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Abstract: Polyunsaturated lipids are an essential component of biological membranes, influencing order
and dynamics of lipids, protein-lipid interaction, and membrane transport properties. To gain an atomic
level picture of the impact of polyunsaturation on membrane properties, quantum mechanical (QM) and
empirical force field based calculations have been undertaken. The QM calculations of the torsional energy
surface for rotation about vinyl-methylene bonds reveal low barriers to rotation, indicating an intrinsic
propensity toward flexibility. Based on QM and experimental data, empirical force field parameters were
developed for polyunsaturated lipids and applied in a 16 ns molecular dynamics (MD) simulation of a
1-stearoyl-2-docosahexaenoyl-sn-glyerco-3-phosphocholine (SDPC) lipid bilayer. The simulation results
are in good agreement with experimental data, suggesting an unusually high degree of conformational
flexibility of polyunsaturated hydrocarbon chains in membranes. The detailed analysis of chain conformation
and dynamics by simulations is aiding the interpretation of experimental data and is useful for understanding
the unique role of polyunsaturated lipids in biological membranes. The complete force field is included as
Supporting Information and is available from http://www.pharmacy.umaryland.edu/faculty/amackere/
research.html.

Introduction

Cell membranes from the nervous system are known to
contain high concentrations of polyunsaturated docosahexaenoic
acid (DHA), a fatty acid with 22 carbons and 6 double bonds
(Figure 1). Recent evidence suggests that high DHA concentra-
tions are critical for the function of G-protein coupled membrane
receptors such as rhodopsin.1 The structure and dynamics of
these polyunsaturated chains within membranes is largely
unknown. The six cis-double bonds may reduce the chain
flexibility because of the smaller number of rotatable carbon-
carbon bonds. However, recent NMR and X-ray scattering
measurements suggest that the polyunsaturated chains are far
more compressible laterally than their saturated counterparts,2

and that the chains are undergoing rapid conformational
transitions between a diverse group of states.3 Additionally, the
rate of water permeation across the bilayer is observed to
increase dramatically with polyunsaturation.4,5 The many in-

teresting questions suggested by these experiments and numer-
ous others6-12 motivated us to undertake a theoretical study of
this important class of lipids.

Theoretical methods for the investigation of biological
molecules are now ubiquitous in biochemistry and biophysics.13

These approaches allow for detailed atomic models of biological
systems to be obtained, from which structure-function relation-
ships can be elucidated. In particular, quantum mechanical (QM)
methods allow for detailed studies of the structure and energetics
of small molecules representative of biomolecules to be
investigated. Recent examples from our laboratories include
studies on nucleic acid components and lipid fragments.14,15

Complementary methods based on empirical force fields,
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including molecular dynamics (MD) simulations, allow for
calculations on complete biomolecules and assemblies of
biomolecules in their aqueous environment. These large-scale
MD simulations are especially important for the study of
membrane components,16 such as DHA, where intermolecular
forces play a dominating role in organizing the system. MD
simulations of lipid bilayer membranes have found use in
providing information that is complementary to laboratory
experiments and useful in the interpretation of diffraction17 and
NMR18 data, and in providing a detailed picture of the
membrane with extremely high spatial and temporal resolution.

There are many details that must be considered in carrying
out such computer simulations, such as the time and length scale
of the processes under study,19,20 the statistical mechanical
ensemble to be employed,21 the algorithm used to integrate the
equations of motion,22 and the form of the energy function and
its parametrization.23 In the following we describe a combined
QM and MD investigation of polyunsaturated lipids. The QM
techniques are applied to model compounds to understand the
intrinsic energetics of conformational transitions in polyunsatu-
rated aliphatic chains. The results are then used to parametrize
an empirical force field for hydrocarbon chains containing
multiple sites of unsaturation separated by methylene groups.
This is followed by a description of our simulation results for
a 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine
(SDPC) bilayer and a comparison of these results with the
available experimental data.

Methods

Quantum Mechanical Calculations. QM calculations were per-
formed with the Gaussian 98 package24 on the model compounds shown
in Figure 2. In calculations on compoundD the double bonds were
always in the cis orientation (i.e. C-CdC-C ) 0.0°), unless indicated
otherwise. All calculations used the 6-31G** basis at the Hartree-
Fock level or with second-order Møller-Plesset (MP2) perturbation25

used to treat electron correlation. All optimizations were performed to
default tolerances by using the level of theory stated in the text and
figure legends (i.e. MP2 data were all optimized with MP2 to treat
electron correlation). In the optimizations all degrees of freedom were
allowed to relax except specific dihedrals as described below. Vibra-
tional frequencies were calculated analytically. Determination of the

potential energy distributions of the vibrational spectra was performed
with the MOLVIB26 module in the program CHARMM.

Empirical Force Field Calculations. The program CHARMM
(Chemistry at HARvard Molecular Mechanics)23,27 was employed for
empirical force field calculations. For the model compound calculations
no truncation of the van der Waals or Coulombic interactions was
performed. Energy minimizations were performed with the Adopted-
Basis Newton Raphson (ABNR) minimizer followed by the Newton
Raphson method to a root-mean-squared gradient of less than 10-6 kcal/
mol/Å. When required, harmonic constraints of 10 000 kcal/mol/rad
were used to fix selected dihedrals to the desired geometry. Vibrational
spectra were calculated with the VIBRAN module in CHARMM with
the potential energy distributions calculated with MOLVIB.26

Molecular Dynamics Simulation. The simulation protocol em-
ployed has been successfully applied to the simulation of numerous
saturated and unsaturated phosphatidylcholine bilayers in the recent
past18,28-31 and is described here for completeness. The periodic
simulation cell contained 72 lipids (36 per monolayer) and 15.1 water
molecules/lipid, corresponding to the hydration state of samples
prepared for X-ray and NMR investigations. A partially flexible
simulation cell was employed with the z dimension (i.e., the bilayer
normal) adjusted to maintain thePzz ) 1 atm, and thex and y
dimensions were fixed to maintain a surface area of 65 Å2/molecule,
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Figure 1. Structure of SDPC.

Figure 2. Model compounds used in the parameter optimization: (A)
1-butene, (B) 2-butene, (C) 1,4-pentadiene, and (D) 2,5-heptadiene.
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as estimated from X-ray diffraction experiments on SDPC.2 Initial
coordinates of the DHA chain were generated by carrying out Langevin
dynamics simulations of a single molecule and then combining
randomly selected conformations onto lipids from a previous simulation
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.29 The stearoyl
chain conformations were generated by placing two additional carbon
atoms (in the trans conformation) at the end of the palmitic acid.

The LJ potential was switched smoothly to zero over the region from
10 to 12 Å. Electrostatic interactions were included via the particle
mesh Ewald summation.32 All covalent bonds involving hydrogen were
fixed at their equilibrium distances by using the SHAKE algorithm.33

A time step of 2 fs was employed with a leapfrog Verlet integration
scheme. A neighbor list, used for calculating the LJ potential and the
real space portion of the Ewald sum, was kept to 12 Å and updated
every 20 fs. A variant of the extended system formalism, the Langevin
Piston algorithm,34 was used to control the normal pressure. The
temperature was maintained at 30°C by means of a Hoover thermo-
stat.35 Coordinate sets were saved every 1 ps for subsequent analysis.
Simulations were carried out by using eight processors on a Beowulf-
type parallel computer, with each nanosecond of simulation taking
approximately 5 days of wall time. The total simulation length was 16
ns, with the first nanosecond discarded as equilibration.

Results and Discussion

Quantum Mechanical Calculations. The properties of
biological molecules in membranes are a balance between the
intrinsic energetics of those molecules and environmental
contributions. To evaluate the intrinsic energetic properties of
polyunsaturated hydrocarbon chains, we undertook QM calcula-
tions on two model compounds that contain a 1,4-pentadienyl
moiety. The 1,4-pentadiene (Figure 2,C) was selected as the
simplest compound that can represent such a moiety, and 2,5-
heptadiene (Figure 2,D) was chosen because of the terminal
methyl groups that make it more representative of polyunsatu-
rated lipids. For both compounds the global minimum is
represented by askew+, skew+ conformation of the two central
single bonds (See Table 1). This is consistent with the crystal
structures of various polyunsaturated fatty acids and with
previous theoretical studies based on empirical force field
models.36-38

To understand the conformational space that can be sampled
in the vicinity of the minimum energy conformations in
polyunsaturated hydrocarbons, QM torsional energy surfaces
were obtained for one of the central single bonds inC andD
with the second single bond constrained to 120° (Figure 3). In
both cases there are minima in the vicinity of 120° (skew+) and
-120° (skew-) with an additional minimum in the vicinity of
0° for C. This minimum is due to the C-CdC angle adjacent
to the methylene being more open in the presence of the double
bond, thereby reducing steric repulsion as compared to a
saturated alkane. A corresponding minimum is not observed in
D due to the presence of the terminal methyl groups on the cis
double bonds. The relative energies of theskew+, skew-

minimum are 0.7 and 0.4 kcal/mol above theskew+, skew+

global minima for C and D, respectively (Table 1), values
similar or lower than the relative energy of the gauche minimum
in butane or hexane.39 Notable are the broader minima inD as
compared toC. Also of interest is the energy of the barrier
between theskew+ andskew- minima at 180°. In C the barrier
is 2.5 kcal/mol while it is 1.3 kcal/mol inD. Thus, the presence
of methyl groups inD leads to the 0° minimum being of high
energy. However, the methyl groups lower the relative energy
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Table 1. Geometries about the sp2 and Central sp3 Carbons for
1,4-Pentadiene and 2,5-Heptadiene from the MP2/6-31G**
Ab Initio Calculationsa

CdC−C−C CdC C−C CdC−C C−C−C ∆E

1,4-pentadiene
116.4, 116.4 1.338 1.503 124.4 111.3 0.00
120.0,-120.0 1.337 1.503 124.3 111.7 0.72
-13.8, 115.5 1.338/1.338 1.508/1.498 125.1/124.3 113.9 0.48

2,5-heptadiene
111.3, 111.3 1.343 1.505 127.4 110.2 0.00
116.2,-116.2 1.343 1.505 127.3 110.6 0.40

a Angles in degrees, bond lengths in Å, and energies in kcal/mol. For
the 1,4-pentadiene-13.8,115.5 structure the asymmetry of the conforma-
tional led to differences for the C-C bond and CdC-C angle; both values
are reported.

Figure 3. Potential energy surfaces for rotation about (A) the C2-C3-
C4-C5 torsion in 1,4-pentadiene and the (B) C3-C4-C5-C6 torsion in
2,5-heptadiene for both HF/6-31G** (filled squares) and the MP2/6-31G**
(filled circles) levels of theory. In both cases the second single bond
surrounding the methyl group was constrained to 120°. Note that the anti
(or trans) orientation corresponds to 180°.
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of theskew+, skew- minimum and the barrier between the two
minima.

The results forD differ substantially from data for saturated
hydrocarbons, such as butane and hexane.31 In saturated chains
the anti orientation represents the global minimum while the
gauche orientation occurs at 60° for the C-C-C-C torsion,
with 120° representing a barrier. The relative energies of the
gauche minima are approximately 0.5 kcal/mol. Thus, the energy
of the second minimum in a polyunsaturated hydrocarbon is
predicted to be lower than that in a saturated chain. Furthermore,
the height of the barrier between minima in saturated hydro-
carbons at 120° is approximately 3 kcal/mol,39 which is
significantly higher than the value of 1.3 kcal/mol found for
the polyunsaturated chain based onD.

The QM calculations provide a basis for partial understanding
of the altered properties of the polyunsaturated hydrocarbon
chain compared to a saturated chain. The minimum at 120°
appears to be the result of the presence of double bonds adjacent
to the methylene group, leading to a more open C-CdC bond
angle (Table 1). This also allows for the 0° local minimum in
C. The terminal methyl groups inD, combined with the cis
double bonds, result in a maximum at 0°, but how do they lead
to the altered energetics in the angular range from 75° to 300°?
Comparison of the Hartree-Fock and MP2 surfaces ofD
(Figure 3B) shows the energetics about the two minima to be
lowered by the inclusion of electron correlation. This suggests
that the lower energy of theskew+, skew- conformation inD
is the result of dispersion interactions involving the terminal
methyls. However, the trans barrier heights inD are unaffected
by the inclusion of electron correlation. Comparison of the
internal geometries ofC and D (Table 1) shows the double
bonds inD to be slightly longer by 0.005 Å and the C-CdC
angle to be larger by 3°. We suggest that these differences are
responsible for the lower barrier at 180° in D. They appear to
be the result of the presence of the methyl groups that alter the
geometries about the double bonds.

Parametrization. Accurate MD simulations, as necessary to
theoretically investigate environmental contributions to the
properties of polyunsaturated lipids, require a well-optimized
force field. Empirical force-field parameters for polyunsaturated
fatty acids were developed to be consistent with the CHARMM27
lipid parameters for saturated30,40and monounsaturated chains.31

The potential energy function in CHARMM has been described
elsewhere,23 and includes internal energy terms for bond lengths,
bond angles, torsional angles, and improper torsional angles.
The interactions between nonbonded atoms are described by
Coulombic interactions between partial point charges on the
atomic centers and a Lennard-Jones (LJ) 6-12 potential. For
the present study the nonbonded parameters were transferred
directly from the previously parametrized alkane41 and alkene31

CHARMM force fields. Initial internal parameters were obtained
from those force fields and only those parameters unique to
the present molecules were adjusted.

As a first step in the present study, the torsional parameters
for the double bond were reinvestigated with 1-butene and
2-butene (A and B in Figure 2, respectively). This reanalysis

was motivated by the availability of the present MP2 calculations
(versus the previous Hartree-Fock calculation) for determining
the surface for rotation about the double bond. Inclusion of
electron correlation leads to a significant decrease in the barrier
to rotation, from approximately 100 kcal/mol to 36 kcal/mol.
Additionally, the potential energy surface of the single bond
adjacent to the double bond and the vibrational spectra of
compoundsA andB were also reinvestigated with the higher
level of theory. Presented in Tables 1 and 2 of the Supporting
Information are the vibrational spectra ofA andB for both the
empirical and QM data. Overall, the agreement between the
empirical and QM data is very good for the low-frequency
modes concerning both the frequencies and the assignments.
The largest discrepancies occur with the 2-butene wagging and
deformation modes associated with the hydrogens attached to
the double-bonded carbon (Table 2 of the Supporting Informa-
tion, modes 5 and 6), with the empirical frequencies significantly
lower than the QM values. However, since the corresponding
modes in 1,4-pentadiene (C) were in good agreement with the
QM data, further adjustments were not performed. A comparison
of the energy surfaces for rotation inA andB is shown in Figure
1 of the Supporting Information. For 1-butene (A) the empirical
and QM surfaces are in excellent agreement (Supporting
Information, Figure 1A). With 2-butene (B) it was necessary
to sacrifice the empirical barrier height to allow for the lower
energy region of the surface (Supporting Information, Figure
1B) to be reproduced. This choice was motivated by the desire
to accurately model the regions of lower energy that are sampled
in a typical MD simulations (the high-energy regions, though
lower than the QM energies, will still be forbidden in room
temperature MD simulations). In both the QM (not shown) and
empirical 2-butene energy surfaces there are discontinuities in
the vicinity of the barrier. This is the result of “jumping”
between conformations by the hydrogens that are covalently
bound to the sp2 carbons as the barrier is crossed. Again, due
to the high energy levels at which these events occur it may be
assumed that they will be absent in MD simulations.

The next optimization efforts focused on the two single bonds
and the methylene group between double bonds in polyunsatu-
rated lipids with 1,4-pentadiene (C) and 2,5-heptadiene (D) as
model compounds. Geometric information for these compounds
is shown in Table 3 of the Supporting Information. Included in
the table are results from a survey of 1,4-pentadienyl moieties
in the Cambridge Structural Database.42 This search identified
a total of seven 1,4-pentadienyl moieties from which the
statistics in Table 3 were obtained. In general the empirical data
are in good agreement with the QM data for the bond lengths
and angles. With respect to the survey data, the empirical bond
lengths are slightly too long, resulting in better agreement with
the QM data, while the empirical bond angles are close to the
survey data. Concerning the minimized dihedral angles for
compoundsC and D, the agreement between the QM and
empirical results is good, with the exception of the empirical
skew+, skew- conformation of D. The CHARMM skew+

dihedral angle is significantly lower than the QM value. This
difference was necessary to fit the torsional energy surface for
D (see below). Force constants for the 1,4-pentadienyl moiety
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were optimized to reproduce vibrational spectra ofC and
torsional energy surfaces forC andD. Presented in Table 4 of
the Supporting Information is a comparison of the empirical
and QM vibrational spectra ofC. Inspection of this table shows
good agreement between the force field and QM results both
with respect to frequencies and assignments. This level of
agreement indicates that the molecular distortions that occur
during MD simulations will be adequately represented by the
force field.

Final optimization of the torsional parameters for the 1,4-
pentadienyl moiety was based on reproduction of potential
energy surfaces forC and D. Figure 2 of the Supporting
Information shows surfaces forC with the second single bond
constrained to 120° or 0°. For the 120° surface (Supporting
Information Figure 2A) the agreement is excellent with respect
to both location of minima and energetics. In the second surface,
with the second single bond constrained to 0° the agreement in

the low-energy regions is good, while the energies of the higher
energy regions are underestimated by the force field. A similar
effect was observed forD with the second single bond
constrained to 120°, as shown in the Supporting Information
(Figure 3A) In both cases agreement in the high-energy regions
was sacrificed in order to better reproduce the energetics of the
low-energy regions. As will be shown in the analysis of the
MD simulations, the high-energy region in the vicinity of 0° is
rarely sampled (Figure 5), indicating that the sacrifice does not
lead to improper behavior. A second energy surface forD was
obtained with the neighboring dihedral angle constrained to 180°
(Supporting Information, Figure 3B) resulting in good agreement
between the QM and MM surfaces. Finally, energy surfaces
for D were obtained with the double bonds in the trans
orientation and the second single bond constrained to 120°
(Supporting Information, Figure 3C). Initial calculations (not
shown) using the dihedral parameters optimized for cis double

Figure 4. (A) Bilayer repeat spacing for the simulation of SDPC as a function of time. The experimental value is 54.0 Å. (B) Internal energy as a function
of time. The first nanosecond of simulation was discarded as equilibration and not used in the analyses reported here.
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bonds yielded poor agreement with the QM data. Accordingly,
a second set of dihedral parameters for the CdC-C-C torsion
were optimized to reproduce the trans double bond surface,
resulting in good agreement between the empirical and QM data.
Thus, to properly treat polyunsaturated lipids with trans double
bonds, versus the cis double bonds that occur under physiologi-
cal conditions, a different set of dihedral angle parameters must
be employed. Simulations where both cis and trans double bonds

are present require the assignment of unique atom types to the
trans double bonds so the appropriate parameters can be applied.

Overall, the optimized parameters for polyunsaturated moi-
eties in lipids reproduce both experimental and QM data for
geometries, vibrational spectra, and energetics. Although certain
limitations in the energetic properties are evident at the model
compound level, these do not result in aberrant behavior in the
MD simulations (see below). A list of the new parameters that
may be used to supplement the CHARMM27 all-atom force
field for lipids is included in Table 5 of the Supporting
Information.

Bilayer Simulation. The SDPC bilayer simulation was
carried out at a fixed surface area corresponding to the
dimensions determined experimentally at a temperature of 30
°C and a water/lipid ratio of 15.1. The experimentally measured
bilayer repeat spacing,D, is 54.0 Å under these conditions.2

Figure 4 shows the time evolution of the bilayer repeat spacing
and the system energy during the simulation, demonstrating that
the system volume is reproduced to within less than 0.1% (D
) 53.96 Å) and that the simulation is stable on the multinano-
second time scale. The relaxation of the system’s internal energy
during the first nanosecond of the simulation suggests that brief
simulations, of the order of 1 ns, will be strongly affected by
the choice of initial conditions.

To characterize the torsional states of the DHA chain,
probability distributions,p(φ), for rotation about each of the
vinyl-methylene bonds were constructed from the simulation
trajectory. The probability distributions were subsequently
converted into potentials of mean force,W(φ) ) - RT lnp(φ)
+ C, to quantify rotational barriers. Results for the average of
the C10-C11-C12-C13 and C11-C12-C13-C14 torsions,
which are typical of all the distributions, are given in Figure 5
(probability in Figure 5A, potential of mean force in Figure
5Bssolid line). The extremely low barrier to rotation at 180°
(less than 1 kcal/mol) and broad potential energy minima
indicate a very flexible chain. For comparison, data from the
corresponding dihedrals of the saturated sn-1 chain are given
as a dashed line in Figure 5b, showing well-defined torsional
states separated by barriers of several kilocalories/mole. To
quantify any effects of the lipid bilayer environment on the
vinyl-methylene torsion, simulations of 2,5-heptadiene in the
gas and neat liquid states were carried out and the potentials of
mean force for rotation about the central torsions calculated.
Sampling of the torsional space was very similar in all three
cases, with results for the DHA and gas-phase heptadiene given
in Figure 5C.

Partially assigned C-H bond order parameters of perdeuter-
ated docosahexaenoic acid were obtained by13C NMR.3

Additionally, DHA order parameters were obtained by2H NMR
after incorporation of perdeuterated DHA (as free fatty acid)
into a 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine bilayer
(details of perdeuterated DHA synthesis and NMR data analysis
have been submitted for publication to the Journal of Lipid
Research). The order parameter,SCD, can be measured experi-
mentally from the quadrupolar splitting,∆VQ, in an axially
averaged line shape,

where the term in parentheses is the quadrupolar coupling

Figure 5. (A) Probability distribution for the C10-C11-C12-C13 and
C11-C12-C13-C14 dihedral angles in the DHA chain. (B) Potential of
mean force for rotation about the dihedral angles in (A) (solid), and for
rotation about the corresponding dihedrals in the saturated sn1 chain
(dashed). (C) Potential of mean force for the C10-C11-C12-C13 and
C11-C12-C13-C14 dihedral angles in the polyunsaturated sn2 chain
(solid), and for rotation about the corresponding dihedrals in a gas-phase
simulation of an isolated 2,5-heptadiene molecule (symbols). Note that the
anti (or trans) orientation corresponds to 180°.

∆VQ ) 3
4(e2qQ

h )SCD (1)
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constant. From the simulation,SCD is calculated from

whereθ is the angle between the C-H bond vector and the
bilayer normal and the brackets denote an averaging over time
and over all lipids. The calculated deuterium order parameter
profile of the polyunsaturated sn2 chain is presented in Figure
6 along with the corresponding experimental values.3 The
dramatically different conformational properties of the saturated
and docosahexaenoic acid chains lead to large variation in
deuterium order parameter values. The lack of order in the
polyunsaturated chain is striking and reproduces reasonably well
the experimental observations, although the experimental order
parameters appear to be even lower than those calculated from
simulation. Possible origins of this small discrepancy are the
use of free fatty acid for the experimental order parameter
determination and the relatively high order parameters of the
simulation initial conditions. For comparison purposes, values
of a saturated palmitic acid chain in the sn-2 position are given
from an earlier simulation, emphasizing the dramatic effect of
unsaturation on chain order. Essentially every DHA chain
position has a level of disorder similar to the terminal methyl
group of DPPC.

Low values of the deuterium order parameters can result from
one of two mechanisms. In the preceding paragraph it was
implicitly assumed that the low order parameters observed along
the DHA chain are the result of a truly disordered chain where
the averaging inherent in eq 2 was over a nearly uniform
distribution ofθ values. An alternative explanation is that the
chains are not necessarily disordered, but rather take on rigid
conformations such thatθ is close to the “magic angle” of 54.7°.
To investigate this possibility, the probability distribution for
the angle between the C-H vectors at position 9 of the fatty
acid chains with the bilayer normal has been calculated and is
plotted in Figure 7. Clearly, the differences in deuterium order
parameters that are observed between saturated and polyun-

saturated chains are the results of conformational averaging that
sample vastly different ranges ofθ values. This distinction is
critical in the interpretation of deuterium NMR order parameter
data.

The low barriers to torsional rotation suggest that the chains
will rapidly interconvert between a large number of conforma-
tional states. To describe the time scale of these internal motions,
we have calculated the normalized dihedral angle autocorrelation
function,

for various positions along the fatty acid chains. The results
are given in Figure 8. Correlation times for the dihedral angles
in the middle of the polyunsaturated chain were found to be
∼20 ps, from integration of the correlation functions in Figure
8. This can be compared with values of 70 and 30 ps for the
corresponding positions in the saturated chains. In addition to
the significantly shorter correlation times, the polyunsaturated
chain does not exhibit the gradient of fluidity seen in the
saturated chain, with little dependence of the correlation time
on position within the chain.

Figure 6. Deuterium order parameter profiles. The points are the results
for the DHA chain (experimental) open symbols, simulation) solid
symbols). Experimental error bars give the range of order parameters
observed for unassigned resonances. Simulation error bars give the standard
deviation calculated from among the 72 chains. Filled symbols, connected
by a solid line, give the results of a saturated sn2 chain (DPPC from ref
23) for comparison.

SCD ) 〈32cos2θ - 1
2〉 (2)

Figure 7. Probability distribution for the angle,θ, between the CH vector
at carbon position 9 and the bilayer normal. The open and solid symbols
give the results for the saturated and polyunsaturated chains, respectively.

Figure 8. Autocorrelation functions for dihedral angles in the saturated
(open symbols) and polyunsaturated (solid symbols) chains of the SDPC
bilayer.

cos(φ(t)) cos(φ(t + t′)) (3)
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The dynamics of chain segments have been studied experi-
mentally through measurements of the13C spin-lattice (T1)
relaxation rates.3 These rates can be related to the lipid dynamics
through the Fourier transform of the reorientational correlation
function

whereP2 is the second-order Legendre function andµ is the
vector of unit length directed along the C-H bond vector. The
Fourier transform of the correlation function defined by eq 4
gives the spectral density

which determines the relaxation time through

where ωC and ωH are the carbon and hydrogen Larmor
frequencies, respectively. The reorientational correlation func-
tions for C-H vectors at the double bond positions of the DHA
chain are given in Figure 9 along with selected positions along
the saturated chain for comparison. In the mid and upper sections
of the chains, the results for the saturated sn-1 and polyunsatu-
rated sn-2 chains are similar with the exception of enhanced
short time relaxation in the DHA chain. The faster relaxation
in the DHA chain is likely due to the extremely rapid dihedral

transitions described in Figure 8. In contrast to DHA dihedral
angle autocorrelation functions, which showed little dependence
on chain position, the reorientational correlation functions of
the DHA chain show significantly faster reorientation near the
terminal methyl group, suggesting concerted motions involving
several methylene groups occur more rapidly near the end of
the chain. These correlation functions are consistent with the
experimentally measuredT1 values, where vinyl resonances
produced relaxation times in the range 0.35-2.39 s at a13C
resonance frequency of 125.72 MHz.3 After Fourier transforma-
tion of the simulation correlation functions,T1 values for the
vinyl positions were calculated and are compared with the
experimental values in Figure 10. The vinyl resonances were
partially assigned by their chemical shift. Where the assignment
was ambiguous, experimental data are presented assuming that
the T1 values increase moving down the chain (the ordering
observed in the simulation and in previous experiments on
saturated chains). The agreement with experiment is very good,
reproducing the range of values covering 1 order of magnitude.

The picture that emerges from the QM calculations on model
compounds, the MD simulation of a polyunsaturated bilayer,
and the NMR experimental results discussed above is of
extremely flexible chain segments that allow rapid intercon-
version between conformations. It has been suggested, based
on a combined NMR and X-ray scattering study of bilayer area
compressibility, that in SDPC this flexibility leads to differences
in chain compressibility.2 From the simulation this issue may
be addressed, at least qualitatively, by analyzing the fluctuations
of the instantaneous surface areas per fatty acid chain. The
method of Voronoi polyhedra was employed where polygons
are constructed in the plane of the membrane such that they
inscribe the region of space that is closest to the center of mass
of each chain.43,44 In this way, the surface area requirement of
each chain is determined. The probability distribution for single
chain areas is given in Figure 11 for the saturated and
polyunsaturated chains. The DHA chain has a greater mean and
broader distribution of surface areas, in agreement with the
hypothesis of greater compressibility in polyunsaturates. Fur-
thermore, calculations of the compressibility modulus, from

(43) Shinoda, W.; Okazaki, S.J. Chem. Phys.1998, 109, 1517.
(44) Feller, S. E.; Pastor, R. W.J. Chem. Phys.1999, 111, 1281.

Figure 9. Reorientational correlation functions of the CH vectors at various
positions along the saturated (lower frame) and polyunsaturated (upper
frame) o SDPC bilayer.
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Figure 10. A comparison ofT1 relaxation times from simulation and
experiment.
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fluctuations in the instantaneous area per molecule, show a
reduction of∼20% compared to our previous simulations of
saturated lipids.44

Conclusions
Results of the quantum mechanical calculations clearly dem-
onstrate that the presence of polyunsaturation in a hydrocarbon
chain intrinsically increases the amount of conformational space
accessible about the central methylene group as compared to
saturated hydrocarbon chains. When these data were incorpo-
rated into an empirical energy function suitable for use in
molecular dynamics simulation, the result was an extremely
disordered membrane with rapid interconversion among tor-
sional states. The enumeration of these torsional states is
complicated by the broad dihedral energy minima characteristic
of this system; however, cluster analysis of the 10 rotatable
dihedral angles between vinyl groups was able to produce
approximately 100 families of high-probability conformers. Four
such conformers are presented in Figure 12 that illustrate the
great diversity of DHA chain conformations and help to
visualize the various results described in the preceding section.

The present calculations support a model of extreme flexibility
for the DHA chain, as opposed to one rigid structure or a few
selected structures. These observations are consistent with the

increased mobility observed in experiments probing C-H bond
order parameters,13C spin-lattice relaxation times, and area
compressibility moduli. Our results are also largely consistent
with previous modeling studies on DHA and related sys-
tems.36-38,45 Approaches utilizing molecular mechanics,38

quenched MD/energy minimization37 and Monte Carlo simula-
tions36 of polyunsaturated fatty acid chains, and a recent MD
simulation of a fully hydrated SDPC bilayer45 all produced DHA
conformations that differ markedly from saturated chains.
However, the present study is, to our knowledge, the first to
employ a force field based on high-level QM calculations of
the pentadienyl moiety that is the fundamental unit of the DHA
chain. Additionally, the production run of the present simulations
is more than an order of magnitude longer than any previous
works, allowing a rigorous test of the potential energy param-
eters. The availability of a high-quality force field provided by
this work provides the opportunity to investigate a number of
properties of polyunsaturated lipids and to compare, at atomic-
level detail, differences between polyunsaturated, monounsat-
urated, and saturated fatty acids.
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Figure 11. The distribution of single-chain surface areas as calculated from
the simulation trajectory using the Voronoi polyhedra method. The saturated
sn1 chain is given as a solid line and the polyunsaturated sn2 chain is shown
as a dashed line.

Figure 12. Representative conformations of the DHA chain generated in
the MD simulation.
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