,13]. Some authors (in-
cluding some of us) have concluded that this represents good agreement
between experimental and theoretical results [12,13,45].

However, a more careful comparison between experimental results
and simulations reveals that the solution is not that straightforward. Ac-
cording to the underlying assumption that is used to interpret the later-
al pressure profile measurements by Templer et al. [14], the pressure is
themain regulator of the acyl chain length dependence of dimer forma-
tion rates. However, comparison between Fig. 3a and b shows that in
our simulations the acyl chain length dependence of dimerization rate
is similar in vacuum and bilayer environments. This result indicates
that the acyl chain length dependence of dimer formation rates is dom-
inated by the internal conformations of di-pyr-PC molecules.
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On the other hand, according to the assumptions used to interpret
the lateral pressure profile measurements by Templer et al. [14], the
excimer/monomer fluorescence ratio would mainly depend on the
excimer formation rate whichwould, in turn, be determined by the lat-
eral pressure. The assumption that the lateral pressure dominates the
relative excimer formation rate indicates that also the dimer formation
rate should be determined by the lateral pressure. However, from Fig. 5
we see that the pressure decreases monotonously from the location of
PYR4 to the location of PYR10, while the dimer formation rate is roughly
constant from PYR4 to PYR6 but significantly higher for PYR10.We sug-
gest that the there is no correlation between the lateral pressure and the
relative dimerization rates, or that the correlation is weak, since the lat-
ter is mainly determined by the conformations of di-pyr-PC molecules.

The assumptions in the lateral pressure profile measurement would
also indicate that the excimer/monomer ratio and the dimerization rate
would have similar dependence on acyl chain length. However, com-
parison between Fig. 3b and c reveals that the chain length dependence
of dimer formation rates in simulations and the excimer/monomerfluo-
rescence ratios in experiments are not exactly similar. Particularly, the
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simulations predict a relatively too low rate for PYR4 and a too high rate
for PYR10. Possible reasons for this are that the excimer/monomer ratio
is not solely determined by physical environment, or that the di-pyr-PC
properties are not correctly described by the used model. First, in the
work by Templer et al. and in the subsequent discussion [14], the possi-
ble influence of oxygen quenching on the results is discussed. Templer
et al. report that the amount of oxygen in the sample did not affect
the PYR4 results, however the di-pyr-PC molecules with longer acyl
chains were not studied. In more recent experimental and theoretical
studies oxygen has been found to preferentially locate in themembrane
center [46,47], thus it is very well possible that the longer acyl chain di-
pyr-PC molecules would be more strongly quenched than PYR4. In this
case, the acyl chain dependence of the excimer/monomer ratio would
strongly depend on the level of quenching and not only on the physical
environment. Second, regarding the quality of the simulationmodel, the
most relevant parts are the acyl chains since pyrene probes are located
and form dimers in the hydrophobic region of the bilayer. The used sim-
ulation model has been shown to model this part of the lipid bilayer
with good accuracy [27,28]. Especially the acyl chains most likely sam-
ple the correct conformations since the acyl chain C\H order parame-
ters are in very good agreement with experiments. However, the
excimer formation has been suggested to depend on subtle details of
the molecular conformations close to the glycerol region [48], which
would also apply to the dimer formation. Hence, while there is a lot of
support for the validity of the used simulation model in acyl chain re-
gion, we cannot fully exclude the possibility that the inaccuracies in
the usedmodel in the glycerol region [49,28,50,51] would affect the ob-
served dimerization rates. In conclusion, to fully explain the differences
in the chain length dependence between dimer formation rates in sim-
ulations, and the excimer/monomer fluorescence ratios in experiments
would a require significant effort, includingmeasurements to study the
possible oxygen quenching and a possible re-parameterization of the
model. These studies are beyond the scope of this work.

In spite of the above discussed differences, the qualitative increase
from PYR8 to PYR10 is seen in all the results shown in Fig. 3, i.e. in sim-
ulated dimer formation rates in vacuum and in a bilayer, and also in
excimer/monomer fluorescence intensities measured by Templer et al.
[14]. From this we conclude that the observed increases in the rate
from PYR8 to PYR10 originate from the conformational differences,
not from the increase in lateral pressure.

Summarizing, all the observations indicate that the acyl chain length
dependence of dimer formation rate is not determined by the lateral
pressure, instead the dominant contributions are the conformational
differences of the molecules.

Finally, the presentwork highlights that one can clearly characterize
dimer formation events using classical simulations as demonstrated in
Fig. 2 and also pointed out by other authors [52]. This is quite remark-
able and indicates that classical atomistic simulations have potential
for interpretation of pyrene fluorescence experiments.
5. Conclusions

According to the assumptions used to measure the shape of the lat-
eral pressure profile using di-pyr-PC probes, the relative excimer/
monomer fluorescence ratio between di-pyr-PCs with different acyl
chain lengths is related to the excimer formation rate, which is deter-
mined by the lateral pressure [14]. Accordingly, the relative dimer for-
mation rates between di-pyr-PCs with different acyl chain lengths
should be determined by the lateral pressure. However, based on our
simulation results the acyl chain length dependence of dimer formation
rates is not determined by the lateral pressure, instead it is dominated
by the conformations of di-pyr-PC molecules. Therefore, the results of
thiswork do not support the usage of di-pyr-PC probes for themeasure-
ments of the shape of the lateral pressure profile.

However, the measurements of the changes in the lateral pressure
profile are potentially better justified [21]. If the di-pyr-PC with a fixed
acyl chain length is embedded into bilayers with different lipid compo-
sition, the probemay provide relevant information of changes in the lat-
eral pressure profile [15–17,14,18–20], assuming that the pyrenes
reside largely in the same membrane region regardless of the bilayer
system studied.
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