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Abstract In polarized infrared (IR) absorption experi-
ments, dichroic values are used to study the structure and or-
ientation of lipid molecules. From computer simulations, we
obtained angular distributions of IR transition moment (TM)
orientations of the stretch vibrations of CH, groups of 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholin  (POPC)
lipid bilayers in the gel (L) and fluid (L) phases. From these
distributions, we calculated dichroic absorption values, as
well as order parameters. We established a connection be-
tween the dichroic ratio R*"®, which is measured in IR-ATR
setups, with the dichroic ratio D and the order parameter S,
The calculated values compare well with experimental re-
sults for the fluid phase. In addition, we computed angular
distributions of transition moments with respect to the tail
director orientation for the gel and the fluid phases. Only
small differences were found between the distributions in the
symmetric stretch orientation, the asymmetric stretch orien-
tation, and the C—~H bond orientation of CH, groups. The
distributions of tail directors of POPC showed average tilts
of 14.7° in the gel phase and 32.9° in the fluid phase. We de-
veloped a theory which makes it possible to calculate aver-
age tilt angles of tail directors in the gel phase from dichroic
absorption values obtained from IR measurements for a wide
range of lipids. Legendre coefficients were calculated from
TM distributions. Order parameters, defined as the second
Legendre polynomial, were found to closely approximate the
TM distribution in lipid bilayers in the fluid phase.
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1 Introduction

Membranes play a central role for structure and function
of living systems. Many biological membranes are formed
from double layers of various amphipathic lipid molecules
and contain embedded proteins and other functional units.
Mostexperimental investigations or computer simulations,
however, employ simplified model membranes, e. g., lipid
bilayers of a single type of lipid.

A wide range of experimental methods, e.g., NMR
(Seelig and Seelig 1980; Seelig and Macdonald 1987), neu-
tron scattering (QENS ') (Kénig et al. 1992), X-ray diffrac-
tion (He et al. 1994), electron microscopy (Bayerl et al.
1988), atomic force microscopy (Egger et al. 1990), and
IR light absorption (Hiibner and Mantsch 1991; Chia and
Mendelsohn 1992), is being used to study structure and dy-
namics of membranes. Among these experimental tech-
niques, only polarized IR absorption allows the study of
dynamical processes on a picosecond time scale 2 atime
scale which is easily accessible to molecular dynamics
(MD) simulations. The use of IR absorption has the advan-
tage that absorption properties can be obtained in both
major phases: the fluid and the gel phase3.

IR absorption is dependent on the angular orientation
of transition moments of specific molecular group vibra-
tions (normal modes), e. g., CH, stretch vibrations, and can

! Quasi-elastic incoherent neutron scattering

2 The intrinsic time scale of IR absorption lies in the picosecond
range; however, typical experimental setups introduce an additional
averaging process in the millisecond range

3 Interpretation of NMR data in the gel phase is very difficult



therefore be used to probe the conformational states of the
lipid molecules with respect to the polarized electrical field
vectors. Because the IR absorption signal also depends on
the overall orientation of the lipid tails, it is also possible
to derive tail tilt angles from IR absorption measurements.
From our computer simulations we determined the angu-
lar distributions of IR transition moments in the lipid tails
and therefore the detailed structure of these tails.

Theoretically, it is possible to compute normalized ab-
sorption coefficients from angular probability distributions
of TM orientations (cf. Sec. 2.1). However, due to the lack
of an appropriate reference signal, it is difficult to normal-
ize IR absorption coefficients in experiments. This prob-
lem is circumvented in polarized absorption measure-
ments. The dichroic absorption values obtained in these
experiments are defined as the fraction of absorption in
two different polarization planes (see Sec. 2.2). This alle-
viates the need for normalization and makes the dichroic
ratio a suitable observable for comparison of experimen-
tal and simulation data.

The introduction of paralle! computers with their in-
creased computational power makes it possible to study
large ensembles of molecules at atomic detail by means of
MD simulations. A sufficiently large (over 25,000 atoms)
and realistic (no truncation of electrostatic interactions)
computer model of a POPC membrane was constructed and
simulated over several hundred picoseconds (Heller et al.
1993). The macroscopic observables, e. g., the IR dichroic
ratios and order parameters, can then be computed by av-
eraging the microscopic data over an appropriate range of
time and space. The microscopic data obtained in the com-
puter simulation give us a deeper insight into the structure
and dynamics of membranes than the experimental data
alone would allow.

In the following two sections we outline the theory of
IR absorption and detail how to derive the experimental
observables, D, RATR and Sf; from MD simulations. In the
Results section we first show that the important require-
ment of azimuthal symmetry of the TM distribution is ful-
filled. For both phases we then investigate the tilt of the
tail directors and differences of the TM distributions be-
tween the lab and lipid coordinate system. Comparison of
the observables D, RATR and Sif computed from our MD
simulations with experimental results shows good agree-
ment. From our simulation data we derive a general, em-
pirical relationship between the dichroic ratio D and the
average tilt angle y. This model distribution and the theory
we developed in Sec. 3.3 make it possible to now calcu-
late average tilt angles of tail directors in the gel phase from
dichroic absorption values for a wide range of lipids. To
test the widely used concept of a single order parameter,
we expand the TM distribution in a Legendre series and
compute Legendre coefficients up to the 10" order, which
are found to rapidly converge towards zero.
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2 Theory

In order to compute the experimentally accessible IR prop-
erties from MD simulations, we will first summarize the
theory of IR absorption in lipid membranes and then
explain the experimental setup used in IR-ATR experi-
ments.

2.1 IR-absorption

In the normal mode approximation used in infrared vibra-
tional spectroscopy, the quantum state of a molecule is de-
composed into an ensemble of uncoupled harmonic dipo-
lar oscillators, called normal modes. Each normal mode is
described by a normal coordinate Q and an associated os-
cillating dipole moment (du/dQ), called transition moment
(TM). Normal modes describe specific group-vibrations,
which are characterized by their absorption frequencies in
an IR spectrum (Bellamy 1975; Snyder and Schachten-
schneider 1963). In the IR-limit, the wave length of the ra-
diation field (A=10 um= 10" A) is large in comparison to
molecular group dimensions (d=10 A). The basic equation
of IR absorption (Heitler 1954) of an ensemble of (uncou-
pled) molecular vibrations can be written as (Fringeli and

Gunthard 1981)
A
(891(”{

2 2 8_;1
JE(r)|" cos (E(r),(&Q)(r)}

[Absorb = J.V dr C(l‘) (1)

We integrate over the volume V of the sample to take
all vibrational groups into account. C(r) contains all con-
stants of the normal mode. E(r) denotes the polarized
electrical field vector of the incident IR beam. For a weakly
absorbing thin film (e. g., lipid bilayers), polarization di-
rection and the amplitude of the electrical radiation field
[E(r)| can be asumed to be constant over the sample vol-
ume V. If the oscillator strength of a specific normal mode

it

the absorption will depend only on the orientation of the
TMs with respect to the polarization direction. Therefore,
itis not possible to resolve the position of TMs with IR ab-
sorption. Thus, we describe the ensemble of TMs by an an-
gular probability distribution of TM orientations, {6, @),
which is most adequately expressed in spherical coordi-
nates. If TMs change their direction significantly during
the typical IR absorption time scale of picoseconds, /{6, @)
will also include a time average.

Figure 1 introduces the nomenclature used in this paper.
Without loss of generality, we first assume the IR beam to
be polarized in the z-direction (o=0°, §=0°). Then we get
for the normalized absorption coefficient A,

is independent of the position in the sample,
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Fig. 1 Definition of the coordinate system used in this paper: The
solid angles, o, 8 denote the orientation of the polarized electrical
field E. The angles 0, ¢ denote the orientation of the transition mo-
ment (dp/0Q). The angular distribution of transition moment orien-
tations is thus a function of 6, ¢

I Mels
— Absorb > (2)
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= [dg [d6sin(8) cos*(8) £(6,¢).
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N is the number of illuminated TMs, 8 denotes the azimuth
angle between the E-field vector and the TM direction of
the normal mode and ¢ is the rotation angle around the
z-axis (cf. Fig. 1).

To calculate the absorption coefficient A for an arbi-
trary polarization direction (o, ) we have to replace the
cosine in Eq. (2) by a generalized expression. A coordi-
nate transformation (see Appendix A) of the unit spheri-
cal z-component z=cos (6)—Z in the new direction (¢, )
can be written as

Z(a, B, 6, 9)=cos () sin(f) cos (@) sin(6) 3)
+sin (o)) sin(P) sin (@) sin(6) + cos(P) cos (6).

The absorption coefficient in an arbitrary direction (o, )
then becomes

2 T
A, B)= [ do [d6sin(0) Z* (e, 3,6,9) f(6,9). 4
0 0
In many systems, e.g., homogeneous lipid membranes,
f(6, @) shows rotational symmetry around some symme-
try axis z,. Whithout loss of generality, we assume z,=z. In
this case, f(6, @) can be described by the azimuth angle 0
alone. Integration of Eq. (4) over ¢ then yields

A(B)=[dOsin(0) Z*(B.6) f(6). f(®)=2xf(B),  (5)
0

with ©)
Z%(B,6) = cos2(B) cos?(0) + %sinz(ﬁ) sin(6).

From Eq. (6), it follows that Z> decomposes into just two
quadratic terms. The first term is the component of the
squared directional cosine (Z?) in the z-direction and the
second term is the component in the x, y-plane. This de-
composition allows us to compute the ratio of the IR ab-
sorption in two polarization directions, the dichroic ratio.

2.2 Dichroic ratio

Owing to the lack of an appropriate reference signal, it is
experimentally difficult to determine the absolute absorp-
tion coefficient A. In systems with azimuthal symmetry,
e. g., homogeneous lipid bilayers, the dichroic ratio D is
used as an observable instead. It is defined as the fraction
of two absorption coefficients A in two perpendicular po-
larization directions

Ay

p="21,
Ay

@)
where A is the absorption coefficient for IR radiation po-
larized parallel to the symmetry axis z of the TM distribu-
tion and A ; is the absorption coefficient for IR radiation
polarized perpendicular to the symmetry axis z. We then
get for the relative absorption coefficients, A, and A |, us-
ing Egs. (5, 6) with =0 (8=90°) parallel (perpendicular)
to z

A= [ d6'sin(8) cos®(8) f(0), ®)
0
A = % [ d6 sin(0) sin(6) 7(0). 9)
0

The factor /% is a consequnce of the disc shape of the dis-
tribution in the x, y-plane. D varies from 0 to < and yields
unity, if the distribution is isotropic. The values for totally
oriented TMs also vary from O to e depending on the or-
ientation angle 8 of the TMs with respect to the symmetry
axis z.

In the experiment the dichroic ratio D is measured. From
our computer simulation we can obtain f(6) and calculate
the dichroic ratio D, which can be compared to the experi-
ment. Thus we can derive information about the confor-
mation of the lipids from IR measurements together with
computer simulations.

2.3 Dichroic ratio in IR-ATR experiments

Figure 2 shows a typical experimental attenuated total re-
flection (ATR) setup. A lipid membrane is attached to the
crystal on the top face (see inset in Fig. 2). The IR light
beam enters the ATR crystal through its left face and exits
the crystal after many total reflections through the right
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Fig. 2 Experimental attenuated total reflection (ATR) setup: shown
is an ATR crystal (e. g., germanium or silicon). On the top face a lip-
id membrane is attached to the crystal. A thin layer of solvent (usu-
ally water, shown in dark grey in the inset) can be found between the
ATR crystal and the lipids. IR light enters the crystal from the left
and its intensity is measured (not shown}) after it has left the crystal.
The total internal reflection of the IR light beam inside the ATR crys-
tal results in exponentially decaying evanescent electrical fields E,
as light penetrates into the optically less dense lipid membrane. For
a thin film (d<A) the decay in the film can be neglected. On the sur-
face of the crystal the parallel polarized component Eﬁ is tilted (Har-
rick and Pre 1966) by an angle S in the x, z-plane. The perpendicu-
lar polarized component E| is oriented parallel to the y-axis

face (only three reflections are shown). The total internal
reflection of the IR light beam inside the ATR crystal re-
sults in exponentially decaying evanescent electrical fields
E, as light penetrates into the optically less dense lipid
membrane. For a thin membrane (d <) the decay in the
membrane can be neglected. The lipids absorb energy from
the light beam and that attenuation is detected. On an ATR
crystal the lab coordinate system is defined as shown in
Fig. 2. The electrical evanescent field component E ﬁ for
an incident IR beam polarized parallel to the z-axis is tilted
away from the z-axis by an angle . Therefore, a dichroic
ratio definition different from the one given in Eq. (8) is
used in IR-ATR experiments. Using Egs. (5, 9) the experi-
mental dichroic ratio R*"¥ is defined as
are, oy Er +E: A(B)
R = S Ty (10)
The evanescent field components E,, E,, E, are dependent

on the internal reflection angle in the crystal and are de-
fined as

E,=Ef cos(p) (11)
E =EBsin(p) (12)
E,=E,. (13)

The electrical field components E; in the film are usually
complicated functions of the refraction indices of bulk me-
dia (e. g., water) between the ATR crystal and the film and
the refraction index of the film. They are usually calcu-
lated with the equations given by Harrick (Harrick and Pre
1966). Inserting Eqgs. (7-9) into Eq. (10) and using Eq.
(11-13), the dichroic value D can be computed from the
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dichroic ratio RA7R by

_ E} RVR_E2

D
E?

(14)
Note that this relationship between D and R*™® only holds
in case of azimuthal symmetry of the TM distribution. In
Sec. 4.1 we will show that this symmetry is given in our
case.

2.4 Order parameter

To allow comparisons of IR data with NMR data, we de-
fine the TR order parameter S'% similar to the NMR order
parameter SX"'®. The order parameter S,, measures the de-
gree of orientation of the TMs with respect to the z-axis.
It is defined by a time and ensemble average

2r n

S, =2 [dg [d6sin(0) £(6,) cos*(6) -+, (15)
25 2

where the time average is already included in (6, ¢). In-
serting Eq. (2) into Eq. (15) gives for the infrared order pa-
rameter SX

3 1
Szlf = EAZ - E .
Using the definition of the dichroic ratio Eq. (7) and the
appropriate absorption coefficients we get

(16)

(17

For a detailed derivation and discussion see (Bolterauer

1996).

3 Methods

In this section we will introduce the simulation method,
motivate the use of a local molecular coordinate system,
and show how to derive IR observables from MD simula-
tion data.

3.1 Molecular dynamics simulation

Computer simulations of biological macromolecules are
based on a classical mechanical model of biomolecules.
For the nuclei of the N atoms of a molecule the Newton-
ian equations of motion

2
m v =V, E(,ry,...ty), i=1,2,...N (18)
dr?
are assumed to hold. r; denotes the position of the i-th atom
and m; its mass. We have used the notation V;=d/or..

Different types of forces act on the atoms in the molecu-
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lar assembly. These contributions are approximated by the
semi-empirical energy function E, the total potential en-
ergy of simulated molecules. These forces and the method
of molecular dynamics simulation has been described in
detail clsewhere (Heller et al. 1990; Grubmiiller et al.
1991; Heller 1993). The primary result of a molecular dy-
namics simulation is a complete set of coordinates for all
atoms stored at regular time intervals *. The sum of all co-
ordinate sets is called a trajectory. This detailed informa-
tion allows one to compute macroscopic observables
through averaging over time and space. Ideally, the aver-
ages stretch over time and space ranges similar to those of
real lab experiments, i. ¢., milliseconds and m1lhmeters in
IR-absorption studies.

In the present work, we simulated a POPC bllayer with
200 POPC lipids and over 5,000 water molecules, totaling
25,000 atoms, for well over 300 ps. We used the parallel
molecular dynamics program EGO (Heller 1988; Heller
et al. 1990; Banko and Heller 1991; Sinha et al. 1994).
EGO? is written in C, runs on many platforms, e.g., the
CRAY T3D, clusters of workstations under PVM, on pow-
erXplorer-systems under PARIX, and on Transputer
systems, and achieves a speed almost proportional to the
number of nodes. The program is input/output-compatible
with CHARMm (Brooks etal. 1983) and X-PLOR
(Briinger 1988; Briinger 1990). EGO employs the
CHARMm force field and uses the same parameter files
and protein structure files as X-PLOR. The program uses
a modified Verlet algorithm (Verlet 1967) with a distance
class algorithm (Grubmiiller et al. 1991) for the non-
bonded interactions, i. e., it does not truncate the Coulomb
and van der Waals forces. A paralle] version of the SHAKE
algorithm (Ryckaertet al. 1977; Raine 1990) constrains the
bond length for hydrogen atoms and allows an integration
time step of 1 fs (Heller 1993).

The simulation data for the fluid phase of POPC have
been taken from a previous work of one author (Heller et al.
1993; Heller 1993) and are described in detail there. New
simulations were performed for the gel phase on a 16 node
parallel computer, a powerXplorer from the German com-
pany Parsytec. To this end the short (55 ps) gel phase sim-
ulation of (Heller et al. 1993) was taken as a starting point
and continued for 70 ps to achieve equally long simulation
times of 120 ps for the gel and fluid phases. The final 38 ps
of each simulation run (gel and fluid) were used for time
averagi ng. Sample averages were formed from all unre-
strained ” lipids only; the atomic positions were sampled
every 100 fs.

4 128 fs in the present case

5 EGO is available by fip from URL, fip://ftp.imo. physik.uni-
muenchen.de/pub/ego/ego-viii.taz. Sample membrane coordinates
can be downloaded from the same site.

S To maintain the shape of the membrane patch, 51 lipids were po-
sitionally restrained; for details of the simulation see (Heller et al.
1993)

3.2 Molecular directors and molecular coordinates

To study orientational order in lipid films, it is useful to
distinguish between the orientational order of lipids in a
membrane and the orientational order to TMs within alipid
molecule. The orientation of a lipid in a membrane is mea-
sured using its molecular director, which is commonly de-
fined by the mean orientation of the lipid tails. Depending
on the averaging process of the experimental technigque
(e.g., NMR, IR), different definitions of molecular direc-
tors are used. In IR experiments, the molecular director is
defined by the main optical axis, i. e., the principal axis of
the TM distribution.

Based on the computer simulated microscopic data, we
defined the two tail directors as the vectors between the
carbonyl carbon and the methyl carbon of each lipid tail
(thick black lines in Fig. 3). To describe the TM orienta-
tions in lipid coordinates, we defined a new 2-axis ’ for each
lipid tail using the direction of its tail director. Without loss
of generality, the projection of the orientation of the gly-
cero-group perpendicular to the new Z-axis defines the new
%-axis. The vector product of these two new axes gives the
orientation of the new j-axis.

3.3 Dependence of dichroic values on director tilts
in the gel phase

It is a well-documented observation (Zaccai et al. 1979;
Small 1986; Damodaran et al. 1992) that in the gel phase,
the lipid tails show a high degree of orientation; only a few
gauche kinks occur. Molecular directors of different kinds
of lipids, e. g., POPC, DPPC, DMPC, show different char-
acteristic mean tilt angles ¥ when measured against the
membrane normal. Because the TM distributions in the gel
phase are highly oriented for many types of lipids, we as-
sume that the TM distributions of those lipids, measured
with respect to lipid-coordinates, are comparable®. The
distribution of TM orientations for POPC in the lipid co-
ordinate system, f (), derived from our MD simulation,
can then serve as a model distribution for other lipids.

For POPC, we can show that both, the tail director and
the TM distribution, have azimuthal symmetry and can be
expressed as a function of a single tilt angle 8. We assume
this is also true for other lipids.

The tail directors in the gel phase are arranged around
a tilt angle, 7, with respect to the membrane normal, char-
acteristic for the lipid system. Because the tail director dis-
tribution is rather narrow in the gel phase, we approximate
it as two delta distributions (one for each layer of the mem-
brane) at the characteristic tilt angle 7. We can then gener-

A3y

7 We use a“"” to distinguish the lipid from the lab coordinate system

8 Nevertheless, conformational differences for unsaturated and sat-
urated chains and the effect of different chain length may have to be
considered. Although we can show that conformational differences
exist, we could not find significant differences when comparing TM
distributions of saturated chains with unsaturated chains in our sim-
ulation (see Results)



Fig. 3 Definition of the tail di-
rector used in the subsequent
analysis. The black lines indi-
cate the tail directors for each
lipid tail, namely the vector be-
tween the carbonyl carbon and
the methyl carbon of each lipid
tail

ate the distribution f}(ﬂ) of TM orientations in the lab co-
ordinate system through convolution of the model distri-
bution with the delta distributions, thus we obtain

fy(e>=%Jdﬁ[6m—<e—y» + (19)

S = (0~ (m~yM]f(®)

- %(f(e—m—ym?(e—w].

From the distribution f,{6) in the lab coordinate system, the
dichroic ratio D;,,(7) as a function of ycan be computed
using Egs. (7, 8, 9). To derive the characteristic tilt angle
y for lipids other than POPC through a measurement of the
dichroic ratio D,,, for that lipid, we set D,,,=D;, (). 7 is
easily obtained graphically or by an iterative numerical
procedure.

3.4 Computation of IR-absorption from MD data

To calculate the IR absorption coefficients {using Eqs. (4,
5, 8, 9)], the angular distributions of dipolar TMs in re-
spect to the electric field have to be derived from MD sim-
ulations as histograms of the respective angles (TM orien-
tation or tail director orientation). For all distributions, we
used a step size of 1° as discretization for the azimuth an-
gle 8and counted the number of TMs or tail directors found
in the interval [8, 6+1°] during the sampling interval of
38 ps. Sampling was performed every 100 fs over all un-
restrained lipids.

It is appropriate to calculate the IR absorption by aver-
aging the ensemble of extracted TM orientations over a
time span of a picosecond, the time scale of IR absorption

® : an

Fig. 4 The symmetric (/) and asymmetric (//) CH, stretching
modes. Only the H-C-H plane is shown. The bold, dashed double
arrows mark the transition moment direction, while the thin arrows
indicate the movement of the H atoms

for the observed TMs in lipid bilayers. We could not find
significant differences in the TM distributions obtained for
different time spans of a picosecond. Therefore, we assume
that the system is ergodic, for fast processes such as IR ab-
sorption. Hence, we averaged over the final 38 ps of each
simulation run to improve the statistics of the TM distri-
butions.

In the MD simulation, the apolar hydrogen atoms were
implicitly represented as compound atoms to keep the com-
putational effort manageable. The orientation of the hydro-
gen bonds was generated after the simulation from the co-
ordinate sets of the fatty acid carbon atoms, assuming the
ideal tetrahedral geometry. This excludes the study of ac-
tual CH, group vibrations but still allows us to predict the
major conformational state of a lipid molecule, e.g., the
orientation of CH, groups.

Figure 4 illustrates the orientation of the TMs of CH,
groups. According to Bellamy (1975), the TM for the sym-
metric stretch vibration is oriented parallel to the bisector
of the H-C—H angle and the TM for the asymmetric stretch
vibration is oriented perpendicular to the bisector of the
H-C-H angle. To make a comparison to NMR experiments
possible, we also investigated the orientations of C-H
bonds.

4 Results and discussion
4.1 Axial symmetry

The basic prerequisite to calculate or measure dichroic val-
ues D is azimuthal symmetry of the TM distributions. Fig-
ure 5 shows the high axial symmetry of the various distri-
butions from the MD simulations in the gel and fluid
phases. For the fluid phase this is also in qualitative agree-
ment with NMR measurements (Seelig 1977). Neverthe-
less, a small discrepancy from the ideal rotation symme-
try is noticeable. The snake-shape of the contour plot Fig. 6,
derived from the histogram of angular TM orientations, in-
dicates a small tilt of the main principal axis of the distri-
butions. The small but noticeable asymmetries of the dis-
tributions shown in Figs. 8 — 10 result mainly from this gen-
eral tlt.
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Fig. 5 Distributions of transition moments in the x, y-plane. Plot-
ted are the counts for ¢ angles of H-H orientations of CH, groups
(asymmetric stretch vibration) in the lab coordinate system (solid
line) and the @ angles between the tail director and the lab coordi-
nate system (dashed line). The ¢ angles between the molecular and
the lab coordinate systems mainly describe the orientation of the gly-
cero-group of the lipid molecules. The plots of the fluid phase and
the gel phase of POPC show no significant differences

1007
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A

—

0 100 200 300
©/deg

Fig. 6 Contour plot of the histogram of the distribution, A6, ¢), of
C-H orientations. For ideal azimuthal symmetry no dependence on
@ should be noticeable. The snake shape of contour lines result from
a small asymmetry of the distribution of the simulated bilayer. The
principal axis of the distribution is tilted against the membrane nor-
mal by a small angle

4.2 Tail director analysis

To determine the degree of orientation of lipid molecules
in the bilayer, we calculated the distribution of tail direc-
tors. This tail director analysis can also help to clarify
whether the TM distributions of CH, groups are deter-
mined mainly by the tail director orientations or by the
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Fig. 7 Angular distribution of tail directors in respect to the bilay-
er normal in the gel phase state of POPC
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Fig. 8 Angular distribution of tail directors in respect to the bilay-
er normal in the fluid phase state of POPC

internal conformational states, e. g., gauche kinks. Using
Eq. (15) we calculated director order parameters SZ’?” from
the distributions of tail directors plotted for the gel phase
in Fig. 7 and the fluid phase in Fig. 8. The values we ob-
tained are S%" (gel)=0.786, S/ (fluid)=0.323.

From the distributions of tail directors, with respect to
the bilayer normal, Figs. 7 and 8, we calculated mean tilt
angles of 14.7° in the gel phase and 32.9° in the fluid
phase ®. The tail director distribution in the fluid phase is
broader, which indicates that more conformational degrees
of freedom (gauche defects) are excited, leading to many
different director tilt angles. The strongly peaked structure
of Fig. 7 suggests that only a few conformational states
contribute to the director tilts.

We examined in Fig. 9 the number of gauche confor-
mations found along the two fatty acid tails. As expected,
the graphs for the gel state (filled symbols) show fewer
gauche conformations than those of the fluid phase. Ow-

° The tilt in the gel phase has been limited by the rigid boundary
condition employed in that simulation. For details see (Heller et al.
1993)
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Fig. 9 Number of gauche conformations along the fatty acid tails
of POPC, slightly smoothed ' (the solid lines are intended as a vis-
ual guide). The gauche conformations are counted over all 200 lip-
ids and 300 snapshots at intervals of 128 fs during the last 38 ps of
the gel and fluid simulations. The dihedral angles are numbered start-
ing at the backbone end of the tail, with increasing numbers towards
the methyl end. The probability for ganche conformations is higher
near the glycero-group than at the methyl end of the tail. In the fluid
phase both tails, the saturated palmitoyl (triangles, snl1) and the un-
saturated oleoyl (disks, sn2) fatty acid tail show a nearly constant
probability from the middle of the tail (carbon no. 10) to the tail ends

ing to the tight packing in the gel phase only a few gauche
conformations (=10%) appear in the middle of the tail,
while in the fluid phase more gauche conformations
(=18%) are found in the middle of the tail. This condition
is especially pronounced for the saturated sn-1-chain.

In the fluid phase we obtained an average count of 2.76
gauche conformations per saturated sn-1-chain and 3.13
gauche conformations for the unsaturated sr-2-chain.
These values are in good agreement with data from (Tuch-
tenhagen et al. 1994) for DPPC, who found 2.44+0.14
gauche conformations per saturated chain for DPPC in the
fluid phase. In the gel phase we found 1.69 gauche confor-
mations per saturated sn-1-chain and 2.37 gauche confor-
mations for the unsaturated sn-2-chain.

Gauche conformations in the middle or at the glycero-
end of the chain, however, have a greater effect on the or-
ientation of the chain director than at the methyl-end of the
chain. Figure 9 shows a high probability for a gauche kink
near the glycero-end of the chain. Therefore, only a few
tilt angles will appear predominantly in Fig. 7. This con-
firms our assumption that only a few conformational states
contribute to the director tilts in the gel phase.

4.3 Angular distributions in the lab and lipid coordinate
system

Angular distributions £(6) of CH, TM orientations in the
lab coordinate system and in the lipid coordinate system

19 The original data exhibit a strong even-odd effect, which will be
described in more detail in a forthcoming paper
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Fig. 10 Angular distributions of asymmetric and symmetric CH,
transition moment orientations in the gel phase of POPC. The ob-
tained distributions refer to the lab z-axis and the molecular tail di-
rector system, respectively. In the gel phase the distribution of asym-
metric stretch vibrations show more orientation than the symmetric
stretch vibrations
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Fig. 11 Angular distributions £(8) of asymmetric and symmetric
CH,, transition moment orientations in the fluid phase of POPC. The
obtained distributions refer to the lab z-axis and the molecular tail
director system, respectively. The distribution of asymmetric stretch
vibrations show more orientation than the symmetric stretch vibra-
tions

were calculated from the MD simulation and are plotted in
Fig. 10 (gel phase) and Fig. 11 (fluid phase). The distribu-
tions of the asymmetric TM orientations show a slightly
higher degree of orientation than those of the TMs in the
symmetric orientation. The distributions in the lab system
have a spiky structure that is not observed in the corre-
sponding distributions in the lipid coordinate system. The
spikes carry over from the chain director distributions,
Figs. 7 and 8, which also exhibit a spiky structure. To com-
pare IR order parameters with NMR order parameters, we
also calculated the angular distributions for C-H orienta-
tions, which are measured in NMR experiments. The dis-
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tribution of C~H orientations (not shown) lies between the
symmetric and asymmetric TM distributions.

Figure 10 shows that there are only small differences of
the distributions for the symmetric and asymmetric TM or-
ientation (for the definition of these orientations cf. Fig. 4),
which both lie in the H-C~H plane. The same is found for
the C-H bond orientations (not shown). This is to be ex-
pected for the gel phase due to the small numbers of gauche
kinks and the high degree of orientation, which leads to an
alignment of most H-C—-H planes parallel to the membrane
plane.

In general, more gauche kinks occur in the fluid phase
than in the gel phase and many H~C-H planes are tilted
with respect to the membrane normal. Therefore one would
expect greater differences between the symmetric and
asymmetric TM distribution. It is, therefore, surprising that
the distributions in Fig. 11 show only small differences
for the symmetric, asymmetric, and the C—H bond orien-
tations (the latter is not shown). This can only be under-
stood if one takes into account the highly entropic and dy-
namic character of the fluid phase of lipid bilayers: a high
degree of rotational and angular freedom exists. An indi-
cation of this freedom is the broadening of the TM distri-
butions from the gel phase (cf. Fig. 10) to the fluid phase
(cf. Fig. 11).

Because the symmetric/asymmetric TM distributions,
which are measured in IR experiments, are almost identi-
cal to the C—H distribution, which is measured in NMR ex-
periments, similar order parameters can be expected from
IR and NMR measurements.

POPC contains two different fatty acid tails: a saturated
palmitoyl tail (sn1) and an unsaturated oleoyl tail (sn2).
We expected to see a difference in the TM distributions of
the two tails due to the cis double bond in the unsaturated
chain. To test this hypothesis, we calculated the angular
distributions in the gel and {luid phase for the two lipid
tails separately. However, we could not find any signifi-
cant differences. We attribute this to the interactions of the
lipid tails with those of neighboring lipids, which is the
same for both tails and smoothes out individual differences.

4.4 Comparison to experimental data

From the angular distributions of the asymmetric stretch
vibrations in the lab system plotted in Fig. 10 and Fig. 11,
we calculated the dichroic values with Egs. (7-9) and
order parameters with Eq. (17) in the gel and fluid phase
as D¥'=0.194, $8'=-0.367 and D"=0.412, §7=
—0.244. The values for perfectly oriented lipids are D=0
and S, =-0.5. The higher orientation of the lipids in the
gel phase is obvious.

Table 1 lists dichroic ratios and order parameters com-
puted from our MD simulation of POPC in the gel phase.
Experimental data in the gel phase of POPC are not access-
ible, because the phase transition temperature 7, =—4°C is
below the freezing point of water. However, experimental
data for lipids similar in structure to POPC may be com-
pared to our calculated values for the gel phase.

Table 1 Calculated dichroic values and order parameters of the
asymmetric and the symmetric CH, TM orientations in the §e1 phase
of POPC: The evanescent field components E2=1.980, E;=2.198,
E12=O.989 as in (Frey and Tamm 1991) were used to calculate RA™F

Stretch vib. RATR D s ref.:
CH,-a 0.988 0.194 -0.367 MD
CH,-s 1.005 0.232 -0.344 MD

Table 2 Comparison of experimental with calculated values of
POPC in the fluid phase: The evanescent field cmponents £ = 1.980,
Ey2 =2.198, EZ=0.989 were used in the experiment and in the calcu-
lations. In the last section of the table the averaged NMR deuterium
order parameter is shown

Stretch vib. ~ RAR D Sk ref.:
CH,-a 1.086 0.412 ~0.244 MD
CH,-s 1.102 0.447 -0.226 MD
Ch,-a 1.14 £0.21 0.534 —0.184 1
CH,-s 1.07 £0.18 0.378 -0.262 U
NMR Sen S MR ref.:
Cc-D -0.122 -0.245 12

Table 2 lists the calculated dichroic ratios and order pa-
rameters for the fluid phase. Experimental values from
(Frey and Tamm 1991) and (Seelig 1977) are also included.
For the fluid phase the calculated values of D are in over-
all agreement with experimental data from Frey and Tamm
(1991). However, the experimental values for the asym-
metric stretch vibration D=0.534 (§,,=-0.184) show less
orientation, and the symmetric vibrations D=0.378
(§,,=-0.262) show more orientation than what is found in
our calculations.

It has to be taken into consideration that Frey and Tamm
did not study pure POPC but a mixture of POPC and POPG
adsorbed to a germanium plate (cf. Fig. 2). Both the mix-
ture of lipids and the adsorption are expected to have a dis-
torting effect, which could explain the discrepancy be-
tween calculated and measured values.

In addition, it is possible that the symmetric CH, mode
1s influenced owing to Fermi resonance with the symmet-
ric CH; mode: Schachtenschneider and Snyder (1962) sus-
pect (for n-paraffin), “that the symmetric mode is split into
two lines observed at 2,883 cm™' and 2,847 cm™! (for
n-paraffin), by Fermi resonance with an overtone of the
methylene deformation mode”. Frey and Tamm observed
a shoulder peak at 2,870 cm™ and assign it to the the sym-
metric CH; mode. The major peak for the symmetric CH,
mode was found to be located at 2,853 cm™. The asym-
metric CH; mode (2,960 cm™) is further away from the
asymmetric CH, mode (2,924 cm™) and can be resolved

' (Frey and Tamm 1991)
12 (Seelig 1977)
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Fig. 12 Dichroic values D (solid line) and order parameters S__ (dot-
ted line) are determined from the tilted model distribution in respect
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Fig. 13 Comparison of the asymmetric TM distribution of POPC in
the fluid phase, derived from the simulation (solid line) and with the
approximated distribution (dashed line), Jexp(€)=0.5-0.610%
P,(cos(8)). The Legendre coefficient R, =-0.610 was obtained from
the Legendre series of the asymmetric TM distribution (solid line);
cf. Table 3

as a separate line. If the interaction of different modes is
stronger in one polarization direction than in the other, the
dichroic ratio would be altered. Therefore, absorption
properties obtained from the asymmetric stretch vibration
are probably more reliable for structure determination in
lipids.

Comparison with Brauner et al. (1987), who studied
pure POPC, is difficult because we did not find their re-
fraction index for the bulk medium, 5= 1 reasonable. We
suspect that there is a water layer, ny=1.33, between the
silanized germanium crystal and the lipid bilayer or if the
surface is hydrophobic, a mono layer of lipids with
ny=1.44. Otherwise, the calculated values for the evanes-
cent fields and for D are not compatible with those of Frey
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and Tamm (1991). Recalculated values can be found in Ap-
pendix B and show the strong dependence of D and S, on
the refraction index of the bulk medium. Assuming a wa-
ter layer withn;=1.33 between the lipids and the ATR crys-
tal, we recalculated a value of D=0.372 for the asymmet-
ric CH, stretch vibration, which is in better agreement with
Frey and Tamm (1991) and our simulation.

4.5 Tilt of the angular distribution in the gel phase

To derive the characteristic tilt angle y for lipids other than
POPC, we used the asymmetric TM distribution in the lipid
coordinate system as the model distribution and obtained
Dand S, using Eq. (19),asexplainedin Sec. 3.3.InFig. 12
the computed values for D and S, as a function of the char-
acteristic tilt angle y are plotted. Comparing these values
to experimentally derived values will approximate the
mean tail director tilts of similar, partially unsaturated lip-
ids in the gel phase. However, we suspect that this distri-
bution is also applicable to saturated lipids.

4.6 Calculation of Legendre coefficients

We tested the concept of a single order parameter, the av-
eraged Legendre polynomial of second order which is used
in mean field Maier-Saupe theory, by examining the higher
order Legendre coefficients, which were calculated from
our MD simulation.

Because the TM distributions have azimuthal symme-
try, they depend on only one angle, 6, and can be expanded
in a series of Legendre polynomials P, (cos(6))

F0)= 3 R B(cos(d)), 20)
=0

g =2

2+ Lsin(0) d6 7(6) B(cos(0)).
0

Only the second order Legendre polynomial can be mea-
sured in IR absorption experiments. With Egs. (16, 17) we
get

RS (QL . 1)_

2\2(D+2) 2
Figure 13 compares the experimentally accessible approx-
imated asymmetric TM distribution f(6)=0.5+R, P,
(cos(0)) with the original distribution derived from the
fluid simulation. The approximated distribution is in re-
markably good agreement with the original distribution,
although the Legendre series has been cut off after the sec-
ond order.

Legendre coefficients up to 10" order of the asymmet-
ric TM distribution and the angular distribution of C-H or-
ientations were computed from the simulation data and are
listed in Table 3 and Table 4. The coefficients of the series
converge rapidly towards zero. The leading coefficient is

(21)
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Table 3 Legendre coefficients of the asymmetric TM distribution
in the fluid phase of POPC (27 °C). In case of perfect bilayer sym-
metry the odd Legendre coefficients have to vanish

1 0 1 2 3 4 5

R, 0.5 0.017 -0.610 -0.022 0.186 0.013
1 6 7 g 9 10

R, -0.064 ~0.005 0.011 0.001 -0.013

Table 4 Legendre coefficients of the C—H bond distribution in the
fluid phase of POPC (27 °C). In case of perfect bilayer symmetry the
odd Legendre coefficients have to vanish

1 0 1 2 3 4 5

R, 0.5 0.015 -0.5% -0.017 0.182  0.011
1 6 7 8 9 10

R, -0.088  ~0.006 0.024 0.002 -0.010

R,, which is the only coefticient measurable by IR absorp-
tion experiments. Because of the two layer structure of the
membrane, the distribution has an additional symmetry,
f(6)=f(6+r/2), and therefore all odd Legendre coefficients
are expected to vanish. The small, non-vanishing odd co-
efficients indicate a small asymmetry of the simulated bi-
layer membrane.

In mean field theories, similar to the Maier-Saupe the-
ory (Chandrasekhar 1992; Maier and Saupe 1958), only
the second Legendre polynomial is used as an order pa-
rameter. These theories have been used with success to cal-
culate thermodynamic properties in liquid crystals (Chan-
drasekhar 1992). Smectic-A layers of liquid crystals con-
tain a multi-layer structure similar to lipid bilayers. There-
fore the Maier-Saupe theory can be applied to lipid bilay-
ers. Although our simulation has shown that a single order
parameter, namely the second Legendre polynomial, can
approximate the true distribution of TMs quite well, cor-
rections with higher order Legendre polynomials up to the
fourth order might improve mean field models.

5 Conclusions

In this paper, we presented a method to calculate the gen-
eral dichroic ratio D from MD simulation trajectories. Fur-
ther, we established a connection between the dichroic ra-
tio R*TR, which is measured in IR-ATR setups, with the
general dichroic ratio D, and the order parameter S,,. Con-
sidering the different preparation of the experimentally
used lipid systems (POPC/POPG mixtures) and the simu-
lated system (pure POPC), the dichroic ratios calculated
from the MD simulation were found to be in good agree-
ment with experimental data.

With the aid of the TM model distribution in the lipid
coordinate system, which was derived from the MD sim-
ulation, it is now possible to determine the mean lipid tilt
angles from experimental dichroic ratios. Through compu-
tation of the angular distribution of TM orientations, we
confirmed the axial rotation symmetry for our model
system. Since only small differences between the distribu-
tions for the three different orientations in the H-C-H
plane, the symmetric, asymmetric and the C-H bond or-
ientation were found, it is possible to compare NMR and
IR order parameters 3 wWe approximated the asymmetric
TM distribution through an expansion in Legendre poly-
nomials. We truncated the series after the second order, be-
cause only the second order coefficient can be measured.
The approximated distribution is in remarkably good
agreement with the original distribution. Therefore, order
parameters, which are defined as the second Legendre
polynomial of the angular distribution of TM orientations,
are a good method to describe the degree of orientation of
TM distributions in lipid bilayers. Coefficients of higher
order were calculated from the simulation and may be used
to improve mean field theories, e. g., Mayer-Saupe theo-
ries (Chandrasekhar 1992).

However, a critical remark must be made concerning
the error propagation from the experimental R*"® to the or-
der parameters and tilt angle 7. It is experimentally very
difficult to accurately measure RA7%. The large errors for
R*™R given in Table 2 lead to order parameters and tilt an-
gles covering almost all possible values. Nevertheless,
comparison with other experimental IR data ((Brauner
et al. 1987) in conjunction with the remarks in Appendix
B) suggests that the given data are more reliable than the
large errors indicate. In this work we compared NMR,
ATR, and computer simulation data and found good agree-
ment, which increases confidence in the measurements.

After introducing the concept of a tail director, we per-
formed a detailed structural analysis of tail director orien-
tations. The order parameter of the tail director was calcu-
lated and was found to be in good agreement with experi-
mentally derived tail order parameters of lipids other than
POPC. The molecular directors were found to be tilted by
characteristic tilt angles in both the gel and fluid phase.

With the present work we hope to broaden the basis for
further investigations of lipid films and help in the inter-
pretation of experimental results. Future projects include:
(i) MD and IR studies of lipid films containing a mixture
of different lipids, (ii) the study of the effect of adsorption
on a surface with its practical application to bio-sensors,
(iii) calculations of IR line shapes from MD data should
be possible with the application of Kubo line shape theory
(Kubo 1969), and may explain line broadening and line
shifts which depend on temperature and phase state of lipid
systems.

13 Note the IR order parameters refer to a lab coordinate system
while the NMR order parameter is measured in a local microscopic
coordinate system. Since in both cases the molecule directors are
oriented parallel to the membrane normal, we found that both distri-
butions can be compared
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A Directional cosine

To generate the azimuthal or directional cosine in direc-
tion (o, B) we transform a set of unit spherical coordinates

uspherical

cos() sin(0)
Wpherical (6, 9) =| sin(@) sin() |.
cos(8)

(22)

The z-component can be transformed to the directional co-
sine z=cos(6) — Z, by making use of the well known ro-
tation matrix A(¢9, 6, v)=D (y)D(6)D (¢) (Goldstein
1989). Using the Euler angles w=m/2 - £, 6=, 6= n2+0,
the transformed z-component reads

Z(OC, ﬁ’ 6’ (P)-_‘ [A(é’ ﬁ» OC) uspherical (97 (p)]z’

thus gives Eq. (3)

Z(a, B, 6, p)=cos () sin(f) cos (@) sin(6) +
sin(a) sin(f) sin(g) sin(6) +
cos(P) cos(6).

(23)

(24)

B Brauner

Because we do not find the refraction index of the bulk me-
dium, ny=1, used in (Brauner et al. 1987) reasonable, we
recalculated the evanescent fields E, the dichroic ratio D,
and the order parameter S,, for different refraction indices
ns of the bulk medium.

Table 5 Effect of the refraction index n; of the bulk media: Recal-
culated evanescent fields E, dichroic values D and order parameters
S'zf of POPC in the fluid phase are derived from the experimental
dichroic ratio R47®=1.18 given by Brauner et al. (Brauner et al.
1987). The experimental values were obtained from the asymmetric
CH, line. Egs. (14) and (17) were used to recalculate the values.

m B B B p R p A

133 1969 2.249 1.840 46.0 1.18 0.372 -0.264
120 1980 2.198 1.165 525 1.18 0526 -0.188
1.00 1991 2.133 0.529 627 1.18 0.994 -0.002
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