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1 Einleitung

Lipid membranes of eukaryotic cells have a complex composition consisting of hundreds
of different lipids and proteins, plus cholesterol or closely related sterols. In mammalian
cells cholesterol has been found to account for up to 50% of the lipid concentration in
the membrane. Cholesterol covers a wide range of roles in human cells; it serves as being
the precursor for the synthesis of hormones and numerous other biologically important
molecules [1, 2, 3|, but it is also influencing the physicochemical properties of biomem-
branes. The effect of cholesterol and other biologically important sterols such as lanosterol
and ergosterol to functional, structural and dynamical membrane properties has received
sizeable attention in the past decades. Cholesterol has been shown to optimize the phys-
ical properties of the membrane and regulate its fluidity [4], but also other possible roles,
such as its role in signal transduction [5] and ion permeability [6] are under investigation.
Ergosterol (provitamin Ds) can be found in the membranes of fungi, yeasts and proto-
zoans and lanosterol, the evolutionary precursor of cholesterol, is the major constituent
of prokaryotic cell membranes.

Although ergosterol and lanosterol are structurally very similar to cholesterol, only
cholesterol has been chosen by evolution to be the major constituent of the eukaryotic
plasma membranes. The process of conversion of lanosterol to cholesterol in mammalian
cells requires 19 enzymatic steps. Therefore, an intriguing question concerns elucidating
the particular characteristics of cholesterol, which have led to its evolutionary selection
in eukaryotic plasma membranes, even in presence of structurally very similar precursors.
It has been postulated that evolution has selected cholesterol because it optimizes the
physical properties of the membrane [7]. Cholesterol, compared to its analogues, has
been shown to reduce the permeability and to increase molecular ordering as well as
lateral diffusion of phospholipids [8, 9] Moreover, it dramatically influences the gel-liquid
crystal phase transition of phospholids by introducing a new thermodynamically stable
region of coexistence between the liquid and gel phase, the liquid-disordered (I1d) phase.



[10, 11, 12]. Although substantial work has focused on this area of research, it is still
unclear which specific parts of this molecule provide this optimization.

The physical properties of eucaryotic plasma membranes can be reproduced and studied
with model biological membranes [1, 13, 14]. Experimental as well as computational
studies of these systems have been used to shed light on the nature of membrane-sterol
interactions. Experimental studies aimed at monitoring the way by which cholesterol
affects the membrane properties very often lack sufficient resolution for investigating the
underlying molecular interactions that drive the observed properties. Using Molecular
Dynamics (MD) simulations, it is possible to interpret experimental results of complex
membrane systems and gain insight on their interactions at the microscopic level. The field
of lipid bilayer simulations is growing rapidly and more recently the level of complexity
is increasing with explicit inclusion of membrane proteins [15, 16, 17, 18] and cholesterol
[19, 20, 21, 22] in the simulated systems.

2 Wissenschaftlicher und technischer Stand. Voraus-
setzungen

Our understanding of the molecular dynamics of membranes has improved in recent years,
both from the experimental as well as the theoretical viewpoints. The development of new
experimental contributions have contributed to this, as well as the enormous improvement
in the description of membranes using simulation methods. In the experimental field spec-
troscopic methods (NMR, QENS, IR, fluorescence) and micromechanical (micropipettes)
and optical techniques (e.g. videomicroscopy) have provided new insights. In the field
of high-frequency dynamics in the THz regime quasielastic neutron scattering (QENS)
has been able to demonstrate the existence of a dynamical surface roughness [23] and the
existence of collective membrane motions [24] and in this timescale dominant motional
contributions were described [25]. NMR relaxation measurements have allowed small
rotational motions of membrane components to be elucidated [26, 27, 28, 29].

Although structural aspects of cholesterol in membranes have been investigated in de-
tail (reviewed in [1]), our knowledge of sterol dynamics is quite restricted. Up to the
starting point of this project, sterol dynamics had been examined for cholesterol, for
which, interestingly, strong anisotropy [30] together with discrete rotation around its long
axis [26] were found. It was suggested that these motions are important for the increase
of membrane stiffness upon cholesterol insertion [30]. Comparable data for the molec-
ular dynamics of closely structurally-related steroids, such as lanosterol and ergosterol,
practically did not exist. However, in one NMR study it was observed that these sterols
induce a completely different behaviour of the molecular order parameters of the lipids
than does cholesterol [31]. From this one may surmise that ergosterol and lanosterol may
exhibit markedly different motional anisotropies in the membrane. Biological membranes
suffer from extreme complexity, with many different types of motions existing on similar
timescales. In complex molecular systems the molecular dynamics technique has proved
to be of considerable use for unravelling details of structure and dynamics. MD simula-
tions had been performed on cholesterol in DPPC and DMPC membranes [20, 22], but
not in biologically-relevant sterol concentrations. Moreover, the existing simulations con-



centrated mostly on the effect of the sterol on the bilayer structure, leaving the dynamics
of the membrane and of the sterol itself unexamined.

3 Aufgabenstellung

The functional form of the force field used in an MD simulation, generally includes a set of
empirical parameters which are system dependent and must be tuned prior to performing
simulations on a new system or molecule. This tuning step is generally referred to as
parametrization of the force field. The reliability of a molecular mechanics calculation
is dependent on both the functional form of the force field and on the numerical values
of the parameters implemented in the force field itself. Thus, the first necessary step for
a reliable MD simulation is the parametrization procedure. Most “all-atom” empirical
force fields used in common MD packages (such as CHARMM [32]), are equipped with
parameter sets for modelling and combining the basic building blocks of biomolecules, but
often not for exotic molecules such as steroids. In the literature only one force field study
for cholesterol has appeared for the CFF93 force field which is not widely used [33]. Most
of the recently-reported cholesterol:membrane simulations have been using united atom
models [19, 20, 34], which might not be suitable for accurate modelling of cholesterol-lipid
interactions at an atomic level for comparing with experimental techniques that probe
hydrogen-atom dynamics, such as NMR or incoherent neutron scattering. Therefore, the
development of a force field for cholesterol, ergosterol and lanosterol was necessary in
order to model the lipid-sterol system in a realistic way.

Using MD and QENS the dynamics of structurally-similar biologically relevant sterols
and their structural effect in phospholipid membranes are discussed. Central questions
concerned the possible different effects of cholesterol, ergosterol and lanosterol on the
membrane dynamics and on the structure and order of the membrane. The central tech-
nical goal of the proposal was the combination of QENS and MD results on identical
sterol /lipid mixtures in a largely-overlapping timescale regime of 4 ns to 100 ps so as to
develop a universally applicable model of steroid dynamics in membranes. This required
further development of both techniques towards higher sensitivity and resolution (QENS)
and state-of-the-art simulations of large systems with accurate potentials and simulation
methodology (MD). The criterion for comparison of the techniques will be the dynamical
structure factor.

It was possible to monitor the sterol dynamics for cholesterol, ergosterol and lanosterol
using QENS with three instrumental resolutions, namely 1ueV, 8ueV and 14ueV. These
resolutions respectively correspond to timescales of 4ns, 800ps and 300ps. The experiment
was carried out in 40%mol. sterol concentration and 20%wt hydration at 309K by our col-
laboration group of Thomas Bayerl in Wiirzburg [35]. Interestingly, a strong anisotropy
in the cholesterol motion was observed together with discrete rotation around its long
axis. It was suggested that these motions are important for the increase of the membrane
stiffness upon cholesterol insertion. The QENS data for the three sterols also suggest that
slight modifications of the sterol structure have a drastic effect on the molecular dynam-
ics of these molecules in lipid bilayers, which in turn may be related to the membrane
micromechanical properties. Cholesterol showed an amplitude of its out-of-plane motion



of 1.0-1.1nm, more than a factor of three higher than measured for the other two sterols.

QENS yields information on the same time-scale (1ps - 10ns) as the MD simulation,
which makes the comparison straightforward. However, while QENS gives us information
on the average dynamic behavior of the molecules, using MD simulations it is possible
to decompose the simulation-derived dynamic structure factor into motional components
and thus shed light on which particular parts of cholesterol provide the optimal physical
properties of the membrane.

Using MD simulations structural and dynamical aspects of cholesterol and ergosterol
in DPPC (1,2-dipalmitoylphosphatidylcholine) membranes (Figure 1,2 have been investi-
gated. The 4 systems which were constructed were as follows:

e 200 DPPC membrane with 20% wt hydration (1600 TIP3P [36] water molecules
e 120 DPPC with 80 cholesterol and 1600 TTP3P water molecules
e 120 DPPC with 80 ergosterol and 1600 TTP3P water molecules
e 120 DPPC with 80 lanosterol and 1600 TTP3P water molecules

The results of the simulations have been directly compared with various experimental
results.

Figure 1: The simulation system. Lipids are shown in grey, cholesterol in green and water in
red.
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Figure 2: The structures of (A) DPPC, (B) cholesterol and (C) ergosterol

4 Planung und Ablauf des Vorhabens

The work-plan for the three-year project was completed as follows:

First Year

Derivation of force field parameters for cholesterol via automated frequency matching of
quantum mechanical and molecular mechanics normal modes. Testing of the force field
on experimental X-ray structure. Setting up of the cholesterol/DPPC simulation system.
Preliminary heating and equilibration.

Second Year

Derivation of force field parameters for ergosterol and lanosterol via automated frequency
matching of quantum mechanical and molecular mechanics normal modes. Setting up
of the ergosterol/DPPC. Setting up a control DPPC simulation with 20%wt. hydration.
Preliminary heating and equilibration. Production simulations of cholesterol/DPPC.

Third Year

Setting up the lanosterol/DPPC simulation system. Setting up a control DPPC simula-
tions with 50%wt. hydration. Preliminary heating and equilibration. Production simula-
tions of ergosterol/DPPC. Analysis of the cholesterol/DPPC simulation and comparison

with X-ray, NMR, dilatometry and quasielastic neutron scattering results. Analysis of
the ergosterol/DPPC.



5 Erzielte Ergebnisse

5.1 Force Field development for cholesterol, ergosterol and lanos-
terol

5.1.1 Computational Details

All quantum chemical calculations were performed with the NWChem 4.5 package [37].
Geometry optimizations and normal mode analysis were performed at the DFT/B3LYP
level of theory for the isolated molecules. All molecules except cholesterol have a C1 sym-
metry. To reduce computational time, the effective core potential (ECP) SBKJC: Stevens-
Basch-Krauss-Jasien-Cundari [38] was used for the carbons and the oxygen. ECPs replace
the core electrons with an effective potential, thus eliminating the need for calculating
the core basis functions, which usually require a large set of Gaussians to describe them.
Geometry optimizations were performed to the default tolerances and the frequencies
were calculated numerically. A frequency scaling factor of 0.9614 was used to compensate
for the use of the harmonic approximation to the potential energy surface [39]. For the
calculation of partial atomic charges, all the structures were first optimized at the DFT/6-
31G(d) level of theory and then the CHELPG method [40] within NWChem was used
to derive them. The Hartree-Fock (HF) method was not preferred for the calculation
of the charges as it has been shown that the HF 6-31G* RESP charges systematically
overestimate dipole moments [41]. This is preferred when the system studied is solvated
in a polar solvent as the overestimated charges implicitly include the effect of polarization
on the molecular charge distribution. However, in an apolar environment like the lipid
bilayer the overestimation of the partial charges is not favoured.

The CHELPG method employs a least-squares fitting procedure to determine the set of
atomic partial charges that best reproduces the quantum mechanical electrostatic poten-
tial at selected grid points. The probe radius of the grid, which determines the envelope
around the molecule, was set to 2.5 A and the grid spacing was 0.1 A. The grid points
for which the QM electrostatic potential is evaluated and used in the fitting procedure
of the partial atomic charges all lie outside the van der Waals radius of the atoms and
within a cutoff distance from the atomic centers. All grid points that lie within a distance
less than 2.5 A from the surface of the atom were discarded. The fitting was subject
to the constraint that the sum of the charges should be equal to the net charge on the
molecule. To ensure that the charges on symmetrically equivalent atoms are equal, addi-
tional constraints on the partial atomic charges were imposed during the fitting procedure.
In particular, the molecule was grouped into subsets of atoms, which were constrained to
have zero total charge. For instance, the methyl groups were restrained to zero charge
with, in addition, all the hydrogens carrying identical charges.

All molecular mechanics calculations were performed using the CHARMM 27 package
[32]. Except for the new parameters which are derived here, the existing CHARMM
parameters were used [42, 43, 44, 45]. The molecular mechanics minimizations were
carried out using the Steepest Descent algorithm for initial minimization and followed
by Newton-Raphson minimization with a convergence criterion for the energy gradient of
1079 kcal/mol/A. Non-bonded interactions were cutoff at 10 A with a shifted potential



acting between 10 and 12 A. Electrostatic interactions were cutoff at 12 A. In CHARMM
the empirical potential energy function is given by Eq.1:
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where K, K., Ky, K, K, are, respectively, the bond, Urey-Bradley, angle, dihe-
dral and improper dihedral constants, and b, s, #, x, and ¢ represent, respectively, bond
length, Urey-Bradley 1-3 distance, bond angle, dihedral angle and improper torsion angle
(the subscript zero were present is used to represent the corresponding equilibrium value).
Nonbonded interactions between pairs of atoms (labeled i and j) at a relative distance
ri; are described by the Lennard-Jones 6-12 (LJ) and Coulomb interaction terms. RJ™
and ¢€;; are, respectively, the distance between atoms ¢ and j at which the LJ potential
is minimum and the depth of the LJ potential well for the same pair of atoms. D is the
effective dielectric constant (D=1 in our case) and ¢; the partial atomic charge on atom i.

5.1.2 Automated Frequency Matching Method

The determination of the actual values of the various force constants in Eq.1 is a demand-
ing job. One major difficulty in the development of molecular force fields is that these
parameters cannot be direclty determined from experiments. The experimental data that
pertain to force field calculations, such as infrared frequencies or crystal lattice constants
are not a simple function of the force field parameters and they are also rather scarce.

Nonetheless, the force field parameters of the empirical potential energy function, are
more directly connected to quantities that are well defined quantum mechanically such
as the second derivatives of the energy with respect to coordinates (i.e. the Hessian
matrix elements). The point charges of the system can be also readily computed. These
quantities are therefore available through ab initio calculations, which in this context are
invaluable.

Before refinement, an initial set of parameters was determined. The van der Waals
constants ¢;; and R;; depend mostly on atomic properties and are relatively insensitive
to changes in the molecular environment. These were directly transferred from original
CHARMM values and were not modified during refinement. The second term in Eq.1
(the so-called Urey-Bradley term [42, 43, 44, 45]) is not present in most other force fields
and within the CHARMM model its use is limited to a few special cases. Here K, was
set to zero wherever possible. Equilibrium values for bonds by, angles ¢y and dihedrals yq
that were not existing in the original CHARMM force field parameter file [42, 43, 44, 45]
were derived from the calculated quantum chemical structure. An initial guess, based on
analogy to similar existing CHARMM parameters and on chemical intuition, was made for



all other missing parameters. Equilibrium values and hybridization of the atoms involved
should be carefully taken into account when designing a set of initial parameters.

The initial parameter set is used for minimization and calculation of normal modes
(eigenvalues and eigenvectors) with CHARMM. The normal modes obtained are then di-
rectly compared with the normal modes calculated with the quantum chemistry methods,
used as reference values, employing AFMM [46]. Using an iterative procedure, the param-
eters were thus refined to reproduce the reference set normal modes. One of the major
problems of parametrization methods that fit to vibrational frequencies is identifying a
calculated mode with the corresponding reference mode. It is possible to obtain good
matching of the frequencies for a molecule while exchanging the corresponding eigenvec-
tors. The resulting model would then reproduce well the vibrational frequencies (and
the energy) of the reference molecule. However, it may not reproduce the distribution
of energy among the inter-molecular modes, and thus the dynamical properties of the
molecule. It is therefore important to use a merit function that takes into account both
the frequencies and all the corresponding eigenvectors to avoid this problem. AFMM
minimizes the above frequency exchange effect. In the “ideal” case of a perfect molecular
mechanics model, the vibrational properties of the molecule, as calculated by molecular
mechanics, should perfectly match those resulting from the quantum ab initio calculation.
For this to occur not only must the frequencies coincide but also the two sets of eigen-
vectors (resulting from the two different calculations) should coincide. Each eigenvector
from the set calculated by molecular mechanics would therefore be orthonormal to all but
one (its corresponding eigenvector) of the vectors from the reference set (calculated using
quantum chemical methods).

A major requirement in MM force fields is the portability of the parameter set, that
is, the possibility to transfer large groups of parameters from one molecule to another.
In this respect, addition of new atom types to the force field when designing the new
parameter set should be limited only to specific cases in which existing types cannot be
used. For the parametrization of the sterols, it was not necessary to define new atom
types for CHARMM and the parametrization was based on the already existing lipid
atom types. For the sp? lipid atoms, the atom type CEL1 was used. For the sp® atoms
we used the atom types CTL1, CTL2 and CTL3 with one/none (HAL1), two (HAL2), or
three (HAL3) hydrogens respectively.

5.2 Parametrization Results
5.2.1 Parametrization of cholesterol

Parameters for cholesterol were developed using a three step procedure. Initially the
AFMM method was used to obtain a first set of parameters. In the second step param-
eters for the hydroxyl group region were further refined using single point QM energy
calculations performed on hexanol. We chose hexanol to model the H-O-C-C rotational
energy barrier based on the resemblance of the first cholesterol steroid ring and this
molecule. Finally, all remaining parameters were refined using AFMM.

The DFT/B3LYP/SBJKC geometry minimized structure of cholesterol is shown in

Fig. 3. The resulting v7*** vs. v; plot for cholesterol is shown in Fig.4. The corresponding



value of c=40cm ™1 is even lower than the range calculated in previous benchmark studies

[46].

Figure 3: The DFT B3LYP SBJKC geometry optimized structure of cholesterol
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Figure 4: 0% vs. wv; plot for cholesterol. The line is the ideal case of perfectly matched
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Special care was taken to reproduce correctly the torsional potential of the hydroxyl
group region. The rotation around this dihedral is very important because it can deter-
mine the residence time and stability of the hydrogen bonds of cholesterol with water and
the lipid head group. To check the accuracy of the parameter set in this region, we calcu-
lated the rotational energy barrier of the HO - O - C3 - C2 dihedral, using both molecular
mechanics and quantum chemistry. To reduce computational time, this calculation was
performed using hexanol to model the first sterol ring, and starting parameters previously
developed for cholesterol.

The torsional force constants [/, in Eq. 1] were derived from the energy barrier for
rotation of the above-mentioned dihedral at the DET/SBJKC level of theory using single
point calculations to scan the potential energy landscape. The remaining parameters were
optimized again in CHARMM using AFMM. An additional term has been added to the
dihedral part of the potential to obtain a better fit for the barrier.



The Cholesterol Crystal Simulation
Final testing of a parameter set should be performed against independent experimental
or theoretical data. In this study the refined parameter set was tested by performing
an energy minimization and MD simulation of cholesterol in its crystalline state and
comparing the results with the X-ray experimental structure [47]. The experimental unit
cell with 8 cholesterol molecules (A-H) is triclinic with no symmetry (P; symmetry) can
be seen in Fig. 5.

Figure 5: The experimental unit cell of the crystal structure of cholesterol

Crystal Minimization and Molecular Dynamics
During the calculation the full crystal environment was included using periodic boundary
conditions. The unit cell dimensions were allowed to vary during the energy minimization
and the molecular dynamics simulation. Hydrogens were constructed using idealized
geometric parameters form the hbuild module in CHARMM.

The hydrogen positions, which were not determined experimentally, were constructed
within CHARMM. After minimization the cell volume was computed to be 5056.8 A3,
while the experimental volume is 5032.8 A3.

To further test the accuracy of the final parameter set, an MD sinulation was performed
on the experimental crystal structure. A constant pressure-temperature simulation with
periodic boundary conditions was used with a timestep of 0.001 ps to observe the evo-
lution of the crystal cell dimensions. Starting from experimental coordinates, and after
minimization the system was heated up to 500 K with 10 K temperature steps. Subse-
quently, the system was equilibrated for 10 ps using velocity rescaling followed by a second
phase of equilibration without velocity rescaling for 10 more ps at 298 K (experimental
temperature). Finally, production dynamics followed for 2ns at 298 K. The calculated cell
vectors are reproduced within 2.4% of experimental values and wuth a maximum standard
deviation of £0.5A and 1.85° for the MD. We were also able to reproduce characteristic
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features of the crystal structure such as the rigidity of the sterol ring and the hydrogen
bonded network of the crystal.

5.2.2 Parametrization of ergosterol

The DFT/B3LYP/SBJKC geometry minimized structure of ergosterol is shown in Fig.
6. For the parametrization of ergosterol the already optimized cholesterol parameters
were used. For the parameters which were still missing, the ergosterol molecule was trun-
cated only to the part of the missing parameters to save computational time. Therefore,
the molecule that was parametrized was 2,3,3a,4,5,5a,6,9b-octahydro-3a,6-dimethyl-1H-
cyclopentafajnapthalene. The resulting v*** vs. v; plot for this molecule is shown in
Fig.4. The corresponding value of 0=84.1cm ™" is within the range of the previous bench-
mark studies [46]. Points that deviate from the ideal plot may indicate exchanged or
mismatched frequencies. A crystal simulation on the ergosterol crystal structure was not

possible because of the poor experimental data quality which gave several bonds greater
than 1.7 A.

Figure 6: The DFT B3LYP SBJKC geometry optimized structure of ergosterol

5.2.3 Parametrization of Lanosterol

Frequency Matching and Rotational Energy Barrier

For the parametrization of lanosterol, the previous parameters developed for both choles-
terol and ergosterol were applied were needed. For reasons of computational efficiency
lanosterol was split into two smaller molecules: 2,2 dimethyl cyclohexanol and 3 isopropyl-
2-methyl-hex-2-ene. The resulting v7*** vs. v; plots for the two molecules are shown in
Figs. 8 and 9.

As in the case of cholesterol, we have calculated the rotational energy barrier of the HO
- O - C3 - C2 dihedral, using both molecular mechanics and quantum chemistry. To reduce
computational time, this calculation was performed using 2,2 dimethyl cyclohexanol to
model the first sterol ring.

The torsional force constants [/, in Eq. 1] were derived from the energy barrier for
rotation of the above-mentioned dihedral at the DFT/SBJKC level of theory using single
point calculations to scan the potential energy landscape. In the case of lanosterol two
additional dihedral terms were included to the potential to obtain a better fit for the
barrier. The parameters used to reproduce this rotational barrier were then fixed and the
remaining ones were optimized again in CHARMM using AFMM.

800K MD in vacuo of cholesterol, ergosterol and lanosterol

11
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eigenvector projections. Points refer to the optimized parameter set. o = 84.1cm !

It has been shown that the chiral conformation of biologically important sterols is es-
sential for its in vivo function [48]. Therefore it is important that the sterols preserve
their sterochemistry during an MD simulation. In previous MD studies of cholesterol
in bilayers [49] simulation artifacts resulting in an invertion of the asymmetrical centers
in were observed. Therefore, to ensure that the chirality of the molecule is maintained
and to test the new parameter set we performed a 2ns MD simulation series of the single
cholesterol, ergosterol and lanosterol molecule, respectively, in vacuo at 8O0K. The steroid
ring systems were found to be rigid and not to undergo major conformational changes.
The flexible hydrocarbon tails were found to undergo several conformational changes as
expected. During the simulation, the stereochemistry of all the seven asymmetrical cen-
ters was preserved in all three sterols eben at these extreme conditions.

5.3 Molecular Dynamics of Cholesterol and Ergosterol in DPPC
membranes

5.3.1 Computational Details

To construct the cholesterol-DPPC system we used coordinates of DPPC molecules de-
termined by Sundaralingam [50]. Coordinates for the cholesterol molecule were taken
from the crystal structure by Shiech et al. [47]. The initial configuration was created by
duplicating, flipping and translating two original molecules with no specific ordering. In
this arrangement we are not biased towards any particular configuration of the system, as
up to now there is no sufficient evidence on the ordering of cholesterol in the membrane.

12
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Cholesterol was initially placed so that its hydroxyl group is in the same depth with the
glycerol backbone of DPPC. A concentration of 40%mol cholesterol and 20% wt hydra-
tion were chosen to match the experimental setup. We used the CHARMM 22 force field
for DPPC and our derived force field for cholesterol [51]. Partial atomic charges were
calculated using NWchem 4.1 at the 6-31G(d) basis set level and the CHELPG analysis.
The water model employed in the simulations was TIP3P [36].

Using this setup an initial system of 50 lipids and 400 water molecules was created,
which was then successively minimized and heated and was finally equilibrated for 600
ps at constant pressure (1 atm) and temperature (Nose Hoover thermostat at 309 K)
with periodic boundary conditions. We kept angles of the simulation cell fixed and varied
the dimensions of the cell using a Hoover barostat. The particle-mesh ewald summation
technique was employed to calculate electrostatic contributions. The van der Waals in-
teractions were cut off at 13 A with the shift smoothing function. The non-bonded pair
list was set up to 14 A. After the 600 ps equilibration, a 200-lipid system was created by
duplicating and translating the original slab of the pre-equilibrated 50 lipids. After equi-
libration we performed a production run for 25 ns using the above-mentioned simulation
details.

The ergosterol-DPPC system was created by replacing all cholesterol molecules of an
equilibrated configuration with ergosterol. A concentration of 40%mol cholesterol and
ergosterol, respectively and 20% wt hydration were chosen to match the experimental
setup. We used the CHARMM 22 force field for DPPC and our derived force fields for
cholesterol and ergosterol [51]. Partial atomic charges were calculated using NChem 4.5
at the 6-31G(d) basis set level and the CHELPG analysis. The water model employed
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Figure 9: v]m“”” vs. v; plot for 1,2 isopropyl-1-pentene. The line is the ideal case of perfectly
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in the simulations was TIP3P [36]. The ergosterol-DPPC system was succesively mini-
mized and heated and was finally equilibrated for 2ns at constant pressure (latm) and
temperature (Nose Hoover thermostat at 309K) with periodic boundary conditions. After
that a production run for Ins was completed. We kept angles of the simulation cell fixed
and varied the dimensions of the cell using a Hoover barostat. The particle-mesh ewald
summation technique was employed to calculate electrostatic contributions. The van der
Waals interactions were cut off at 13A with the shift smoothing function. The non-bonded
pair list was set up to 14A.

After equilibration we performed a production run for 10 ns using the above-mentioned
simulation details.

Calculations were performed on HELICS, IWR - Universitt Heidelberg (HBFG funds,
hww cooperation) using the CHARMM simulation package version 28b1 [32].

5.3.2 Volume and Surface Area per Lipid

There is no obvious solution of how to calculate the “Surface Area per Lipid” in a mix-
ture of two components such as the DPPC-cholesterol system or for an ergosterol-DPPC
system. A simple approach to the problem is given as follows: The area occupied by a
DPPC molecule in the bilayer can be written in terms of volume and thickness as:

Aprpe(e) = 2202602) @)

where Vpppe is the volume of the lipid and h(x) is the average thickness of the membrane
which corresponds to the average distance of two phosphorus atoms in opposite layers.
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The volume that a DPPC molecule occupies in the membrane could be calculated as

follows:
V@ = Nw -V — N¢ - Vo

- 3)
where Vr is the total volume of the system in each frame of the trajectory, N, = 120
the total number of the lipids, Ny = 1600 the number of waters, Vi = 29.9 A? the volume
of one water molecule and N¢ = 80 the number of cholesterol/ergosterol molecules. The
volume of a cholesterol molecule, Vi = 629.1 A® and the volume of an ergosterol molecule,
Ve = 659.2 is given from the crystallographic data [52, 53]. In this approach we consider
Vi and V¢ fixed as cholesterol and ergosterol are fairly rigid bodies.
For the cholesterol-DPPC system, the mean volume of DPPC was found to be 1176.4
+ 5.2 A? (all deviations refer to standard deviations) and the mean surface area per lipid
is 47.0 + 0.2 A2, For the ergosterol-DPPC system, the mean volume was found to be
1154.4 + 5.3 and mean surface area per lipid 46.1 &+ 0.2 A2, For both systems, the bilayer
thickness was found to be 50.0 A by calculating the distance of the two peaks of the
electron density profile.

Vi

5.3.3 Deuterium Order Parameters

The most popular quantity to characterize the order of the hydrocarbon chains in lipid
bilayers is the deuterium NMR order parameters. Such an order parameter may be defined
for every CHy group in the chains as:

St = 5 (3leosbip) 1) @

where 6%, is the angle between a CD-bond (in the experiment) or a CH-bond (in the
simulation) of the ith carbon on the acyl chain and the membrane normal (z-axis). The
brackets indicate averaging over the two bonds in each CHy group, all the lipids and time.

This property was calculated from the MD trajectory of the cholesterol/DPPC, ergos-
terol/DPPC systems and pure DPPC systems. The order parameter profile shows that
cholesterol and ergosterol apply an ordering effect on the lipid hydrocarbon chain. For
the pure DPPC system the ordering of the chain with respect to the z-axis is significantly
lower. Our results show good overall agreement with those obtained in the studies of
Urbina et al. [31] and Faure et al. [54]. Our order parameter profile is also consistent
with all simulation results obtained for similar conditions [20, 19, 34, 21].

5.3.4 Electron Density Profiles

The first atomic scale picture of the average structure of the lipid bilayer:water interface
can be produced as a measurement of the density distributions of different types of atoms
along the bilayer normal (z-axis) by neutron and X-ray diffraction studies. The corre-
sponding electron density profile for the bilayer has been provided by our MD simulation
and is in good agreement with experimental results obtained by various experimental
groups.

The electron density profile is calculated every 1 ps and averaged out in the trajectory
by dividing the simulation cells into 0.5 A slabs and determining the time-averaged number
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of electrons in each slab. The peaks show the electron-rich phosphate region of the
headgroup. Defining the bilayer thickness as the distance between the peaks in the total
electron density, we obtain 50.0 A which is slightly bigger than the values determined by
X-ray diffraction analysis and by Smondyrev et al. [20] and Hofsdss et al. [55].

5.3.5 Cholesterol and Ergosterol Tilt Angle

We also measured the distribution of the tilt of cholesterol in the lipid bilayer. The tilt is
defined as the angle between the bilayer normal and the vector connecting carbon atoms
C3 and (17 in the sterol ring system. The average cholesterol tilt angle in the DPPC
membrane is 10.0° and for ergosterol 8.1°. The tilt angle value for cholesterol is very
close to the one measured by Smondyrev and Berkowitz [19], 10.6°, for a DMPC bilayer.
However it is much lower than the value measured by the same group for 11% cholesterol
in DMPC (22.2°). The study of Murari et al. [8] for 1:1 DPPC:Chol mixture at 24°C
obtains an average cholesterol tilt of 16° from quadrupolar splittings.

5.3.6 Radial Distribution Functions

The water in the polar lipid region solvates the polar lipid head groups. These interactions
can be best described by radial distribution functions for the water oxygen surrounding
the phosphate P, choline N, carbonyl C, and cholesterol hydroxyl H atoms. The radial
distribution function (rdf) between atom z and atom y is defined as the average over
all x atoms in the system of the distance from an x atom to each other y atom. The
distances between the atoms on different molecules were binned and the resulting rdf was
normalized by dividing by 47r?dr in which r is the distance in the middle of the bin
and dr in the bin width, set at 0.07 A. The volume around each particle is divided into
concentric spherical shells, and the number of particles in each shell is counted and divided
by the shell volume (given by the difference between two spherical volumes), to obtain
the local density. The densities at each distance are then averaged over all particles, and
normalised with the overall density to obtain g(r). Thus, g(r) is given by the equation:

1 1 &
9(r) = p%((r + r3dr)3(r — rdr)?3) N ; Ny

where NN; is the number of particles and j such that |r + dr| > |r; — r;| > [r — dr|

The cholesterol hydroxyl H and the water O ¢(r) has a sharp first peak at 2 A, indicating
tight solvation shell around the hydroxyl of cholesterol of 3 water molecules (obtained by
integrating ¢(r) to the first minimum).By integrating the corresponding ¢(r) functions to
the first minimum we also obtain 1.3 waters around the phospate O, 1.4 waters around
the choline N and 0.6 waters around carbon C21 of the sn2 chain of DPPC.

5.4 Dynamical Analysis of the System
5.4.1 QENS of Cholesterol-DPPC Bilayers - Oriented Bilayer Dynamics

To measure the anisotropy of the sterol motion and take full advantage of the use of
oriented multilayer samples, the QENS experiment took place in two specific orientations
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Figure 10: The elastic momentum transfer vector @ is in (a) parallel and in (b) perpendicular to
the membrane plane, if scattered neutrons (wave vector k:1 are detected at ¢ = 90° with respect
to the incident wave vector kg

of the sample with respect to the incident neutron beam. The scattering geometry is
schematically depicted in in Figure 10. At an orientation of 135° between the incident
and neutron beam and the membrane normal, the momentum transfer is mainly directed
perpendicular to the membrane normal [i.e. parallel to the bilayer plane (x-y plane). In
this case, the in-plane (lateral) motion of the sterol under study will dominate the inco-
herent scattering. On the other hand, at an orientation of 45° the momentum transfer is
mainly parallel to the membrane normal, and thus the incoherent scattering is dominated
by out-of plain motion of the sterol along the z-direction (membrane normal).

The calculations should therefore be done for a specific orientation of Q The interme-
diate scattering function needs to be calculated only for the Qx, Qy, )z components of
this @) and not to be averaged as in the case of isotropic media.

For the 45° orientation, if we consider the incident beam to have coordinates k;:n =
(k;cos45 0, —kcos45°) and the scattered wave vector ko = (k:cos45 0, kcos45°), then
Q= (Qz, Qy, Q) becomes according to the relation Q = kot — kin

G = k(0,0,2) = 7”\/5(0, 0,1) (5)

For the 135° orientation, if we consider the incident beam to have coordinates k;:n =
( kcosd5°, 0, kcosd5°) and the scattered wave vector ko, = (kcos45° 0, kcos45°), then

Q= (Qqz, Qy, Q-) becomes according to the relation Q = kout — kin

= k(v2,0,0) = \ \/5(1 0,0) (6)

In order to compare with experimental data, the intermediate scattering function was
calculated with nMoldyn ?77:

(Q ) Q- T(t) o —iQ-T(0) - (7>

The Fourier transform of Imc(@ t) gives the dynamic structure factor:

S(G.w) = ;ﬂ / dte= 1, (G, 1) (8)
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Figure 11: Comparison of experimental and simulation structure factor

In Figure 11 the experimental spectra and the calculated spectra from the cholesterol-
DPPC trajectory are depicted.

The elastic incoherent structure factor (EISF) is defined as the limit of the incoherent
intermediate scattering function for infinite time:

—

EISF(Q) = lim Iy, (9)

The total elastic intensity (within instrumental resolution) as a function of the scatter-
ing vector contains information on the geometry of the motions integrated over the time
corresponding to the instrumental resolution. For computational purposes it is convenient
to use the following definition:

EISF(O) = %Z < e S (10)

where inifinitely good resolution(AE=0) is assumed.

The EISF is experimentally accessible as the ratio of the elastically scattered intensity
to the sum of elastically and quasielastically scattered intensity. This definition neglects
inelastic scattering:

- el (O

el qe (A (11)
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where 8¢ (@) and S¥ (@) are the integrated intensities corresponding to the elastic
and quasielastic part of the spectra, respectively.

The EISF was then calculated from the theoretical approach and compared with the
experimental result [35] (Fig.12). For the theoretical approach a trajectory of 300ps was

used.

5.4.2 Mean Square Displacement

The Mean Square Displacement (MSD) is a measure of the average distance a molecule
or an atom travels in time. It is defined as:

MSD(t) =< AF(t)? >=< (F(t) — 75(0))? > (12)

In the case of linear increase of the MSD with time the MSD can be quantified in terms
of the diffusion constant from the slope of the curve:

limt_m% < Ari(t)? > (13)

The MSD autocorrelation functions for the DPPC Carbons were calculated for three
simulation systems namely cholesterol/DPPC, ergosterol/DPPC and pure DPPC for tra-
jectories of 4ns. Interestingly, we observed that upon insertion of cholesterol or ergosterol
in the membrane system the MSD of the DPPC carbons increased.In other words, al-
though from the order parameter profiles cholesterol and ergosterol seem to induce more
order in the membrane, it seems that they provide DPPC with more flexibility.
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5.5 Ausblick

A new force field for cholesterol, ergosterol and lanosterol has been derived using an
automated frequency matching method that compares quantum mechanical normal modes
with molecular mechanical normal modes. The cholesterol parameters were successfully
tested on the cholesterol crystal. A publication with all the final parameter sets is in
preparation (A new force field for biologically-important sterols” by Z.Cournia, J.C.
Smith and G.M. Ullmann). A preliminary parameter set for cholesterol has already been
published (”Derivation of a new force field for cholesterol”, by Z.Cournia, A.C. Vaiana,
G.M. Ullmann and J.C. Smith, Pure Appl.Chem. 1, 2004) In this framework a new
program for molecular mechanics force field parametrization was written and can be used
for parametrization of new molecules. A description of this program has been accepted
for publication in the Computer Physics Communications journal. Molecular mechanics
parameterization is a tedious but necessary task in the case of missing parameters. The
new parameter sets have enabled us to perform realistic sterol:membrane MD simulations.

Molecular Dynamics simulations have helped us to gain better insight on the effect of
cholesterol and ergosterol in the membranes. As a starting point we have calculated prop-
erties of the simulated system which could be directly compared to experimental results.
The surface area per lipid was compared with dilatometry experiments, electron density
profiles from x-ray scattering, order parameter profiles from NMR, and the structure fac-
tor from QENS. In all cases we were within very good agreement with the experimental
results. One of the major results was that we have been able to observe the ”ordering”
effect that cholesterol and ergosterol induce on the hydrocarbon lipid chains. While the
pure DPPC system is significantly disordered by means of the hydrocarbon chains being
aligned to the membrane normal, upon insertion of cholesterol the chains become stiffer
giving more rigidity to the system. Ergosterol exhibited slightly more ordering on the lipid
chains, possibly as a result of its more rigid steroid ring (has one extra double bond than
cholesterol). It is clear that by this effect the two sterols can regulate the membrane’s
fluidity. Ergosterol’s tilt angle was also found to be more aligned with the membrane
normal than the one for cholesterol.

QENS has been performed on the cholesterol/d75-DPPC, ergosterol/d75-DPPC and
lanosterol /d75-DPPC systems with application of different energy resolutions i.e. timescales.
The average molecular dynamics of the three sterols was therefore studied in these timescales.
The structure factor for the cholesterol/d75-DPPC system for the 300ps timescale was
calculated from MD simulations and compared with the experiment. Since the agreement
was good, the calculation of the structure factor for the other two resolutions and also for
the ergosterol/DPPC system will be done. Since QENS gives us information on the av-
erage dynamic behavior of the molecules, a further analysis of the structure factor would
include decomposition of the simulation-derived structure factor into motional compo-
nents (rotational, translational, internal) and thus shed light on which particular parts
of cholesterol provide the optimal physical properties of the membrane. Future prospects
include modeling and understanding more complex systems (e.g. cholesterol, lipid and
membrane proteins). The mean square displacement results for the control DPPC sys-
tem and for the cholesterol/DPPC system showed that although cholesterol makes the
membrane stiffer by inducing order on the lipid hydrocarbon chains, at the same time
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it provides the membrane with the required flexibility so as to allow binding and lateral
mobility of membrane proteins. A publication containing the above-mentioned results on
structural and dynamical effects of sterols in the membrane is planned within the next
few months.

Das diesem Bericht zugrundeliegende Vorhaben wurde mit Mitteln des Bundesmin-
isteriums fuer Bildung und Forschung unter dem Foerderkennzeichen 03SHE2HD gefo-
erdert. Die Verantwortung fuer den Inhalt dieser Veroeffentlichung liegt beim Autor.
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