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Currently, the uses of foods which may exert a positive functional effect on health are
widely focused. Two of these functional foods are known as probiotics and prebiotics, which
have a favourable effect on the good bacteria that reside in digestive systems, also known as gut
micro flora. Probiotics actions are the synthesis of short-chain fatty acids (SCFAs) and vitamins.
In addition, prebiotics are natural saccharides that locate the large intestine undigested.
Difference between probiotics and prebiotics is absorbed into intestina. This absorption of
probiotics and prebiotics is unclear and interesting to study the mechanism. In this study, the
distribution of Vitamin E (probiotic) and inulin (prebiotic) at water/membrane interface has been
investigated by molecular dynamics (MD) simulations. The MD simulations running on the time
of 10 ns were carried out in the same conditions by using GROMACS software and the SPC
(single-point charge) parameters were used. The dipalmitoylphosphatidylcholine (DPPC) bilayer
was stabilized by the energy minimization at 323 K and 1 bar as constant. The MD study focused
on favorable binding sites of Vitamin E and inulin embedded into DPPC bilayer. The simulations
were shown that vitamin E was preferably accommodated at the head of the bilayer upper the
glycerol moiety. In addition, it was found that the hydrophobic aromatic part of the vitamin E
was located inside more ordered region of DPPC from the hydrophobic character of vitamin E.
The snapshots revealed the depth of the vitamin E localization which was gradually shifted
deeper inside the hydrocarbon core of the bilayer. The results showed that the vitamin E showed
weak hydrogen bonding to DPPC bilayer and the distribution of vitamin E molecule simulations
was presented at the opposite of the entrance. The depth of the inulin localization was shifted
deeper inside between the phosphate and glycerol core of the bilayer. Moreover, the possibility of
the penetration of the inulin through the bilayer was analyzed. During our MD analysis, we found
that cannot cross the bilayer from one leaflet to the other. The strong hydrogen bond was found
between hydroxy! group (OH) of inulin and oxygen atoms of phosphate and glycerol.
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MOLECULAR DYNAMICS SIMULATIONS OF VITAMIN E AND
INULIN IN THE LIPID BILAYER

INTRODUCTION

Currently, there is huge interest in the use of foods which may exert a positive
functional effect on health. Two of these functional foods are known as probiotics
and prebiotics, both of which have a favourable effect on the good bacteria that reside
in digestive systems, also known as gut micro flora. These good bacteria live
naturally in intestines and are essential to good health having a number of positive

effects, primarily helping digestive systems work efficiently (Gibson, 2003).

Probiotics are live microorganisms that can reach the gut in viable form and
exert effects beneficial to the host. Their actions are the synthesis of short-chain fatty
acids (SCFAs) and vitamins. In addition, prebiotics are natural saccharides that locate
the large intestine undigested and serve as nutrients for probiotic (saccharolytic)
bacteria. Difference between probiotics and prebiotics is absorbed into intestinal.
This absorption of probiotics and prebiotics is unclear and interesting to study the

mechanism.

Vitamin E (tocopherol) is one of four fat-soluble vitamins. It is synthesized by
plants and found in plant oils. Vitamin E is a probiotic that presented in high amounts
within the chloroplast and leaves of most plants. Moreover it is hydrophobic and
absorbed similarly to other dietary lipids. After solubilization by bile acid, it is
absorbed into small intestinal epithelial cells, incorporated into chylomicrons and
transported into blood via lymphatic. It is liberated from chylomicrons and taken up
by liver, where it is repackaged into very low density lipoproteins. Vitamin E is
stored with the fast droplets of adipose tissue cells. The general structure of vitamin E

is shown in Figure 1.
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Figure 1 Structure of vitamin E (tocopherol).

Inulin is categorized into a group of naturally occurring polysaccharide
produced by many types of plants. Inulin belongs to a class of dietary fiber known as
fructan. Inulin is used by some plants as a means of storing energy and is typically
found in root or rhizome. Most plants that synthesize and store inulin do not store
other materials such as starch. Inulin is used increasingly in foods because it has
unusual nutritional characteristics. It ranges from completely bland to subtly sweet
and can be used to replace sugar, fat, and flour. This is particularly advantageous
because inulin contains a third to a quarter of the food energy of sugar or other
carbohydrates and sixth to ninth of the food energy of fat. It also increases calcium
absorption (Abrams et al., 2005) and possibly magnesium absorption (Coudray et al.,
2003), inulin while promoting the growth of intestinal bacteria. Nutritionally, it is
considered as a form of dietary fiber and is sometimes seen as a prebiotic. When
incorporated in the diet, the inulin acts as “prebiotic”, promoting selective
development of beneficial microorganisms. This fact derives from the incapacity of
the stomach and small intestine endogenous enzymes to hydrolyse the inulin and its
derivatives, only occuring degradation by bacterial fermentation at the colon’s level.

The general structure of inulin is shown in Figure 2.
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Figure 2 Structure of inulin.

Bilayer lipid membrane is a membrane composed of two lipid molecules and
made of a bilayer. The lipid bilayer is a critical component of all biological
membrane, including cell membrane, and so is absolutely essential for all known life
on Earth. The structure of a bilayer explains its function as a barrier. Lipids are
amphiphilic since they consist of chemical polarity head groups and chemical polarity
fatty acid tails. The bilayer is composed of two layers of lipids arranged so that their
hydrocarbon tails face one another to form an oily core held together by the
hydrophobic effect, while their charged heads face the aqueous solutions on either
side of the membrane. The hydrophilic interfacial regions are saturated with water,
while the lipophilic core region contains essentially no water. Model of bilayer lipid
membrane is shown in Figure 3. Examples of the major membrane phospholipids and
glycolipids are phosphatidylcholine (PtdCho), Phosphatidylethanolamine (PtdEtn),
Phosphatidylinositol (PtdIns) and Phosphatidylserine (PtdSer).



Figure 3 Model of membrane phospholipids.

Source: Tieleman et al. (1997)

We chose the binary system dipalmithoylphosphatidylcholine (DPPC)/water
as a representative for biological membrane, which consists mainly of phospholipids.
The structural formula is shown in Figure 4. The lecithin head group is zwitterions,
overall neutral, with positive electron charge distributed over the choline group and a
negative electron charge on the phosphate group. The paraffinic chains are fully

saturated and of equal length (16 carbon atoms) (Egberts ef al., 1994).
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Figure 4 Structure of dipalmithoylphosphatidylcholine (DPPC), with a number of
atoms and atom group. GROMOS symbols are used for atoms: NL =
Nitrogen, OS = Ester Oxygen, OM = Phosphate Oxygen and O =
Carbonyl Oxygen.

The binding of vitamin E and inulin in a biomembrane and its subsequent
influence on membrane properties are an important problem. The vitamin E and
inulin can severely influence various physiological processes in the body. A
microscopic understanding of the location of vitamin E and inulin within the
membrane is crucial as it will provide direct information regarding its interaction with
membrane components. Such information will have an impact on the mechanism of
the effect of vitamin E and inulin on regular membrane properties. However, despite
significant efforts, understanding of the mechanism of action of vitamin E and inulin
are not clear. This is primarily due to the existing regarding the possible binding sites

for vitamin E and inulin within a membrane.



OBJECTIVES

1. To compare vitamin E and inulin toward interface of the lipid bilayer.

2. To study the chemical properties of vitamin E and inulin embedded in the

lipid bilayer.



LITERATURE REVIEW

Fructans are a group of fructose-based oligo- and polysaccharides (Vereyken
et al., 2003). They are proposed to be involved in membrane protection of plants
during dehydration. In accordance with this hypothesis, they show an interaction with
hydrated lipid model systems. However, the structural requirements for this
interaction are not known both with respect to the fructans as to the lipids. To get
insight into this matter, the interaction of several inulins and levan with lipids was
investigated using a monomolecular lipid system or the MC 540 probe in a bilayer
system. MD was used to get conformational information concerning the
polysaccharides. It was found that levan-type fructan interacted comparably with
model membranes composed of glyco- or phospholipids but showed a preference for
lipids with a small head group. Furthermore, it was found that there was an inulin
chain-length-dependent interaction with lipids. The results also suggested that inulin-
type fructan had a more profound interaction with the membrane than levan-type
fructan. MD simulations indicated that the favorable conformation for levan is a
helix, whereas inulin tends to form random coil structures. This suggests that

flexibility is an important determinant for the fructan-lipid interaction.

Symbiosis between host and gut bacteria can be optimized by prebiotics.
Inulin-type fructans have been shown to improve the microbial balance of the
intestinal ecosystem by stimulating the growth of bifidobacteria and lactobacilli.
Inulin-type fructans induce changes of the intestinal mucosa characterized by higher
villi, deeper crypts, increased number of goblet cells, and a thicker mucus layer on the
colonic epithelium (Guarner, 2007). In contrast, study with rats fed a low-calcium
diet suggested a negative effect of prebiotics on intestinal barrier function. However,
the adverse effect was clearly ascribed to the strong reduction of dietary calcium, it
could be reversed by oral administration of calcium. The adverse effect of a low-
calcium diet on intestinal permeability has not been observed in humans. Inulin and
oligofructose are now being tested in human studies aimed at prevention of bacterial
translocation in critical health conditions. Mixtures of probiotics and prebiotics

including inulin or oligofructose significantly reduced the rate of postoperative



infections in liver transplant patients. Finally, inulin and oligofructose have been
proven to be useful to prevent mucosal inflammatory disorders in animal models and

in patients with inflammatory bowel disease.

Inulin is a generic term to cover all linear fructans. Chicory inulin is a linear
fructan (degree of polymerisation (DP) 2 to 60; DP,, = 12), its partial enzymatic
hydrolysis product is oligofructose (DP 2 to 8; DP,,=4), and by applying specific
separation technologies a long-chain inulin known as inulin HP (DP 10 to 60;
DP,,=25) can be produced. Finally, a specific product known as oligofructose-
enriched inulin is obtained by combining chicory long-chain inulin and oligofructose
(Roberfroid, 2007). A series of animal studies demonstrate that inulin-type fructans
affect the metabolism of lipids primarily by decreasing triglyceridaemia. The human
data largely confirm the animal experiments. A large number of animal data
convincingly showed that inulin-type fructans reduce the risk of colon carcinogenesis
and nutrition intervention trials are now performed to test that hypothesis in human

subjects known to be at risk for polyps and cancer development in the large bowel.

Vitamin E is absorbed along with chylomicrons. However, they previously
reported that human colon carcinoma Caco-2 cells use dual pathways, apolipoprotein
B (apoB)-lipoproteins and HDLs, to transport vitamin E. Here, they used primary
enterocytes and rodents to identify in vivo vitamin E absorption pathways. Uptake of
[3H] o-tocopherol by primary rat and mouse enterocytes increased with time and
reached a maximum at 1 h. In the absence of exogenous lipid supply, these cells
secreted vitamin E with HDL. Lipids induced the secretion of vitamin E with
intermediate density lipoproteins, and enterocytes supplemented with lipids and oleic

acid secreted vitamin E with chylomicrons (Anwar et al., 2007).

Comparison of molecular dynamics simulations of a bilayer of 128
phospholipid (DPPC) molecules was investigated using different parameters and
macroscopic boundary conditions. The same system was studied under constant
pressure, constant volume and constant surface tension boundary conditions, with two

different sets of charges, the single point charge (SPC) and extended single point



charge (SPC/E) water model and two different sets of Lennard Jones parameters for
the interaction between water and methyl/methylene (Tieleman and Berendsen, 1996).
In relatively high water concentration, it is possible to use ab initio derived charges
with constant pressure boundary conditions. The SPC water model showed a larger
area per head group and a broader interface than the SPC/E model. There was a slight
difference between simulations with constant pressure and constant surface tension.
The use of constant volume, using a reasonable estimation for the initial box
dimensions, easily introduces artifacts. In 1997, D. P. Tieleman et al. focused on the
application of MD to biologically relevant lipid and lipid-protein system (Tieleman et
al., 1997). They reviewed the structure of a pure DPPC liquid crystalline bilayer, as it
emerges from simulations when a number of current applications of MD, focusing on
phenomena of biological importance: transport of small molecules across the bilayer,

the connection between lipid structure.

Repakova et al., (2004) employed 50 ns molecular dynamics simulations to
study the distribution, orientation, and dynamics of 1,6-diphenyl-1,3,5-hexatriene
(DPH) fluorescent probes in a dipalmitoylphosphatidylcholine (DPPC) bilayer. They
found no evidence for clustering of DPH molecules, and their results showed that
DPH does not prefer to be embedded in the membrane center where free volume was
largest. Rather, DPH prefers to be accommodated in the hydrophobic acyl chain
region of DPPC, oriented such that the long axis of DPH along its rodlike shape was
approximately aligned in the direction of the normal bilayer, thus reflecting the
ordering of lipid acyl chains. These conclusions were supported by further studies of
radial distribution functions indicating DPH to be located beside the lipid acyl chains.
Studies of DPH dynamics in DPPC bilayers reveal a number of rare events, including
flip-flops of DPH molecules from one leaflet to another, their rotational diffusion
whose time scale could be compared with that found through experiments, and the
lateral diffusion of DPH in the plane of the bilayer. For lateral diffusion of DPH, they
considered its diffusion mechanism and found that it took place through jumps from
one void to another. Finally, their results were in favor of using DPH for probing lipid

membranes.
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In 2005, they studied through MD simulations that the perturbations induced
by free DPH were very pronounced in its vicinity. For example, the ordering of
DPPC hydrocarbon tails neighboring DPH was enhanced by 40% compared to lipids
in a pure DPPC bilayer, and the lateral diffusion of lipids surrounding DPH was
suppressed substantially. When the analysis was extended to all lipids in a system,
providing a global average comparable to experiments, the effects due to DPH were
found to be much smaller. DPH was found to influence a wide range of membrane
properties, such as the packing and ordering of hydrocarbon tails and the lateral

diffusion of lipid molecules.

Loura et al., (2008) presented a combined theoretical (molecular dynamics,
MD) and experimental studies of the effect of 7-nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD) acyl chain-labeled fluorescent phospholipid analogs on 1,2- dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) bilayers. DSC measurements reveal that <1 mol%
of NBD-PC causes elimination of the pretransition and a large loss of cooperativity of
the main transition of DPPC. Labeling with C6-NBD-PC or C12-NBD-PC shifts the
main transition temperature to lower or higher values, respectively. The following
recent reported on the location and dynamics of these probes in fluid phase DPPC,
they presented a detailed analysis of 100 ns MD simulations of systems containing
either C6-NBD-PC or C12-NBDPC, focused on their influence on several properties
of the host bilayer. Whereas most monitored parameters were not severely affected
for 1.6 mol % of probe, for the higher concentration studied (6.2 mol %) important
differences are evident. In agreement with published reports, they observed that the
average area per phospholipid molecule increases, whereas DPPC acyl chain order
parameters decrease. Moreover, they predicted that incorporation of NBD-PC should
increase the electrostatic potential across the bilayer and, especially for C12-NBD-PC,
slow lateral diffusion of DPPC molecules and rotational mobility of DPPC acyl

chains.
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The distribution of 1H-pyrrolo[3,2-h]quinoline (PQ), 11H-dipyrido[2,3-
a]carbazole (PC) and 7-azaindole (7AI) at a water/membrane interface has been
investigated by molecular dynamics (MD) simulations. The MD study focused on
favorable  binding sites of the  azaaromatic  probes  across a
dipalmitoylphosphatidylcholine (DPPC) bilayer (Kyrychenko and Waluk, 2008). In
contrast to PQ and PC, 7AI was characterized by a broad distribution between a
DPPC interface and water, so that the three preferable binding sites were found across
a water/membrane interface. It was found that in the sequence 7AI-PQ-PC, due to
the increase of the number of aromatic rings, and hence, the hydrophobic character of
the probes, the depth of the probe localization was gradually shifted deeper inside the
hydrocarbon core of the bilayer. They found that the probe—lipid hydrogen-bonding
contributed weakly to the favorable localizations of the azaaromatic probes inside the
DPPC bilayer, so that the probe localization was mainly driven by electrostatic

dipole—dipole and van der Waals interactions.

Devireddy (2009) studied statistical thermodynamics of biomembranes. An
overview of the major issues involved in the statistical thermodynamic treatment of
phospholipid membrane at the atomistic level was summarized thermodynamic
ensembles, initial configuration, force field representation as well as the
representation of long-range interactions. This was followed by a description of the
various ways that the simulated ensembles can be analyzed area of the lipid, mass
density profiles, radial distribution functions (RDFs), water orientation profile,
deuterium order parameter, free energy profiles and void (pore) formation with
particular focus on the results obtained from our recent molecular dynamic
simulations of phospholipids interacting with dimethylsulfoxide (Me,SO), a

commonly used cryoprotective agent (CPA).

Structural and kinetic properties of vitamin E (Figure 5) in biomembranes
provided the key to understand the biological functions of this lipophilic vitamin (Qin
et al., 2009). They reported a series of molecular dynamics simulations of two a-
tocopherol/ phosphatidylcholine systems and two a-tocopherol/
phosphatidylethanolamine systems in water at 280, 310, and 350 K (Figure 6). The
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preferential position, hydrogen bonding, orientation, and dynamic properties of a-
tocopherol molecule in the bilayers had been examined. In all four systems
simulated, the vitamin remained in one leaflet of lipid bilayer at 280 and 310 K but
flips over from one side to the other at 350 K within 200 ns of the simulation. The
hydroxyl oxygen in the head group of a-tocopherol preferred a location between the
third and the fifth carbon atom in the sn-2 acyl chains of the lipids. Hydrogen
bonding analysis was shown that the hydrogen bonds were mainly with the oxygens
of the fatty acid esters rather than with the phosphate oxygens of the lipid molecule
and those with the amino groups were trivial in the case of
phosphatidylethanolamines, at all three temperatures. The hydrogen bonds with
phosphatidylethanolamines were more stable than those with phosphatidylcholines at
low temperatures. The orientation of a-tocopherol in the bilayers was relatively
flexible: the chromanol ring takes various tilt angles with respect to the bilayer
normal, and the isoprenyl chain was mobile and able to adopt many different
conformers.  Calculation of lateral diffusion coefficients of a-tocopherol and
phospholipid molecules were shown that a-tocopherol had a comparable diffusion
rate with phospholipid molecules at the gel phase but diffused more rapidly than lipid

molecules at the liquid-crystal phase.

07 Cs G,
Tle \\Ta T1 \\\\C]ﬁ 221 gza Ca;
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Figure 5 Molecular structure of a-tocopherol with the assigned atom numbers.

Source: Qin et al. (2009).
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Figure 6 Snapshots of a-tocopherol/DPPC configurations at three temperatures.

Source: Qin ef al. (2009).
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Vitamins are essential nutrients, body needs in small amounts for various roles
in the human body. Vitamins are divided into two groups: water soluble (B-complex
and C) and fat-soluble (A, D, E and K). Unlike water-soluble vitamins that need
regular replacement in the body, fat-soluble vitamins are stored in the liver and fatty
tissues, and are eliminated slower than water-soluble vitamins. Because fat-soluble
vitamins are stored for long periods, they generally pose a greater risk for toxicity
than water-soluble vitamins when consumed in excess. Eating a normal, well-
balanced diet will not lead to toxicity in otherwise healthy individuals. However,
taking vitamin supplements that contain mega doses of vitamins A, D, E and K may
lead to toxicity. Remember, the body only needs small amounts of any vitamin.
While diseases caused by a lack of fat-soluble vitamins are rare in the United States,
symptoms of mild deficiency can develop without adequate amounts of vitamins in
the diet. Additionally, some health problems may decrease the absorption of fat, and
in turn, decrease the absorption of vitamins A, D, E and K. (Anderson J. and Young

L., Revised 8/08).
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METHODS OF CALCULATIONS

Molecular Dynamics Simulations

Molecular simulations are a very powerful toolbox in modern molecular
modeling and enable us to understand structure and dynamics with extreme detail
literally on scales where motion of individual atoms can be tracked. The two most
commonly used methods, energy minimization and molecular dynamics that,
respectively, optimize structure and simulate the natural motion of biological
macromolecules. The common theoretical framework based on statistical mechanics
is covered briefly as well as limitations of the computational approach, for instance,
the lack of quantum effects and limited timescales accessible. The chapter also
describes how to analyze the simulation in terms of potential energies, structural
fluctuations, coordinate stability, geometrical features, and, finally, how to create

beautiful ray-traced movies that can be used in presentations.

In molecular dynamics simulations, this amount to choose the potential

function U (ry, ..., 7y ) of the position of the nuclei which present the potential energy

of the system when the atoms are arranged in specific configuration. The potential
energy is usually constructed from the relative positions of the atom with respect to
each other. Forces are derived as the gradients of the potential with respect to atomic

displacement.

Fi=-V Ulr....ry) (1)

This form implies the presence of a conservation law of the total energy E=K+V

where K is the instantaneous kinetic energy.

The translational motion of spherical molecules is caused by a force F; exerted

by some external agent. The motion and the applied force are explicitly interpreted
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by Newtonian. Newton’s equation of motion of N particle system is written as a set

of N coupled second order differential equation in time (Charles, ef al., 1995).
m, 2=V, [Ury.ry.....xy0)] i=1N 2)

when m is the mass of the molecule, r; is a vector that locates the molecule with

respect to a set of coordinate axes.
1. Force field

Force field ignores to calculate the energy and electronics motions of system
as a function of the nuclear position. Molecular mechanic is based on a rather simple
model of the interactions within the system with contributions from process such as
the terms representing bonded interactions seek to account for the stretching of bonds,
the bending of valence angles, and the rotation of dihedrals and non-bonded
interactions aim to capture electrostatics, dispersion, and Pauli exclusion. (Guvench

and MacKerell, 2008)

U(rj = Ebnndst [b_bﬂ )i + Ea.ug_las KE‘ [e_en)" - Zdiha—d.fals KJ{ [ l+cos (Il}:—ﬁ)]

()" 2 ]-)

I ij I ij

+ Ennnbnnde-d (E{j

pairs ij

U(x) denotes the potential energy which is a function of the position r of N particles.

The first term in equation 3 model the interaction between pairs of bonded atom by
harmonic potential. The second term is angle which is a summation over all valence
angles in molecule, modeled using harmonic potential. The third term is a dihedral
potential that models how the energy change as bond rotates. The several of

contributions of bond interactions are represented in Figure 7.
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Figure 7 Schematic representation of the bond interaction contributions to a

molecular mechanics force field.

@

Figure 8 Non-bonded interactions of molecular mechanics force field.

The fourth contribution is the non-bonded term as shown in Figure 8. This is
calculated between all pairs of atoms (i and j) that are in different molecule or in the
same molecule but separated by at least three bonds. In the simple force field this
term is usually modeled using a Coulomb potential for electrostatic interactions and

Lennard-Jones potential for van der Waals interactions.
2. Algorithms for molecular dynamics

In more realistic models of intermolecular interactions, the force on each
particle will change whenever the particle changes its position. Under the influence
of a continuous potential the motions of all the particles are coupled together, giving

rise to a many body problem that cannot be solved analytically. Under such
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circumstance the equations of motions are integrated using a finite difference method.
Finite difference techniques are used to generate molecular dynamics trajectories.
The general idea is the integration is broken down into many small stages, each

separated in time by a fixed time df. The total force on each particle in the
configuration at a time ¢ is calculated as the vector some of its interactions with other

particles. From the force we can determine the acceleration of particle which are then

combined with the positions and velocities at a time t to calculate the positions and
velocities a time t+dt. The force is assumed to be constant during the time step. The

forces on the particles in their new positions are the determined, leading to new

positions and velocities at a time +24¢, and so on. There are many algorithms for

integration the equations of motion using finite different methods. Verlet’s algorithm
which uses positions and velocities from previously calculated steps. The predictor-

corrector algorithms are used to estimate positions and velocities for future steps.
2.1 Verlet’s algorithm

Verlet’s algorithm (Verlet, 1968), the basic is to write two third-order

Taylor expansions for positions ri), forwoad and backward in time.

r(t+AF) =1(f) +v(HAr+ (1/2)a (DAL + (16b(HAF +O(AF) 4)

r(zAt) =1() - v(DAT+ (12)a() AL - (L/6)b(DAF + O(AF) (5)

This v is the velocities, a is the accelerations, and b is the third derivatives of r with

respect to . Adding the two expressions gives,
r(t+Af) = 21(1) - r[a‘—iz‘) +a(HAL + OAh (6)

This is the basic form of the Verlet algorithm. Since it is integrating Newton's

equations, a(1) is just the force divided by the mass, and the force is in turn a function

of the positions (Az) :
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a(?) =-(1m)vV(@®) (7

This is one of the most important tests to verify that molecular dynamics
simulations are proceeding correctly. One could compute the velocities from the

positions by using:

V(D) = r[r+ﬁr}|£—i tr(r—ﬁr} )

An ever better implementation of the same basic algorithm is so-called velocity Verlet

scheme, where positions, velocities and accelerations at time ¢ + At are obtained from

the same quantities at time t in the following way.

(t+Af) =1(f) +v(HAD + (1/2)a(f) AL )
v(t+AE2) = v(t) +(1/2)a()AL (10)
a(t+Af) = -(1m)VV(r(s+AD) (11)
v(t+AL) =v(+AL2) + (1/Da(t+AD) A (12)

2.2 Predictor-corrector algorithm

Predictor-corrector algorithm constitutes another commonly used class of
methods to integrate the equations of motion. Those more often used in molecular

dynamics are consist of three steps:

1. Predict the positions and time derivatives +Af by means of Taylor

expansion.

r(t+AL) =r(H)+v(HAt (13)

v(t+Af) = v(f)-w r(HAL (14)
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2. Force evaluation is taking the gradient of the potential at the predicted

positions at time {+Atf and hence accelerations from the new position.

fr+An) _ dV
m  dt

= - r(t+Af) (15)

3. Correct the predictions by new accelerations. The Euler’s method
performs again.

r(t+Af) =1(f) +v(HAL (16)

v(t+48) = v(f) - o r(t+AH A (17)

Predictor-corrector method is well flexibility in that many choices are possible for

both the prediction and correction steps.
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Methods of Calculations

The structure of phospholipid bilayer-water system with 64 DPPC and 3864
water molecules and 128 DPPC molecules and 3655 water molecules were taken from
http://moose.bio.ucalgary.ca/index.php?page=Structures_and Topologies. The lipid
force field parameters (FFgmx) were used. The simulation is performed by using the
GROMACS software. For water molecules, the SPC (single-point charge) parameters
are used. The given bilayer is stabilized by an energy minimization. After that, the
MD simulations were done for 2 ns in the NPT ensemble. In order to reach L, state,
the temperature was set to 323 K and the pressure was set to 1 bar. The temperature
and pressure are controlled using the Benrendsen method. In order to verify the
appropriate simulation time, MD simulation with 128 DPPC/water molecules were

performed for 50 ns.

The force-field used for the vitamin E and inulin molecules was parameterized
according to the equilibrium B3LYP/6-31G (d,p) optimized structure and electronic
charges. This force-field was previously adopted to the GROMOS96 force-field and
it is tested to reproduce hydrogen bonding behavior of these compounds in bulk water

as described in our previous study.

The distribution of vitamin E and inulin within a model membrane was
modeled for a lipid bilayer, existing in the bio relevant liquid crystalline phase, so that
the simulation temperature was chosen to be 323 K. At the beginning of MD
simulations, the whole system was pre-equilibrated for 2 ns at the constant number of
particles, constant pressure 1 atm, and the constant temperature 323 K (NPT
ensemble). Three-dimensional periodic boundary conditions were applied with the z
axis lying along a direction normal to the bilayer. The pressure was controlled
semiisotropically, so that the x—y and z sizes of the simulation box were allowed to
fluctuate independently from each other, keeping the total pressure constant. Thus,
membrane area and thickness were therefore free to adjust under the NPT condition.
The reference temperature and pressure were kept constant using a weak coupling

scheme (Berendsen et al., 1984) with coupling constant of t,=0.1 ps for temperature
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coupling and t,=1.0 ps for pressure coupling. Electrostatic interactions were simulated
with the particle mesh Ewald (PME) approach using the long-range cutoff of 1.8 nm.
The cut-off distance of Lennard-Jones interactions was also equal to 1.8 nm. This
MD setup has been demonstrated to be optimal for the simulations of the equilibrium
properties of a DPPC bilayer. All bond lengths in DPPC and the solute molecules
were kept constant using the LINCS routine. The integration time step was 2 fs. We
employ 10 ns MD simulations to study the distribution, orientation, and dynamics of
vitamin E and inulin in a dipalmitoylphosphatidylcholine (DPPC) bilayer. The MD

simulations were carried out using GROMACS set of programs, version 4.0.2.



23

RESULTS AND DISCUSSION

1. 64DPPC and 64DPPC/water lipids bilayer

After the 2 ns of 64DPPC and 64DPPC/water simulation, configurationally
energy (Figure 10) and volume of the simulation cell were converged. Total energy
of 64DPPC and 64DPPC/water lipid bilayer was -4.45x10° and -1.14x10° kJ/mol,
respectively. RMSD of 64DPPC and 64DPPC/water was 0.1 and 0.4 nm, respectively
(Figure 11). The area per head group and lamellar spacing as a function of time during
the entire run were calculated. The average values of the surface area per lipid of
64DPPC and 64DPPC/water were 36.2 and 34.5 A’ respectively. Although the
average repeat distance did not change significantly of 64DPPC and 64DPPC/water
systems, the average area per lipid became slightly lower. The change in the

geometry of the membrane had little effect on the chain ordering.

@ (b)

Figure 9 Structures of 64 DPPC (a) and 64 DPPC/water molecules.
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Figure 10 Total energy plot vs. Time (ps) 64DPPC and 64DPPC/water lipid bilayer.
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Figure 11 RMSD of 64DPPC and 64DPPC/water lipid bilayer for 2 ns.
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Figure 12 Mass density along z-dimension of 64DPPC and 64DPPC/water lipid
bilayer.

The position of all atoms in the system were calculated and averaged with
respect to the z axis, normal to the bilayer. Using the symmetry of the bilayer, the
mass density profiles were also averaged over the two bilayer leaflets. The mass
profiles were obtained by averaging the MD trajectory for the last 2 ns of the
simulation period. The results for the density distribution of the 64DPPC and
64DPPC/water (Figure 12 ) was similar to the one observed in bilayers with polar
head groups located towards the water region and a hydrophobic interface with the

triglyceride phase separating the aliphatic phospholipids’ tails.

Table 1 Averaging properties between 64DPPC and 64DPPC/water lipid bilayer

Properties 64DPPC 64DPPC/water
Sureface Area (A% 36.2 34.5

RMSD (nm) 0.1 4.0

Energy (kJ/mol) -4.45x10° -1.14x10°
Temperature (K) 326 327

Pressure (bar) 1.0 1.0
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2. 128DPPC and 128DPPC/water lipids bilayer

128DPPC and 128DPPC/water simulation, configurationally energy (Figure 15)
and volume of the simulation cell were converged after the 2 ns. The total energy of
128DPPC and 128DPPC/water lipid bilayer was -7.5x10° and -3.8x10* kJ/mol,
respectively. RMSD was 0.07 and 3.22 nm, respectively (Figure 14). The area per
head group and lamellar spacing as a function of time during the entire run were
calculated. The average values of the surface area per lipid of 128DPPC and
128DPPC/water were 69.5 and 63.3 A% respectively. The average area per lipid
became slightly lower. The change in the geometry of the membrane had little effect

on the chain ordering.

(a) (b)
Figure 13 Structures of 128DPPC (a) and 128DPPC/water (b) molecules at 2 ns.
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Figure 14 RMSD of 128DPPC and 128DPPC/water lipid bilayer for 2 ns.
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Figure 16 Mass density along z-dimension of 128DPPC and 128DPPC/water lipid
bilayer.

Figure 16 displays the mass density across the phospholipid bilayers. In
addition, these figures were compared between 128DPPC and 128DPPC/water lipid
bilayer. Using the symmetry of the bilayer, the mass density profiles were also
averaged over the two bilayer leaflets. The asymmetry in the bilayer induced a
gradient in the total atomic density, so that the total density in the leaflet containing
the 128DPPC/water was higher than that in the leaflet composed only of 128DPPC

molecules.

Table 2 Averaging properties between 128DPPC and 128DPPC/water lipid bilayer

Properties 128DPPC 128DPPC/water
Surface Area (A%) 69.5 63.3

RMSD (nm) 0.07 3.22

Energy (kJ/mol) -7.5x10° -3.8x10*
Temperature (K) 326 326

Pressure (bar) 1.0 1.0
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3. 64 and 128 DPPC lipid bilayer in the water

Molecular dynamics simulations of 64 and 128 DPPC lipids bilayer in the
water was run for 2 ns with constant temperature and pressure. In the simulations,
parameters were investigated including energy components and phosphate density
profiles. Snapshot structures of 64 and 128 DPPC lipid bilayer in the water from MD

simulations at 2 ns were shown in Figure 17.

(2) (b)

Figure 17 Snapshots of 64 (a) and 128 (b) DPPC lipids bilayer in the water at 2 ns.
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Figure 18 Total energy plot vs. Time (ps) of 64 and 128 DPPC lipid bilayer.
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Figure 19 RMSD of 64 and 128 DPPC lipid bilayer for 2 ns.

Stability of the total energy (Figure 18), RMSD plot indicates good
equilibrium. Some properties were averaging and reported in Table 3. Total energy of
64 and 128 DPPC lipid bilayer were -4.45x10° and -7.50x10° kJ/mol, respectively.
Because structure of 64 DPPC lipid bilayer was smaller than 128 DPPC lipid bilayer
so that internal energy (E) of 64 DPPC lipid bilayer was less than 128 DPPC lipid
bilayer. RMSD was calculated to compare with the starting structure that minimized.
RMSD of 64 and 128 DPPC was 0.78 and 0.66 A, respectively. Small RMSD value
refers that structure of both DPPC lipid bilayer during molecular dynamic simulations
were stable and not changed from starting structure that minimized. Density of DPPC
bilayers along the z-dimension was calculated as show in Figure 20. Density different
of 64 and 128 DPPC was averaging at 2-5 nm that it was 56.32 kg/m’. This was due
to P-P distances between molecules of DPPC in 64 and 128 DPPC lipid bilayer. P-P
distance was 9.63 A and 6.82 A in 64 and 128 DPPC lipid bilayer, respectively.
Structure of DPPC lipid bilayer in z-dimesion 5 A found that 2 peaks had similar
pattern but level of density was different because density of Khandelia and coworker
had complex in DPPC lipid bilayer (Khandelia et al., 2008). The investigation by
molecular dynamic simulations of 64 and 128 DPPC lipid bilayer found that the
mainly different properties were the density along z-dimension of DPPC lipid bilayer.
The results showed that the density of 64 DPPC lipid bilayer were lower than that of
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128 DPPC lipid bilayer. P-P distance between DPPC molecules in 64 DPPC lipid
bilayer was longer than in 128 DPPC lipid bilayer. Therefore, 64 DPPC lipid bilayer
maybe lost the membrane property. The 128 DPPC lipid bilayer can be a

representative of lipid membrane for studying by molecular dynamics simulations in

next step.

Table 3 Averaging properties between 64 and 128 DPPC/water lipid bilayer.

Properties 64DPPC 128DPPC
Sureface Area (A7) 36.2 69.5
RMSD (nm) 0.078 0.066
Energy (kJ/mol) -4.45x10° -7.50x10°
Temperature (K) 326 326
Pressure (bar) 1.0 1.0
1200
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Figure 20 Mass Density along z-dimension of 64 and 128 DPPC lipid bilayer in

water.
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3. Three times of 128DPPC lipid bilayer
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Figure 21 Energy comparison of three 128DPPC/water simulations at 20 ns.

Stability of energy three 128DPPC/water simulations at 20 ns that they were

about -6.64x10° kJ/mol. Temperature and pressure properties were similar in three

DPPC structures systems (Figures 22 and 23). All-atom RMSD has been calculated

using GROMACS g rms functions, which used independent similarity parameter.

The result at 20 ns simulations of three domains of 128DPPC structures were shown

in Figure 24. For the first 25 ps, RMSD values steadied increases and reached a

plateau. After 25 ps of MD simulations, RMSD values fluctuated around an average

value of 0.066 A.
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Figure 22 Temperature comparison of three 128 DPPC/water simulations for 20 ns.
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Figure 23 Pressure comparison of three 128DPPC/water simulations for 20 ns.
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Figure 24 RMSD comparison of three 128DPPC/water simulations for 20 ns.

—2 ns
=—10ns

400 20ns

“@
=
=11
:'—‘/ 600
o
=
2
=) — 50 118

200

0 1 2 3 4 5 6 7
Box (nm)

Figure 25 Mass density of 128DPPC/water at 2, 10, 20 and 50 ns.
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The mass density of 128DPPC/water was shown in Figure 25. The mass
density of 128DPPC was compared at 2, 10, 20 and 50 ns. They were similar position
of individual of 128DPPC bilayer, therefore 128DPPC and 3655 water molecules at
10 ns was selected for further studied. The time average the density distributions of
the individual functional groups of the bilayer, such as choline, phosphate and
carbonyl group, as well as a glycerol backbone and acyl chains of phospholipids, were
found to be fully consistent with previous MD simulations for the same bilayer

(Figure 26).
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Figure 26 Mass density of 128DPPC/water lipid bilayer at 10 ns.
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4. Vitamin E/128DPPC simulations
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Figure 28 Optimized structure of vitamin E using by B3LYP/6-31G (d, p) (a) and

molecular dynamics simulations in water (b).



Table 4 Optimized bond length, angle and torsion of vitamin E by B3LYP/6-31G (d,p) and molecular dynamics simulations in

water at 2 ns

Bond length (A) BILYRie MD Angle (°) RIS MD Torsion angle (°) BaLYP/e- MD
31G(d,p) 31G(d,p) 31G(d,p)

C6-07 1.42 1.53 C15-C17-C18 114.60 115.07 CI15-C17-C18-C19 -179.78 177.65
C17-C18 1.51 1.53 C17-C18-C19 110.53 107.43  C17-C18-C19-C20 -172.54 -137.57
C18-C19 1.51 1.52 C18-C19-C20 112.79 114.65 C18-C19-C20-C22 -64.71 69.37
C19-C20 1.52 1.53 C19-C20-C22 110.85 111.82  C19-C20-C22-C23 175.71 -160.49
C20-C22 1.52 1.52 C20-C22-C23 112.60 11141  C20-C22-C23-C24 -172.90 52.69
C23-C24 1.51 1.53 C22-C23-C24 110.90 113.48  (C22-C23-C24-C25 -172.59 71.00
C24-C25 1.51 1.53 C23-C24-C25 113.00 112.00 C23-C24-C25-C27 -64.41 58.16
C26-C27 1.52 1.52 C24-C25-C27 111.07 115.13  C24-C25-C27-C28 175.55 -154.80
C27-C28 1.51 1.53 C25-C27-C28 112.39 106.26  C25-C27-C28-C29 -173.07 -177.22
C28-C29 1.51 1.52 C27-C28-C29 111.09 109.62  C27-C28-C29-C30 -173.90 165.90
C29-C30 1.52 1.53 C28-C29-C30 112.45 112.41

LE
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Figure 29 Snapshots of the MD boxes taken from the simulations of vitamin E

molecules in the DPPC bilayer at 0 ns, 2 ns and 10 ns.

The initial configuration of vitamin E/DPPC system containing vitamin E
molecule was shown in Figure 29. The MD simulations demonstrate that at 2 ns, a
significant fraction of vitamin E tends to diffuse from aqueous solution into the polar
interfacial region of DPPC bilayer. The distribution of vitamin E molecule at the end

of 10 ns simulations was presented at the opposite of the entrance.

One of the most important structural parameter with describes packing of
phospholipid molecules within a bilayer was the surface area per one lipid molecule.
In the case of molecular dynamics simulations of a fully hydrated DPPC bilayer in
pure water at T = 323 K. The average value of the surface area per lipid was equal to
63.3 A%. The calculated area agrees well with the experimental value of 62.9 A%, And
the average value of surface area per lipid in the presence of vitamin E equal to 63.1

A%, (Figure 30)
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Figure 31 Total energy of DPPC/vitamin E system (a) and RMSD of vitamin E (b)

for 10 ns.

From the vitamin E/DPPC system, total energy and RMSD were studied. The

stability in the plot between total energy and RMSD indicated good equilibrium after

2 ns (Figure 31). The total energy of vitamin E/DPPC was -1.02x10°kJ/mol and

RMSD of vitamin E was 3.5 A as compared with the starting structure.
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Figure 32 Mass density distribution profiles for individual components of the DPPC

bilayer and for the total density distribution of molecules of vitamin E (a),

(b).
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To evaluate the distribution of vitamin E within DPPC bilayer quantitatively,
mass density profiles of different molecular components across the bilayer were
considered The position of all atoms in the system were calculated and averaged with
respect to the z axis. In Figure 32, the yellow line was the mass density of water
molecules. It shown that mass density distribution of water molecules was gradually
reduced until the middle of the membrane bilayer, of the DPPC molecules in the black
line the highest value of DPPC was about 1.5 and 5.0 nm. Then, DPPC was separated
to choline, phosphate, glycerol and acyl chain. The green, pink, blue and dash line
represented the mass density of choline, phosphate, glycerol and acyl chain,
respectively. The red color represents the mass density distribution of vitamin E. The

position of vitamin E was located near the head group of DPPC bilayer.

Vitamin E

Figure 33 Snapshots of vitamin E molecule in the DPPC bilayer at 10 ns.
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The vitamin E was preferably accommodated at the head of the bilayer about
the glycerol moiety, shown in Figure 33. The weak hydrogen bond was found
between hydroxyl group (OH) of vitamin E and oxygen atom of glycerol by average
distance of 3.9 A and van der Waals interaction was found with average distance of
2.1 A. Radial distribution functions of hydroxyl group of vitamin E and oxygen atom
of phosphate was at distance 6.0 and 15.0 A. Radial distribution functions of
hydroxyl group of vitamin E and oxygen atom of glycerol was at distance 4.0 A. This
distance corresponded to weak hydrogen bond between vitamin E and glycerol of
DPPC bilayer. The radial distribution functions of hydroxyl atom of vitamin E and
oxygen atom of phosphate was at distance 6.0 and 16.0 A. The hydroxyl group of
vitamin E and oxygen atom of glycerol was at distance 4.0 A. This distance

corresponded to weak hydrogen bond.
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Figure 34 Radial pair distribution functions g(R) between the O—H hydrogen atom of
vitamin E and the oxygen atoms of the phosphate (a) and glycerol (b)
groups of the DPPC lipids.
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Figure 35 Starting structure of inulin.

(a) BLYP/6-31G (d, p) (b) MD

Figure 36 Optimized structure of inulin using by B3LYP/6-31G (d, p) (a) and

molecular dynamics simulations in water (b).



Table 5 Optimized bond length, angle and torsion of inulin by B3LYP/6-31G (d,p) and molecular dynamics simulations in water at 2 ns.

Bond length ~ B3LYP/6- B3LYP/6-

A) 31G(dp) MD Angle (°) 31G(dp) MD Torsion angle (°) B3LYP/6-31G(d,p) MD
C1-019 1.46 1.42 C4-C12-015 109.45 112.46 C4-C12-015-16 -179.27 162.71
C2-C21 1.46 1.44 C3-023-C24 124.76 115.08 C3-023-C24-C41 10.74 50.68
C4-Cl12 1.51 1.54 C26-C36-039 105.90 111.26 C26-C36-039- H40 -159.11 -48.56
C12-015 1.47 1.48 C24-C41-044 109.09 114.72 C24-C41-044-C45 -164.42 -177.11
C36-039 1.46 1.45 C41-044-C45 127.95 115.65 C41-044-C45-C53 28.75 -84.99
C25-C34 1.47 1.44 C48-C56-063 111.43 114.19 C48-C56-063-H64 -121.64 145.33
C56-063 1.46 1.43 C45-C53-065 101.90 119.58 C45-C53-065-C66 -171.20 -154.32
C47-061 1.46 1.43 C53-065-C66 125.21 113.07 065-C66-C83-086 -177.12 -75.74
C68-081 1.46 1.43 065-C66-C83 112.64 111.72 C66-C83-086-H87 173.68 108.63
C70-O79 1.46 1.43 C66-C83-0O86 106.91 114.42 C69-C74-O77-H78 -131.58 108.02

C74-0O77 1.46 1.43 C69-C74-077 110.27 107.66

9t
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(a) (b)

Figure 37 Snapshots of inulin molecule in the DPPC bilayer at 1.5 ns.

To gain insight into the partitioning behavior and distribution of inulin across
the DPPC bilayer, inulin molecule was initially on the surface of aqueous solution at
the vicinity of the bilayer interface. Series of MD equilibration runs of the studied
inulin/DPPC systems were performed. After that, the process of the inulin
distribution between aqueous solution at neutral pH and the lipid membrane was
studied by the MD simulations. This type of simulations reproduced the passive
driven diffusion of the inulin in the periodic simulation box. The initial configuration
of inulin/DPPC system containing inulin molecule was shown in Figure 37. In
addition, the MD results for all major structural and dynamics properties of a pure
DPPC membrane were also found to be fully consistent with previous MD studies for
the same bilayer in the liquid crystalline phase (de Vries et al., 2005). Due to a low
concentration, the influence of the inulin on the overall structure of the membrane was
found to be small. This conclusion was confirmed by the analysis of regular bilayer
properties evaluated for a pure DPPC bilayer and for the bilayer in the presence of the
inulin. In the presence of the inulin, the surface area per lipid was found to be only
slightly increased to 62.5 A’ (Figure 38). In Figure 39, the total energy of
inulin/DPPC system and RMSD of inulin were shown. So the stability in the plot
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between total energy and RMSD indicated equilibrium after 1.0 ns. The total energy
of vitamin E/DPPC was -1.02x10’ kJ/mol and RMSD of vitamin E was about 2.0 A.

To gain insight into the location of inulin inside a membrane, the mass density
profiles of different molecular components acrossed the bilayer was firstly considered
Using the symmetry of the bilayer, the final mass density profiles were obtained by
averaging over the two leaflets of a bilayer. The mass density profiles for several
different components across a bilayer were shown in Figure 40. The results for the
pure DPPC bilayer were fully consistent with previous simulation studies and could
be summarized as follows. First of all, water did not penetrate deeply into the
membrane but rather stayed in the vicinity of the headgroup. As for the headgroup,
its key components were located such that the choline group was slightly closer to
water than phosphate, an idea consistent with the view that the P-N vector was almost
in parallel to the membrane plane. The acyl chains, in turn, were well below the
phosphate and choline groups. Based on these results, it seemed that molecular shape
of the inulin played an important role for the inulin localization. The depth of the
inulin (the dark blue line) localization in this sequence was gradually shifted deeper
inside between the phosphate and glycerol core of the bilayer. In addition, we
analyzed the possibility of the penetration of the inulin through the bilayer. During
our MD analysis, we found inulin can not cross the bilayer from one leaflet to the
other. The strong hydrogen bond was found between hydroxyl group (OH) of inulin
and oxygen atom of phosphate and glycerol by average distance of 2.25 A.
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Figure 38 Surface area of 128DPPC bilayer (a) and inulin (b) at 1.5 ns.
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Figure 41 Interaction (a) and hydrogen bonding (b) between inulin and DPPC.
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Figure 42 Radial pair distribution functions g(r) between the O—H hydrogen atom of
inulin and the oxygen atoms of the phosphate (a) and glycerol (b) groups
of the DPPC lipids.
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The partial radial distribution functions, g(r), were calculated to study details
of interactions of the inulin and the lipids. The g(r) was therefore used as a
complementary tool for the hydrogen bonding analysis. The g(r) functions were
useful to evaluate whether the inulin molecules interact with particular functional
groups of the lipids to form hydrogen bonds or whether the overlapping distributions
between the bilayer and inulin observed in Figure 41 were due to non-specific van der
Waals interactions. Figure 42 shows the g(r) functions calculated between the OH
hydrogen atom of inulin and the oxygen atoms of the lipid molecules. Our analysis
indicated that the structured features of g(r) were observed between the OH hydrogen
atoms and the phosphate or glycerol groups of the lipids. The first peak of g(r) was
seen for the inulin at distances 13.0 A and the second peak was seen at distance 6.0 -
15.0 A, Figure 42a-b. These distances corresponded to hydrogen-bonding between
the OH hydrogen and the oxygen atoms of the functional groups of the lipids.



55

CONCLUSION

Molecular dynamics simulations of 64 and 128 DPPC lipid bilayer found that
the mainly different properties were the density along z-dimension of DPPC lipid
bilayer. The results showed that the density of 64 DPPC lipid bilayer were lower than
that of 128 DPPC lipid bilayer. P-P distance between DPPC molecules in 64 DPPC
lipid bilayer was longer than in 128 DPPC lipid bilayer. Therefore, 64 DPPC lipid
bilayer maybe lost the membrane property. The 128 DPPC lipid bilayer can be a

representative of lipid membrane for studying by molecular dynamics simulations.

The MD simulation study has been carried out to investigate the distribution of
vitamin E and inulin at a water/membrane interface, so our interest has been focused
on the favorable binding sites of the vitamin E and inulin within 128DPPC bilayer.
Vitamin E and inulin molecules were used to sample a process of distribution between
aqueous solution and the lipid membrane. The vitamin E and inulin distribution was
simulated by reproducing the passive diffusion. The MD simulations showed that a
significant fraction of vitamin E and inulin molecules tend to diffuse from aqueous

solution into the polar interfacial region of the bilayer.

The MD simulations study focused on favorable binding sites of vitamin E
embedded into DPPC bilayer. The simulations showed that vitamin E was preferably
accommodated at the head of the bilayer upper the glycerol moiety. In addition, it
was found that the hydrophobic aromatic part of the vitamin E was located inside
more ordered region of DPPC from the hydrophobic character of vitamin E, the depth
of the vitamin E localization was gradually shifted deeper inside the hydrocarbon core
of the bilayer. We found that the vitamin E showed weak hydrogen bonding to DPPC
bilayer and the distribution of vitamin E molecule simulations was presented at the

opposite of the entrance.
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The depth of the inulin localization was shifted deeper inside between the
phosphate and glycerol core of the bilayer. In addition, the possibility of the
penetration of the inulin through the bilayer was analyzed. During MD analysis, we
found that the inulin can not cross the bilayer from one leaflet to the other. The strong
hydrogen bond was found between hydroxyl group (OH) of inulin and oxygen atom
of phosphate and glycerol.
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Parameters for molecular dynamics simulations using Gromacs 4.0.2

1. Contents in em,mdp parameter file for energy minimization of vitamin
E/DPPC system
; VARIOUS PREPROCESSING OPTIONS =

title = Vitamin E/DPPC
cpp = /usr/bin/cpp
define =-DFLEX SPC

; BONDS PARAMETER

constraints =none

; RUN CONTROL PARAMETER
Integrator = steep

dt =0.002 ; ps!
nsteps = 10000

; ENERGY MINIMIZATION PARAMETER
emtol =100.0

emstep =0.01

; NEIGHBORSEARCHING PARAMETER

; ns algorithm (simple or grid)

ns_type = grid

; nblist cut-off

rlist =0.9

; OPTIONS FOR ELECTROSTATICS AND VDM
; Method for doing electrostatics

rcoulomb =0.9

; cut-off lengths

rvdw =1.0

; BERENDSEN TEMPERATURE COUPLING IS ON ONE GROUP
; Temperature coupling

Tcoupl =no

; ISOTROPIC PRESSURE COUPLING

Pcoupl =no

65
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; GENERATE VELOCITIES FOR STARTUP RUN
gen-vel =no
2. Contents in pr,mdp parameter file for restrained molecular dynamics

simulations of vitamin E/DPPC system
; VARIOUS PREPROCESSING OPTIONS =

title = Vitamin E/DPPC

cpp = /usr/bin/cpp

define =-DFLEX SPC

; BONDS PARAMETER

constraints = all-bonds

; RUN CONTROL PARAMETER

Integrator =md

dt =0.001 ; ps!

nsteps = 10000000 ;total 10000 ps
; number of steps for center of mass motion removal
Mstcomm =1

; OUTPUT CONTROL OPTIONS

; output frequency for cords (x), velocities (v) and forces (f)

nstxout =1000
nstvout = 1000
nstfout =0

; Output frequency for energies to log file and enrgy file
nstlog =500

nstenrgy =500

; Output to write energy file

energrgrps =DPP SOL VIV

; NEIGHBORSEARCHING PARAMETER
; nblist updare frequency

nstlist =500

; ns algorithm (simple or grid)

ns_type = grid

; nblist cut-off
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rlist =0.9

; OPTIONS FOR ELECTROSTATICS AND VDM

; Method for doing electrostatics

rcoulomb =0.9

; cut-off lengths

rvdw =1.0

; BERENDSEN TEMPERATURE COUPLING IS ON ONE GROUP
; Temperature coupling

Tcoupl = berendsen

; Groups to couple separately

tc-grps =DPP SOL VIV

; Time constant (ps) and reference temperature (K)
tau t =0.1 0.1 0.1

ref t =323 323 323

; ISOTROPIC PRESSURE COUPLING
Pcoupl = berendsen

; Time constant (ps), compressibily (1/bar) and reference P (bar)

Tau-p =1.0

compressibility = 4.5¢-5

ref p =1.0

; GENERATE VELOCITIES FOR STARTUP RUN
gen_vel =yes

gen_temp =323.0

gen seed = 173529
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1. Poster Presentation and Proceeding

Boonyarat W., W. Treesuwan, P. Saparpakorn, K. Choowongkomon, and S.
Hannongbua, Study of 64 and 128 DPPC Bilayer Properties by Molecular
Dynamic Simulations, Pure and Applied Chemistry 2009, 14-16 Jan 2009,
Narasuan University. 489-492.
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¥ Introduction

Bilayer lipid membranc is a membrane that composed of two lipid molecules and made of a bilayer.
This bilayer is a critical component of all biological membranes, including cell membranes, and is
absolutely essentinl for all known life on earth. The structure of a bilayer explains its function as a
barricr. This b has gained amphiphilic prop because they consist of polar head groups and
non-polar fatty acid tails. Their hydrocarbon tails face another one to form an ofly core held together by
the hydrophobic effect, while their charged heads face the agqueous solutions on both side of the
membrane. The hydrophilic interfacial regions are saturated with water, while the Ilpoplll!: core region
contains no  water. Examples of the major membrane and
viphosy vicholine (DPPC), Dinlm)'lplmphlﬂdylglyuml (DOPG),

1 Tk N 3 t bl “halk Figure 1. Structure of 128 DPFC Hplds blayer and 3655
(POPE), Dodecyl (DPC) and C ol. water molecules (hitp://monse.bia.scalprary.ca’l.

Materials and Methods \

The structure of phospholipid bilayer-water system with 128
DPPC molecules and 3655 water molecules was taken from
http://moose.bio.ucalgrary.ca/files/. The lipid force field parameters
(FFgmx) were used. The simulations were performed by using the
GROMACS soft ' For water molecules, the SPC (single-point
charge) parameters were used. The given bilayer was stabilized by an
energy minimization. After that, the MDD simulations were done for 2
ns. The temperature was set to 325 K and the pressure was set to 1
atm. The iy and p are lled using the
Benrendsen method. )

@ b
Figure 2. Snapshot structures of 64 (a) and 128 (b) DPPC lipids bilayer.

N O0E N} pr—————————— LEL]
r?esults and Discussion \ i TS CTREERE T |
of G4 and 128 DPPC lipids bilayer §-ﬂm CUEE.: SRS [=on
were run for 2 ns with and p B 6005405 k- (:<:u
structures of 64 and 128 DPPC lipld bilayer from MD simulations at 2 ns || | £ LSS0t o0 e :
were shown in Figure 2. Stability of the total energy (Figure 3), rmsd plot 2 A 0% :l’l::(
indicates good equilibrium. All properties were averaging and reported in 10006 :fl—':"; 045 =
Table 1. Total energies of 64 and 128 DPPC lipid bilayer were -4.45x10° .1.20E+06 . : 2 s O e A
and -7.50x10° kd/mol, respectivel of 64 DPPC lipid i sl

bilayer was small than 128 DPPC lipid bilayer. The internal energy (Eb) . " i
Figure 3, Total energy graph of 64 and 128 Figure 4. Rmsd of 64 and 128 DPPC lipid

of 64 DPPC lipid bilayer was less than 128 DPPC lipid bilayer. Density DPEC lipid bilayer, o iptas - gl

(kg/m?) of system along simulations time was similar in both systems. 4

Rmsd was calculated to compare with the starting structure that

minimized. Rmsd of 64 and 128 DPPC was 0.78 and 0.66 A, respectively.

Density of DPPC bilayers along the z-dimension wu\
caleulated as show in Figure 5. Density different of 64 and
128 DPPC was averaging st 2-5 nm that it was 5632
kg/m®, This was duc to P-P distances between molecules
of DPPC in 64 and 128 DPPC lipid bilayer. P-P distance
was 9.63 A and 6,82 A in 64 and 128 DPPC lipid bilayer,
respectively. Structure of DPPC lipid bilayer § A #-
dimesion found that 2 peaks had similar pattern but level
of density was different because density of Khandelin and

T: craging propertics between 64 and 128
bilayer.

coworker had complex in DPPC lipid bilayer. _)
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Abstract: Dipalmitovlphosphatidvicheline (DFFC) is
the type of phospholipids and alse mainly constituted of
pulmonary surfactant. Due to the saturated fatty acid
chains, the DPPC can be formed as the lipid bilayer.
Therefore, the DFPC were exclusively applied as a
membrane model for investizating of the membrans
properties generally by molecular dynamic (MDY
simulations. Along with the parameters setting in M
simulations, the DFPC bilaver size can influence to the
system of interest. Therefore, the aim of this worl iz to
simdy the DPPC bilayer properties to the physical
properties. The MD simulation was performed on 64
and 123 melecule: of DPFPC bilayer systems. The
structures of 64 and 128 DPPC were obtained from
http:/‘mooze.bioncalgrary.ca’. Two simulations
running on the time of 2 ns were carried out in the same
condifions by using GROMACS software. The lipid
force field parameters (ffgmx) and the SPC water
parameters were applied following Tieleman and
Berendsen works (1986). The DPPC  bilayer was
stabilized by the energy minimization at 315 K and 1
bar as constant. The results illustrated that the slightly
difference in FAMSD of 64 and 128 DPPC were 0.78 and
066 A, respectivelv. Temperature amd pressure
properties are similar in both systems. The density of
both DFPC bilavers along the z dimension was 146.28
and 16596 l='m®, respectively, dus to P-F distances
between molecules of DPPC in 64 DFPC are longer than
in 128 DFPC bilayer. This koowledge gains the basis
properties of DPPC bilayer which are important in the
membrane-ligand smdy in foture.

Introduction

Bilaver lipid membrans is 2 membrane that
compeosad of twe lipid melecules and made of 2
bilaver. This bilayer is a cnifical component of zll
biological membranes, including cell membranes,
and so is absolutely essential for zll known life on
garth. The structure of a bilaver explams its function
25 a bamier. This membrans has gained amphiphilic
propaity since they consist of polar head groups and
non-pelar fatty acid tails! On top of that, the bilaver
15 composad of two layers of lipids arranged. Therr
hydrocarben fails face aneother one to form an ouly
core held together by the hydrophobic effect, while
their charged heads face the agueous selutions on
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both side of the membrane® The hydrophilic
mterfacial regions are saturated with water, while the
lipophilic core region contains no water. Examples of
the major membrane phospholipids and glhyeolipids
ar2 phosphatidylcholine (PtdChe), phosphatidyl-
ethanclanune (PidEtn), phosphatidylinesitol (Ptdlns)
and pheosphatidylserine (FPidSer).

Dripalmitoylphosphatidyleholms (DPPC) is
the type of phosphelipids and also mainly constituted
of pulmonary surfactant. The DPPC can form as the
lipid bilayer.! Therefore, the DPPC were exclusively
appliad a5 a membizane modsl for nvestigating of the
membrane properties by melecular dvmamiz (WMD)
sinmalations* Along with the parameters setting in
MD simulations, the DPPC balayer size can influence
to the system of interest.’ Therefore, the aim of this
work 15 to study the DPFPC bilayer properfiss. The
MD simulatien was performed on 64 and 128
molecules of DFPC Talayver systems. Computer
simmulations now offer the detals of strochwe and
dynamies of membrans Figure 1 shows a snapshot of
DPPC lipid Talayer with solvent water from
molacular dymamics (WMD) sinmlations. *

Figure 1. Structurs of 128 DFPC Lipads balayer and
3655 water moleculas (hmp-/moose bioncalgrarv.ca’).

Material: and Methods
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The stracture of phospholipid bilaver-water system
with 128 DPFC molecules and 3635 water molacules
was taken from hitp:/meoze bioucalgrary.ca/files/.
The lipid force field parameters (FF zmx) were used.”
The simmlation 13 performed by using the
GROMACS software." For water molecules, the
SPC (zingle-pomt charge) parameters are used. The
given bilayer is stabilized by an energy mnimization.
After that, the MD simwlation was dens for 2 ns in
the NPT exsembla. In coder to reach L, state, the
temperature was set to 325 K and the pressure was
setto | atm. The temperature and pressure are
controlled using the Benrendsen method * The
Integration time step was 5 f5.

Result: and Dizcussion

DPPC was ons of the mest stadied lipids.
Molecular dynamies simmlations of 64 and 128 DPPC
hipids bilaver was rmm for 2 ns with constant
temperature and pressure. Inm all the smmulations,
parameters were investizated including energy
components and phosphate density profiles. Snapzhot
stmctures of 64 and 128 DFPC lipid bilaver from MDY
simmlations at 2 ns were show in Figure 2.

Fizure 2. Snapshot structures of 64 (a) and 1238 (b}
DFPC lipids bilayer.
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Fizure 3. Total energy graph of 64 and 128 DPPC
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Fizure 4. FMSD of 64 and 128 DPPC lipid bilaver
for 2 ns.

Stakality of the fotal emergy (Figare 3),
EMSD plot mdicates good egubboum. All
proparties were averagmg and reported in Table 1.
Temperature and prassure properties were similar m
both systems. Total energy of 64 and 128 DPFPC lipid
bilayer were -4.45x10° and -7.50x10° kl'mel,
respectively. Because stucture of &4 DPPC lipid
bilaver was small than 128 DPPC lipid balaver so that
internal enarzy (™) of 64 DPPC lipid bilayer was
less than 128 DFEC lipid bilayer. Density (kz/m™) of
system along simulations time was simular m both
systems. BISD was caleulated to compars with the
starting strocture that mmimized. EMED of 64 and
128 DFPC was 0.78 and 0.66 A, respectively. Small
BMSD value refers that strocture of both DFPC lipid
bilaver durmg molscular dymamie simmlations were
stable and not changed from starting struchare that
mumimzsd. Density of DPPC balayvers along the z-
dimension was calculated as show m Fizure 5.
Den=ity diffevent of 64 and 128 DPPC was averaging
at 2-5 nm that 1t was 56 32 kg'm”. This was due o P-
P distances between molecules of DFPC in 64 and

PACCON2009 (Pure and Applied Chemistry Infernational Conference)



128 DPPC lipid bilayer. P-P distance was 9.63 A4 and
6582 A in 64 and 128 DPPC lipid hilaver,
raspecavely. Struchwe of DPPC liped bilayer i =z-
dimasion 5 A found that 2 pezks had similar pathem.

Table 1: Averaging properties between 64 and 128
DPPC lipid bilaver.

Properties 64DPPC 128DPPC
RMSD (A) 0.78 0.656
Energy (kl'mal} 4 45x10° -7.50x107
Temperature (K} 3265 326.6
Pressure (bar) 212 -3.70
Drensity ikgm® 9463 9408
system —Time
i)
nil
o 30
E 20
=
z ™ ——— G4NEPr
e — 1380PMC
T 1w
S0
i
a 2 4 ¢ B
Box z-dimension (nm)
Fizwe 5. Density along z-dimension of 64 and 128
DPPC Lipid balaver.
Conclusions

The imvestization by molecular dynamic
simmlations of 84 and 128 DPPC lipid balayer found
that the mainly diffevent properties were the density
along z-dimension of DPPC lipid bilaver. The results
showsd that the density of 64 DFPC lipad hilayer
wera lower than that of 128 DPPC lipid balaver. B-P
distance betwreen DPPC moleculss mn 64 DPPC lipid
bilayer was longer than m 128 DFPC lipid balayer,
Therefore, 64 DFPC lipid bilayer maybe lost the
membrane property. The 128 DFPC lipid bilaver can
be a representative of lipid membrame for studving by
malaenlar dvnamics simulations m the faturs.
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|
Introduction |

Vitamin E (tocopherol) is one of four fat-soluble vitamins. It is synthesized by plants and found in plant oils. Morcover it is hydrophobic and absorbed |
similarly to other dietary lipids. After solubilization by bile acid bsorbed into small intestinal epithelial crIIu. Vitamin E is stored with the fnll llrnplﬂl of
adipose tissue cells. The general structure of vitamin E is shown in Figure 1 ¢ binding of vitamin is in a | b and its subseq on | |
membrane properties are an important problem. This is particalarly so as the presence of vitamin E can severely various physiological in
the body, A microscopic understanding of the location of vitamin E within the membrane is crucial as it will provide direct information l\gundlng its
interaction with membrane components. Such information will have an impact on the mechanism of the offect of vitamin on regular membrane propertics. | ‘

However, despite significant efforts, understanding of the mechanism of action of vitamin E is not elear.

Materials and Methods

The structure of vitamin E /phospholipid bilayer-water system with 128
DPPC molecales, 3655 water and vitimin E molecules were taken from

T hio. yoea/files/. The lipid force field parameters (FFgmx) were
wsed. The simulations were performed by using the GROMACS software. For

5y SPC (s charge] 5 Wi ed. S e i
water molecules, the SPC (single-point charge) parameters were used. The given i Tk il et S sl 2 gl

hilayer was stahilized by an energy minimization. After that, the MDD simulations
were done for 10 ns. The temperature was set to 323 K and the pressure was set to
e temperature and pressure are controlled vsing the Benrendsen method.
n EDPPC system was using the same as 3 times..

Results and Discussion

The simulations show that vitamin E was preferably accommodated at
the head of the bilayer upper the glycerol maoiety. In addition, it was found
that the hydrophobic aromatic part of the vitamin E was located inside more
ordered region of DPPC from the hydrophobic character of vitamin E, the
depth of the vitamin E localization was gradually shifted deeper inside the
hydrocarbon core of the bilayer at the opposite of the entrance (Figure 2).
Stability of the total energy and RMSD plotted indicate good
(Figure 3). Total encrgy of vitamin E/DPPC was -1.02x10° kl/mol. R
caleulated to compare with the starting structure that minimized. RM
vitamin E was 0,35 nm. Small RMSD value referred that structure of both
vitamin E during molecular dynamic simulations were stable and not changed
from starting structure that minimized, nsity of vitamin EDPPC bilayer
along the z-dimension was calculated as show in Figure 4. The position of
vitamin E in density peaks was about head group of DPPC because vitamin
E-DPPC bilayer shown weakly hydrogen-bonding to the binding. )

snapshot of the MDD boxes taken from the simulations of vitamin E msolecube in the |
yer of the NPT simuslation. Vitamsin E molecsle b rendered with hydrogen boadisg. |

Density

Figure 3. Total energy of DPPC/itamin E system and RMSD af vitami

Z Hox (nm)
conclusions

The MD simulation study has been earried out to investigate the
distribution of vitamin E at a water/membrane interface. Our interest has
been focused on the favorable binding sites of vitamin E within DPPC
hilayer. The MD simulations of vitamin E/DPPC show that a significant
fraction of vitamin E molecules tends to diffuse from agqueons solution inte
the polar interfacial region of the bilayer. The depth of the vitamin E
localization in this sequence was gradually shifted deeper inside the head
group core of the bilayer. The MD simulations reveal that the favorable
localizations of the studied vitamin E with he DPPC bilayer were not
driven by vitamin E-lipid hydrogen-bonding.

Figure 4. M. i prsdibes fur 1 the DFPC bilayer and for the total |
demsity distribstion of molecules of vitamin E. |
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Vitamin E is a probiotic and highly accumulated in the chloroplast containing in
leaves of most plants. Vitamin E is hydrophobic and is absorbed similarly to other
dietary lipids. After solubilization by bile acid, it is absorbed into small intestinal
epithelial cells. The binding of vitamin E in a biomembrane and its subsequent
influence on membrane properties are an important problem. This is particularly as
the presence of vitamin E can severely influence various physiological processes in
the body. The understanding of the location of vitamin E within the membrane is
crucial as it will provide direct information regarding its interaction with membrane
components. In this study the distribution of Vitamin E at water/membrane interface
has been investigated by molecular dynamics (MD) simulations. The MD simulations
running on the time of 10 ns were carried out in the same conditions by using
GROMACS . software and the SPC (single-point charge) parameters were used. The
dipalmitoylphosphatidyicholine (DPPC) bilayer was stabilized by the energy
minimization at 323 K and 1 bar as constant. The MD study focused on favorable
binding sites of Vitamin E embedded into DPPC bilayer. We show the biding of
Vitamin E absorption in DPPC bilayer. The simulations show that Vitamin E is
preferably accommodated at the head of the bilayer upper the glycerol moiety. In
addition, it is found that the hydrophobic aromatic part of the Vitamin E is located
inside more ordered region of DPPC from the hydrophobic character of Vitamin E,
the depth of the Vitamin E localization is gradually shifted deeper inside the
hydrocarbon core of the bilayer. We found that the Vitamin E shows weak hydrogen-
bonding to DPPC bilayer.
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