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ABSTRACT

SIMULATION OF ROTATIONAL DIFFUSION AND HYDRATION OF

LAURDAN IN A DPPC BILAYER

Ryan Frei
Department of Physics and Astronomy

Bachelor of Science

We have used molecular dynamics simulations to investigate the rotational dif-
fusion and hydration of Laurdan (2-dimethylamino-6-lauroylnaphthalene) in
liquid and gel dipalmitoylphosphatidylcholine bilayers at temperatures above
and below the phase transition. Laurdan is a fluorescent dye commonly used
in biophysical experiments to detect ordered regions in lipid bilayers through
changes in the polarization and wavelength of emitted light. Correlation be-
tween the autocorrelation of the laurdan rotation and experimental observa-
tions of the decay of anisotropy of the emitted light and between hydration

and shift in fluorescence wavelengths is demonstrated.
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Chapter 1

Introduction

1.1 Bilayer order and lipid rafts

Cell membranes are made up of lipid bilayers, with the hydrophobic tails of the lipids
on the inside and the hydrophilic headgroups on the outside. Lipid bilayers have
some very interesting properties, such as two-dimensional fluidity and complex phase
properties. Lipid rafts are areas of bilayers where there is higher order than in the
surrounding lipids [1]. The order or disorder of the bilayer at a given temperature
depends on the temperature and the presence of rigid molecules such as cholesterol
and sphingolipids [2]. In cell membranes, areas of higher order and higher cholesterol
and sphingolipid concentration form spontaneously. It is thought that these regions
of higher order are made energetically favorable by intermolecular van der Waals
interactions [3]. This type of formation is an intrinsic property of lipid bilayers, as
has been demonstrated by the fact that they form not only in cell membranes, but
also in model bilayers [4].

Several theories have been formulated surrounding the purpose of lipid rafts, but

the most commonly cited is the theory proposed by Kai Simons [5,6]. In this theory
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they are thought to be relatively small structures (about 50 nm) associated with
intracellular trafficking [3] and intercellular signaling mechanisms [7]. Understanding
the dynamical function of these rafts can help us to better understand these processes.

The phospholipid dipalmitoylphosphotidylchoine (DPPC) undergoes a transition
from the solid-ordered phase to the liquid-disordered phase at approximately 41.5°C [8].
In the liquid phase, two distinct subphases exist in lipid bilayers: liquid ordered and
liquid disordered, based on the densities of such rigid molecules as cholesterol and
sphingolipids. The principle difference between these phases is in the order of the

lipid tails; hence, they are referred to a liquid-ordered and liquid-disordered.

1.2 Raft detection

The biochemical method used to detect rafts involves dissolving the bilayers with
strong detergents and collecting the remaining particles. The rafts in the bilayers
resist the detergents, remaining intact as larger particles. While this method is useful
in analysis of raft composition, the destruction of the bilayer makes any analysis of the
rafts’ function impossible. Also, this approach is fraught with questions as to whether
the rafts existed in the membranes before the detergents or if they are a result of,
or are at least modified by, the dissolving process. Similarly, removal or addition of
cholesterol, with -cyclodextrin [9] for example, has been useful for assessing the role
of rafts in membrane protein function [5,9,10].

Another method of raft detection, developed by Parasassi et al. for detecting
ordered regions in bilayers, is the use of fluorescent dyes [11]. Dyes are injected
into the bilayer, and the fluorescent emissions change with the order of the bilayer.
Injecting dyes has the obvious advantage of being nondestructive to the bilayer, and

also allows high-resolution imaging of bilayers. In recent studies, these dyes have even
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enabled imaging of the membranes of human erythrocytes [12].

1.3 The mechanism of fluorescence spectroscopy

The two fluorescence-spectroscopic methods commonly used in lipid phase detection
are the generalized polarization (GP) and the polarization anisotropy (PA) of emitted
light. GP is based on a shift in the wavelength of the emission spectrum. PA is based
on analysis of the uniformity of emission polarization when a polarized source is used.

Several different dyes are used in fluorescence spectroscopy, including laurdan,
prodan, and 1,6-diphenyl-1,3,5-hexatriene. These dyes partition into varying depths
of the bilayer, making them useful for measuring different bilayer properties. Of the
three mentioned, laurdan is the most widely used, and hence is the subject of our

study. A schematic diagram of the laurdan structure is shown in Fig. 1.1.
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Figure 1.1 A schematic diagram of laurdan, a fluorescent dye commonly

used in fluorescence spectroscopy.

1.3.1 Generalized polarization

The GP is a measure of how far the emission spectrum of the dye shifts from the

absorption and is calculated as

Ip —1Ig

GP =
Ig+ Ir
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where I and I are the emission intensities at the blue and red edges of the emission
spectrum [11]. Tt is thought that GP is influenced by the mobility of polar solvent
molecules surrounding the m-cloud of the naphthalene group, which partitions into the
headgroup region. This means that the packing of the lipid headgroups is a primary
factor in the laurdan GP.

The lower panel of Fig. 1.2 shows a normalized plot of the GP with a calorimetric
phase diagram overlaid. The regions where the GP changes correspond with the
theoretical phase changes. This correspondence makes analysis of GP very useful in
distinguishing between the liquid-disordered phase and other phases. The order of
the lipid tails has almost no impact on the GP, which means that it cannot detect

the differences between the liquid-ordered and solid-ordered phases.

1.3.2 Polarization anisotropy

Harris et al. showed that the PA of fluorescence emissions can also be used to detect
the order of bilayers [13]. The dependence on tail order gives a significant difference
between the liquid-ordered phase and the solid-ordered phase. In the top panel of
Fig. 1.2, the PA of laurdan in a DPPC bilayer is shown with a calorimetric phase
diagram overlaid in red. This figure illustrates the usefulness of laurdan in detecting
differences between the solid-ordered and liquid-ordered phases. Although GP and
PA are both limited in the phase transitions they can image, in combination they

give a relatively complete picture of the phase diagram for a bilayer.

1.4 Simulations of dyes in bilayers

Molecular dynamics simulations provide a way to investigate the mechanisms of such

complex phenomena as the sources of the PA imaging. Some of the difficulties of
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Figure 1.2 Laurdan GP and PA. A calorimetric phase diagram of DPPC

and cholesterol mixtures is overlaid in red lines and the phases of various
regions are labeled. Normalized values of PA (upper panel) and GP (lower
panel) corresponding to the different colors are shown in the legend on the
figure. The phase diagram (red lines) is based on Ref. [2]. ‘So’ indicates the
solid ordered phase, ‘Lo’ liquid ordered phase, ‘Ld’ liquid disordered phase.
From Harris et al., 2002 [13]. Used with permission.
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doing molecular dynamics simulations of complex structures such as bilayers include
choosing the right volume for the periodic box that encloses the bilayer and choosing
the correct surface tension.

The peak emission wavelength shift in GP is thought to be due to mobility of polar
solvent molecules, which is related to headgroup spacing. GP, being a primarily quan-
tum mechanical effect, is difficult to investigate rigorously using classical techniques.
However, we are able to show how hydration, or the number of water molecules near
a laurdan molecule, relates to temperature and order of the bilayer.

The changes in PA are thought to be related to the fluidity of the bilayers. Since
this is a completely classical phenomenon, it lends itself quite readily to analysis with
molecular dynamics simulations.

The mechanism of both of these phenomena is not fully understood. We have
used classical molecular dynamics simulations to investigate the mechanisms of both
GP and PA.

We performed simulations of laurdan in a DPPC bilayer using the Nanoscale
Molecular Dynamics (NAMD) simulator developed by the Theoretical and Computa-
tional Biophysics Group in the Beckman Institute for Advanced Science and Tech-
nology at the University of Illinois at Urbana-Champaign [14]. We did this with the

intent of comparing our results to known experimental values of GP and PA.



Chapter 2

Computational methods

2.1 Bilayer Arrangement

We simulated a model bilayer with 5x5 DPPC molecules in each monolayer in the
central cell. We deleted the central molecule of each monolayer and inserted a laur-
dan molecule into its place. The entire bilayer was surrounded in the simulation by
1440 water molecules initially equally partitioned on both sides of the molecule The
arrangement of the system is shown in Fig. 2.1.

At our periodic cell boundaries we used a cutoff of 12.0A in calculating the direct
electrostatic and van der Waals interactions. To calculate the long-range interactions
of the bilayer, we used a fifth-order particle-mesh Ewalds algorithm, which computes

the long-range effects of the periodic cell in the reciprocal space.

2.2 Dynamics Simulation

The protocol used in our dynamic simulation consisted of an energy minimization, a

short equilibration at 323 K, an annealing phase described later, a longer equilibra-
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Figure 2.1 A schematic diagram of the system arrangement. The left panel

shows a side view of the system, with the headgroups of the lipids shown as
circles with the tails extending from them. The right panel shows a top view
with the laurdan molecule shaded.

Figure 2.2 A typical output of our system after minimization, annealing,

and a 10 ns equilibration. The figure on the left is the system simulated at
T = 20°C and the one on the right is simulated at 7' = 50°C. The yellow
molecules are laurdan in their typical conformation. Note the slant of the
lipid tails and the highly ordered crystal structure of the solid ordered phase
(T = 20°C system, and the disorder of the tails of the system in the liquid
disordered phase (T" = 50°C).
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tion at the target temperatures of 293 K and 323 K, followed by 20 ns of dynamics
simulation holding the normal pressure, surface tension, and temperature constant.

A summary of the algorithm is shown in Table 2.1. In the annealing phase of the
simulation, we simulated heating the system to 1000 K for 500 ps and then allowed it
to cool to the final temperature for 1 ns. This process was repeated three times. In
the simulation stage, we started four different simulations after the last equilibration,
in an effort to create a larger statistical sample.

During the equilibration and annealing stages, a 5 dyne/cm harmonic planar con-
straining force was used on the lipid phosphorous atoms. This was done to allow the
proper level of disorder to develop in the tails of the lipids for the experimentally
determined membrane thicknesses. During the simulation, a 0.1 dyne/cm harmonic
cylindrical constraining force was applied to the laurdan molecule to keep it in the

center of the periodic cell. A typical results of this simulation is illustrated in Fig. 2.2.

2.3 Surface tension

There is general agreement among those simulating lipid bilayers that in order to
have a bilayer that has correct thickness and surface area per headgroup, an external
surface tension must be applied [15-26]. The reason for this has been explained by
Feller et al. [18] as a result of the simulated bilayer’s lack of periodic undulations and
other structural features present in macroscopic bilayers.

We determined the target surface tension needed in this system by simulating
several different systems with varying surface tensions and analyzing the surface area
per lipid headgroup, which was targeted to experimental values. This is the variable
most affected by varying surface tensions. The area per lipid headgroup has been

measured using several different methods, and it is known within +9%. A good
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Stage Time Ensemble | Constraints
Minimization | 5000 steps | None None

Heating 500 ps NP 5 dyne/cm on lipids
Equilibration | 1 ns NP 5 dyne/cm on lipids
Annealing 4.5 ns NV 5 dyne/cm on lipids
Equilibration | 10 ns NP~T 5 dyne/cm on lipids
Simulation 20 ns NP~T 0.1 dyne/cm on laurdan

Table 2.1 The dynamics simulation algorithm used in this system. The En-

semble column indicates which variables were held constant in that stage of
simulation. The abbreviations used are as follows: N, number; P, pressure;
V', volume; ~, surface tension; and 7', temperature. The constraints on the
lipids were planar, holding the bilayer to experimentally determined thick-
nesses. The constraints on the laurdan molecule were cylindrical, holding
it in the center of the bilayer, helping to reduce the effects of using a finite

periodic cell.
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discussion of this structural parameter can be found in Refs. [27] and [28].

The primary difficulty of this approach is not knowing the area occupied by the
laurdan molecule. Approximating it to be about the size of a lipid, we can get
within £5% of the actual area per headgroup, which is about the size of the thermal
fluctuations of the simulation and about half the uncertainty in the experimental
surface area. Using this method, we determined that a surface tension of about 25
dyne/cm gives results in agreement with experimental surface areas per headgroup.

This is close to surface tensions given by published simulation results [21,22].

2.4 Analysis

There were two major computational components to our analysis. We analyzed the
hydration of the laurdan to investigate the correlation between this hydration and the
generalized polarization. We also analyzed the autocorrelation function of the laurdan
axial vector and used it to calculate the polarization anisotropy of the molecule.

To analyze the hydration of the laurdan molecules, we counted water molecules
inside the headgroup region and within a certain distance of the laurdan molecule.
To analyze the autocorrelation of the orientation of the laurdan we defined a vector
passing through the carbonyl C and amino N of the laurdan as S. The correlation
function is determined by taking the ensemble time average of two vectors. Autocor-
relation is found by taking the time average of the dot product of a vector with itself

at a different time:

—

A(r) = <S(t) St + T)> . (2.1)

t

For a randomly varying function, Eq. 2.1 will yield a roughly exponential decay to
zero. The characteristic fluorescence-emission time of the laurdan was used together

with the decay time constant to calculate the polarization anisotropy predicted by
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our simulations.



Chapter 3

Results and Discussion

Analysis of the simulations of laurdan in a DPPC bilayer yields two quantities which
lend themselves to comparison with experimental values — the hydration of the lau-
rdan molecule and the rotational autocorrelation function. The hydration, which is
related to the lipid headgroup spacing and the generalized polarization can be an-
alyzed qualitatively, which yields a qualitative correlation with the GP. Rotational
autocorrelation, which is related to the rate of rotation and hence is related to the
polarization anisotropy, gives a much more quantitative comparison to experimental

data.

3.1 Hydration

In order to analyze the hydration of the laurdan molecule, we performed a simulation
of laurdan dissolved in bulk water. A count of the number of water molecules near
the laurdan in DPPC divided by a similar count in bulk water gives us a feel of the
reduction by DPPC of the quantity of water surrounding laurdan. The ratio of the

hydration of laurdan in a bilayer to the hydration in bulk water is shown in Fig. 3.1.

13
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As can be seen in the plot, the region closer to the laurdan is significantly more
hydrated in the 50°C simulation.

The region within 5 A of the laurdan molecule has a statistically significant differ-
ence in hydration between the 20°C and 50°C simulations. The average over the 20
ns simulation this region has an average of 11.8 molecules in the 20°C simulation and
13.3 in the 50°C simulation. For this relationship to be more quantitative, a thorough
quantum mechanical analysis would have to be performed. However, it may be useful

in the future to establish a qualitative correlation of hydration with temperature for

comparison to experimental GP.
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Figure 3.1 The ratio of the radial distribution function for water oxygen

atoms near any laurdan atom in DPPC to that in bulk water. The region
with the statistically significant difference in that between 0 A and 5 A. In
this range there is an average of 11.8 molecules in the 20°C simulation and

13.3 in the 50°C simulation.
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3.2 Rotational diffusion

The autocorrelation function for the laurdan molecule, averaged for two molecules
over two separate 20 ns runs, is shown in Fig. 3.2. From this figure, it is clear
that the rate of rotational diffusion at 50°C is much higher than that at 20°C. This
fits with experimental anisotropy measurements. Fitting these curves to a decaying
exponential, we get a characteristic decay time of 96.2 ns at 20°C, and 8.3 ns at 50°C.
The characteristic rate of rotation of a laurdan molecule in a bilayer is related to the
anisotropy by the equation:
6t

T = m, (3.1)
where T is the average rotational period, t is the average lifetime of laurdan fluo-
rescence, r is the measured anisotropy, and 7 is the maximum anisotropy [13]. We
can use the measurement of Harris et al. of 0.26 as the lowest maximum anisotropy
and the theoretical value of 0.44 as the highest maximum anisotropy. Using this in
Eq. 3.1, we can conclude that for our system that the average rotational period T
at 50°C should be 6.7-13.3 ns and for 20°C it should be greater than 71.4 ns. The

characteristic time of the autocorrelation of the laurdan orientation measured in our

system falls within these ranges.

3.3 Conclusions

The theoretical mechanism of the GP is that polar solvent molecules near an excited
fluorophore bleed some electron energy, reducing the energy of the eventual photon
emitted [11,29]. The increased hydration at 50°C illustrates this mechanism. In order
to explore the relationship of hydration and GP, simulations at varying temperatures
and cholesterol concentrations could be helpful, although a full analysis would require

a quantum-mechanical model of energy transfer to solvent molecules.
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Figure 3.2 The autocorrelation of the laurdan axial vector. The character-
istic decay time of the 20°C is 96.2 ns and of the 50°C is 8.3 ns.

PA is theorized to stem from fluorophore rotation between excitation and emis-
sion [13], and would be increased by increased mobility of the lipid molecules. The
autocorrelation relaxation of simulated laurdan molecules corresponds well with ex-
perimentally established values of polarization anisotropy. It would be interesting in
the future to carry out a more complete analysis of the effects of added cholesterol,
which is known to modulate PA [13].

These simulations pave the way for future studies of the impact of cholesterol
or other reagents added to the bilayer, of lipid species, and of lipid phase on fluo-
rophore properties, as well as for detailed studies of other probes such as prodan or
1,6-diphenyl-1,3,5-hexatriene, which in preliminary simulations partition shallower or

deeper, respectively, into the bilayer.
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