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Introduction  

Lipid membranes have been studies for several years in order to understand 

the processes that take place within the lipid bilayer and how these processes and 

characteristics of the membrane are affected by different membrane composition. 

One of the commonly used experimental approaches is using fluorescent probes. 

Probes are for example used to determine membrane fluidity, characterize formation 

of membrane domains, and follow trafficking of cholesterol or reveal how the 

pressure is distributed inside a lipid membrane. There are two types of probes, free 

probes (not linked to any molecule) such as DPH (diphenylhexatriene) and probes 

linked to a host lipid such as bis-pyrene PC (pyrene moiety attached to a host lipid 

via carbon atom of the acyl chain). As the probes are not a native part of the 

membranes, it is essential to know how these probes influence the membrane 

properties determined in the experiments and also if the findings within experiments 

are correctly interpreted. We studied both DPH and pyrene probes and their effect on 

the surrounding lipids and membrane properties. 

 

First we studied DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine or 

dipalmitoylphosphatidylcholine) bilayer with various concentrations of cholesterol 

and various number of DPH probes immersed into the bilayer. We were studying 

these systems and the properties of the membrane such as area per lipid, mass 

density, membrane thickness, order parameter, DPH orientation and distribution, and 

how the presence of various number of DPH probes affect these properties and how 

they vary with increasing cholesterol concentration. Our results were consistent with 

those from previous studies and from experiments and confirmed that the use of DPH 

probes for determining membrane properties gives both quantitatively and 

qualitatively good results except for the DPH orientational distribution where the 

fluorescent anisotropy (FA) fails to describe the quantitative features precisely in the 

cholesterol rich membranes. 

 

Second, we studied DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine or 

dioleoylphosphatidylcholine) bilayer with pyrene probes linked to the carbon atom of 

acyl chain of DPPC as a host lipid. Pyrenes were attached to the same carbon atom 

on both chains of the host lipid. We studied how the calculated results and membrane 
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properties are altered by the different position of the pyrene and whether the position 

of pyrene has any effect on the computed data. We attached pyrene probes to 4th, 6th, 

8th and 10th carbon atom. We found out that with regards to membrane properties 

such as membrane thickness, area per lipid, mass density, order parameter, the effect 

of the probe on the surrounding lipid is of a short range which is consistent with 

previous simulations and experiments. Further we studied the experimental approach 

of measuring the shape of the lateral pressure profile using the pyrene probes 

attached to various carbon atoms. There is still an ongoing discussion of whether 

this, so far only, experimental approach is qualitatively and quantitatively correct. 

We calculated the lateral pressure profile for our systems and compared it with the 

results from experiments. We also managed to calculate the dimer formation rates 

(based on physical properties) and the results revealed by our work are 

complimentary in developing new experimental approaches to measure the lateral 

pressure profile.  
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1 BACKGROUND 

1.1 Biological membranes 

 Earth is hosting thousands of diverse living organisms across all continents 

and oceans and yet all of these species have something in common. Something what 

can’t be seen on the macroscopic level. The basic structural unit for all of these 

organisms is a cell (see Figure 1). All cells have some structural features in common, 

such as a membrane. Biological membranes consist of lipids and proteins, which are 

not covalently linked, giving the membrane its flexibility. The plasma membrane 

separates its content from the surroundings [ (1)].  This means that the membrane 

plays an important role in regulating what types of compounds stay at the outside of 

the cell and what types are allowed to pass to the inner side. This regulation is 

possible due to the membrane flexibility and it is done either via passive transport, 

such as diffusion or facilitated diffusion, or via active transport using membrane 

proteins. Such property of the membrane is very important for life and therefore is 

being studied by many different scientific fields [ (1), (2)]. 

  

 
 

Figure 1: Structure of the eukaryotic cell. Figure adapted from [ (2)]. 



10 
 

1.2 Lipid molecules 

 Lipid molecules are generally characterized by their insolubility in water 

caused by their composition and structure. They comprise of polar hydrophilic heads 

and non-polar hydrophobic tails. Therefore when immersed into aqueous solution, 

lipids group themselves together into three main configurations: micelle, bilayer or 

liposome, as shown in Figure 2. 

Figure 2: Lipid conformation in aqueous solution. Figure adapted from [ (3)]. 

 

 We can say that lipids have 3 main functions: 1- they store energy (fatty 

acids, oils), 2 – they are structural part of the membrane (phospholipids, sterols) and 

3 – they play an important role in giving the membrane signals for different actions 

(e.g. they play role as enzyme co-factors or intracellular messengers). We can divide 

the biological lipids into 8 main categories as shown in Table 1 [ (1)]. 

 Our main points of interest are structural lipids that form biological bilayer, in 

particular glycerophospholipids. Glycerophospholipids are phospholipids with 

backbone of glycerol. Different head-group substituents and acyl chains 

combinations can be linked to the backbone. Some of the head-group substituents are 

ethanolamine, choline, serine or glycerol. Based on the head-group substituent the 

lipid carries its name such as phosphatidylethanolamine (for head-group substituent 

ethanolamine) or phosphatidylcholine (for head-group substituent choline). The acyl 

chains can be unsaturated or saturated, consisting of up to 22 carbon atoms [ (1)]. 
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This work investigated lipid bilayers comprised mainly of 

dioleoylphosphatidylcholine (DOPC), and dipalmitoylphosphatidylcholine (DPPC), 

see Figure 3 and Figure 4.  

 

Eights Major Categories of Biological Lipids 

Category Examples 

Fatty acids Oleate, stearoyl-CoA, palmitoylcarnitine 

Glycerolipids Di- and triacylglycerols 

Glycerophospholipids Phosphatidylcholine, phosphatidylserine, 
phosphatidylethanolamine 

Sphingolipids Sphingomyelin, ganglioside GM2 

Sterol lipids Cholesterol, progesterone, bile acids 

Prenol lipids Farnesol, geraniol, retinol, ubiquinone 

Saccharolipids Lipopolysaccharide 

Polyketides Tetracycline, aflatoxin B1 

 
Table 1: Eight major categories of biological lipids. Table adapted from [ (1)]. 

 
 

Figure 3:  1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), chemical formula 
C44H84NO8P. Figure adapted from [ (4)]. 

 

 
Figure 4:  1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), chemical formula 

C40H80NO8P . Figure adapted from [ (4)]. 

  

 

 



 

1.2.1 Cholesterol 

 Cholesterol is a sterol lipid, see Figure 5. It has been the subject of research 

by many scientists as it is believed that cholesterol (CHOL) is one of the essential 

building blocks of the human cell membranes and plays a very important role in the 

membrane fluidity. It is also well known that cholesterol is a precursor for Vitamin 

D. On the other hand too much free cholesterol is toxic, so the amount of cholesterol 

within the bilayer must be controlled and this is done by the cell [

Figure 5: Structure of cholesterol. Figure 

  

 The presence 

such as fluidity, as the acyl chains become more ordered and the bilayer becomes 

more packed [ (8)]. It also suppresses the lateral diffusion of lipids (see Figure 6),

which can be observed during the molecular simulations [
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within the membrane.  



 

1.3 Fluorescent probes

 One of the ways how to explore lipid bilayers is by employing fluorescent 

probes. These molecules are immersed either freely into the bilayer or are attached to 

pre-defined lipid/molecule within the bilayer. One of the 

diphenylhexatriene (DPH; see Figure 7)

preference of location within the bilayer 

providing an insight on the membrane fluidity and ordering of the lipid acyl chains 

[ (14), (15), (16)]. 

 
Figure 7: Diphenylhexatriene structure. Figure adapted 

  

 Another widely used fluorescent probe is pyrene, see Figure 8. Pyrene 

can either be used as non

particular lipids. Depending on the site where the pyrene is linked it gives an insight 

on the respective part of the membrane. This approach is taken when it is essential to 

study properties of the different regions of the membrane.
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Figure 9: Top: PYR attached to 4th carbon atom of the acyl chain of DPPC (referred 
to as PYR4). Bottom: PYR attached to 10th carbon atom of the acyl chain of DPPC 
(referred to as PYR10). 

 

1.4 Membrane properties 

There are different membrane properties that can be studied either 

experimentally or via molecular simulations. Hereby we mention those that were of 

our main interest in this work. The list is not exhaustive, though. Some of the studied 

properties not common for all performed simulations are mentioned only within the 

description of results in section 4. 

 

1.4.1 Area per lipid  

Area per lipid is a commonly measured indicator of structural property of the 

lipid bilayer. It is measured during the experiments and can also be calculated from 

the molecular simulations. It provides the information about the physical properties 

of the membrane and also the feedback on the equilibration process [ (10), (19)]. If 

the subject of investigation are probes, such as DPH or PYR, or it is essential to 

know how the presence of different concentration of CHOL (or other molecules) 

affect the membrane properties, area per lipid provides valuable information on the 

membrane packing. 
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There are different calculations approaches based on the fact what types of 

molecules and in what amounts are part of the bilayer. In all our studied systems we 

simply divided the bilayer area by the number of lipid molecules (DPPC/DOPC) in 

one leaflet. This is a common approach used also by Rog et al [ (20)]. For more 

complicated systems consisting of many components, more advanced calculation 

techniques need to be employed. 

 

1.4.2 Mass density profile and membrane thickness 

To investigate the position of molecules of interest within the bilayer, mass 

density profiles of different bilayer components are calculated. For all our systems 

the position of all atoms was calculated with respect to the center of mass (CM) of 

the bilayer along the membrane normal (z-axis), as it may fluctuate in time. In 

symmetrical cases the mass density profile was then averaged over both leaflets. 

Membrane thickness is determined from the point where mass density of lipids 

(DPPC/DOPC) equals mass density of water [ (21)]. 

 

1.4.3 Order parameter 

In order to determine effects of the probes on the lipid acyl chains, |���| 
orientational order parameter is calculated. As it is important to know the 

dependence of the effect based on the distance, |���| is calculated for various 

distances � defined as a distance from CM of the probe to CM of the lipid 

(DPPC/DOPC). Orientational order parameter is defined as 

                    ��� � �	

 �3 cos
 ��� � 1��                                                 (1) 

where ��� is the angle between the carbon-deuterium bond and the motional 

symmetry axis [ (16)].  

 

1.4.4 Lateral pressure profile  

When a membrane is in equilibrated state, the sum of the forces acting in the 

plane of the bilayer is equal to zero. These forces are also called lateral pressures. 

However, within the membrane, there are different non-zero contributions of the 

pressures. Positive contribution in one part is compensated by negative contribution 
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in another part. The negative pressure can be found near the membrane interface 

arising from the interactions between water and the hydrophobic acyl chains. 

Positive pressure contributions come from interactions between the hydrophilic head 

groups and also from interactions between hydrocarbon chains. Snapshot of lateral 

pressure profile is depicted in Figure 10. Lateral pressure profile has been suggested 

to play an important role in regulating membrane proteins. Therefore it is important 

to understand the relationship between the lateral pressure profiles and membrane 

composition [ (22), (23)]. 

 

 
 
Figure 10: Snapshot of the lateral pressure profile in a DPPC lipid bilayer. Figure 
adapted from [ (23)]. 
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2 RESEARCH METHODS 

2.1 Molecular modeling 

 Molecular modeling is a „general process of describing complex chemical 

systems in terms of a realistic atomic model“ [ (24)] with the aim to “understand and 

predict macroscopic properties based on detailed knowledge on an atomic scale”       

[ (24)]. In the last 20 years, with the massive development of computational 

software, and hardware, the molecular modeling became widely used in studying the 

variety of systems. It can be used as a standalone method to explore systems where 

experimental means are not yet available or it serves as a supportive tool in exploring 

systems for which the experiments were undertaken but the interpretation of the 

results is difficult. In such cases the molecular modeling can provide valuable input 

and help understand the system and obtained results. One must, however, bear in 

mind that the molecular modeling is a complex method which in order to give us the 

possibility of exploring larger systems pays its tax in form of approximations which 

must be very carefully considered for each studied system. 

 

2.1.1 Classical molecular dynamics 

 The approach of classical molecular dynamics is to solve Newton's equations 

of motion: 

mi

∂2
ri

∂ t
2 =F i=�

∂V

∂ r i
for i=1...N                                           (2) 

where �� is the mass of the particle i, �� is the position of the particle i,�� is the force 

acting on particle i and ���	, �
, … , ��� is the potential energy function of the system 

consisting of N interacting atoms [ (23), (26)]. The equation is numerically integrated 

over small time steps (usually of 2 fs in our work or smaller/higher depending on 

calculating system) providing an output of coordinates (based on time) which 

represent the trajectory of the system. The integrator used in this work is so called 

leap-frog algorithm, which uses the following relations [ (26)]: 

v (t+
1
2

∆ t)=v ( t�
1
2
∆ t)+∆ t

m
F (t )                                        (3) 
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r (t+∆ t)=r (t)+∆ t v (t+
1
2

∆ t )                                           (4) 

2.1.2 Force fields 

 Force field is actually a set of parameters and functions representing potential 

energy of the system to be used during the molecular simulations. The potential of 

the system can be defined as follows: 

� � �� !!"#$%&'! ( ) ��'*+',- ) �.'!$ ) �/!0+ ) �1'#(�'!       (5) 

where �23445�6%&'! ( and �789:8�;represent the non-bonded interactions. Lennard-

Jones potential between two atoms is defined as 

�� !!"#$%&'! (���<� � /=>
#=>?@ � .=>

#=>A
                                       (6) 

where B�< and C�< are parameters depending on the pairs of interacting atoms. 

Lennard-Jones potential combines both attractive (van der Waals type) and repulsive 

forces depending on the distance of the 2 interacting atoms, see Figure 11 for 

graphical representation.  

 

Figure 11: Graphical representation of Lennard-Jones potential. Figure adapted from 

[ (25)]. 

 

��'*+',- describes the interaction between two charged particles D� and D< 

��'*+',-E��<F � G=G>
HIJKJL#=>

                                            (7) 

where MN is the dielectric constant of vacuum and M# is the relative dielectric constant 

[ (26)]. 
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 The remaining three terms of the system potential energy represent the 

following bonded interactions: 1. harmonic potential, describing the covalent bond 

between two atoms 

�.'!$E��<F �  	

 O�<- E��< � ;�<F


                                    (8) 

where the parameters O�<-  and ;�<depend on the pair of linked atoms; 2. harmonic 

angle potential, describing the changes of the angle between two consecutive bonds 

�/!0+ E��<PF � 	

 O�<PQ E��<P � ��<PN F


                              (9) 

where O�<PQ and ��<PN  depend on the three atoms linked together (denoted as atom i, 

atom j, and atom k); and either 3. torsional potential of improper dihedral (e.g. in 

case of double bond represented by harmonic potential) 

�1'#(�'!ER�<P+F � 	

 OSTO:

U ER�<P+ � R�<P+N F
                    (10) 

or torsional potential of proper dihedral (periodic potential) 

�1'#(�'!ERSTO:F � O�<P+
U �1 ) cosE4R�<P+ � R�<P+N F�               (11) 

where all parameters O�<P+
R ,R�<P+N  and n depend on the atoms participating in the 

interaction (atoms i, j, k, and l) [ (23), (26)]. 

 Different force fields were developed for different studied systems based on 

the properties and nature of atoms and molecules within the system. All simulations 

in this work were performed using the GROMACS simulation package [ (24), (26), 

(27), (28), (29)] and because this work focuses on molecular dynamics of lipid 

membranes, we concentrate on the force field and settings used for lipid simulations.  

 Since we are performing simulations of membrane - lipid bilayer, we 

employed force field that was developed over the years explicitly for lipids, a so 

called Berger force field. Double bonds in DOPC hydrocarbon chains were taken 

from Bachar et al [ (30)]. Because the bilayer is surrounded by water, for water 

molecules we used SPC (simple point charge) model [ (31)]. For further information 

about the used force fields and for other available force fields and related parameters, 

please refer to the following ref. [ (24), (27), (28), (32)].  



20 
 

2.2 Algorithms  

2.2.1 Periodic boundary conditions 

Despite the availability of modern computational technologies, we are still 

limited in respect to the size of the simulated system. To minimize the technical 

requirements, the simulated systems are often of smaller size and are said to be 

packed in a box. Because outside of this imaginary box is a vacuum, the obtained 

results would not correspond to the experimental data. Thus the boundary conditions 

are set to be periodic. For our studied system of bilayer this means that the box is 

copied in the direction of V and W axis and so the lipids located at the boundary of the 

box are considered as if in the neighborhood of other lipids rather than the vacuum 

[see Figure 12]. Such settings provide more reliable results corresponding to 

experimental data [ (8), (26), (33)]. 

 

 

Figure 12: „A schematic representation of periodic boundary conditions in two 
dimensions. The black particle leaves the central box by leaving a through right-hand 
boundary, and consequently re-enters through the left-hand boundary. The two white 
particles interact through the boundary.“[ (34)] 

 

2.2.2 Temperature coupling 

To compare our computational results with the experiments, we employed 

NPT ensemble in all our simulations, meaning we kept the number of particles, 

temperature, and pressure constant. To control the temperature, an algorithm called 

thermostat is used. Depending on the molecular simulation needs, we employed 

Berendsen thermostat or Nose-Hoover thermostat, both described further in more 

details. 
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Berendsen thermostat 

The aim of the thermostat is to correct the deviation of the system 

temperature from the required temperature. Berendsen algorithm uses the following 

relations to do so: 

$1
$X � 1K%1

Y                                                             (12) 

where ZN is the required temperature and [ is the time constant. 

The advantage of this thermostat is that the required temperature is reached 

rather quickly, so it is often used for simulations of systems during the equilibration 

process. However this approach does not produce correct canonical ensemble 

because it suppresses the fluctuations of kinetic energy of the system [ (8), (26)]. 

 

Nose-Hoover thermostat 

This thermostat represents theoretically more correct canonical ensemble by 

adding a heat reservoir and a friction term to the Hamiltonian of the system: 

$@#=
$X@ � \=

,=
� ]^

_
$#=
$X                                     (13) 

where ` is the friction (heat bath) parameter, a` is its momentum and the 

corresponding equation of motion then is  

$b
$X � �1%1K�

_                                            (14) 

where c is the so-called “mass parameter” of the heat reservoir. Nose-Hoover 

thermostat produces an oscillatory relaxation so it is important to keep in mind that 

the time needed for the system to relax with this type of thermostat is much longer 

than with Berendsen [ (8), (26)]. 

 

2.2.3 Pressure coupling 

The pressure coupling has the same idea as the temperature coupling. The 

purpose is to keep the pressure of the system constant. There are more algorithms 

available but in this work only two of them were used: Berendsen barostat, which 

has the same ideology as Berendsen thermostat and simply adapts the box 

dimensions to reach the defined pressure dN [ (26)]: 



22 
 

$e
$X � eK%e

Yf
                                           (15) 

where [] is the time constant for the coupling, and Parinello-Rahman barostat, 

which is similar to already mentioned Nose-Hoover thermostat offering extended 

ensemble. The box vectors are represented by matrix ;, � is the volume of the box, 

g is the strength of the coupling, d and dN refers to actual and required pressure 

respectively [ (26)]: 

$-@
$X@ � �g%	;h%	�d � dN�                                         (16) 

 

As we first needed to equilibrate the system, during this process we used 

Berendsen coupling and once the system was equilibrated we changed the barostat to 

Parinello-Rahman in order to have theoretically more correct NPT ensemble. 

The system can be treated anisotropically (all dimension scaled independently 

of each other), semi-isotropically (2 dimensions are linked together and scaled by the 

same amount) or isotropically (all dimensions are scaled by the same amount). 

Because our study covers lipid bilayer, we employed semi-isotropical settings for all 

our simulations. 

For further details on the Parinello-Rahman barostat, as well as other 

couplings mentioned above, please refer to Ref. [ (8), (26), (35), (36), (37), (38)]. 

 

2.2.4 LINCS 

LINCS is one of the constraint algorithms available in GROMACS. It adapts 

bonds to their correct length. This algorithm was used in all simulations presented in 

this work in order to remove bond vibrations and to increase the timestep. The full 

description of this algorithm can be found in [ (26), (39)]. 

 

 

2.3 Experiments 

2.3.1 Fluorescence Anisotropy Experiments 

Fluorescence is the emission of light from a substance which occurs when an 

electron from a singlet excited state returns to the ground state by emitting a photon. 

The average time between the excited state and return to the ground state is called the 
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lifetime ([) of a fluorophore. Aromatic molecules such as DPH are typical 

fluorophores (molecules in which fluorescence occurs) [ (40)].  Many fluorophores 

may be excited using a polarized light which then causes polarized emission. 

Anisotropy (r) describes extend of this polarization. Molecules with non-zero 

anisotropy are considered to have polarized emission. The emitted light may be 

depolarized by many ways. One of them is rotational diffusion. Depending on the 

speed of rotation the anisotropy will vary. The more rapid a rotation is, the more the 

light gets depolarized and thus the anisotropy is lower. See Figure 13 for schematic 

example. 

 
 
Figure 13: Scheme of a fluorescent anisotropy. Figure adapted from [ (41)]. 
 
 
 

Fluorescent anisotropy is a widely used tool to study various systems such as 

biomolecules. Using this method we can study membrane viscosity or detect binding 

of molecules. For more details about fluorescence, fluorescence anisotropy and 

applications please see Ref (40). 
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3 STUDIED MODELS AND PROPERTIES 

3.1 Structure of the models and simulation details 

3.1.1 DPH in DPPC bilayer with various CHOL concentrations 

We studied lipid bilayers consisting of DPPC molecules with varying 

concentration of CHOL molecules. We studied 2 systems, each comprised of 128 

DPPC molecules which were equally divided into 2 leaflets, each having 64 lipid 

molecules. The first system contained also 32 CHOL molecules (corresponding to 20 

mol% CHOL) and the second system contained 6 CHOL molecules (corresponding 

to 5 mol% CHOL). To simulate the fully hydrated system the lipid bilayers were 

surrounded by 3495 water molecules. The system was slightly adapted from the 

system used by Rog et al. [ (20)]. We immersed the CHOL molecules into the system 

and then equilibrated it. First we created the system with 32 CHOL molecules. The 

system with 6 CHOL molecules was prepared from the system with 32 CHOL 

molecules by deleting unnecessary CHOL molecules, two at a time and minimizing 

the system at every stage. Molecular dynamics simulations took place after every 6 

deleted CHOL molecules in order to equilibrate the system. These simulations were 

5 ns in length.  

Once the DPPC-CHOL systems were equilibrated we started to immerse the 

DPH probes into the acyl chain region of the bilayer. Probes were immersed 

randomly into both leaflets and were not linked to any lipid molecule. We created 

four subsystems out of each system by immersing 0, 1, 3 or 6 DPH molecules into 

the bilayer. Example of the system with 3 inserted DPH probes is shown in Figure 

14. 

The molecules within the systems were described as follows: DPPC 

molecules were described using the parameters for bonded and non-bonded 

interactions from ref. (42) and partial charges from the underlying model description 

[ (43)]; CHOL was described using parameters from ref (44); water was described 

using SPC model [ (31)] and for DPH the parameters were taken from a similar 

combination of atom types in DPPC [ (16)]. The long-range electrostatic interactions 

were described through the Particle-Mesh Ewald technique [ (45)] with a real space 

cut-off of 1.0 nm and Lennard-Jones interactions were cut off at 1.0 nm. 
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All simulations of these models were performed using GROMACS software 

package [ (29)] in NPT ensemble (constant number of particles, constant pressure 

and constant temperature) with periodic boundary conditions in all three directions 

and LINCS [ (39)] algorithm to preserve all bond lengths. The pressure was set to 

1 bar (100 kPa) and temperature to 325 K. As a first step before running the 

simulations for analysis, we wanted the systems to be equilibrated and thus we used 

Berendsen algorithm [ (35)] for both temperature and pressure and run molecular 

dynamics simulations for 5 ns with time constants of 0.1 and 1.0 ps, respectively. 

Then the pressure control was changed to Parrinello-Rahman barostat [ (38)] and 

temperature control to Nose-Hoover thermostat [ (37)]. Time constants remained the 

same and the simulations were run for 60 ns. We analyzed these 60 ns of all 

trajectories. The time step of the simulations was set to 2 fs and the trajectory was 

saved every 10 ps. More details and background information about the models can be 

found in the Publication I attached. Overview of simulation settings is presented in 

Table 2. 

 
 
Figure 14: DPPC-CHOL lipid bilayer with three DPH molecules freely immersed 
into the system (highlighted in yellow) surrounded by water. 
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Settings 
System 

DPH-DPPC PYR-DOPC 
Ensemble NpT NpT 

Temperature algorithm 
Berendsen (5 ns) Berendsen (20 ns) 

Nose-Hoover (60 ns) Nose-Hoover (500 ns) 

Temperature time constant 0.1 ps 0.1 ps 

Pressure algorithm 
Berendsen (5 ns) Berendsen (20 ns) 

Parinello-Rahman (60 
ns) 

Parinello-Rahman (500 
ns) 

Pressure time constant 1.0 ps 1.0 ps 

Temperature 325 K 300 K 

Pressure 1 bar 1 bar 

Particle Mesh Ewald cut-off 1.0 nm 1.0 nm 

Lenard-Jones cut-off 1.0 nm 1.0 nm 

LINCS yes yes 

Periodic boundary 3 directions 3 directions 

Time step of simulations 2 fs 2 fs 

Saving of trajectory every 10 ps every 10 ps 
 
Table 2: Overview of simulation settings for DPPC membrane simulated 
with/without DPH probe (here denoted as DPH-DPPC) and for DOPC membrane 
simulated with/without pyrene probes (denoted as PYR-DOPC). 
 

Rationale 

The models and conditions were chosen in such way that the simulation 

results could be compared with data available from previous simulations and 

experiments. In experiments the concentration of DPH is usually about 0.1-1 mol % 

thus this situation best represents our system with 1 DPH. We increased the 

concentration of DPH to 3 DPH and 6 DPH in order to improve the statistics of our 

simulations as their time scale is limited.  

The temperature of 325 K was chosen as it is above the main phase-transition 

temperature of a pure DPPC membrane [ (46), (47)]. The CHOL concentration of 

5 mol % at this temperature corresponds to the liquid-disordered phase. With the 

higher concentration of CHOL, 20 mol %, at this temperature there is a coexistence 

of two phases, liquid-ordered phase and liquid-disordered phase [ (46), (48)]. As the 

simulations were run for limited time the formation of CHOL-rich and CHOL-poor 

domains did not occur. Thus the 20 mol % CHOL concentration corresponds to the 

CHOL-rich domain close to the boundary between liquid-disordered phase and the 

coexistence of liquid-ordered and liquid-disordered state. 
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3.1.2 DOPC bilayer with pyrene probes linked to various carbon atoms 

Our second studied model was comprised of 128 DOPC molecules, each 

leaflet consisting of 64 molecules. The bilayer was surrounded by 3655 water 

molecules to simulate the fully hydrated system. In order to create di-pyrenyl 

phosphatidylcholine (bis-pyrene PC or di-pyr-PC) molecules we randomly chose 4 

DOPC molecules, 2 molecules in each leaflet, and we transformed them into DPPC 

molecules by replacing the double bond region with a saturated one. Once the DPPC 

molecules were ready, we attached pyrene moiety to both hydrocarbon chains of the 

DPPC molecules. Depending on which carbon atom the moiety was attached to we 

created 4 systems: PYR4, PYR6, PYR8 and PYR10 having the pyrenes attached to 

4th, 6th, 8th and 10th carbon in both hydrocarbon chains of the DPPC molecules, 

respectively. Example of a bis-pyrene PC is shown in Figure 15. Simulation of pure 

DOPC membrane (without bis-pyrene PC) was performed for comparison. 

 
Figure 15: A: Pyrene, B: Bis-pyrene PC with the pyrene moieties attached to 4th 
carbon in both acyl chains of DPPC, C: Bis-pyrene PC with the pyrene moieties 
attached to 10th carbon in both acyl chains of DPPC 
 

The simulations were performed using the GROMACS software package       

[ (24)] in NPT ensemble with periodic boundary conditions in all three directions and 

LINCS [ (39)] algorithm to preserve all bond lengths. The force fields were chosen 
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as described in section 2.1.2 of this thesis. For the pyrene molecule we used force 

field parameters from ref. (49). Temperature was set to 300 K and pressure to 1 bar 

(100 kPa).  Long-range interactions were described through the Particle-Mesh Ewald 

technique [ (45)]. As with all our simulations, the time step was set to 2 fs and the 

trajectory was saved every 10 ps. 

All 5 systems (pure DOPC, PYR4, PYR6, PYR8 and PYR10) were firstly 

simulated for 20 ns with Berendsen algorithm [ (35)] for both temperature and 

pressure with time constants of 0.1 and 1.0 ps respectively. Then the pressure control 

was changed to Parrinello-Rahman barostat [ (38)] and temperature control to Nose-

Hoover thermostat [ (37)]. Time constants remained the same and the simulations 

were run for 500 ns. We analyzed these 500 ns of all trajectories, if not otherwise 

stated. Overview of simulation settings is presented in Table 2. 

 

Rationale 

These systems were prepared in order to compare the simulated data with the 

experimental results of Templer et al. [ (50)]. The typically used concentration in 

experiments is about 0.1 mol %, however this would require about 100-1000 times 

larger computing resources than those used in this work thus we increased the 

concentration of bis-pyrene PCs to about 3 mol %. The temperature was set to 300 K 

to match the experimental settings by Templer et al. [ (50)].  
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4 RESULTS 

4.1 DPH in DPPC bilayer with various CHOL concentrations  

4.1.1 Area per lipid 

The calculated average areas per molecule displayed in Table 3 prove that the 5 ns 

used for equilibration were sufficient for both concentrations of CHOL and we can 

use the remaining 60 ns of simulations for analysis. The time evolution of the area 

per molecule for both concentrations of CHOL is displayed in Figure 16. Data 

calculated for membranes without DPH are consistent with previous findings. The 

results also indicate that CHOL causes the membrane to pack more tightly which is 

also in agreement with previous findings [ (51)]. The most interesting finding is that 

the DPH probes do not significantly affect the area per lipid. Even with the largest 

concentration of DPH probes the area per lipid doesn’t vary from the area per lipid 

for membrane without DPH probe.  
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Figure 16: Time evolution of the area per lipid for 5 mol % cholesterol (top) and 
20 mol % cholesterol (bottom) for all concentrations of DPH probe. 
 
 

 

 

Number of DPH 

molecules 

Average area per lipid [nm2] 

χ = 5 mol % χ = 20 mol % 

0 0.647 ± 0.013 0.599 ± 0.009 

1 0.646 ± 0.012 0.603 ± 0.010 

3 0.647 ± 0.011 0.603 ± 0.011 

6 0.643 ± 0.012 0.596 ± 0.008 

Table 3: Calculated average areas per lipid, <A>, for DPPC bilayer with CHOL 
concentration (χ) of 5 and 20 mol % and with different number of DPH probes. 
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4.1.2 Mass density profile and membrane thickness 

The position of DPH within the bilayer was determined by calculating mass 

density profile of different components of the bilayer, shown in Figure 17 and Figure 

18. 
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Figure 17: Comparison of mass density profiles of different bilayer components for 
all simulated concentrations of DPH in 5 mol % CHOL bilayer (top) and in 
20 mol % CHOL (bottom). 
 



33 
 

 
 
 
 
Figure 18: Comparison of mass density profiles of different membrane components 
for 1 DPH in 5 mol % CHOL and 20 mol % CHOL membrane. 
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Membrane thickness [nm] 

5 mol % CHOL 20 mol % CHOL 
0 DPH 4.20 4.77 
1 DPH 4.22 4.76 
3 DPH 4.23 4.77 
6 DPH 4.28 4.83 

 
Table 4: The membrane thickness of DPPC bilayer with 5 and 20 mol % CHOL and 
with 0, 1, 3, and 6 DPH probes. 
 
 

From the mass density profiles we can see that the DPH probe is located 

within the acyl chain region of the bilayer, which is in line with the previous 

simulations [ (16)] and experiments [ (52)]. In case of 5 mol % CHOL the DPH 

center of mass is fluctuating around 0.75 nm from the membrane center whereas for 

20 mol % CHOL the distance is 0.95 nm. For the membrane with higher 

concentration of CHOL the DPH probe preferred location is closer to the water 

interface which is caused by higher order of acyl chains due to the presence of 

cholesterol.  

Looking at the calculated membrane thickness shown in Table 4 we can 

observe trend in increasing the membrane thickness with increasing concentration of 

DPH probes. This phenomenon is obvious for the 5 mol % CHOL membrane 

however for the 20 mol % CHOL membrane the increase in membrane thickness 

with increasing number of DPH probes is less significant. This is caused by the effect 

of cholesterol which causes the acyl chains to be more ordered. Overall we can say 

that DPH probes do have an effect on distribution of lipids as well as on membrane 

thickness and this effect grows with increasing number of DPH probes and decreases 

with increasing concentration of cholesterol.  

 

4.1.3 Orientational order of lipid acyl chains 

As the fluorescent probes may affect the ordering of acyl chains it is essential 

to know if the experimental results reflect the real ordering of the lipids within the 

membrane or if the result is affected by the probe itself. To characterize this effect 

for DPH we calculated the order parameter profile |���| along the sn-1 acyl chain of 

DPPC [ (10)]. To investigate the range of the effect we calculated the order 
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parameter for various distances from the center of mass of a given DPPC to the 

center of mass of the nearest DPH [ (53)] in the same leaflet, denoted as R in the 

below Figure 19.  

 

 
 
Figure 19: DPPC order parameter |ijk| or sn-1 chain. Carbon atoms close to the 
glycerol group have smaller number than those being further. A - 1 DPH with 
5 mol % CHOL, B – 6 DPH with 5 mol % CHOL, C - 1 DPH with 20 mol % CHOL, 
D - 6 DPH with 20 mol % CHOL. 
 
 

The above figure confirms what we have found by calculating the membrane 

thickness. The effect of DPH on the membrane is visible. These graphs however 
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reveal the range of the DPH effects on the surrounding molecules. As can be seen, 

the short range effect is present for all DPH concentrations and for all CHOL 

concentrations however extend of this effect varies. With increasing CHOL 

concentration the effect is less visible due to the same reasons as discussed within the 

membrane thickness results. The effect of DPH is rather of a short range as at 

R = 1 nm the effect is already very weak and at R > 1 nm the effect is diminished. To 

conclude, the influence of DPH on the ordering of lipid acyl chain is substantial but 

of a short range and is more visible in larger DPH concentrations and suppressed by 

larger concentrations of cholesterol. 

 

4.1.4 DPH orientation and distribution 

Our research further continued exploring the orientation and distribution of 

DPH within the membrane in order to obtain more information on the influence of 

DPH on the surrounding molecules. First we calculated the probability distribution 

d��� � l���mS4� of DPH with respect to the membrane normal. The results for each 

concentration of DPH and CHOL are displayed in Figure 20.  

 

 
 
Figure 20: The probability distribution of DPH with respect to the membrane normal 
for both CHOL concentrations and 1, 3, and 6 DPH probes, respectively. 
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We can see that for lower CHOL concentration the DPH orientation 

fluctuates quite a lot and the distribution is rather broad, with a peak around 

approximately 18° whereas for 20 mol % CHOL the orientational distribution of 

DPH is more narrow with a peak around 10°. These results support the previous 

findings within our work that within the CHOL rich membranes the “movement” of 

DPH is restricted and rather limited. The orientational ordering of DPH depends on 

the membrane composition and the more rigid the membrane is, the narrower the 

probability distribution of DPH is. For CHOL free membrane the orientational 

distribution calculated by Repáková et al. [ (16)] had a peak around 25°. 

Secondly we calculated DPH orientation as a function of distance from the 

membrane center (z). The results are shown below in Figure 21. 

 

Figure 21: DPH orientation as a function of distance from the membrane center at 
n � 0 where � � I


 corresponds to the long axis of DPH being perpendicular to the 

bilayer normal and � � 0 corresponds to the long axis of DPH being parallel to the 
membrane normal. 
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The results show that the DPH orientation and position are considerably 

restricted by the membrane with higher CHOL concentration as the acyl chains are 

already more ordered and there is less space for the DPH probes to move. In the 

system with 5 mol % CHOL the DPH probes that are aligned along the acyl chains 

are about 0.75 nm from the membrane center z (result consistent with mass density 

profile finding) while the probes which are perpendicular to the bilayer normal are 

closer to the water interface at about 0.9 nm from the membrane center. For the 

20 mol % CHOL the DPH probes are around 0.9 – 0.95 nm from the membrane 

center but their position is more or less along the acyl chains of the lipids up to the 

angle of 30°. 

 

4.1.5 Comparison of DPH fluorescent anisotropy measurements with 

simulation results for measuring membrane fluidity 

One of the methods of studying the membrane fluidity is using fluorescent 

anisotropy (FA) experiments. Here we consider the method using Brownian 

rotational diffusion model following the description of Mitchell and Litman [ (54)]. 

Within the FA experiments the obtained anisotropy decay provides only the 

orientational order parameters pd
q and pdHq based on Legendre polynomials of 

second and fourth rank, respectively. Thus from the FA experiments one only has the 

following terms available pdNq, pd
q and pdHq to describe orientational distribution 

function lH��� � �54��. The aim of our study was to investigate if these terms are 

sufficient for the proper description of the true orientational distribution 

function le���. The detailed description of our approach and rationale is deeply 

discussed within our Publication I attached; here we provide only the results. 

As it can be seen in Figure 22 for the 5 mol % CHOL the accurate description 

of le��� would require terms up to pdtq. In 20 mol % CHOL membrane the situation 

is more complicated and to describe the orientational distribution function precisely 

one would need terms up to at least pd	
q. It is obvious that the presence of 

cholesterol in the membrane makes it more complicated to describe the orientational 

distribution function via FA experiments and one need to be very careful in 

interpreting the obtained results. Comparison of le��� = l	H��� with predicted lH��� 

is shown in Figure 23. 



39 
 

 

Figure 22: Results of the true orientational distribution function le��� obtained from 
simulations and the fits l����derived using the order parameters up to pd�q, where 
N= 2,4,6,8,10,12 and 14. 
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Figure 23: Comparison of le��� desribed in terms of l	H��� with predicted lH��� 
obtained via BRD model. A-6 DPH, 5 mol % CHOL. B-6 DPH, 20 mol % CHOL. 
 

 

4.2 DOPC bilayer with pyrene probes linked to various carbon 

atoms 

4.2.1 Area per lipid  

At the beginning of this work it was not yet clear how long the molecular 

dynamics simulation will be run for. We started with 100 ns and in each step added 

additional 100 ns up to the total of 500 ns. The calculated average areas per lipid and 

membrane thickness for each system are shown below in Table 5. It can be seen that 

not only the presence of pyrene probe affects the membrane packing but also its 

position within the membrane. Even though the effect is minor, the closer to the lipid 

head-group the pyrene is attached the more evident the influence is. The smallest 

perturbations are found in the system where pyrenes are close to the membrane 

center (PYR10) where the free volume of the membrane is the largest. 
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System ‹A› (nm²) Membrane 

thickness (nm) 

PYR4 0.687 ± 0.002 4.10 ± 0.02 

PYR6 0.689 ± 0.002 4.10 ± 0.02 

PYR8 0.690 ± 0.002 4.10 ± 0.02 

PYR10 0.693 ± 0.002 4.09 ± 0.02 

DOPC 0.697 ± 0.002 4.10 ± 0.02 

DOPC-exp.  0.674 at 303 K [ (55)] --- 

DOPC-exp.  0.724 at 303 K [ (56)] --- 

DOPC-exp.  0.691 at 288 K [ (56)] --- 

DOPC-exp. --- 4.58 at 25°C [ (57)] 

DOPC-exp. --- 4.0 at 22°C [ (58)] 

 
Table 5: Average area per lipid and membrane thickness calculated from 500 ns long 
simulations, and measured in experiments (denoted here as DOPC-exp). 
 
 

4.2.2 Mass density profile and membrane thickness 

The mass density profiles for all simulated systems are compared in Figure 

24. Based on these profiles we can conclude that the position of pyrene does not 

affect the average membrane thickness (Table 5). As already described in section 

1.4.2., we determined the membrane thickness from the point where the mass density 

of lipid equals mass density of water. The experimentally measured membrane 

thickness is comparable to the one we calculated from the simulations (considering 

the various approaches there exist to define the membrane thickness). 

Very interesting is the mass density profile of pyrene moiety center of mass 

and thus bis-pyrene PC mass density profile (Figure 24). As expected, the figure 

depicts how the distribution of pyrene moves closer to the membrane center as the 

carbon atom to which the pyrene is attached moves towards the end of the 

hydrocarbon chain. However, the profile of PYR10 is somewhat different. The 

pyrene moieties are no longer located only within the leaflet in which their host lipid 

is but they extend to the membrane center and even beyond it into the opposite leaflet 

and thus react with the pyrenes from the opposite leaflet. As seen in Figure 25, the 

interdigitation is best seen for profile calculated from 100-200 ns and 300-400 ns 

simulation. As this result was quite surprising, we decided to explore the formation 

of dimers further. The results are discussed in section 4.2.4. Dimers and also within 

our Publication II and III attached to this thesis. 
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Figure 24: Mass density profiles calculated from 500 ns long simulations. A-mass 
density profiles for the whole system including water and for bilayer for all studied 
systems. B-mass density profiles of pyrene moieties for each studied system. C-mass 
density profiles of bis-pyrene PC for all studied systems (legend for C is the same as 
for B). 
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Figure 25: Mass density profiles of pyrene moiety in PYR10 system split into 100 ns 
simulations for the total duration of 500 ns. 
 

 

4.2.3 Ordering of lipid acyl chains 

The results for order parameter are shown in Figure 26. From the presented 

data we can see that the pyrene probes have about the same effect on ordering of the 

surrounding lipids. Within the same leaflet (shown in the figure in full line) the acyl 

chains of the lipids close to the pyrene probe (� u 1.0 4�) become more ordered. 

The effect weakens with the distance. It is worth mentioning that close to the center 

of the membrane the pyrene probes slightly weaken conformational disorder in acyl 

chains that are close to the probes (� u 1.0 4�) while the lipids in the distance of 

0.5 4� w � u 1.0 4� are more ordered than those which are further from the 

probes. These results are in good agreement with previous findings [ (49)] where 

Repáková et.al studied DPPC system with one pyrene moiety attached to the carbon 

of the acyl chain of the lipids. Despite the slight differences between our systems 

Repáková et al. also observed local ordering around the probe of up to 1.5 nm. 

Within our system, however, the ordering decreased towards the membrane center 

(beyond the double bond) while within the DPPC membrane it persisted over the 
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length of the whole chain. 

 
Figure 26: Order parameter |���| profiles calculated from 500 ns long simulations. 
Both chains sn-1 (left column) and sn-2 (right column) are shown. The lower carbon 
atom number, the closer the carbon is to the head-group of the lipid. Full line 
represents the effect on lipids with the same leaflet, dashed line the effect on lipids in 
opposite leaflets. Colors represent different distances between CM of the probe and 
CM of the DOPC molecules. The distance is always calculated to the nearest probe: 
RED: � u 0.5 4�, GREEN: 0.5 4� w � u 1.0 4�, BLUE: 1.0 4� w � u 1.5 4�, 
YELLOW: 1.5 4� w �, BLACK: average over all lipids. 
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The Figure 26 further shows how the pyrene probes affect the ordering of 

lipids in the opposite leaflet. As for PYR4 system, there is no effect at all, the pyrene 

moieties are far from the membrane center and thus do not affect the opposite lipids. 

The effect starts with PYR6 system however it is not very strong and there is limited 

number of samples and thus there are major error bars. Situation is more obvious 

with PYR8 and PYR10 system. For PYR8 system the error bars are about 10-20% 

and for PYR10 about 10%. The effect of the probe on the lipids in the opposite layer 

is clearly visible for PYR10 system which is caused by the pyrene probe to interact 

with the molecules in the opposite leaflet, especially with pyrene probes in the 

opposite leaflet forming a dimer (Figure 27). Dimer formation is not the only process 

that contributes to the results shown in Figure 26 however it does play an interesting 

role in this structural organization. 

 

4.2.4 Dimers 

During our work and analysis of the simulated data we came across a very 

interesting finding. The mass density profile of pyrene suggests that the pyrene 

moieties interact to form dimer. We explored the trajectories further and found out 

that the pyrenes attached to 4th, 6th and 8th carbon atom form dimer within the same 

leaflet, either intramolecular (host lipid is the same for both pyrene moieties) or 

intermolecular (host lipid is different) whereas pyrenes attached to 10th carbon atom 

form dimers also across the leaflet. The snapshots of both occasions are shown in 

Figure 27. To analyze the dimer formation more precisely we set conditions under 

which we considered two pyrene moieties to form a dimer. The distance � between 

them is less than 0.6 nm and for the angle θ between the pyrene planes the following 

is true |x8m�| y 0.9. There is no specific justification for these conditions however 

varying these conditions by 50% did not change the results essentially. The results 

for number of instances where two pyrene moieties formed dimer are shown below 

in Table 6 and the sample of distance � and |x8m�| as a function of time is shown in 

Figure 28. 

 



46 
 

 
 

 
Figure 27: Snapshots of pyrene dimers. Top: PYR6 system with intralipid (pyrenes 
are in the same host lipid) dimers. Bottom: PYR10 system with interlipid (pyrenes 
are in different host lipid) dimer formed by pyrenes in opposing leaflets. 
 
 

The results depend on the initial system configuration and position of the 

pyrene probes since the simulation box was longer than the lateral diffusion of the 

lipids during the 500 ns long simulations. Thus we can not draw strong conclusions 

about the quantitative numbers; hence the results provide us with a qualitative 
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overview of the behavior of the pyrene probes. For quantitative results one would 

need to perform simulations for longer period of time (at least 10 times longer). The 

results are extensively discussed within our Publication II and III.  

 

  Number of dimer instances 

System 
Intramolecular 
Same leaflet 

Intermolecular 
Same leaflet 

Different 
leaflet Total 

PYR4 3652 17 0 3669 
PYR6 9434 3758 0 13192 
PYR8 4417 2327 0 6744 
PYR10 12650 17 3707 16374 

 

Table 6: Number of events where two pyrene moieties form dimer shown for all 
systems and split for events within the same host lipid (intramolecular), same leaflet 
but different host lipid (intermolecular) and different leaflet.  

 
 

4.2.5 Lateral pressure profile 

To study the feasibility of pyrene probes to measure the lateral pressure 

profile, as suggested by Templer et. Al., we have calculated the dimer formation 

rates and lateral pressure profiled from molecular dynamics simulations, see 

Publication III. Lateral pressure profile a�n� was calculated as a function of z 

coordinate of the membrane (along the membrane normal) with n � 0 corresponding 

to membrane center. Based on the research done by Ollila [ (23)] the lateral pressure 

profile was calculated as follows: 

a�n� � d{{�n� )  d||�n�
2                                                     �17� 

The average pressure in the location of pyrenes was calculated through the 

weighting of the pyrenes’ density profile: 

d]|# � ∑ �]|#�n�a�n��
∑ �]|#�n��

                                                   �18� 

where �]|#�n� is the density profile of pyrenes.  
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Figure 28: Distance � and |x8m�| between two pyrene moieties in time. Top: pyrene 
moieties attached to the same host lipid in PYR4 system. Bottom: pyrene moieties 
attached to lipids in different leaflets in PYR10 system. 

 
 

In order to compare the dimer formation rate with experiments we accounted 

only for the dimers formed within the same host lipid as in the experiments the 

concentration of pyrene probes is smaller and the formation of intermolecular dimers 

is not expect to take place (or if so, then only in very rare occasions). The snapshot of 
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intralipid dimer is shown in Figure 27 and example of distance � and |x8m�| between 

two pyrene moieties attached to the same host lipid (eventually forming intralipid 

dimer) is shown in Figure 28. Then we calculated the dimer formation rates. To 

separate bilayer and molecular conformational contributions, we performed 

simulation of bis-pyrene PC also in vacuum. Then we compared the results of dimer 

formation rates in bilayer and vacuum with the results from experiments of Templer 

et al.[ (50)].  

Our results suggest that relative dimerization rates are determined by the 

molecular conformation rather than the lateral pressure profile. 

Based on our evaluation of the results we do not recommend using the bis-

pyrene PC probes as a tool for measuring shape of the lateral pressure profile 

however these probes might be suitable for measuring changes in the lateral pressure 

in membranes with different lipid composition providing the pyrene is attached to the 

fixed carbon atom. 
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Conclusion 

Imaging techniques involving fluorescent probes provide a wide range of 

possibilities in exploring the biological membranes. However the issue of how 

probes themselves affect the membrane properties has been studied only recently and 

there are many examples of studies where the effect of probes on membrane 

properties was proven [ (13), (14), (53)]. In this work we studied how DPH probe 

affects the membrane properties and how this effect varies with increasing 

cholesterol concentration in lipid membranes, and if the commonly used 

experimental techniques describe the properties well enough. We also studied pyrene 

labeled lipids as probes (precisely bis-pyrene PC) in DOPC membrane and how the 

position of pyrene on the acyl chain (length of the bis-pyrene PC) affects the results 

obtained from experiments. 

We found out that the effect of DPH probes on membrane properties is of a 

short range and only surrounding lipids are affected. The effect of DPH vanishes in 

about 1 nm distance from the probes. So with low concentration of DPH probes the 

effect of these probes on the membrane properties can be neglected. However, with 

increasing cholesterol concentration the fluorescent anisotropy analysis used to 

describe orientational ordering of DPH is rather limited in the quantitative sense. We 

found out that in the cholesterol rich membranes at least 5-7 terms of in a series 

expansion using the Legendre polynomial are needed to describe the orientational 

ordering of DPH quantitatively correct. Therefore, one needs to be careful when 

drawing conclusions from FA analysis with regards to the ordering effects in the 

lipid acyl chain region of cholesterol rich domains. 

We also studied pyrene probes attached to the various carbon atoms of the 

host lipid’s acyl chain. The probes were attached to 4th, 6th, 8th and 10th carbon atom 

of the acyl chain of the host lipid. The effect of pyrenes on surrounding molecules 

was about the same for all positions of the pyrene and the effect was of a rather short 

range, although not negligible. However, the probes attached close to the glycerol 

group, to 4th, 6th and 8th carbon atom of the chain, tend to form intralipid and 

interlipid dimers whereas the probes attached further from the head group, to 10th 

carbon atom (and possibly further) also strongly interact with the molecules from 

opposing leaflet and form inter-leaflet dimers. This finding is very important as the 
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various positions of pyrenes within the membrane are suitable for analysis of 

different membrane properties.  

The most interesting finding within this work is controversial to the so far 

only experimental approach carried out to measure the shape of the lateral pressure 

profile. Based on our results we do not suggest to use the different position of 

pyrenes within the membrane to measure the lateral pressure profile as the rate of 

forming dimers depends rather on the conformations of bis-pyrene PC molecules 

than on the lateral pressure. However the changes of the lateral pressure profile can 

be very well observed when the pyrene is attached to a fixed carbon atom within 

membranes with different composition [ (50), (59), (60), (61), (62), (63), (64)]. 

Our results support the fact that molecular simulations are a very powerful 

tool in exploring the membrane properties and such should be used along with the 

experiments in order to support each other in the development of new approaches in 

studying the membrane properties.  
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Effects of DPH on DPPC-Cholesterol Membranes with Varying Concentrations of
Cholesterol: From Local Perturbations to Limitations in Fluorescence
Anisotropy Experiments
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We have used atomistic molecular dynamics simulations to consider 1,6-diphenyl-1,3,5-hexatriene (DPH)
fluorescent probes in a fluid dipalmitoylphosphatidylcholine bilayer with 5 and 20 mol % cholesterol (CHOL).
We show that while DPH affects a number of membrane properties, the perturbations induced by DPH depend
on the concentration of cholesterol in a membrane. For example, we find DPH to influence the mass density
distribution of lipids across the membrane and to promote the ordering of acyl chains around the probe. Yet,
these perturbations get relatively weaker for increasing cholesterol concentration. Meanwhile, we also find
that the commonly used analysis in terms of the Brownian rotational diffusion (BRD) model with Legendre
polynomials to interpret fluorescence anisotropy (FA) experiments is sensitive to the amount of cholesterol.
For small concentrations of cholesterol, the analysis of FA turns out to yield a relatively good approximation
of the correct orientational distribution of DPH. However, for a CHOL concentration of 20 mol %, we find
that the FA analysis fails to yield the true orientational distribution of DPH, the disagreement being substantial.
The results suggest that in highly ordered membrane domains, the view given by FA analysis using the BRD
model is likely reliable in a qualitative sense, but the quantitative description deviates substantially from the
correct one. The present results imply that FA studies for the orientational distribution of DPH should be
interpreted with great care.

I. Introduction

Cholesterol plays a crucial role in numerous cellular functions.
For example, while the functions of membrane proteins are
partly controlled by lipid-protein interactions and membrane
elasticity,1,2 in both cases, the role of cholesterol is significant;
it has been found that cholesterol may be an integral component
of membrane protein structures,3 and cholesterol also affects
membrane elasticity and membrane order,4 thus indirectly
affecting membrane protein activation1,5 and giving rise to the
formation of the so-called liquid-ordered phase.6 The importance
of cholesterol is highlighted by its prominent role in the lipid
raft model,7-10 which has become the current standard to picture
the structure of cell membranes and to understand the role of
membranes in cellular functions. Consequently, in order to
understand how cellular functions partly emerge from lipids,
one needs to understand the structure and dynamics of lipid
membranes with varying concentrations of cholesterol.

Meanwhile, one of the commonly used techniques to char-
acterize membrane structure and dynamics is to employ
fluorescent probes.11,12 Probes are often used to, for example,
determine membrane fluidity, follow trafficking of cholesterol,
and characterize formation of membrane domains. One of the
popular probes is diphenylhexatriene (DPH; see Figure 1),11,13,14

a probe that prefers the hydrophobic acyl chain region of
membranes. Therefore, it is broadly used in experiments to
provide insight into membrane fluidity and ordering of lipid
acyl chains.14-16

However, as probes are not a native component of mem-
branes, one has to consider how well they mimic native
molecules and how major the perturbations induced by probes
actually are.17 In fact, there are many experimental observations
that have shown probes to influence membrane properties in
various ways.13,14,17-24

Considering free DPH (free in terms of not being covalently
bound to any lipid) specifically, it has been found through
experiments that it affects the main transition temperature of
single-component lipid bilayers, and it also has an influence on
the ordering of lipid acyl chains.13,14,17,18,25 However, due to
the limitations of experimental techniques, their spatial resolu-
tion does not allow detailed consideration of DPH-induced
perturbations with atomistic or molecular accuracy. To comple-
ment experiments in this regard, atomistic simulations have
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recently been applied with success to provide nanoscale insight
into the effects induced by fluorescent probes on lipid
membranes.23,24,26-29 Recent simulations focused on single-
component lipid membranes have revealed the perturbations
induced by DPH to be of local nature, promoting the ordering
of lipid acyl chains within about 1.5 nm from DPH molecules.16,17

Related atomistic simulations for other probes such as free and
lipid-linked pyrene, NBD-linked phospholipids, and cholesterol-
linkedBODIPYprobeshaveyieldedlargelysimilarconclusions,23,24,26,28

supporting the view that probes perturb the structure and the
dynamics of membrane components but that the number of
perturbed lipids around the probe is only about 30.

The present understanding of DPH-induced perturbations is
largely based on studies in one-component lipid bilayers. Actual
cell membranes are much more complex, and even model
membranes describing the essential features of cell membranes
include several lipid components, cholesterol being one of the
most important ones. In cholesterol-rich membranes, DPH has
been used to gauge, for example, membrane ordering for
increasing cholesterol concentration,30,31 but the significance of
perturbations induced by DPH in membrane domains rich in
cholesterol has remained unclear. The objective of the present
work is to find the range and the significance of perturbations
induced by DPH for varying cholesterol concentrations. Un-
derstanding this issue is of profound importance due to the role
of cholesterol in membranes and in the context of lipid rafts in
particular. These results also pave the way for understanding
the influence of other impurities on membranes.

In this work, we employ atom-scale simulations to consider
free DPH in lipid bilayers comprised of dipalmitoylphosphati-
dylcholine (DPPC) and cholesterol (CHOL). By varying the
concentration of CHOL, we show that the perturbations of DPH
in a lipid bilayer of saturated lipids depend on the concentration
of cholesterol. The DPH-induced perturbations are found to
become weaker for increasing CHOL concentration, favoring
the view that DPH could be used for studies of cholesterol-rich
membrane domains such as lipid rafts. However, we also find

that the analysis using Legendre polynomials to interpret
fluorescence anisotropy (FA) experiments with DPH is sensitive
to the amount of cholesterol. For minute concentrations of
CHOL, the analysis of FA turns out to yield a reasonable
approximation of the correct orientational distribution of DPH.
However, for the CHOL concentration of 20 mol %, we find
that the FA analysis discussed in this work fails to yield the
true orientational distribution of DPH, the disagreement being
major. In this case for a cholesterol-rich membrane, the view
given by FA analysis is correct in a qualitative sense, but the
quantitative description for the DPH orientational distribution
deviates substantially from the correct one. The implications
of these findings are discussed in the end of this article.

II. Models and Simulation Details

We studied two different membrane systems through atom-
istic molecular dynamics (MD) simulations. The main structure
in both models was comprised of 128 DPPC molecules divided
into two leaflets, each having 64 lipids, surrounded by 3495
water molecules corresponding to a fully hydrated lipid mem-
brane; see below. In addition to DPPCs, the models that we
studied included a varying concentration of cholesterol. The first
one had � ) 20 mol % CHOL (corresponding to 32 molecules
in the bilayer) randomly but symmetrically distributed within
the two leaflets. This system was slightly adapted from the one
used earlier by Rog et al.32 Further, we studied a system with
5 mol % CHOL (corresponding to six cholesterol molecules),
again distributed randomly but in a symmetric manner in the
two leaflets. In practice, the system with 5 mol % CHOL was
constructed by deleting CHOL molecules from the model with
20 mol % cholesterol, two at a time, and minimizing the system
at every stage. After every six deleted molecules, MD simula-
tions were carried out for 5 ns to equilibrate the system.

Once the DPPC-CHOL models were prepared, we randomly
inserted a varying number (NDPH ) 0, 1, 3, or 6) of DPH
molecules (see Figure 1) into the hydrophobic tail region of
the membrane without attaching them to any of the lipid
molecules, thus representing free DPH probes used in experi-
ments. From an experimental point of view, the case with one
DPH molecule is the most relevant one since experiments are
usually carried out for DPH concentrations on the order of 0.1-1
mol %. We considered also larger concentrations to improve
the statistics in the present atomistic simulations, whose time
scale is limited. For comparison, we also carried out simulations
of DPPC-CHOL membranes without DPH molecules. All
together, we studied 8 systems (128 DPPC, 32 CHOL, and 0,
1, 3, or 6 DPH molecules; 128 DPPC, 6 CHOL, and 0, 1, 3, or
6 DPH probes).

A standard united atom description for DPPC molecules was
used, employing the parameters for bonded and nonbonded
interactions from ref 33 and partial charges from the underlying
model description.34 For CHOL, we used the description of ref
35. For water, the single-point charge (SPC) model was
employed.36 For DPH, the parameters were taken from a similar
combination of atom types in DPPC.16 As shown in earlier
work,16 the partial charge distribution of nonpolar probes such
as DPH immersed into the lipid acyl chain region of a membrane
does not significantly influence the system. In practice, partial
charges used for DPH in this work were derived from ab initio
quantum mechanical calculations using Gaussian98 with the
Hartree-Fock method and the 6-31G basis set.37 As the
treatment of long-range electrostatic interactions is profoundly
important,38,39 we described long-range interactions through the
Particle-Mesh Ewald technique,40 with a real space cutoff of

Figure 1. (Top) Structure of DPH. (Bottom) Membrane system
surrounded by water with three DPH molecules highlighted in yellow.
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1.0 nm. Lennard-Jones interactions were cut off at 1.0 nm.
Overall, the different components of the model have been
validated elsewhere in a number of previous simulation
studies.16,17,41

All MD simulations were performed using the GROMACS
software package42 in the NPT ensemble (constant particle
number, pressure, and temperature). The pressure was set to 1
bar. The temperature was set to 325 K, which is above the main
phase-transition temperature of a pure DPPC bilayer.43,44 At this
temperature, the cholesterol concentration of 5 mol % corre-
sponds to the liquid-disordered (ld) phase, while the CHOL
concentration of 20 mol % coincides with the coexistence of
the liquid-disordered and liquid-ordered (lo) phases.43,45 How-
ever, due to the short simulation time scale, formation of
separate CHOL-rich and CHOL-poor domains does not take
place during the simulation. The higher cholesterol concentration
therefore describes a state inside of a CHOL-rich domain with
20 mol % cholesterol, reflecting a situation close to the boundary
between the ld phase and the ld/lo coexistence regime. Periodic
boundary conditions were used in all three directions. The
LINCS algorithm46 was used to preserve all bond lengths. The
simulations were carried out with a time step of 2 fs with data
saved every 10 ps.

For equilibration, we first performed 5 ns MD simulations
where the temperature and pressure were controlled by the
Berendsen algorithm47 using time constants of 0.1 and 1.0 ps,
respectively. Next, we changed the pressure control to semi-
isotropic (using the Parrinello-Rahman barostat48) and tem-
perature control to the Nosé-Hoover thermostat,49,50 without
changing the time constants, to continue with further 60 ns of
MD simulations. For the analysis, we took into consideration
only the last 60 ns MD trajectories.

III. Results

A. Area Per Molecule. One of the common indicators of
structural properties of membranes is the average area per
molecule, 〈A〉. This quantity is important not only in terms of
describing the physical properties of membranes but also for
characterizing the system equilibration process.41,51 By calculat-
ing the area per molecule throughout the whole simulation, we
can determine which part of the data corresponds to equilibrium
conditions and use only that for the analysis. Further, the area
per molecule emphasizes how much molecules like CHOL and
DPH affect the packing of a membrane.

In one-component bilayers, the area per molecule is calculated
by simply dividing the area of the membrane in the bilayer plane
by the number of molecules in one leaflet. In two- and many-
component systems, the analysis is more complicated, and more
advanced approaches are needed.52-56 As the objective of the
present study is only to consider the joint influence of CHOL
and DPH on the DPPC bilayer, we divide the bilayer area by
the number of DPPC molecules in one layer. This approach
has also been used by Rog et al.32

The time evolution of the area per molecule throughout the
60 ns MD simulation and the calculated values for the average
area per molecule are shown for 20 mol % CHOL in Figure 2.
The data show that the systems are equilibrated, that is, the
preceding 5 ns that was used for equilibration is sufficient, and
one can use the remaining 60 ns trajectory for analysis. Similar
studies for � ) 5 mol % yielded identical conclusions (data not
shown).

The results are given in Table 1. The data found for bilayers
without DPH are consistent with previous findings. We find 〈A〉
) 0.647 ( 0.013 nm2 for 5 mol % CHOL and 〈A〉 ) 0.599 (

0.009 nm2 for 20 mol % CHOL, illustraing the capability of
CHOL to condense or pack the membrane more tightly.57 What
is most interesting, though, is the observation that DPH does
not influence the area per molecule in a significant manner. Even
for the largest concentration of DPH (about 4 mol %), we find
that the area per molecule remains at the same value as that in
a DPH-free bilayer.

B. Mass Density Profiles and Membrane Thickness. To
shed light on the position of the DPH probe inside of the
membrane, we calculated the mass density profiles of different
molecular components across the bilayer. The positions of all
atoms were calculated with respect to the instantaneous bilayer
center of mass (CM) position in the z-direction (along the
membrane normal) because it may slightly fluctuate in time.
Then, the final mass density profiles were averaged over the
two leaflets, exploiting the symmetry of the system. The only
exception was the system with just one DPH molecule, in which
case, averaging was done only from the leaflet where DPH was
located. The membrane thickness was determined from the point
where the mass density of DPPC was equal to the mass density
of water.38

Previous studies for CHOL-free DPPC bilayers have indicated
DPH to prefer the acyl chain region in a membrane,16 the center
of mass of DPH being about 0.75 nm from the membrane center,
in agreement with experiments.58 In the present case with
CHOL, the results in Figure 3 indicate DPH to move slightly
toward the water phase due to the stronger acyl chain order
induced by cholesterol, the center of mass of DPH now being
around 0.95 nm from the center of the membrane.

The mass density profiles for several bilayer components
across the membrane are displayed in Figure 3. From the

Figure 2. The time evolution of the area per molecule for 20 mol %
cholesterol.

TABLE 1: Results for the Average Area Per Lipid, 〈A〉,
with Two Different Cholesterol Concentrations (�) and
Several Different Numbers of DPH Probes in a Lipid
Bilayera

average area per lipid

number of DPH molecules � ) 5 mol % � ) 20 mol %

0 0.647 ( 0.013 0.599 ( 0.009
1 0.646 ( 0.012 0.603 ( 0.010
3 0.647 ( 0.011 0.603 ( 0.011
6 0.643 ( 0.012 0.596 ( 0.008

a The areas are given in units of nm2.
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profiles, one can summarize that the presence of DPH probes
affects the average distribution of lipids and the membrane
thickness, but the effect is very minor. Overall, it is obvious
that the membrane-averaged effects of DPH become more
evident for increasing DPH concentration and that the DPH-
induced change in membrane thickness is the largest in CHOL-
poor membranes. Starting from the pure DPPC membrane
studied in ref 16, Repáková et al. found the membrane thickness
to increase from 3.98 nm for a DPPC bilayer without DPH to
4.07 nm with 2.3 mol % DPH. The increase in membrane
thickness is then about 2.3%. In the DPPC-CHOL system with
5 mol % CHOL, the membrane thickness also increases
systematically for increasing DPH concentration, the thicknesses
being 4.20, 4.22, 4.23, and 4.28 nm for the systems with 0, 1,
3, and 6 DPH probes, in respective order (data not shown). For
the largest CHOL concentration of 20 mol %, the membrane
thickness without DPH is 4.77 nm, while for 1, 3, and 6 DPH
molecules, it increases somewhat to 4.76, 4.77, and 4.83 nm,
respectively. For the CHOL concentration of 20 mol %, DPH
therefore has less effect on the membrane thickness compared
to CHOL-poor cases since the acyl chains become more ordered
as the amount of cholesterol increases.

Our data together with the previous results by Repáková et
al.16 allow one to conclude that free DPH probes affect the
distribution of lipids and the membrane thickness. The effects

are most pronounced for large DPH concentrations and small
cholesterol concentrations. For large concentrations of CHOL,
the ordering of lipids due to cholesterol is so major that the
additional ordering effect of DPH plays no further role.

C. Effects of DPH on Orientational Order of Lipid Acyl
Chains. To characterize the effects of DPH on lipid acyl chain
ordering, we computed the |SCD| order parameter profile along
the sn-1 acyl chain of DPPC.41 Particular attention was paid to
clarify how the effects of DPH depend on their distance from
the acyl chain under study. To this end, we define R as the
distance from the center of mass of a given DPPC to the center
of mass of the nearest DPH.17

The results are depicted in Figure 4. We find that for every
system and every concentration of DPH, the local effect of the
probe (R < 0.5 nm) on the surrounding DPPC molecules is
substantial. The conformational order of lipid acyl chains is
found to increase from about 20 (� ) 20 mol %) to 50% (� )
5 mol %), indicating that DPH acts like cholesterol due to its
rigid body, promoting the ordering of DPPC acyl chains. This
also explains why DPH was found to increase the membrane
thickess since the increasing ordering of lipid hydrocarbon tails
correlates with an increase in membrane thickness. However,
the effects due to DPH are short-range since the influence of
DPH for a distance of R ) 1 nm is already rather weak, and it
essentially dies out for distances beyond 1.5 nm.

The results also bring about that the effects of DPH depend
on the amount of cholesterol. Relatively speaking, the influence
of DPH on the ordering of lipid acyl chains is the largest in
cholesterol-poor systems. In the system with 20 mol %
cholesterol, the additional promoting effect of DPH on acyl
chain order is rather minor compared to that of the small CHOL
concentration and the absence of cholesterol altogether.

Figure 3. (A, B) Mass density profiles of lipids and other components
of the system with 20 mol % CHOL calculated across the bilayer, where
the point z ) 0 corresponds to the center of the bilayer. The profiles of
DPH have been multiplied by a factor of 4 for clarity’s sake. Here, the
system 1DPH shows the density profile for one of the two leaflets
(without averaging over the two monolayers) since the single DPH
molecule in this system can only reside in one of the two monolayers.
Meanwhile, the profiles for the 3DPH and 6DPH systems correspond
to those that have been averaged over the two monolayers. (C) As in
(B) but here showing comparison of the profiles for 5 and 20 mol %
cholesterol.

Figure 4. Orientational ordering of the sn-1 chain of DPPC presented
in terms of the |SCD| order parameter profile, where the smallest carbon
numbers correspond to those close to the glycerol group. Here, R is
the distance from the center of mass of DPPC to the center of mass of
the nearest DPH molecule in the same leaflet. (A) one DPH molecule,
with 5 mol % cholesterol; (B) six DPH molecules, with 5 mol %
cholesterol; (C) one DPH molecule, with 20 mol % cholesterol; (D)
six DPH molecules, with 20 mol % cholesterol.
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D. DPH Orientation and Distribution. Important insight
into the influence of DPH can be further gained from the
orientation and distribution of DPH within the bilayer and
especially from data revealing how the two are connected to
one another. To this end, we first calculated the orientational
probability distribution of DPH with respect to the membrane
normal for every concentration of DPH and CHOL. The results
are displayed in Figure 5.

For systems with 5 mol % CHOL, the orientation of DPH
fluctuates quite a lot, the distribution being broad and having a
peak close to 18°. When the concentration of CHOL is 20 mol
%, DPH lies essentially along the lipid acyl chains, the
distribution having a maximum close to 10°. For comparison,
the corresponding orientational probability distribution of
cholesterol (computed for the principal axis along the steroid
structure) shows that CHOL has a maximum of around 23 and
12° for 5 and 20 mol % cholesterol (data not shown), indicating
that DPH closely follows changes in cholesterol orientation.

The orientational distribution of DPH molecules is clearly
affected by the composition of the bilayer, as one could expect.
The more rigid the membranes, the less space there is for DPH
movement, and thus, the orientational distribution of DPH
becomes more narrow for increasing cholesterol concentration.
This conclusion is also supported by the results of Repáková et
al.,16 who found that the distribution of DPH molecules inside
of a pure DPPC membrane was even more spread out, having
a broad peak centered around 25°.

To get more insight into the position of DPH within the
membrane, we calculated the DPH orientation as a function of
distance from the membrane center z (Figure 6). For the systems
with 5 mol % CHOL, the results show that the orientation of
the probe and its position in the membrane are weakly
correlated. Those DPH molecules that align themselves along
the acyl chains are about 0.75 nm from the membrane center,
while the probes that are perpendicular to the bilayer plane get
closer to the water-membrane interface, residing about 0.9 nm
from the center of the membrane. Meanwhile, in the more rigid
system with 20 mol % cholesterol, the orientation and the
position of DPH molecules are considerably more restricted.
Then, DPH gets closer to the water-membrane interface
compared to the situation with 5 mol % cholesterol, the greatest
fraction of DPH being found at around z ≈ 0.95 nm, but at the

same time, the orientations are strongly constrained to angles
less than 30°; see Figure 6.

E. DPH Anisotropy Used to Measure Membrane Fluidity.
One of the most common objectives of lipid membrane research
is to characterize changes in membrane fluidity and phase
behavior. A particularly useful approach to study related issues
is to employ NMR to measure the SCD order parameter profile
along the lipid acyl chains.59 Such studies have revealed that
the ordering of lipid hydrocarbon chains in bilayers comprised
of saturated lipids increases substantially for increasing cho-
lesterol concentration. For example, using SCD values close to
the glycerol group of DPPC, the data in ref 16 and Figure 4
indicates that increasing � from 0 to 20 mol % increases the
plateau region of the order parameter profile from about 0.18
to 0.33. Experimentally, Vist and Davis have observed an
increase by a factor of about 2 when replacing 24% of DPPCs
by CHOL at T ) 323 K,43 indicating good agreement with
experiments.

However, as facilities for NMR experiments are not com-
monly available, other techniques complementing lipid NMR
have been developed for studies of membrane fluidity. Fluo-
rescence anisotropy (FA) experiments using DPH are one of
the techniques that have gained a lot of attention.11 For analysis
of FA experiments, there are a few commonly used schemes
available.60 Here, we consider the scheme that is especially
fruitful as it yields the orientational distribution of DPH probes
inside a of membrane; thus, the discussion below focuses on
the FA analysis from a perspective where it is done using the

Figure 5. The probability distribution P(θ) ) f(θ) sin θ of DPH with
respect to the membrane normal for both types of systems for every
concentration.

Figure 6. DPH orientation as a function of distance from the membrane
center at z ) 0. The case θ ) 0 corresponds to the long axis of DPH
being parallel to the bilayer normal. (A) Results for the case with one
DPH molecule and 5 mol % CHOL; (B) six DPH molecules with 5
mol % CHOL; (C) one DPH molecule and 20 mol % CHOL; (D) six
DPH molecules at 20 mol % CHOL.
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Brownian rotational diffusion model following the description
of Mitchell and Litman.60

In fluorescence anisotropy experiments, the observed anisot-
ropy decay yields the orientational order parameters 〈P2〉 and
〈P4〉 based on Legendre polynomials of second and fourth rank,
in respective order.60 Importantly, these are the only terms that
can be extracted from experiments,61,62 a matter that is discussed
in more detail below. Furthermore, as DPH can be treated as a
rigid molecule having an effectively cylindrical shape, one
assumes that the motion of DPH within a membrane is
determined by a potential of type V(θ) ) V2P2(cos θ) +
V4P4(cos θ) with some constants V2 and V4.63,64 The Brownian
rotational diffusion (BRD) model14,60,62,63 determined in this
manner then predicts that the orientational distribution function
can be written as a series expansion of the Legendre polynomials

f(θ) ) ∑
n

1
2

(2n + 1)〈Pn〉Pn(cos θ) (1)

where n is even. Assuming that the orientational distribution
function is available, the orientational order parameters can then
be calculated according to

〈Pn〉 ) ∫0

π
dθf(θ)Pn(cos θ) sin θ (2)

Here, the distribution is subject to the condition that f(θ) is
properly normalized, that is, ∫0

π dθ f(θ) sin θ ) 1.60

There is reason to emphasize two important issues. First, eq
1 provides the correct distribution for f(θ) only if all (nonzero)
terms are accounted for. Second, however, in fluorescence
anisotropy experiments, one has access to only the three leading
terms 〈P0〉, 〈P2〉, and 〈P4〉. Consequently, as there is no direct
way to measure f(θ) through experiments, one has to resort to
an approximate description by rewriting eq 1 in the truncated
form

fk(θ) ) ∑
n)0

k
1
2

(2n + 1)〈Pn〉Pn(cos θ) (3)

where both n and k are even. Given 〈P0〉, 〈P2〉, and 〈P4〉, the
distribution then yields f4(θ). If more terms could be taken into
account, then the approximation would obviously become more
accurate.

If the above assumptions of the BRD model were reasonable,
then f4(θ) would provide a reasonable approximation for the
true orientational distribution function. In the case of a pure
fluid DPPC bilayer, Repáková et al.16 have shown through
atomistic simulations that this is indeed the case. They found

that in this specific case, f4(θ) is a very good approximation of
the true distribution, thus supporting the use of DPH anisotropy
measurements for considerations of membrane fluidity. The issue
that we consider in detail in the present work is whether the
same conclusion holds in bilayers comprised of saturated lipids
and cholesterol. The importance of studying this topic stems
from the biological relevance of highly ordered membrane
domains, so-called lipid rafts, rich in cholesterol and saturated
lipids.7,8,10

For this purpose, we first computed f(θ) directly from
simulations and then determined the order parameters from eq
2. Next, we used the orientational order parameters 〈P2〉, 〈P4〉,
... obtained in this manner to reconstruct fk(θ) using eq 3. The
results are shown in Figure 7. The order parameters found
through this analysis are listed in Table 2.

We find that the cases with small and large cholesterol
concentrations are distinctly different. First, for a cholesterol-
free DPPC bilayer, three terms were found to be sufficient for
an accurate description of the DPH orientational distribution.16

Here, for a small concentration of cholesterol (� ) 5 mol %),
the description with terms up to 〈P4〉 (that is, the three-term
model with order parameters 〈P0〉, 〈P2〉, and 〈P4〉) leads to a
fairly good approximation of the true orientational distribution,
even though an accurate description of f(θ) would require five
terms (up to 〈P8〉).

The situation becomes even more difficult when the concen-
tration of cholesterol is increased to 20 mol %. Figure 7 shows
that in this case, the approximation given by f4(θ) is of very
limited value. What is more, even the next approximation f6(θ)
is imprecise. In order to describe the true orientational distribu-
tion accurately, seven terms are needed, that is, only the
approximation f12(θ) (or possibly also f10(θ)) is good enough

Figure 7. Results for the true f(θ) obtained from simulations, and the fits fk(θ) derived from eq 3. (A) Results for the case with one DPH molecule
and 5 mol % CHOL; (B) six DPH molecules with 5 mol % CHOL; (C) one DPH molecule and 20 mol % CHOL; (D) six DPH molecules at 20
mol % CHOL.

TABLE 2: Results for the Order Parameters Obtained from
f(θ) and Equation 2a

� ) 5 mol % � ) 20 mol %

order parameter NDPH ) 1 NDPH ) 6 NDPH ) 1 NDPH ) 6

〈P0〉 1.0000 1.0000 1.0000 1.0000
〈P2〉 0.6071 0.5460 0.7621 0.8777
〈P4〉 0.2796 0.2581 0.4650 0.6757
〈P6〉 0.1030 0.1000 0.2881 0.4700
〈P8〉 0.0206 0.0380 0.1914 0.3003
〈P10〉 -0.0041 0.0138 0.1079 0.1819
〈P12〉 -0.0076 0.0030 0.0471 0.1060
〈P14〉 -0.0054 0.0011 0.0197 0.0594

a The data are shown for different numbers of DPH molecules
(NDPH) and cholesterol concentrations (�).
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to describe the orientational distribution in a realistic fashion.
Summarizing, it is evident that the presence of cholesterol
challenges eq 3.

Given that the FA analysis with the BRD model is not able
to yield the correct orientation distribution function of DPH in
ordered bilayers, one has to ask how this is manifested in the
predictions for lipid acyl chain order. The most direct means to
rationalize this issue is to exploit the fact that the SCD order
parameter profile measured by NMR is based on the second-
order Legendre polynomial,41 and the FA analysis also uses the
same level of description. Hence, here, we compare changes in
SCD and 〈P2〉 as the cholesterol concentration is increased from
0 to 5 and 20 mol %. For SCD, we use its plateau region where
the order parameter is essentially constant over a wide region
along the chain. The plateau region is chosen because it quite
well coincides with that region of the membrane where DPH
prefers to reside. Simulations indicate that for the DPPC bilayer,
the plateau of the SCD profile increases from about 0.18 to 0.21
and further to 0.32 as the cholesterol concentration increases
from 0 to 5 mol % and further to 20 mol %, in respective order.
The increase in SCD is therefore 17% when � changes from 0
to 5 mol % and 52% when � increases from 5 to 20 mol %.
Meanwhile, our present data together with those of Repakova
et al.16 show that the 〈P2〉 value increases from 0.341 to 0.607
and then to 0.762 for cholesterol concentrations of 0, 5, and 20
mol %. The increase in 〈P2〉 is therefore 78% when � changes
from 0 to 5 mol % and 26% when � increases from 5 to 20 mol
%. This comparison shows that in the present case, there is no
quantitative correlation between changes in SCD and 〈P2〉.

The analysis of fluorescence anisotropy measurements is not
particularly easy.60,61,65 However, assuming that the analysis of
experimental data can be carried out reliably, thus yielding the
order parameters 〈P0〉, 〈P2〉, and 〈P4〉, one still needs to assume
that the BRD model is a valid description of f(θ) even if only
the three leading terms are included in the expansion. Here, we
have found that in lipid bilayers with saturated lipids and
cholesterol, this approximation does not hold. To highlight this
view, in Figure 8, we compare the true orientational distribution
functions (described through f14(θ) to show smooth data without
fluctuations) with the predictions f4(θ) that can be obtained from
experiments using the BRD model. The conclusion is obvious;
the approximation f4(θ) is good for pure DPPC,16 it remains
reasonable for a small cholesterol concentration, but in the
system including a large concentration of cholesterol its
usefulness is very limited.

Summarizing these results, fluorescence anisotropy experi-
ments can provide qualitative insight into the orientational

distribution of DPH if the bilayer is not highly ordered and only
small concentrations of cholesterol are considered. However,
even under these circumstances, there are no grounds to
conclude that the FA studies for the DPH orientational distribu-
tion would be quantitatively correct. Beyond this regime, when
the order within the bilayer becomes substantial, the view given
by FA analysis for DPH orientation is likely qualitatively correct,
but the quantitative agreement becomes less accurate. More
generally, when these results for the orientational distribution
functions of DPH are used to interpret ordering effects and their
trends in the lipid acyl chain region, considerable care is needed
to avoid drawing too straightforward conclusions.

IV. Summary and Concluding Remarks

Fluorescent probes have been used for decades to study the
structure and dynamics of lipid membranes. Their behavior in
membranes is assumed to reflect the behavior of lipids, thus
giving us insight into the properties of membranes.11,13-15,66,67

However, the issue which is partly unclear and which has
received too little attention regards the influence of probes on
the properties that are being studied. There are many examples
of cases where it has been found that probes influence membrane
properties.13,14,17-24 As most of these studies have dealt with
single-component lipid bilayers, the obvious issue that needs
clarification concerns the effects of probes in cholesterol-rich
membrane domains.

In this work, we have used atomistic molecular dynamics
simulations to consider how DPH affects membrane properties
in a bilayer with a varying concentration of cholesterol. We
have found that the effects are local, that is, only the lipids in
the vicinity of the probe are perturbed. As the usual concentra-
tion of probes used in membrane studies is very small, on the
order of 0.1-1 mol %, it is apparent that global properties such
as membrane thickness averaged across the whole bilayer are
not affected to a significant degree by DPH.

Meanwhile, DPH is also used to probe local phenomena.
Some of the most common characteristics gauged by DPH are
membrane fluidity and membrane order, the objective being to
gain insight into the ordering of lipid acyl chains in the
hydrophobic membrane region. A related topic that is also often
considered by DPH through fluorescence anisotropy is lateral
phase separation. In these contexts, without doubt, FA with DPH
constitutes a very useful technique to shed light on qualitative
changes in membrane properties.11,12,14-16,68

However, instead of qualitative considerations, in this study,
we have paid more attention to clarify how accurately FA can
characterize the quantitative features of the DPH orientational
distribution. In a previous study, it was found that in a pure
DPPC bilayer, the fluorescence anisotropy analysis in terms of
the three leading terms (in the expansion using Legendre
polynomials) works well, and the orientational distribution of
DPH found through this analysis corresponds to the actual one.16

In the present work, we have found that in cholesterol-rich
membranes, there is more reason for concern. When the
cholesterol concentration becomes significant, more than a few
mol %, the fluorescence anisotropy analysis does not yield the
true orientational distribution for DPH. While the considerations
used for analyzing experimental data exploit only three terms
in a series expansion using the Legendre polynomial, our results
indicate that a quantitatively correct description of the orien-
tational distribution of DPH requires 5-7 terms; the larger the
CHOL concentration and the more order that there is within a
membrane, the more terms that are needed for a correct
description of the distribution.

Figure 8. Comparison of the essentially true orientational distribution
described by f14(θ) (blue) with the prediction f4(θ) (red) obtained using
the BRD model. Results are shown for the cases with six DPH
molecules at (A) 5 and (B) 20 mol % cholesterol.
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Thus, the present results favor a view that fluorescence
anisotropy of DPH works well for studies of membrane fluidity
in systems that are in the liquid-disordered phase. In lipid
bilayers that are in the liquid-ordered phase, the fluorescence
anisotropy of DPH serves well as a qualitative tool, while the
quantitative accuracy is limited. Summarizing, care is needed
when the orientational distribution functions of DPH are used
in ordered membranes to characterize quantitative changes in
their fluid nature.
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a  b  s  t  r  a  c  t

We  study  how  lipid probes  based  on  pyrene-labeling  could  be designed  to  minimize  perturbations  in
lipid  bilayers,  and  how  the same  design  principles  could  be exploited  to  develop  probes  which  gauge
lipid  dynamics  primarily  within  a  single  lipid  monolayer  or  between  them.  To  this  end,  we  use atomistic
molecular  dynamics  simulations  to  consider  membranes  where  pyrene  moieties  are  attached  to lipid
acyl  chains  in varying  positions.  We  find  that in  a DOPC  bilayer  the conformational  ordering  of  lipids
around  di-pyrenyl-PC  probes  is altered  to  a largely  similar  extent  regardless  of  where the  pyrene  moiety
is  attached  to  the  hydrocarbon  chain.  This  is in  contrast  to  saturated  membranes,  where pyrene-induced
perturbations  have  been  observed  to be  more  prominent.  Meanwhile,  the  formation  of  pyrene  dimers
depends  on  the  linkage  point  between  pyrene  and  its host  lipid.  Membrane-spanning  dimers  between
lipids  in different  membrane  leaflets  are  observed  only  if the  pyrene  moiety  is  attached  to  the  latter  half
of  the  acyl  chain.  A  seemingly  minor  change  to  link  pyrene  to an acyl  chain  that  is  two  carbons  shorter
ipid membrane leads  to  a situation  where  membrane-spanning  dimers  are  no  longer  observed.  Further,  simulations
suggest  that  formation  of dimers  is  a slow  process,  where  the  rate  is  limited  by  both  lateral  diffusion  and
the dimerization  process  once  the  two  probes  are  neighbors  to one  another.  Typical  lifetimes  of  pyrene
dimers  turn  out  be of  the  order  of nanoseconds.  The  results  are  expected  to  pave  the  way  for  designing
ways  to  consider  experimentally  topics  such  as  intraleaflet  lateral  diffusion,  motion  of  lipids  within  and
between  membrane  domains,  and  membrane  domain  registration  across  bilayers.
. Introduction

Imaging has become one of the most useful and illustrative
eans to study lipid membrane behavior (Somerharju, 2002;
ustner, 2007; Groves et al., 2008; de Almeida et al., 2009).

ver the years it has been particularly helpful in visualization of
arge-scale phenomena such as formation of membrane domains,

olecular traffic, and partitioning of proteins to different mem-
rane environments. However, recent progress in the development
f imaging techniques and probe molecules has also paved the
ay for very detailed descriptions of membrane structure and

ynamics, as super-resolution imaging techniques have rendered

t possible to investigate membranes over scales as small as tens of
anometers (Eggeling et al., 2009).
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For imaging, one needs probes. Numerous fluorescent markers
have thus been developed to consider a variety of differ-
ent lipid bilayer properties (Somerharju, 2002; Wustner, 2007;
Chattopadhyay and London, 1987; Epand et al., 1996; Lakowicz,
1983; Lentz, 1989, 1993; Maier et al., 2002; Holtta-Vuori et al.,
2008; Sezgin et al., 2012). Free probes (not linked to lipids or other
molecules) allow one to explore how different membrane regions
are formed, as even seemingly minor changes in the structure of
probes affect their partitioning to domains with different physi-
cal properties. Meanwhile, the probes linked to lipids can provide
one with highly useful insight of, e.g., lipid dynamics. However,
how useful and reliable insight is given by imaging depends quite
critically on the probes’ ability to mimic  native membrane behav-
ior. Since free probes are usually not natural, and since the lipids
linked to probes have quite certainly properties that are different

from those of the corresponding native lipids, some perturbations
in membrane behavior are inevitable (Lentz, 1989, 1993; Koivusalo
et al., 2004; Leonard-Latour et al., 1996; Parente and Lentz, 1985;
Somerharju et al., 1985; Yashar et al., 1987; Repáková et al., 2005).
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ig. 1. Schematic structure of a pyrene-linked DPPC lipid considered in this study,
he case PYR10 serving here as an example.

etailed atomistic simulation studies have yet shown that the per-
urbations are typically local, taking place only in the right vicinity
f the probe (usually within a range of a few nanometers from
he marker) (Holtta-Vuori et al., 2008; Repáková et al., 2005, 2004;
epakova et al., 2006; Curdova et al., 2007; Franova et al., 2010).

The above problems can partially be avoided by using probes
hich mimic  the behavior of native molecules as closely as possible,

r which overall alter membrane behavior as little as possible. One
f the commonly used probes matching these requirements quite
ell is pyrene. It is often used in acyl chains of the host lipid that is

abeled with pyrene (see Fig. 1), the aim being to gain information of
embrane structure and lipid dynamics under varying conditions.

or instance, one of the typical experiments exploiting pyrene-
abeled lipids is to consider formation of excited pyrene dimers,

here an excited pyrene moiety, together with a non-excited
yrene, forms an excited-state dimer (excimer) whose fluorescence
emission) spectrum is different from the one of pyrene monomers.
he formation rate of dimers is considered a useful indicator of, e.g.,
he lateral diffusion of lipids.

Nonetheless, as pyrene is a foreign molecule, it certainly alters
embrane behavior. This raises a question about how to minimize

he extent of membrane perturbations. Given that there is quite
ittle freedom to design lipid probes using pyrene, one is tempted
o consider whether it would be possible to regulate the extent of
erturbations by adjusting the location of pyrene in its host lipid in
ome appropriate way. Furthermore, could the same idea be used to
evelop pyrene-labeled lipid probes that would specifically investi-
ate lipid dynamics in some well defined region only, such as within

 single membrane leaflet, or between the two opposing leaflets.
In this paper, the objective is to shed light on these ques-

ions. To this end, we carry out atomistic simulations for
 DOPC (dioleoylphosphatidylcholine) membrane with pyrene-
abeled DPPC (dipalmitoylphosphatidylcholine) probes (Templer
t al., 1998). We  use the same approach as in many experiments,
hat is, we link pyrenes to the hydrocarbon chains of its host lipid.
owever, instead of considering just a single case, we explore sys-

ematically how the linkage point between pyrene and an acyl
hain affects the probe’s properties. Due to the nanoscale nature of
tomistic simulations, we expect the simulations discussed here to
rovide added value to complement experimental work in the same
eld. The same simulation approach has been used successfully in
uite a few recent studies (Holtta-Vuori et al., 2008; Repáková et al.,
005, 2004; Repakova et al., 2006; Curdova et al., 2007; Franova
t al., 2010; Loura and Ramalho, 2011, 2007; Loura et al., 2008;
kaug et al., 2011, 2009).

We find that the conformational ordering of lipids around
yrene is altered to a largely similar extent regardless of where
he pyrene moiety is attached to the hydrocarbon chain. This is
erhaps quite unexpected but stems largely from the unsaturated
OPC environment where probe-induced perturbations are more

imited than in saturated bilayers (Repakova et al., 2006). How-

ver, what is more appealing is that when we consider interactions
etween pyrene moieties whose host lipids are in opposing mem-
rane leaflets, the formation rate of membrane-spanning pyrene
imers depends very strongly on the position of the carbon attached
ysics of Lipids 177 (2014) 19– 25

to pyrene. If pyrene is linked to carbons C4–C8 in the hydrocarbon
chain of DPPC (small numbers describing the carbons close to the
headgroup, and C8 being the carbon in the middle of the chain),
then there is practically no dimer formation at all. However, if the
pyrene moiety is attached to the carbon C10 in the chain, the forma-
tion rate of membrane-spanning pyrene dimers increases abruptly
to a significant value.

The simulation results reported here are expected to help in
designing setups for experimental studies to consider topics such
as intraleaflet lateral diffusion, motion of lipids within and between
membrane domains, and membrane domain registration across
bilayers.

2. Methods

2.1. Models

We  considered a lipid bilayer composed of 128 DOPC molecules
symmetrically divided into two  leaflets. The membrane was fully
hydrated by 3655 water molecules. Four randomly chosen DOPC
molecules (two in each leaflet) were transformed into DPPC
molecules 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 6th, 8th, or 10th carbon in
both hydrocarbon chains of the DPPC molecules, thus creating bis-
pyrene PCs (see Fig. 1 for a molecular structure). The corresponding
systems, in respective order, are denoted as PYR6, PYR8, and PYR10.
Simulations of the pure 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 experi-
mental study by Templer et al. (1998), as one of the aims of this
work is to compare our simulation data with experiments reported
in Templer et al. (1998). For the same purpose, and to increase
sampling due to simulation times that are always considerably
shorter than measurement times in experiments, we  used concen-
trations of pyrene-labeled lipids (about 3 mol%) that are quite a bit
larger than those typically used in experiments (about 0.1 mol%).
Simulations with a similar number of pyrene-labeled lipids at a con-
centration of 0.1 mol% would have required about 100–1000 larger
computing resources compared to those used in this work (due to
increasing system size and requirements for sufficient sampling of
pyrene dimer formation through diffusion).

The parameters for lipids are based on the so-called Berger force
field (Berger et al., 1997), except for the double bonds in DOPC
hydrocarbon chains that were taken from Bachar et al. (2004). The
model performs well, as comparison of simulation results with
experiments indicates quite good agreement (see below). Also, a
previous simulation study based on the same model (except for
having POPC instead of DOPC) compared very well against experi-
ments (Ollila et al., 2007). The SPC (single point charge) model was
used for water molecules (Berendsen et al., 1981). For the pyrene
moiety, we used force field parameters available and validated in
Repakova et al. (2006).

The atomistic molecular dynamics (MD) simulations were car-
ried out using the GROMACS software package (Hess et al., 2008)
in the NpT ensemble (constant particle number, pressure, and tem-
perature). The temperature and pressure were set to 300 K and 1 bar
to match the experimental settings used by Templer et al. (1998).
Periodic boundary conditions were used in all three directions. The
LINCS algorithm (Hess et al., 1997) 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.

First, all five systems were equilibrated for 20 ns with tem-
perature and pressure controlled by the Berendsen algorithm
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Fig. 2. Order parameter (|SCD|) profiles computed from 500 ns long simulations.
Small carbon atom numbers correspond to those close to the lipid head group, while
large ones are close to the terminal carbons in membrane center. The left column
shows the order parameter profile for the sn − 1 chain and the right column for the
sn  − 2 chain. Interactions within the same leaflet are shown by full lines, and interac-
tions with lipids in the opposing leaflet by dashed lines. Different colors correspond
to  different distances between center of mass positions of DOPC and the probe that
is  the closest to it: R ≤ 0.5 nm (red), 0.5 < R ≤ 1.0 nm (green), 1.0 < R ≤ 1.5 nm (blue),
1.5  nm <R (yellow), and an average over all lipids (black). Error bars are about the
size of the linewidth (full lines), or 10% (dashed lines, PYR10), or 10–20% (dashed
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Berendsen et al., 1984) using time constants of 0.1 and 1.0 ps,
espectively. In the subsequent production simulations, each last-
ng for 500 ns, the pressure was controlled by the semi-isotropic
arrinello–Rahman barostat (Parrinello and Rahman, 1981) and the
emperature by the Nose-Hoover thermostat (Hoover, 1985) (with
o change in time constants). Long-range interactions were dealt
ith by the particle mesh Ewald technique (Essman et al., 1995).

he total simulation time (covering all simulations reported in this
tudy) was about 2 microseconds.

.2. Analysis

We  determined the average area per lipid by dividing the area
f the bilayer in the membrane (xy) plane by the number of lipids
n a single monolayer.

For mass density profiles across the membranes, we computed
he profiles along the membrane normal (z) direction. As the center
f mass (CM) position of the bilayer may  slightly fluctuate in time,
e calculated the positions of all atoms with respect to the CM
osition of the bilayer (in the z-direction), and did this separately
or each system configuration.

Membrane thickness was determined from a mass density pro-
le by considering the points where the profiles of water and the
ilayer coincided (Patra et al., 2003).

The order parameter SCD describing the conformational order-
ng of DOPC acyl chains was computed in a standard manner (Ollila
t al., 2007). In this work SCD was mainly used to quantify the extent
nd the range of membrane perturbations around the pyrene-
inked lipid. To this end, for each DOPC, we computed the distance,
, from its CM to the CM of the closest pyrene probe in the same

eaflet. The SCD order parameter profiles were then determined for
OPCs as a function of distance R. The same approach was used to
onsider the SCD values of DOPCs close to the probe but in a different
eaflet.

The formation of pyrene–pyrene dimers was  determined based
n two criteria (distance and geometry). First, we considered the
istance between the center of mass positions of two pyrene rings,
. Second, if L ≤ 0.6 nm,  we defined the planes of the two  rings and
onsidered the angle between them, �. If | cos �| ≥ 0.9, we  con-
luded that the two pyrene rings were attached to one another
s a complex, thereby forming a dimer. The criteria above were
ound to be robust since based on visual inspection a wide range
f values for L and � yielded essentially the same conclusions (see
ext).

We consider it important to stress that the pyrene dimers
onsidered in this simulation study are not identical to excimers
tudied in fluorescence experiments. In excimers, one of the
onomers in the excited-state pyrene dimer has to be in an excited

tate, and this is not possible in classical simulations used in this
ork. What we consider here is the formation of pyrene dimers
here the given monomer moieties comprising the dimer are or are
ot in an excited state. If the formation process of a true excimer and

ts properties were to be unlocked, one should resort to quantum-
echanical simulations. The downside in that case is, however, the

imulated time scale which would be a tiny fraction of what one
an do through classical MD  simulations.

. Results

.1. Pyrene alters the order of hydrocarbon chains in its vicinity
nd can also influence lipids in the opposing membrane leaflet
The results for |SCD| as a function of distance R are depicted in
ig. 2. The data show that pyrene probes alter membrane ordering
n a largely similar fashion in all the systems (PYR6, PYR8, PYR10).
lines, PYR8). In the case of PYR6 (dashed lines), the number of samples is very low
and thereby the data shown has only marginal value due to major error bars.

First, let us consider the case where DOPCs are in the same leaflet
as the probes. Close to the glycerol region, hydrocarbon chains of
lipids close to the probe (R ≤ 1.0 nm)  become more ordered. The
effect is somewhat stronger in PYR10 and PYR8 compared to PYR6,
but the trend is largely the same in every case. Meanwhile, close
to the membrane center, pyrene probes slightly weaken confor-
mational disorder in hydrocarbon chains that are in the vicinity
of the probes (R ≤ 0.5 nm), while the next shell of lipids (0.5 nm
<R ≤ 1.0 nm)  becomes more ordered compared to lipids far from
the probes. Nonetheless, the perturbations in acyl chain order are
not substantial, and the range of perturbations is about 1 nm,  mean-
ing that the conformational order of only the nearest neighbors of
pyrene-linked lipids is affected to a significant degree.

The results are in agreement with previous simulations
(Repakova et al., 2006), where Repakova et al. considered pyrene-
labeled DPPCs in a DPPC bilayer (pyrene attached to the carbon 10 in
a palmitoyl chain; cf. PYR10 in the present work). The main differ-
ences of our work compared to Repakova et al. (2006) are the DOPC
membrane used in our system, and the presence of bis-pyrene PCs
in our systems, while Repakova et al. had only one pyrene moiety

in each host lipid. Despite these differences, Repakova et al. also
observed local ordering around the probe, with a range of about
1.0–1.5 nm.  However, in a saturated membrane the probe-induced
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Fig. 3. Snapshot of a pyrene dimer in the center of the PYR10 membrane formed by
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Fig. 4. Mass density calculated from 500 ns long simulations. (A) Mass density pro-
files  of the bilayer and the whole system (including water) shown for all the studied
wo pyrene moieties in opposing membrane leaflets.

rdering of nearby acyl chains persisted over the length of the
hole chain, while with DOPCs in our systems the ordering partly
ecreased in the terminal side beyond the double bond region.

When pyrenes interact with lipids in the opposing leaflet, PYR6
auses no noticeable effects (data not shown). In PYR8, the order
f DOPC chains close to the probe increases to some extent if

 ≤ 1.0 nm,  and equally strong effects are observed with PYR10.
s a matter of fact, the most pronounced perturbations in acyl
hain order emerge when PYR10 interacts with lipids in the oppos-
ng membrane leaflet. Fig. 3 depicts an example of a situation in
uestion. It highlights that in PYR10, when a membrane-spanning
yrene dimer is being formed, the probe lipids orient themselves
o a more vertical position, increasing the conformational order in
heir right vicinity. While there are also other processes contribut-
ng to the data in Fig. 2 (PYR10), events associated with pyrene
imer formation shown in Fig. 3 play a role in this structural orga-
ization.

Additional data for the average area per lipid show that it varies
rom (0.689 ± 0.002) nm2 for PYR6 up to (0.693 ± 0.002) nm2 for
YR10 (Table 1). The largest area was found for a pure DOPC mem-
rane: (0.697 ± 0.002) nm2, which is quite well consistent with the
xperimental findings that have given average areas of 0.674 nm2

t 303 K (Kucerka et al., 2008), 0.724 nm2 at 303 K (Pan et al., 2008),
nd 0.691 nm2 at 288 K (Pan et al., 2008).

From the simulation data one can conclude that pyrenes have
 minor influence on membrane packing as they do compress the
embrane, the effect being the larger the closer pyrenes are to

he lipid headgroup region. The smallest perturbations are found
hen pyrenes are close to membrane center, where the free vol-
me  of the membrane is the largest. Importantly, the results also
how that pyrene-induced perturbations are less prominent in the
resent DOPC based bilayer compared to a membrane comprised
f saturated phospholipids (Repakova et al., 2006). Yet the high-
ight is that PYR10 seems to be different from the other systems

onsidered here.

able 1
verage area per lipid and membrane thickness calculated from 500 ns long simu-

ations. The error bars are ±0.002 nm2 for area and ±0.02 nm for thickness.

System 〈A〉 (nm2) Membrane
thickness (nm)

PYR6 0.689 4.10
PYR8 0.690 4.10
PYR10 0.693 4.09
DOPC 0.697 4.10
systems and (B) mass density profiles for the center of mass (CM) of the pyrene
moiety.

3.2. PYR10 leads to interdigitation

The mass density profiles for all simulated cases are displayed
in Fig. 4. The profiles readily show that the position of pyrene does
not affect the average membrane thickness (Table 1 and Fig. 4A).

For a pure DOPC membrane, SANS experiments have given
4.58 nm for the thickness of a DOPC membrane at 25 ◦C (Gallová
et al., 2004), and Leonenko et al. (2004) measured the thickness at
22 ◦C to be 4.0 nm. Since there is no unique way  to define mem-
brane thickness, the comparison is inevitably somewhat tricky, but
despite this issue the agreement is quite good since the value of
4.10 nm we  found from simulations is essentially consistent with
experimental observations.

More interesting is to elucidate the transmembrane distribu-
tion of the pyrene moiety (Fig. 4B). The profiles depict how the
distribution of pyrene moves closer to membrane center as the
linkage point of pyrene moves from the headgroup region towards
the terminal carbon in the hydrocarbon chain. This is no news.
What is more appealing to realize is that while PYR6 and PYR8
show no interdigitation across membrane center at all, the case of
PYR10 is very different. In PYR10, the pyrene moieties are located
substantially in the opposing leaflet, indicating quite profound
interdigitation. This highlights that in PYR10, the pyrenes from the
opposite leaflets extend to the membrane center region and also
beyond it, providing further support for the idea that with PYR10
the pyrenes in different leaflets can interact with each other and
also form dimers.

3.3. PYR10 gives rise to membrane-spanning pyrene dimers

The above view about membrane-spanning pyrene dimers is
supported by the snapshop shown in Fig. 3, which describes one
of the many cases where we observed dimer formation associated
with PYR10. Fig. 5 further depicts the dimer formation process by

showing how L (distance between two  pyrenes) and cos � (describ-
ing the orientation of two  dimers with respect to each other) evolve
in time.
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alternative interpretations include, e.g., contributions of pyrene
trimers, whose formation rate is not expected to be frequent but
which yet contribute to pyrene complex formation. More quantita-
tive comparison of lifetimes between simulations and experiments
s  established most of the time after about 173 ns. Shown here are curves for L(t)
distance between two  pyrenes) shown in red color, and cos �(t) (describing the
rientation of the two  dimers with respect to each other) depicted in black.

When we analyzed the occurrences of this process in detail, we
ound that during the simulation time scale of 500 ns, formation of
ransmembrane dimers took place only with PYR10 (Table 2). With
ther pyrene-linked lipids, dimers across the membrane were not
bserved.

Meanwhile, shorter pyrene-linked lipids (PYR6, PYR8) were
nvolved in numerous intraleaflet dimer formation processes
Table 2). Here, there are two possible events. Either the pyrene
nits in the same molecule form a dimer, or the pyrene rings in
wo different lipid probes get together to form a dimer complex.
he results in Table 2 indicate that in all systems (PYR6, PYR8,
YR10) there are numerous dimers when the host lipids are in the
ame leaflet, but the number of events fluctuates quite considerably
etween intralipid and interlipid dimers.

We  stress that we prefer not to draw strong conclusions about
he quantitative numbers, since the results in Table 2 depend, in
art, on the initial configuration of the systems we prepared: during
he simulation time of 500 ns, the lipids diffuse laterally on aver-
ge by about 4.5 nm,  while the linear system size of the simulation
ox in the membrane plane was about 6.7 nm.  Thus, sampling of

ipid motion for the few pyrene probes is too limited for quantita-
ive predictions. For adequate quantitative sampling of lateral lipid
ynamics and collisions of pyrene-labeled lipids, the simulation
ime scale should be larger by a factor of at least 10.

Despite this limitation, let us compare our data in a qualitative

anner with the experiments of Templer et al. (1998). They con-

idered pyrene-labeled DPPC lipids in a DOPC membrane, as in our
ork, and they also used DPPC lipids as hosts which were syn-

hesized (or purchased) to have acyl chains with 4, 6, 8, and 10

able 2
umber of events where two pyrene monomers were bound to one another as a
imer. Shown here are data for the number of events where (1) both lipid probes
ere in the same leaflet and also in the same molecule (NIntra,S), (2) the two  lipid
robes were in the same leaflet but in different molecules (NIntra,D), and (3) when
he  pyrene moieties were in lipids that were in different membrane leaflets (NInter).
inally, NTotal stands for the total number of dimer events.

System NIntra,S NIntra,D NInter NTotal

PYR6 9434 3758 0 13192
PYR8 4417 2327 0 6744
PYR10 12650 17 3707 16374
ysics of Lipids 177 (2014) 19– 25 23

carbon atoms. They observed that the excimer to monomer ratio
was the largest in 4dipyPC (corresponding to the system PYR4 in
our work), then decreased with 6dipyPC (PYR6), further decreased
with 8dipyPC (PYR8), and then increased with 10dipyPC (PYR10).
In a related study by Cheng and Somerharju (1996), it was found
that in a DOPC bilayer at about 28 ◦C, di-pyrenyl-PC probes had the
largest excimer to monomer ratio with short chains (4dipyPC and
6dipyPC), then a minimum (8dipyPC and 10dipyPC), and then an
increasing trend with longer chains (12dipyPC and 14dipyPC).

The behavior found in simulations is qualitatively consistent
with experimental data. It is quite possible that this agreement is
accidental, since despite the long simulation times the sampling
of dimer formation between different probe lipids is limited due
to slow diffusion. Yet, the consistency between experiments and
simulations is encouraging.

We will consider the excimer to monomer ratio, its impact on
lateral pressure profiles, and the use of pyrene formation on unlock-
ing the transmembrane pressure profile (Templer et al., 1998) in a
separate study, which will be discussed elsewhere (Franova et al.,
2013).

3.4. Lifetimes of pyrene dimers are of the order of nanoseconds

Lifetimes of pyrene dimers were rather short and in all cases less
than 8 ns. As for dimers between lipids in different leaflets (PYR10),
the lifetime of the most stable dimer was  5.1 ns, and there were
15 (4) dimers with lifetimes longer than 1 ns (2 ns). The number of
pyrene dimers with a small lifetime was  abundant, thus the average
lifetime was as short as 0.56 ns.

Lifetimes for dimers that formed within a single lipid mono-
layer are listed in Table 3. The results highlight that many dimers
have a very small lifetime, suggesting that pyrenes collide rather
frequently but the formation of a stable dimer (with a long life-
time) is a more rare event. In the case of PYR10, it is obvious that
formation of membrane-spanning dimers competes with dimer-
ization between different lipids that are in a single leaflet, thus the
numbers in Table 3 for PYR10 are small.

Experimental data for pyrene dimer lifetimes suggest that there
are two binding processes with different lifetimes (Barenholz et al.,
1996). The shorter lifetime is of the order of nanoseconds, while
the longer lifetime is about an order of magnitude larger. This sug-
gests that the dimer formation processes we gauged in simulations
describe the short-time behavior, or that membrane-spanning
dimers have a longer lifetime compared to dimers formed by
pyrenes in the same leaflet, supported by the simulation data. Other
Table 3
Lifetimes of pyrene dimers when the dimer is formed between lipids in the same
monolayer. ‘Intralipid’ stands for the case where the pyrenes are in the same host
lipid, and ‘interlipid’ for the case where pyrenes are in different molecules. tL is
the  longest lifetime observed and tave is the average lifetime. N1 and N2 show the
numbers of lifetimes longer than 1 ns and 2 ns, in respective order.

System tL (ns) tave (ns) N1 N2

Intralipid
PYR6 7.6 0.41 24 10
PYR8 4.5 0.30 13 4
PYR10 4.7 0.30 34 9

Interlipid
PYR6 4.0 0.27 15 2
PYR8 4.3 0.10 6 1
PYR10 0.2 0.09 0 0
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Barenholz et al., 1996) is not meaningful, since in experiments the
ifetime is typically determined from the half-time of fluorescence
ecay (over a macroscopic number of excimers landing back to the
round state), while the simulation data we present here is for indi-
idual pyrene formation processes where the dimer is not excited.
mportantly, the lifetime given by simulations is smaller than the
nsemble-averaged half-times determined from experiments, as is
ational to assume.

The above simulation results for lifetimes have been based on
 very strict criterion for the formation (and breaking) of a pyrene
imer. If the conditions for pyrene formation (discussed in Sec-
ion 2) were violated at any time step, the dimer was considered
o break apart. However, if the criteria for the existence of pyrene
imers were allowed to relax a bit, such that the pyrene–pyrene
istance or the orientation of two pyrene moieties were allowed
o fluctuate a bit more (see Fig. 5), then the lifetime of pyrene
imers would increase to some extent, see Fig. 5. In this work, we
sed quite reasonable assumptions for values of L and � to identify
yrene dimers, but a more rigorous definition should be based on
uantum-mechanical analyses for the formation and maintaining
f dimer complexes.

In the same spirit, it would be useful to consider the force field
arameterization of pyrene in its excited state. This stems from the
act that an excimer is comprised of an excited pyrene monomer
ogether with a non-excited pyrene moiety, and the present work
as been based on a model for the non-excited pyrene monomer.
he geometry and charge distribution of an excited pyrene may  be
uite different from the non-excited one, and new models account-

ng for this aspect would have potential to do better in describing
he stability of the dimer at long times. However, these con-
iderations would require quite substantial quantum-mechanical
imulations that are beyond the scope of this work and remain to
e done and discussed elsewhere.

We conclude that while our results for lifetimes are reason-
ble, we are unable to unravel the mechanistic difference between
hort and long lifetimes observed in experiments. Yet the simula-
ion data show that individual pyrene dimers (with a short lifetime)
ave lifetimes ranging from sub-nanosecond to nanosecond time
cales. The data also show that once pyrene monomer moieties are
lose to one another, their collision rate is high, and if any dimer
ormed transiently breaks apart, the monomers frequently reunite
gain.

. Concluding remarks

Imaging with fluorescent probes attached to lipid acyl chains has
ecome a very common technique to study biological membranes
nd traffic in cellular systems. Very recently, the interest for using
maging as a tool to reveal the structure and dynamics of cellular
rganelles has increased further due to developments with super-
esolution techniques that render nanometer-scale considerations
uite possible. However, one has to keep in mind that there is rea-
on for concern, too, since imaging is based on the use of probes,
nd their properties are seldom (if ever) identical to those of the
ative molecules.

In this work, we used atomistic molecular dynamics simula-
ions to explore how the position of a pyrene moiety within the
is-pyrene PC molecule in a DOPC bilayer affects membrane prop-
rties and the formation rate of pyrene dimers. We  observed that,
s far as probe-induced membrane perturbations are concerned,
here are no major differences between the probes of different

ength. They all alter membrane order around them, and thus, e.g.,
he dynamic properties of a pyrene-labeled lipid are different from
hose of native lipids. The positive news is that membrane pertur-
ations level off within about one nanometer from the probe and
ysics of Lipids 177 (2014) 19– 25

are therefore of short range, affecting just the nearest neighbors of
the probe lipid. Additionally, our results show that in unsaturated
membranes (such as the DOPC bilayer considered here) pyrene-
induced perturbations are on average weaker than in saturated
lipid bilayers, a matter which may  be worth taking into account
in experiments where (say) saturated and monounsaturated phos-
pholipids would have consistent phase behavior and membrane
protein partitioning behavior.

Yet, the main finding of this work is that the formation of
membrane-spanning pyrene dimers depends very strongly on the
location of the pyrene moiety in its host lipid. Pyrene moieties
attached to carbons close to the glycerol group do not form inter-
leaflet dimers at all. In the system we explored, an abrupt transition
takes place at carbon number 10. Pyrene moieties coupled to
this carbon interdigitate substantially across membrane center to
the opposing leaflet, thereby also forming numerous dimers with
pyrenes in the other leaflet.

The results suggest that experiments to consider the coupling
of lipid dynamics in two opposing leaflets would be most produc-
tive if pyrenes were attached to the latter half of the hydrocarbon
chain. Possible phenomena in this spirit would include, e.g., mem-
brane domain registration across bilayers and consideration of
the shear viscosity between the membrane leaflets. Meanwhile, if
probe attachment were done in the leading half of the chain (close
to lipid head group), then this choice would provide insight related
to excimer formation within the given membrane leaflet, with no
contribution of membrane-spanning excimers. Topics that would
benefit from this choice would include, for instance, elucidation of
lateral diffusion within a given monolayer, motion of lipids within
and between membrane domains, and lipid confinement. Quite
obviously, in these cases it would be useful to use lipids where
only one of the hydrocarbon chains were labeled with pyrene.
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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).

ights reserved.
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

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2014.01.030&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2014.01.030
mailto:samuli.ollila@aalto.fi
Unlabelled image
http://dx.doi.org/10.1016/j.bbamem.2014.01.030
Unlabelled image
http://www.sciencedirect.com/science/journal/00052736
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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 nmwas 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.

image of Fig.�1
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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 bemore 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 PYR10with 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.
0

0,5

1

1,5

I e
/I

m

0

0,005

0,01

0,015

1/
ns

0

0,005

0,01
0,015

0,02
0,025

1/
ns

PYR4 PYR6 PYR8 PYR10

a) Simulation in vacuum

c) Experiment

b) Simulation in bilayer

Fig. 3.Non-excited dimer formation rates for different di-pyr-PCs calculated from simula-
tions in a) vacuumand in b) a bilayer. c)Measured excimer/monomer fluorescence inten-
sity by Templer et al. [14].
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 which would, 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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