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Abstract: Polyunsaturated phospholipids are known to be important with regard to the biological functions
of essential fatty acids, for example, involving neural tissues such as the brain and retina. Here we have
employed two complementary structural methods for the study of polyunsaturated bilayer lipids, viz.
deuterium (?H) NMR spectroscopy and molecular dynamics (MD) computer simulations. Our research
constitutes one of the first applications of all-atom MD simulations to polyunsaturated lipids containing
docosahexaenoic acid (DHA; 22:6 cis-A*710.13.16.19) " Stryctural features of the highly unsaturated, mixed-
chain phospholipid, 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (PDPC), have been studied
in the liquid-crystalline (L) state and compared to the less unsaturated homolog, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC). The 2H NMR spectra of polyunsaturated bilayers are dramatically different
from those of less unsaturated phospholipid bilayers. We show how use of MD simulations can aid in
interpreting the complex 2H NMR spectra of polyunsaturated bilayers, in conjunction with electron density
profiles determined from small-angle X-ray diffraction studies. This work clearly demonstrates preferred
helical and angle-iron conformations of the polyunsaturated chains in liquid-crystalline bilayers, which favor
chain extension while maintaining bilayer flexibility. The presence of relatively long, extended fatty acyl
chains may be important for solvating the hydrophobic surfaces of integral membrane proteins, such as
rhodopsin. In addition, the polyallylic DHA chains have a tendency to adopt back-bended (hairpin-like)
structures, which increase the interfacial area per lipid. Finally, the material properties have been analyzed
in terms of the response of the bilayer to mechanical stress. Simulated bilayers of phospholipids containing
docosahexaenoic acid were less sensitive to the applied surface tension than were saturated phospholipids,
possibly implying a decrease in membrane elasticity (area elastic modulus, bending rigidity). The above
features distinguish DHA-containing lipids from saturated or monounsaturated lipids and may be important
for their biological modes of action.

Introduction neurological dysfunctions including Alzheimer’s disease, Par-
kinson’s disease, Zellweger's syndrome, and schizophfemid,
diseases including atherosclerosis and cahddost interest-
ingly, a single PUFA constituent of membrane phospholipids,
namely docosahexaenoic acid (223% DHA), has been sug-
*To whom correspondence should be addressed. Department of gested to be implicated in many of these effects. Recently,
Chemistry, University of Arizona, Tucson, AZ 85721. Phone: 520-621- apoptosi® as well as cystic fibrosfshave also been shown to
2163. Fax: 520-621-8407. E-mail: mfbrown@u.arizona.edu. be influenced by DHA. The latter is the most common end

* University of Arizona.
§ Present address: BASF Agro Research, P. O. Box 400, Princeton, NJproduct of the biosynthetic pathway for polyunsaturation of the

Polyunsaturated fatty acids (PUFAsare derived from
essential fatty acids (EFAs) and are implicated in key biological
functions such as retinal and neural developmeegrning,

08543-0400. w3 series of EFAs, starting from-linolenic acid. Phospholipids
U Lehrstuhl fir Stoffwechselbiochemie der Univerditsitinchen. . h’ b 9 d . pholip h
#Present address: Klinikum der Univefsitdtinchen, Germany. containing DHA have been reported to constitute as much as

(1) Abbreviations: AA, arachidonic acid; DHA, docosahexaenoic acid; DPPC, 15—25 mol % of the lipids of the gray matter of the human
1,2-dipalmitoylsn-glycero-3-phosphocholine; egg PC, egg yolk phosphati- L7 . . .
dylcholine; MD, molecular dynamics; NMR, nuclear magnetic resonance; brain/ In the mammalian visual system, a part of the brain

PC, phosphatidylcholine; PDPC, 1-palmitoyl-2-docosahexaesioglyc- particularly suited for the research at the molecular level, DHA
ero-3-phosphocholine; PDP&,, 1-palmitoyl-2-vinylperdeuteriodocosa- . 0 . .
hexaenoyknglycero-3-phosphocholine; PDR&;, 1-perdeuteriopalmitoyl- comprises 47 mol % of the acyl chains of the retinal rod outer

2-docosahexaenogi-glycero-3-phosphocholine; POPC, 1-palmitoyl-2- ini i 0 i
oleoyl-snglycero-3-phosphocholine; PORg- 1-palmitoyl-2-oleoylsn segment phOSphOleldS\Nl'[h as much as 63 mol % present in

glycero-3-trideuteriomethyl-phosphocholine; PO®4g- 1-perdeuterio- some speme%.
palmitoyl-2-oleoylsn-glycero-3-phosphocholine; PUFA, polyunsaturated
fatty acid; SDPC, 1-stearoyl-2-docosahexaersmyiycero-3-phosphocho-

line; SOPC, 1-stearoyl-2-oleogh-glycero-3-phosphocholine. (2) Neuringer, M.Am. J. Clin. Nutr.200Q 71, 256S-267S.
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Structure of Polyunsaturated Bilayers

It is known that PUFAs such as DHA are typically constitu-
ents of membrane phospholipids, which are found as structural
components of biomembranes. Consequently, knowledge of their
structural properties is necessary to understand their roles in
biological functions at the molecular level. In eukaryotic cells,
PUFAs pertaining to the6 andw3 series of homologous fatty
acids are of particular relevance. Arachidonic acid (26:4AA)
and DHA are for some animals the main polyunsaturated
metabolites found in tissuésTheir synthesis depends on the
dietary uptake of essential precursors, such as linoleic acid
(18:2w6) anda-linolenic acid (18:&3). These precursors are
rapidly converted, mainly to AA and DHA, in the gastrointes-
tinal tract and in the liver and are temporarily stored as tissue
phospholipid$® Moreover, the organ specificity for AA and
DHA is different, as is their mode of action in signal transduc-
tion processes. The3 series is especially important for neural
functions in the central nervous system, as shown by dietary-
dependent effects on learnfand on visual function in animals
and in human infants1.120ne hypothesis is that some of the
biological functions of PUFAs are mediated by G protein-
coupled receptors such as rhodopsin.

For an understanding of the biological relevance of phos-
pholipid unsaturation, it will ultimately be necessary to gain
insight into the physical characteristics of PUFA-containing
phospholipid membranes. Several deuteriéit) NMR studies
of DHA-containing lipid bilayer membranes have been previ-
ously conducted* 18 (For a review of solid-state NMR
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Figure 1. Structures of the monounsaturated phospholipid 1-palmitoyl-2-
oleoyl-snglycero-3-phosphocholine (POPC) and the polyunsaturated phos-
pholipid 1-palmitoyl-2-docosahexaenaytglycero-3-phosphocholine (PDPC).

ignated (16:0)(22:6)PC. The structures of both lipids are
schematically shown in Figure 1. The validity of the MD
simulations was investigated with reference to structural and
dynamical information obtained by NMR® and small-angle
X-ray scattering. For bilayers of the polyunsaturated lipid PDPC
in the fluid, liquid-crystalline I,) state, we show the confor-
mational space accessible to the DHA chain and characterize
the preferred structures in relation to previous theoretical
work 2921 The conformations are analyzed in terms of dihedral
angular probability distribution functions, or equivalently the
potential of mean force, analogous to Ramachandran plots for
polypeptides. In phospholipid bilayers, we found exhaustive

spectroscopy of biomembranes, see ref 19.) The present studys,mpling of the accessible conformational space for DHA, with

has focused on a comparison of phosphatidylcholines (PC) as
a function of increasing unsaturation of tlse2 fatty acyl
moiety, as investigated by solid-steld NMR spectroscopy
and all-atom molecular dynamics (MD) computer simulations.
The purpose of this comparison is to utilize the well-known
properties of the monounsaturated lipid, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), denoted as (16:0)(18:1)-
PC, together with state-of-the-art MD simulations of the same
system as a framework to explore the features of 1-palmitoyl-
2-docosahexaenogirglycero-3-phosphopholine (PDPC), des-

(3) Youdim, K. A.; Martin, A.; Joseph, J. Ant. J. Dev. Neurosci.200Q 18,
383-399.

(4) Stillwell, W. Curr. Org. Chem2000Q 4, 1169-1183.

(5) Siddiqui, R. A.; Jenski, L. J.; Neff, K.; Harvey, K.; Kovacs, R. J.; Stillwell,
W. Biochim. Biophys. Act2001, 1499 265-275.

(6) Freedman, S. D.; Katz, M. H.; Parker, E. M.; Laposata, M.; Urman, M.
Y.; Alvarez, J. G.Proc. Natl. Acad. Sci. U.S.A.999 96, 13995-14000.

(7) Dratz, E. A.; Deese, A. J. IHealth Effects of Polyunsaturated Fatty Acids
in SeafoodsSimopoulos, A. P., Kifer, R. R., Martin, R. E., Eds.; Academic
Press: New York, 1986; pp 37%#12 and references therein.

(8) Yuan, C.; Chen, H. M.; Anderson, R. E.; Kuwata, O.; Ebrey, TCGmp.
Biochem. Physiol., B998 120, 785-789.

(9) Crawford, M. A.; Bloom, M.; Broadhurst, C. L.; Schmidt, W. F.; Cunnane,
S. C.; Galli, C.; Gehbremeskel, K.; Linseisen, F.; Lloyd-Smith, J.;
Parkington, JLipids 1999 34, S39-S47.

(10) Nilsson, A.; Becker, WAm. J. Physiol1995 31, G732-G738.

(11) Salem, N.; Niebylski, C. DMol. Membr. Biol.1995 12, 131-134.

(12) Hoffman, D. R.; Birch, E. E.; Birch, D. G.; Uauy, R.; Castaneda, Y. S.;
Lapus, M. G.; Wheaton, D. Hl. Pediatr. Gastroenterol. Nut200Q 31,
540-553.

(13) Brown, M. F.Curr. Top. Membr.1997, 44, 285-356.

(14) Paddy, M. R.; Dahlquist, F. W.; Dratz, E. A.; Deese, ABibchemistry
1985 24, 5988-5995.

(15) Salmon, A.; Dodd, S. W.; Williams, G. D.; Beach, J. M.; Brown, MJF.
Am. Chem. Socl987, 109, 2600-2609.

(16) Barry, J. A.; Trouard, T. P.; Salmon, A.; Brown, M.Biochemistry1991,

30, 8386-8394.

(17) Holte, L. L.; Peter, S. A,; Sinnwell, T. M.; Gawrisch, Riophys. J1995
68, 2396-2403.

(18) Petrache, H. I.; Salmon, A.; Brown, M. B. Am. Chem. SoQ001%, in

press.
(19) Brown, M. F. InBiological MembranesMerz, K. M., Jr., Roux, B., Eds.;
Birkhauser: Boston, 1996; pp 17252.

a tendency to form rather extended structures, previously
described as helical and angle-iron conformati®3. The
presence of relatively long, extensible fatty acyl chains may be
important for solvating the hydrophobic surface of rhodopsin,
as evident in the X-ray crystal structltd®As a rule, these
findings provide a conceptual basis for interpretation of the
influences of polyunsaturated lipids on biological functions at
the molecular level.

Experimental and Theoretical Procedures

Synthesis of Phospholipids and Sample Preparationthe lipids
studied weresn-1 chain perdeuterated PORIg; 1-perdeuteriopalmi-
toyl-2-oleoylsnglycero-3-phosphocholine, obtained from Avanti Polar
Lipids (Alabaster, AL), and POP@y, 1-palmitoyl-2-oleoylsn-glycero-
3-trideuteriomethyl-phosphocholine, which was synthesized from 1-palm-
itoyl-2-oleoyl-sn-glycero-3-phosphoethanolamitfén addition, thesn-1
chain perdeuterated PDRE;; 1-perdeuteriopalmitoyl-2-docosahexaenoyl-
snglycero-3-phosphocholine, and the 2 chain deuterated PDP&:,,
1-palmitoyl-2-vinylperdeuteriodocosahexaenexglycero-3-phospho-
choline, were synthesized as described for arachidonic acid-containing
phosphatidylcholine¥:?*Very briefly, the hexaacetylene precursor of
DHA, docosahexaynoic acid, was first esterified with methanol in the
presence of boron trifluoride etherate and then hydrogenated with
deuterium gas in perdeuterated methanol using Lindlar catalyst in the
presence of quinoline. The raw product was purified and converted to
the free acid. The vinyl perdeuterated docosahexaenoic acid was used
to synthesize PDP@:, by acylation of 1-palmitoybknglycero-3-
phosphocholine, the corresponding lysophospholipid, in dimethylfor-

(20) Applegate, K. R.; Glomset, J. A. Lipid Res.1986 27, 658-680.

(21) Applegate, K. R.; Glomset, J. A. Lipid Res.1991, 32, 1635-1644.

(22) Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motoshima, H.;
Fox, B. A.; Le Trong, I.; Teller, D. C.; Okada, T.; Stenkamp, R. E;
Yamamoto, M.; Miyano, MScience200Q 289, 739-745.

(23) Sixl, F.; Watts, ABiochemistryl982 21, 6446-6452.

(24) Rajamoorthi, K.; Brown, M. FBiochemistry1l991, 30, 4204-4212.
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mamide, in the presence of 1,3-dicyclohexylcarbodiimide, 4-hydrox- method for perdeuterated chains is to plot the absolute values of the

ybenzotriazole, and 4-pyrrolidinopyridine. Tee1 chain perdeuterated
PDPCds;; was synthesized by acylation of 1-perdeuteriopalmityl-
glycero-3-phosphocholine with DHA. The resulting phospholipids were
purified by silica gel column chromatography.

The POPC bilayers comprising #80 mg of lipid were prepared

order parameters in decreasing order, starting withothreethylene
segment @ up to the terminal methyl group. The assignments were
made in reversed order from the methyl terminus toward the plateau
region. Order parameters for tee-1 chain of PDPQd;; at 37°C were
obtained from linear interpolation of the experimental values at 30 and

as macroscopically oriented membranes on 50 ultrathin glass plates (850 °C. The order parameter profiles for PORIG-were acquired for a

x 18 x 0.08 mm; Marienfeld Laboratory Glassware, Bad Mergentheim,

series of different hydration levels at temperatures of 25 andG7

Germany), as describ&dand measured at variable temperature between and were fitted to an empirical model to get an estimate for the full

25 and 50°C and variable hydration witfH,O, ranging from about 4
to 25 waters per lipid®'P NMR spectra were recorded at 22 with

hydration limit. The order parameter profile for 2C was obtained
from the full hydration results by linear interpolation in the experimental

an interlamellar hydration of 24.3 water molecules per lipid. The PDPC temperature range.

experiments were performed using approximately-2280 mg of either
PDPCéds; or PDPCdl,, dispersed in an equal weight of 67 mM sodium
phosphate buffer, pH 7.0, prepared fréni-depleted'H,O (Aldrich,
WI), containing 104 M EDTA and 0.01 wt % Na All samples were

Modeling and Computational Aspects.All MD simulations were
performed using the program AND2.28 The necessary structure
topology files were created with the modeling softwaren@um27 2°
Molecular models were qualitatively characterized by the visualization

checked after the NMR experiments by thin-layer chromatography and software Wp1.63° The trajectories were quantitatively analyzed using

revealed no contamination or degradation.
Solid-State NMR Spectroscopy.All POPC experiments were

the program package dceomB, which represents a collection of tools
including procedures to calculate segmental volumes by the Voronoi

performed on a Varian VXR400S spectrometer equipped with a high cell method* group density profiles, dihedral angle probability

radio frequency power amplifier and a solid-state NMR probe with a

distributions, orientational order parameters, bond vector autocorrelation

transverse 10 mm coil at a magnetic field strength of 9.4 T, as describedfunctions, and NMR relaxation rates from autocorrelation functféns.

elsewheré® Deuterium NMR spectroscopy of the multilamellar lipid

The initial model of the PDPC bilayer was generated by homology

dispersions at either 7.06 or 8.48 T used the solid quadrupolar echo,modeling, starting from a previous POPC bilayer modél.structural

with the sequence n(2).-t-(7/2),-t-acquire, followed by Fourier
transformation. A home-builtH NMR probe was used, having a
horizontal solenoidal radio frequency coil design, together with high-
voltage capacitors (Polyflon, Norwalk, CT). A kilowatt radio frequency
boost amplifier (Model Tempo 2006, Henry Radio, Los Angeles, CA)
was used in series with the spectrometer output to enalflgo9i8e
durations<3—4 us for the 10 mm radio frequency coil. Typical spectral
acquisition parameters involved a pulse spacigf 40 us, a dwell
time of 2 us (spectral width o#250 kHz), and collection of 2048
data points. Recycle times were generally 1 s, and typically-@34Q0

model of DHA was built by molecular modeling and was used as input
for the distance geometry programsEpmo53* with the necessary
information on the covalent geometry. Knowledge of the bond lengths
and angles was used together with torsion angle constraints for the
double bonds to set up the distance matrix. To replace the oleic acid
sn-2 chain in the POPC bilayer with DHA, it was necessary to generate
DHA conformations with a space-filling shape resembling oleic acid
as much as possible. Since the estimated volumes of oleic acid and
DHA differ by only about 10%, the oleic acid segment positions were
used in the distance geometry program as a template. Equivalent

transients were collected, apodized by exponential multiplication (100 segments of the DHA chain were restrained to match the template
Hz line broadening), and Fourier transformed beginning at the maximum positions with a tolerance of 3 A, except for the first three segments,
of the solid echo. Both quadrature channels were used, and the spectravhere the tolerance was 0.5 A. The DHA conformations generated by
were not symmetrized. The sample temperature was monitored beforethe spatial embedding procedure of the distance geometry program were
and after each measurement with a thermistor inserted directly aboveused to replace the oleic acid fragments of the POPC model bilayer.
the radio frequency coil and was usually found to vary by less than The resulting PDPC bilayer structure was relaxed by conjugate-gradient
0.5°C during a given run. The temperatures are estimated accurate toenergy minimization using @rmm27. Our initial work was based on
within +1 °C of the reported values. a modified force field parameter set, which was incorporated into
Data Analysis and Reduction.Powder-type?H NMR spectra of CHARMM27 for lipids®® At that time, no parameters were available for
the multilamellar dispersions of PDRf3; and PDPCd;, were numeri- a polyunsaturated chain such as DHA. Therefore, we created a set of
cally deconvoluted (de-Paked), as previously describédThe de- parameters by fitting an ab initio, quantum-mechanically derived
convoluted spectra correspond to an orientation 0° of the bilayer potential energy function for 1,4-pentadiene. However, for all the
normal with respect to the magnetic field. Likewise, macroscopically production work, we used a prerelease version of the force field
aligned bilayers of POP@;; and POPGd were oriented in the parameters for lipids with polyunsaturated acyl chains from the
magnetic field withd = 0°. The quadrupolar splittings were determined developer (BARMM27b5f) (A. MacKerell, personal communication).
directly from the symmetry-related signals of the quadrupolar doublets. The force field parameters from our potential were quite similar to the
The number of deuterons generating a peak is assumed proportional taCHARMM27b5f parameters, which were calculated from 1,4-pentadiene,

the area under each pe®kThe quadrupolar splittings of the partially
overlapping lines in the plateau region of PDBgwere resolved by
fitting them to seven Gaussian functions with equal area. ThéHC

segmental order parameters were calculated from the observed qua-=
drupolar splittings, using a static quadrupolar coupling constant of 170 (28)

kHz for the aliphatic G-?H bondg® and 175.3 kHz for the olefinic
C—2H bonds?” The analysis of the order parameter profiles of

as in our work, but included also 2,7-heptadiene conformations. We
combined the @GArRMM 27b5f parameter set with the F3C water model.
The F3C water model is a fully flexible three-atom model, which was

Kale, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz,
N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten, X.Comput.
Phys.1999 151, 283-312.

(29) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,

perdeuterated acyl chains does not allow for unambiguous assignment g, SHunlﬁgLng;\;\vﬂJDgﬁ(r:pxt ggﬁﬂﬁgfa}f‘ ,&gz _Gzr:gp.hicslg96 14 33
of order parameters to the actual segmental position in the acyl chain, 38

as in the case of a specifically labeled segment. A generally accepted(31)

(32) Pastor, R. W.; Venable, R. M.; Karplus, M.; Szabo,JA.Chem. Phys.
1988 89, 1128-1140.

(33) Huber, T. Ph.D. Dissertation, University of Munich, Munich, Germany,

1999.

Blaney, J. M.; Crippen, G. M.; Dearing, A.; Dixon, J. S.; Spellmeyer, D.

C. Quantum Chemical Program Exchange, 1995.

(35) Feller, S. E.; MacKerell, A. DJ. Phys. Chem. B00Q 104, 7510-7515.

Géede, A.; Preissner, R.; Frommel JCComput. Chenl997, 18, 1113~
1123.

(25) Kurze, V.; Steinbauer, B.; Huber, T.; Beyer,Biophys. J200Q 78, 2441~
2451,

(26) Williams, G. D.; Beach, J. M.; Dodd, S. W.; Brown, M. ..Am. Chem.
Soc.1985 107, 6868-6873. (34)
(27) Kowalewski, J.; Lindblom, T.; Vestin, R.; DrakenbergMol. Phys.1976
31, 1669-1676. )
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used instead of one of the usual rigid water models such as ¥1BBP a) sn-1 b) sn-2

SPC/E® The thermodynamic, kinetic, and structural properties of the

F3C water model are superior to both TIP3P and SP€fhrther, it

allows for a fully flexible all-atom model of the whole system. de-Paked
MD calculations were performed using a triple time step integration

scheme, with the reversible reference system propagator algomthm (

RESPA)3® Bonded interactions were evaluated every 1 fs, using the

F3C and GarRmm potential energy functions. The nonbonded energy,

with a 1-4 nonbonded interaction scaling factor of 1.0, was switched

by a C1 continuous switching function fro8 A to thecutoff of 10 random
A;35that is, the partial derivatives were continuous. To account for the 2'0 6 _2'0 2'0 6 _2'0

long-range nature of the electrostatic interactions, a full electrostatic
calculation was performed. This was done with the distributed particle ) ) ) )
mesh Ewald methdf using a 3-D fast Fourier transform cell grid of F’QUF 2. IExr()jerlmen;aPH Nol\;t}? slpectra ofhmultlrllamrlellar d(|sper5|;)ns r?f
. . . . . 1-palmitoyl-2-docosahexaenaogitglycero-3-phosphocholine (PDPC) in the
dlmgr}5lons ?:‘X 64I x 6.4’ with less thla al Agfr:sd spacing, and_ a liquid-crystalline () state. (a) PDP@s;, showing de-Paked and powder-
particle mesh Ewald direct space tolerance of®1Baving a cubic  ne gpectra of random dispersions. (b) PDRE-showing de-Paked and
interpolation function for grid charges. The nonbonded forces and direct powder type spectra. The samples contained 67 mM phosphate buffer (50
space Ewald sum were evaluated every 2 fs, and the reciprocal spacevt % H,O), and the?lH NMR spectra were obtained at 46.13 MHz and 30
sum was evaluated every 4 fs. A special distance-testing algorithm of °C.
the Namp2.2 program was used with a formal pairlist distance of 1.1
nm and an update period of 24 fs. bration runs over 1:92.3 ns. The main difference in these simulations
The systems modeled in the simulations were oriented multibilayer involved constraining the hydrogen atom bonds by the SHAKE
stacks of the two lipids near full hydration in the liquid-crystalline phase. @lgorithm* with no applied surface tension, in a constant particle
The PDPC bilayers were simulated at the physiological temperature Number, pressure, and temperatux#T) ensemble. The four PDPC
of 37 °C. The temperature of the POPC bilayers was@7because  Systems finally obtained were changed to an area per lipid of 72 A
of the amount of available literature data close to that temperature. and to a lamellar spacing of 57.6 A, by scaling the coordinates according
Simulations were performed under periodic boundary conditions, with to the box dimensions relative to the desired values. The resulting
a flexible orthorhombic simulation cell. A constant particle number, ~Structures were energy minimized and equilibrated in short constant
constant pressure, constant surface tension, and constant temperaturiarticle number, volume, and temperatuk&/{T) simulations to give
(NPyT) ensemble was generated by an extended system method. Thethe starting structures for the subsequent simulations. The four different
pressure algorithm followed the Nostoover Langevin piston method, ~ Starting structures of the PDPC bilayers were used to start a total of
with group pressure Sca”ng’ a target pressure of 1.0 bar, and targettWelve simulations, with applled surface tensions of 20, 45, and 70
surface tensions of 20, 45, or 70 mN-hfor the bilayer, that is, a mN m~* for each starting structure. The simulation lengths ranged from
surface tension per interface of 10, 22.5, or 35 mN.rithe Langevin 0.3 to 0.9 ns, with an overall total of 6.0 ns.
dynamics parameters for the thermostat algorithm were target temper-
atures of 37C for PDPC and 27C for POPC, with period and decay
timfls scales c_)f' 1.0 ps for the piston an_d a dgmping time constant of 1.0 Deuterium NMR Spectroscopy of Polyunsaturated Lipid
ps™. In a(;idltlon,d_for some of tlrllz_sw_r;ulgtlo?s t:e velocities were  gijjavers in the Liquid-Crystalline State. RepresentativéH
reassigned according to a Maxwell distribution for the target temperature \;\1r spectra for the palmitic acyl deuterons of PDBAG-n
every 50 ps. .o . . .
Calculati ; q . luster of | the liquid-crystalline I(,) state are shown in Figure 2a. The
alcuiations were periormea on aEGWULF CUSTer of persona PDPCds; results are in good agreement with earlier repbHts.

computer workstations using thexLx operating system. It was possible Th | imilar t | Its for 1 deuteri
to obtain approximately 25 ps trajectories per day on each machine ey aré aiso similar 1o analogous resufts for L-perdeuterio-

for the multiple time step scheme described above. The bilayers usedpalmItoyI-2-arachldonyl;nglyc'ero-3-phosphoch0ll.ne in the
in this study had a size of 72 lipids (36 for each monolayer) and a liquid-crystalline staté* The influences of arachidonic and
hydration of 25.4 waters per lipid, yielding a total number of about docosahexaenoic acyl chains on #imel perdeuteriostearic acyl
15 000 atoms. This water-to-lipid ratio is close to full hydration, as chains in homologous PC bilayers are much the sHniy.
indicated by our results for the hydration dependency ofth# acyl contrast, thesn2 vinyl perdeuterated DHA chain of PDPC-
chain order parameters of POPC, which showed very low variation d;, with deuteration at the €C double bond positions
beyond about 18 waters per lipid. The starting conformations for POPC A+71013.161p see Figure 1, gives tifel NMR spectrum shown
were tgken from multlpl_e MD_SlmuIatlons. Following a 10 ns_l\/_II_D in Figure 2b. A similar spectrum for PDP@» without
5|mul_a_t|on,5|x different simulations were run for 1 ns each. The |n|t!al de-Pakeing has been reporfeBrevious?H NMR studies of
velocities for each system were randomly chosen from a Maxwellian . . . . . . .

vinyl perdeuterated arachidonic acid chains in bilayers of

distribution, with different random number seeds for every system. This 1-palmitovl-2-vinvierd . hid heal h
led to different trajectories, each starting from the same structure. The -palmitoyl-2-vinylperdeuterioarachidongfglycero-3-phos-

original POPC simulatiodwere performed with different force field ~ Phocholine in thé_, phase yielded a spectréfiresembling the
parameters and different simulation procedures as compared to theDHA chains of the PDPGh, bilayers. Note the drastically
present work. The six POPC systems were simulated for 0.45 ns. Thenarrowed?H NMR spectrum for thesn-2 DHA chain, Figure
starting conformation was taken in the case of PDPC from preequili- 2b. The narrowing is not due to motional averaging of the
quadrupolar splittings, since a broad well-defined powder pattern

frequency / kHz

Results

(36) Levitt, M.; Hirshberg, M.; Sharon, R.; Laidig, K. E.; Daggett, ) Phys. is observed for then-1 palmitoyl chain, Figure 2a. THél NMR
Chem. B1997, 101, 5051-5061. . . .
(37) Jorgensen, W. LJ. Am. Chem. Sod.981, 103 335-340. spectra of oriented samples of POBgwere in agreement with
(38) gfrggg;eg,;il C.; Grigera, J. R.; Straatsma, J. Phys. Cheml987, previously published results for the same lif#dt2 except that
(39) Mértyna, G. .].;‘ Tuckerman, M. E.; Tobias, D. J.; Klein, MMol. Phys.
1996 87, 1117-1157. (41) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
(40) Darden, T.; York, D.; Pedersen,L.Chem. Physl993 98, 10089-10092. 23, 327-341.
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at 27°C#54%|n addition, we determined order parameter profiles
for POPCds; and PDPCds; in the L, phase. TheH NMR

-0.20 b) POPC (sn-2)

e o008 eg aPOPC(sn1)

01 ° . spectra reveal that the packing behaviors of the saturated and
-0.10 polyunsaturated fatty acyl chains of the mixed-chain PDPC
0.05 bilayer differ significantly. Comparison of the experimental
o0 . : order parameters for POPC with the results based on our MD
%8 simulations shows the predictive power of the simulated bilayer
020} o d) PDPC (sn-2) model.

015 Figure 3a and b shows the order parameter profiles for the

sn1 palmitoyl andsn-2 oleoyl chains of POPC in the liquid-
crystalline state. In addition, the experimental order parameter
profiles of thesn-1 palmitoyl andsn2 DHA chains of PDPC

at 37 °C are included in Figure 3c and d. The experimental
order parameter profiles for POPC and PDPC with perdeuterated
Figure 3. Experimental and simulated ©H chain segmental order §n—l chains were assigned by assu.mlrjg monotomca}ly decreas-
parametérsS(CD) for monounsaturated and polyunsaturated phosphatidyl- Ing abso“jlte values, from th? beginning of the chain near the
cholines in thel, phase. (a) POPG+1 palmitoyl (16:0) acyl chain;<) aqueous interface to the tail segments. For comparison, the
Scp data for selectively deuterated POPC at°E7taken from ref 45;@) simulated values are plotted versus the segment position as

Scp data for POPQk; at 27°C; (—) Scp calculated from the MD trajectory ; ; ;
at 27°C. (b) POPCsn-2 acyl chain; ©) Scp data for selectively deuterated directly calculated from the model. In Figure 3c, the simulated

POPC at 27C taken from ref 46;4) Sco data for selectively deuterated ~ Ofder parameters are also graphed in dec.reasing order of their
POPC at 30°C taken from ref 77;¥) Scw data for egg PC at unspecified ~ absolute values. Note that compared to bilayers of POPC and

temperature taken from ref 78;-§ Scp calculated from the MD trajectory  disaturated phospholipids, there is an increase in disorder toward

at 27°C. (c) PDPCgsn1 palmitoyl acyl chain; M) Sp data for PDPQds; . .
linearly interpolated to 37C from data at 30C and 50°C; (O) Sp data the end of the saturatednrl chain, due to the adjacent

for POPCéls, at 37°C; (—) Scp calculated from the MD trajectory at 37 Polyunsaturated DHA chain at 2 position'® The experi-

°C; (- - -) Sp calculated from the MD trajectory at 3T, but sorted to mental order parameters of take-2 DHA chain of PDPC were
decrease along the chain in comparison with the experimental values. (d) gssianed to specific segments by comparison with the simulated
PDPC,sn2 docosahexaenoyl (C2258) acyl chain; W) Sp data for PDPC- d 9 Fi f t?1 DHA yh . pA direct . f
di2 at 30°C, experimental order parameters assigned to individual segmentsOr er P{ifame er.S or the Chain. Irect comparison o
by comparison to simulated order parameters; & calculated fromthe  the profiles obtained for POP@; and PDPCds: by 2H NMR

MD trajectory at 37°C. at 37°C for thesn1 chains is also included in Figure 3c. The

. . .. transition temperaturek, for fully hydrated bilayer membranes
our studies used deuterated water for simultaneous determlnatlorbf POPCds; and PDPCds; are —6 °C* and —3.0 °C

of the number of oriented waters per lipid and the hydration
dependency of the order parameter profile (not shown).

Order Parameters of Unsaturated and Polyunsaturated
Phosphatidylcholines.The average structures of lipids in the
liquid-crystalline state can be described in terms of orientational
order parameters, as discussed by Petrache“tTale order
matrix S has the diagonal elements

-0.10

-0.05

0.00 MO w

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 18 20 22
segment position (i)

respectively, with a hysteresis of QT for the lattert® that is,

the relative temperature3 ( Ty, are very close at 37C. It

can be seen that the order parameters, assigned to carbon

positions G—C4 and Gg, are very similar for these lipids,

whereas significantly different order parameters are found for

positions G—C;s. Thus, the concept of reduced temperature

may not account entirely for thermal influences in lipid systems

1 having different acyl chains at the glycest2 position6

S = > 3 cosp; — 10 1) Molecular Dynamics Simulations of Unsaturated and
Polyunsaturated PhosphatidylcholinesThe energy evaluation

scheme, especially the details concerning nonbonded energies,

follows ref 35. Compared to prior wor, in which the

dependence of the DPPC area per lipid on the surface tension

of the bilayer cell was evaluated, here we have used a different

version of the force field, viz. @arMm27b5f as compared to

d CHArRMM22b4b, and a different approximation for the Lennard-

Jones potential, with a smooth switching to zero interaction

energy between 8 and 10 A versus—12 A. In the present

Swork, all bonds were treated as flexible, and a time step of 1 fs

for the phospholipid acyl chains. The segmentat?8 bond was used to integrate over the fastest dynamical modes. The

order parameterssco, for the sn-1 andsn-2 chains of POPC fully flexible water model F3€° was added to the force field
and PDPC, as obtained B NMR and by the MD simulations, parameter.set. With respect to ref 35, Where SHAK#kas used
are summarized in Figure 3. Acyl chain order parameters have!® constrain all covalent bonds involving hydrogens and an

been previously obtained for the selectively deuterated palmitoyl |r?tegrat_|on t|me step of 2 fs, the sh_orter time step in our
and oleoyl acyl chains of POPC in the liquid-crystalline state simulation, without losses in computational performance, was
possible due to use of a multiple time-steppinrdRESPA

wherei = X, y, z. In the case ofH NMR, cosp; represents the
direction cosines between the Cartesian principal axes of the
coupling tensor and the director axis, perpendicular to the bilayer
surface. The bracket§l O denote an ensemble and/or time

average. The €2H bond order parameters correspondstg

with the largest principal value of the coupling tensor oriente
along the bond direction and the director axis oriented along
the bilayerz coordinate. The average structure of the bilayer
can be described in terms of segmental order parameter profile

(42) Lafleur, M.; Fine, B.; Sternin, E.; Cullis, P. R.; Bloom, Miophys. J.

1989 56, 1037-1041. (45) Seelig, A.; Seelig, Biochemistryl977, 16, 45—50.
(43) Morrison, C.; Bloom, MJ. Chem. Phys1994 101, 749-763. (46) Seelig, J.; Waespea8evic, N. Biochemistryl978 17, 3310-3315.
(44) Petrache, H. |.; Dodd, S. W.; Brown, M. Biophys. J.200Q 79, 3172~ (47) Lafleur, M.; Cullis, P. R.; Bloom, MEur. Biophys. J199Q 19, 55-62.
3192. (48) Feller, S. E.; Pastor, R. W. Chem. Phys1999 111, 1281-1287.
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integration3® The idea behind this modification was to address surface tension values on the area per lipid (direct method). The
the problem of temperature differences between the solute andsimulations at bilayer surface tension values of 20, 45, and 70
solvent subsystenf8. The differences were generally smaller mN m~! resulted in a value ok, = 0.38 J n12, which can be
when temperature and pressure were controlled with extendedcompared to the value of 0.34 J-&for PDPC obtained by a
system methods, as in the present work, versus use of a wealdifferent approach?® Bilayers of disaturated PC lipids in the
coupling algorithn?® Compared to SHAKE, a further reduction  liquid-crystalline phase have smaller valuesKgr as obtained
of the temperature mismatch was possible using the multiple from MD#&54and statistical thermodynamic calculati®i3.he
time-stepping-RESPA method? The choice of the different  conclusion is that the introduction of a polyunsaturated acyl
time steps of 1 fs for the bonded interactions, 2 fs for the chain can lead to a modest decrease of bilayer elasticity.
nonbonded interactions and the direct space part of the Ewald Order Parameters from Simulated Ensembles: Compari-
sum, and 4 fs for the reciprocal space part of the Ewald sum son to Experimental Results.The quality of the MD-generated
was supported by dynamics stability te¥ts. ensemble for POPC can be seen from the standard deviation of

The properties of the simulations of the polyunsaturated the difference of the experimental order parameters and those
bilayers were explored in some preproduction simulations, which calculated from the MD simulation, which is 0.02 for 27
were not included in the structural analysis presented here. Aexperimentally available segment positions distributed through-
NVT simulation of the PDPC bilayer at a constant surface area out the entire molecul& The signed order parameters were
of 72 A2 per lipid at 37°C was more consistent with the compared if experimentally determined; the absolute values were
experimentalScp order parameter profile than the exploratory compared for the other cases. In addition,#eNMR chemical
NPT simulations, where the average area per lipid was about shift anisotropy was calculated and compared with the experi-
65.8 A2. These simulations were performed at target tempera- mental value (not shown). It is usually assumed that the acyl
tures of 27, 37, and 5€C, with a 2 fstime step, with use of chain methylene order parameters have a negative value and
SHAKE®*! for hydrogen atom bond length constraints. Interest- are indistinguishable for both prochiral deuterons of an indi-
ingly, without an applied surface tension the simulations vidual C*H, segment. However, this is not the case for some
paradoxically® resulted in a decrease in the area per lipid with segments, for instance, the @osition of thesn-2 acyl chain.
increasing temperature. Moreover, the absolute values of theln the case of 1,2-dipalmitoydn-glycero-3-phosphocholine
order parameter profile for th&t1 chain were found to be too  (DPPC), it has been determined by stereoselective deuteration
high compared with the actual experimental data, indicating a that the larger order parameter of the two splittings corresponds
smaller area per lipid in comparison to that of the real system. to the proR position, and the smaller corresponds to the $ro-
Such a behavior, also reported by other grot#ps,interpreted deuterorP® From the size of the corresponding splitting in POPC
as an influence of the finite size of the systetThe finite size as compared to that in DPPC and their temperature dependen-
of the simulation cell under periodic boundary conditions as cies®” one can conclude that the stereoselective assignment is
compared to a large membrane, having additional degrees ofalso applicable to POPC. TREl NMR order parameters of the
freedom, possibly involving undulatiofi$eads to a reduction  olefinic (—C2H=C2H—) deuterons of POPC have also been
of the surface pressure in the membrane. This surface pressureetermined?
is balanced by the effective surface tension resulting in a stress-  With regard to the polyunsaturated PDPC bilayer, appreciably
free state of the bilayer. Any reduction in the surface pressure, less experimental data are available than for the case of POPC.
for example, through finite size effects, leads to a reduction in Compared to the POPC bilayer, tBep order profiles for the
surface area until the surface pressure increases enough tenl palmitoyl chain of PDPQk; show adecreasen configu-
balance the surface tension. To compensate for this finite sizerational order near their end, viz. close to the bilayer center
effect, a nonzero additional surface tension should be applied(vide supra). Qualitatively, the increased disorder near the end
to the systent® The production work simulations for bilayer of the saturatedn-1 chains of the mixed-chain PDPC bilayers
membranes of POPC at 2C and of PDPC at 37C were thus can be explained by the influence of bent (hairpin-like)
performed with applied surface tensions of 20, 45 (PDPC only), conformers of the DHA chain. By contrast, the extended
and 70 mN m1, conformers (helix, angle-iron) would be expectedriorease

The equilibrium values of the area per lipid for different the acyl chain ordering in the central bilayer region. As can be
values of the surface tension can also be used to estimate theseen in Figure 3c, for PDPC th&H NMR-derived order
membrane lateral compressibility at constant temperature, viz. parameters for then-1 chain show significantly higher deviation

in terms of the area elastic modulls, by the relatior?* from the simulated values than in the case of POPC. However,
the agreement is already satisfactory at this level of refinement
K = A(a_)ﬁi) ) of the MD simulation method. It is noteworthy that our
a oAIT experimentaPH NMR studies of the dehydration of PORigr

_ _ _ _ o bilayers have demonstrated a characteristic change afrtte
Herey is the applied surface tension, afds the area per lipid.  chain order parameter profile. The initial region of the order
The value ofK, was calculated from the dependence of the parameter profile was less sensitive to dehydration than was
the tail region, with the latter having a larger increase in order
(49) Cheng, A. L.; Merz, K. MJ. Phys. Chem. B999 103 5396-5405. . . .
(50) Feller, S. E.; Zhang, Y. H.; Pastor, R. W.; Brooks, B.JRChem. Phys. upon dehydration (not shown). The simulasgell order profile

1995 103 4613-4621. imi i -
(51) Bloom. M.. Evans, E.. Mouritsen, O. @. Rev. Biophys 1091, 24, 203- fpr PDPC reveals similar changes as the experimental dehydra
397. tion effect for POPC. The experimentdH NMR order
(52) Chiu, S. W.; Clark, M.; Balaji, V.; Subramaniam, S.; Scott, H. L.; Jakobsson,
E. Biophys. J.1995 69, 1230-1245. (55) Cantor, R. SBiophys. J.1999 76, 2625-2639.
(53) Feller, S. E.; Pastor, R. VBiophys. J.1996 71, 1350-1355. (56) Engel, A. K.; Cowburn, DFEBS Lett.1981, 126, 169-171.
(54) Lindahl, E.; Edholm, OJ. Chem. Phys200Q 113 3882-3893. (57) Seelig, J.; Seelig, AQ. Re. Biophys.198Q 13, 19-61.
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parameter profile for PDPC shows a reduction for the tail region
of the sn1 chain as compared to that of POPC and an even
greater difference versus the simulated PDPC profile. It is
plausible that the observed difference in chain order of the PDPC
bilayers from the MD simulation and the NMR experiment
corresponds to a dehydration of the hydrophobic core and vice
versa. On the other hand, Figure 3d shows that the distribution
of order parameters for the olefinic-€H bonds of the
polyunsaturate@n-2 DHA chain are in quite good agreement
with the simulated data. As can be seen, the order profile for
the sn-2 DHA chain of the PDPQ, bilayer is substantially
reduced as compared to that of grel palmitoyl chain. Apart
from the overall decrease in absolute magnitude, the slope of
the initial part of the DHA order profile involving carbons€
Ci0, Figure 3d, is reminiscent of the region of the POPC order
profile in the vicinity of the double bond, comprising carbons
C7—Cyy, Figure 3b. Beyond ¢, the DHA chain order profile
becomes increasingly less structured. These observations suggest
that the region comprising the first two double bonds of the
DHA chain represent the most well-ordered part of the bilayer,
with an accumulation of disorder along the polyunsaturated
chains toward the bilayer center. The interpretation of the results
for the DHA chain is further described below.

Atomic Group Distributions: Comparison to X-ray Elec-
tron Density Profiles. Due to the periodicity of multilamellar
lipid bilayers along the membrane normal direction, neutron distance from bilayer center / A
and X-ray scattering methods can be used to study their densityrigure 4. Electron density profiles and segmental group distribution
distributions. The contribution of the atoms is related to the functions. (a) Simulated electron density profile for the POPC bilayer at
densities of the scattering particles, for example, the atomic 27°C; (b) simulated profile for the PDPQ bilayer at 32. The.contnbunons

. . ) of the lipid segments and water are designated as follows: total corresponds

electrons for X-ray scattering and atomic nuclei for neutron o jipids and water: KO, water; CHO, choline group; ROphosphate;
scattering. From the MD simulations, these density distributions GLYC, glycerol; COO, ester carbonyl; GHmethylene; CH, vinyl; and
are available for all atoms separately, and it is convenient to CHs methyl groups.
show the distribution functions for the various individual groups )
(Figure 4). For both the POPC and PDPC bilayers, Figure 4a dlstange of 56.3 A. Thg.repeat distance depends strongly on
and b, the upper parts of the figure show the electron density- hydration up to the equilibrium valule. It should be ngted that
weighted sums of the lipid and the water parts, which contribute recent results on fully hydrated.mululamellar POPC bilayers at
separately to the total electron density profile. In addition, we 0 °C resulted in an area per lipid of 62 1 A2 52
show the results derived for the individual group distributions  In the case of the PDPC bilayer, we have only an experi-
along the bilayer normal. mental electron density profile obtained at 93% relative humidity

For POPC in theL, state, it has been shown from small- and 10°C .83 The distance between the headgroup peaks across
angle X-ray scattering data that the repeat distance and structuréhe bilayer is about 35 A for PDPC. For an ensemble with an
factors are very similar to bilayers of egg P&Consequently, average aqueous interfacial area of 70.3.9 A2 the simulated
to compare the simulated electron density profile for POPC with €lectron density profile for PDPC at 3T showed a distance
experimental data, we have used the hydration-dependentoetween headgroup peaks of about 38.2 A. A second ensemble
structure factors for egg PC at 3@ and at 23°C.° The set with an average area of 7748 11.8 A? resulted in a
deviations of the shape of the simulated electron density profile headgroup distance of 33.7 A. The origin for these rather large
as compared to those of the experimental electron densitystandard deviations are the multiple trajectories, which do not
profiles (not shown) are small, given that the amplitudes of the converge rapidly to a common area per lipid at either of the
experimental profiles are scaled to match the simulated profile. applied surface tensions of 20 and 70 mN'nSince we wish
The structural interpretation of diffraction experiments for to compare the effect of introduction of tise-2 DHA chain,
bilayer dispersions has been discussed in an excellent recenfigure 4 presents the results for an ensemble of PDPC that is
review$! For fully hydrated egg PC bilayers at 3@, it was similar to POPC, having an interfacial area per lipid of 7223 A
concluded that the area per lipid is 624 1.1 A2, and the and a lamellar repeat distance of 58.3 A. As can be seen, the
equilibrium lamellar repeat distance is 66.3%The electron distributions of the headgroup segments are virtually identical
density profile for POPC in Figure 4 was obtained for an for POPC and PDPC. The acyl chain region is somewhat broader
ensemble with an area per lipid of 72.2 dnd a lamellar repeat  for PDPC, and the relative contribution of the methylene
segments to the hydrocarbon core of the bilayers clearly depends

b) PDPC

electron density / A°

T30 -20 -10 0 10 20 30

(58) Mclintosh, T. J.; Holloway, P. WBiochemistry1987, 26, 1783-1788.
(59) Petrache, H. I.; Tristram-Nagle, S.; Nagle, JCRem. Phys. Lipid4998

95, 83—94. (62) Pabst, G.; Rappolt, M.; Amenitsch, H.; LaggnerPRys. Re. E 200Q 62,
(60) Mclntosh, T. J.; Simon, S. Aiochemistry1986 25, 4058-4066. 4000-4009.
(61) Nagle, J. F.; Tristram-Nagle, Biochim. Biophys. Acta00Q 1469 159— (63) Rajamoorthi, K.; Mcintosh, T. J.; Barry, J. A.; Trouard, T. P.; Salmon, A,;
195. Brown, M. F., unpublished results.
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Figure 6. Dihedral angle distribution function, presented in terms of mean
force potential, wherg, andy, are the two adjacent dihedral angles for
the methylene group of a CH=CH—CH,—CH=CH- fragment. The data
are averaged over the trajectories for all five inequivalent positions of the
docosahexaenoic acyl chain of PDPC. (a) Contour plot of the potential of
on the degree of acyl unsaturation. Interestingly, the water mean force calculated from the probability distribution, spanning;thg

density profile shows less penetration into the bilayer for PDPC F'anle, Witlh 2 I'“:jegf E]Picmg of 1 kJ Eéﬁﬁgv‘?e” tCOt?]me Ietvelsb Tbhle
: evels are labelead by the free energy In ative 1o the most probable
ae compared to that of POPC, which leads to a larger repe""tconformation, which is assigned to the zero level. (b) Conformations
distance at the same area and number of water molecules pegorresponding to #.2) values of (skew, skew-), (skew-, skew-),
lipid. Considering the 4.3% larger volume per lipid for PDPC (skewt, skewt), and (skew-, skewt). The skew- conformation corre-
as compared to that of POPC, as calculated from the MD sponds to a dihedral angle of I2@nd the skew conformation corresponds
. ' o to a dihedral angle of 24Qthat is,—12(°.

simulated ensembles, and the comparable area per lipid in both
cases, the bilayer thickness for PDPC must be larger, which is
reflected in the reduced water penetration into the bilayer, as
compared to that of POPC. The slightly larger thickness of the
hydrophobic core of the PDPC bilayer, as compared to that of
POPC, is an important quantity for the interaction of integral
membrane proteins with the lipid matrix.

Conformational Statistics of Docosahexaenoic Acyl Chains.
Our choice of the torsion angle conventions followed Hauser
et al® The torsional conformations for different values of a

Figure 5. Definition of the dihedral angleg andy. for a methylene group
in a —CH=CH—-CH,—CH=CH-— acyl fragment. The conformation of the
structure shown ig1 = y» = 120° (skewt, skewt).

skewF, where the skew conformations correspond to the
potential energy optima from a Ramachandran-type analysis
(vide infra). Note that if one describes the possible conforma-
tions of the entire DHA chain by the torsion angle pairs at the
five doubly allylic methylene segments, that is, between the
six double bonds, then a total of X 25 = 1024 principal
conformers have to be considered, distinguishing just #he (
and () values for each dihedral angle. From our analysis of

. - the MD-generated ensemble, involving over 400 000 confor-
dihedral angle are designated as cfj (Qauche- (60°), skewt mational snapshots of the PDPC molecule, we found allowed

(1ZQ°), trans (180),. ekew— (240), and ga_uche (300°), which structures for all these conformations. This indicates that steric
de5|glnate the posmone of the two substituents (C atoms) acrosindrance (cf. Figure 5) does not yield exclusion of conformers
the single bond (_Cf' F|gure 5). In. polyunsaturated fatty acids, at this level of angular resolution, although it leads to the
such as DHA, pairs of adjacent cis double bonds are separatedypgeryeq Jarge differences of up to three orders of magnitude
from one another by a single methylene carbon (double allylic). j, the populations of individual conformations. Since the
As can be seen in Figure 1, this dout_>|e. allylic repeating motif \;q,ajization of such a large number of conformations would
constitutes almost the futin-2 acyl chain in PDPC. Due to the o jite complex, we reduced the analysis to triene fragments
rigid nature of the double bond, the vecter10|n|ng two methylene containing three double bonds and two pairs of associated
carbo_ns separat_ed by a double_ bond is parallel to the dOUblemethylene segment torsion angles. By considering only one-
bond |tself. In this regard, there is a clear structural analogy to 4 of the conformations, each representing one of the two
polypeptide structures such as polyglyctfieyhere the planar possible mirror image conformers for each conformation, the

repetitive units are trans in the case of a normal peptide bond,16 principal conformers for a given triene fragment can be
which has a double bond character. Thus, a Ramachandranﬁmher reduced to only eight. A mirror image of a specific

type analysis can be applied to both. It follows that the pair of ¢,htormer is defined by torsion angles of changed sign for all
dihedral angles associated with a doubly allylic methylene dihedrals: for example, the conformation,)(+,—) has the
carbon (Figure 5) can be used to describe the local conformation ;..o image ¢,+)(—+), here denoted by H.F)(+.F).

of the DHA chain.. ) . Previous molecular modeling studies of the conformations of
For the analysis of the DHA chain conformation from the A have defined a nomenclature for some conformations, that
MD trajectory, torsion angles in the range of ® 18C are is, the helical ¢,+)(+,4), the angle-iron £,+)(F,F), and

assigned to-t), and torsion angles in the range 680" to hairpin &, F)(+,F) and &,F)(F,+) conformations for triene
0°, that is, 180 to 360, are assigned to~). In terms of & fragments of the chai®

rotational isomeric state approximation, these conformations
were modeled with skew and skew- conformations for the
torsion angles, here denoted &9 @nd () for simplicity. We
denote these conformations for a doubly allylic methylene
carbon as £,t) for skewt, skewt, and @,F) for skewt,

Figure 6 shows the dihedral angle distribution functions,
visualized as the potential of mean force, for the twe@bonds
of a doubly allylic methylene carbon averaged over the entire
DHA chain. The dihedral angle distributions for each of the
five individual diene fragments along the DHA chain have also
(64) Hauser, H.; Pascher, |.; Pearson, R. H.; SundeBj&him. Biophys. Acta been computed (not ShOWﬂ)._A small increase of the pOpUIatio_n
1981, 650, 21-51. of the bent conformers relative to the extended conformers is
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conformations at a particular double allylic methylene segment.
Eight conformations with one bent configuratiah,{F) and one
extended configurationd{,4) contribute to about 39% of all
conformations. The remaining conformers have a sequence of
two bent conformations#,F)(+,F) and &,¥F)(F,%), which

lead to hairpin-like turn structures. The three double bonds of
the conformations£,¥)(F,%) are pairwise orthogonal, whereas

in the &,F)(&,7F) structure the bond vectors of the first and
third double bond are antiparallel. These conformations have
the lowest probability. As noted above for the diene fragments,
in the case of the triene fragments there is only a small
dependence of the population pattern on the position in the entire
DHA chain. The extended conformations, that is, the helical
and the angle-iron conformers, become less populated at the

CAEm) GO0 HE0)

population

i . ; , ; X =2
) )Eo) (~ ) () (E4) ) end of the chain as compared to the beginning, whereas the
probability for bent conformations continuously increases (not
conformer shown).

Figure 7. Probabilities for different conformations of triene sequences of . . . . .
the docosahexaenoic acyl chain of PDPC. The conformations correspond Analysis of the entire DHA chain conformation, in term of

t0 (1,72) and fra,x4) for the two methylene groups in-aCH=CH-CH,— the ten allylic dihedral angles, displayed exhaustive sampling
CH=CH—CH,—~CH=CH~ fragment, where<) refers to a dihedral angle  of the conformational space of the C19:6 substructure. The
in the range from Oto 180, and () refers to a dihedral angle in the o, \formational statistics of the entire DHA chain can be
range from—180 to 0°. Note that only one of the two possible mirror . . - . .
images for each conformation is shown for clarity. The population for each described in terms of the probabilities of bent-like conformations
conformation is calculated from the average for the two mirror images. involving the five doubly allylic methylene segments. We
The mirror image of one conformation has the same absolute value, but cg|culated the probabilities for zero to five bent-like conforma-
opposite signs for all torsion angles. Differences in the populations of _. .
corresponding mirror image conformations were not statistically significant. tions to be 22.1, 37.5, 27.5, 10_'4’ 2.30, and 9'17%’ respectively.
The populations change by about 10% as the triene sequence is shiftedHere, the value for zero bent-like conformations represents the
along the chain, with a decrease in the extended conformations and antotal for all chains with only helical or angle-iron conformations

increase in all the bent-like conformations. or mixtures of both. Consequently, although the angle-iron and

evident along the chain, with little difference in the populations N€lix structures for thentire DHA chair?® are among the most

of the corresponding mirror image conformations. As a result, probable conformations, in the, state th_e_y contribute only a
we have chosen to depict the average of the whole DHA chain, few _percent to all _structures! In addmo_n, we ) have npted
which gives a clear picture of the shape of the underlying energy PreViously® that helical conformers of variable pitch (helical
hypersurface. The probability maxima in Figure 6a correspond springs) are possible. The two extremes of h_ehcal confor_n_1at|ons
to the molecular structures shown in Figure 6b. Clearly, the Of DHA are &, £)(,£)(£,£)(+,£)(+,%), with a probability
(+,+) conformations, which represent the most probable ©f 1.6%, and&,F)(x, F)(F,F)(=F)(&F), which is found in
structures from the simulations, show an extended arrangemenfnly 0-004% of all chains. The latter helical conformation
of the three methylene carbons attached to the two neighboring"Présents an extreme conformation, in which the projected

double bonds. Thet, ) conformations, on the other hand, have €ngth is only about 30% of the projected length of one of the
an almost perpendicular angle between the vector joining the extended structures. One helical turn for both helical conforma-

first and second methylene carbon and the vector from the tions corresponds to about four double bond segments. On the
second to the third methylene carbon. We call these conforma-Other hand, conformations with one or more bent-like conforma-
tions, therefore, as bent in contrast to the former extended tions (cf. Figure 7) also shorten the projected length of the DHA
conformations (vide supra). In terms of the triene fragments of chain as compared to that of the fully extended conformations.

the DHA chain, for the helical conformatiog:(£)(+£,4), both These might enable a variation of the projected acyl chain length
torsion angle pairs correspond to the same minimum in Figure iN @nalogy with the molecular spring concépt.
6a, whereas for the angle-iron conformek,£)(+,¥F), the Conformational Transitions of Acyl Chains: Influence of

adjacent torsion angle pairs correspond to opposite minima. ThePolyunsaturation. Let us next return to Figure 6a, which
other conformers are mixtures of bent and extended conforma-describes the joint probability distribution function for a pair
tions. of adjacent dihedral angles of a methylene segment between
In Figure 7, the populations of these triene fragments of the two double bonds. Note that in the center of the plot,
DHA chain obtained from the MD ensemble are shown, together representing a trans,trans conformation for both dihedral angles
with the molecular structures for each conformer. Note that the (y1 = x2 = 18(), there is almost zero probability. A single
populations are statistically equal for the corresponding mirror torsion angle can be in a trans conformatigndr y» = 18C°)
image conformations, which are not displayed in Figure 7 for as long as the adjacent dihedral angle has a skew conformation
clarity. It can be seen that the most populated conformers, (1 or y» = 120, 24C°). The conformations with one or two cis
together with their implicit mirror image conformations, cor- torsion anglesyi = y» = 0°) have zero probability, as can be
respond to an extended arrangement of four methylene carbonexpected. The origin of these excluded conformations is steric
joined by the three consecutive double bonds. The four possiblehindrance. Compared to pentane, where exclusion of the
extended conformations, viz. the helical,{)(+,+) and angle- (gauche:, gauché&) conformation in the rotational isomeric
iron (£,£)(F+,F) conformers, contribute to about 54% of all model has a major impact, the situation for the pentadiene
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fragment considered here is different. The excluded conforma- data for PDPC in th&, phase on an all-atom level. Important
tions are not among the conformations used to describe theissues to be investigated Byl NMR involve the conformational
isomeric state of the DHA chain. The result of these excluded statistics of the polyunsaturated acyl chains, the orientational
conformational regions is that transitions between the major ordering of the olefinic &2H bonds, and their relation to lipid/
extended conformations, that is, the conformatiabsH), have protein interactions and bilayer properties. Simulated ensemble
to occur through the bent conformations, ) as transition averages were tested against experimental results for the above
states, due to the correlation of the dihedral angles in the analysishilayers in thel, state to assess the predictive power of the
of static structures (Figure 6). modeling approach. Profiles 84 NMR order parameters as
Bilayer Membrane Dimensions. Generally, the bilayer well as electron density profiles were calculated from the MD
structure can be described in terms of the area per lipid and themodel and compared with the corresponding experimental data.
bilayer repeat distance. The bilayer repeat distance is directly Other structural quantities, not directly available from experi-
available from small-angle X-ray scattering experiments, but ment, were calculated to give new insight into the molecular
the area per lipid is not directly availadleThe strength of properties of these biologically important lipids. It is noteworthy
MD simulations using arNPT or NPyT ensemble is that a  that simulations of the POPC bilayer have been carried out by
distribution of thermally accessible values of the aqueous several groups over the past few ye#&rs? However, compared
interfacial area is sampled. Yet this is also a major weakness,t0 our model, previous MD simulations of the POPC bilayer
in that the time required to give converged area values, within utilized a unitedatom approach, with significantly larger
a range interesting to the experimentalist, is very long. Conse- deviations of the predicted order parameter profiles from the
quently, to calculate the area per lipid for fully hydrated bilayer experimental value¥:".5°A previous simulation using aall-
membranes, one can combine the ensemble averages from theétomapproach was not described in structural défafirom a
MD simulations with the results of thtH NMR experiments, recent lattice model simulation of POPC at 2, it was
in which the averagesn1 chain G-2H order parameters are concluded that an area per lipid of 72 Save simulatedn-1
related to the projected length and area of the chain (cf. acyl chain order parameters in agreement with experimental
Supporting Information). The combined approach allows de- values’® This area per lipid and the order parameters for the
termination of the bilayer surface area in a considerably shortersn1 acyl chain are in excellent agreement with our findings.
simulation time. The basic idea is to apply a correction to the However, the order parameter profiles for #re2 acyl chain
area per lipid from the MD simulations, based on comparison obtained from the lattice mod&ldeviate significantly from the

of the averaged order parameters to those fromPth&IMR available experimental values and from our simulated profiles.
experiments. An aqueous interfacial area per ligidlof 71.4 How does polyunsaturation influence the physical properties
AZ?is obtained for POPC at CC and 74.8 A for PDPC at 37 of phospholipid bilayers in the liquid-crystalline state? The major
°C, as the NMR-corrected MD simulation area results. new features of our work can be described as follows. First,
. . the solid-state?H NMR data show that the configurational
Discussion properties of the saturatesti+1 chain and polyunsaturated-2

DHA chains of the PDPC bilayer, as compared to those of the
OPC bilayer, differ appreciably. We have explained iHe
MR spectra of the saturated and polyunsaturated acyl chains
of the mixed-chain phospholipid bilayers, as well as the electron

Such PUFA-containing phospholipids are found as Componentsdensity profiles, in terms of their configurational properties
of cellular membranes and play both a structural and functional €ONferred by the presence of polyunsaturated DHA chains in

role. In the current research, we have employed structural bilayers. The presence of DHA chains in mixed-chain phos-

methods capable of providing detailed knowledge of liquid- pholipids leads to a marked i_ncrease in the conformational
crystalline biomolecular assemblies, nami#yNMR spectros- dlso[rder o_f the saturated_ chalns._ Clearly, the prefe_rred gcyl
copy and state-of-the-art, molecular dynamics (MD) computer confl_g_uratlons are very different in the_ two cases, in WhICh
simulations. We report new experimerisl NMR data, as well specific geometrical aspects must be invoked to explain the

as all-atom MD simulations for POPC and PDPC bilayers in results for the PUFA chain. In addition, there is a marked
the fluid, liquid-crystalline () state. In this regard, solid-state reduction in the number of acyl degrees of freedom for the DHA

NMR spectroscopy of liquid-crystalline membranes has the chain, which can be interpreted in terms of a Ramachandran-

advantage of providing knowledge of second-rank tensorial type analysis of the dihedral angles.

quantities pertinent to both the average structure and the It is noteworthy that the simulated structural parameters,
dynamics of the system. MD simulations, on the other hand encompassing the interfacial area, the lamellar repeat distance,

capture the information content of NMR and other experimental @1d variousH NMR order parameters for the monounsaturated

observables in terms of the underlying force fields, which can POPC and th? polyunsatgrated PDPC_ bilayers, show reasonf_ible

then be utilized to further explore the system of interest. agreement with the available experimental data. The major
Here we have combind NMR studies and MD simulations differences between the POPC and PDPC bilayers can be seen

of PUFA-containing lipids in membranes in a complementary from thesn-2 acyl chain order parameter profiles. Thg order

fashion. By comparing analogous data for POPC and PDPC, g6) elier, H.: Schaefer, M. Schulten, K. Phys. Chem1993 97, 8343

we are now in a position to interpret the solid-stAteNMR 8360. S
(67) Ceccarelli, M.; Marchi, MBiochimie1998 80, 415-419.
(68) Armen, R. S.; Uitto, O. D.; Feller, S. Biophys. J.1998 75, 734-744.
(65) Bloom, M.; Linseisen, F.; Lloyd-Smith, J. Magnetic Resonance and Brain (69) Chiu, S. W.; Jakobsson, E.; Subramaniam, S.; Scott, Bidphys. J1999
Function: Approaches from PhysicMaraviglia, B., Ed.; International 77, 2462-2469.
School of Physics Enrico Fermi: Varenna, Italy, 1998. (70) Klose, G.; Levine, Y. KLangmuir200Q 16, 671-676.

Phospholipids containing polyunsaturated fatty acids (PUFAS)
have received increased attention in recent years, because the
are of vital importance for a large number of biological functions
especially involving signal transduction in the nervous sy$fem.
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a) thickness and associated exclusion of water from the bilayer
center cannot account for a higher apparent permeability for
water, as might be suggested by experimental observations for
other polyunsaturated lipids.

Next one can ask the following: What are the preferred
configurations of the DHA chains in fluid polyunsaturated
bilayers? Our work clearly substantiates that helical and angle-
iron conformations involving relatively short regions of the DHA
| chain, for example, triene sequences, are quite abuRaint.
Figure 8. Examples of preferred geometries of-@ bonds in saturated Extended helical or angle-iron configurations involving three
and polyunsaturated acyl chains. (a) Methylene segments of saturated fattyor more consecutive double bonds of the polyunsaturated DHA

acyl chains; (b) unsaturated vinyl groups of unsaturated and polyunsaturatedacy| chains allow for tight packing of the chains, which might
chains; and (c) polyallylic methylene segments of polyunsaturated chains.

The angles between the-® bond direction and the molecular long axis be e.sp(.e(nally |mportant for the gel phase Of, these ligfds.
(arrows) are indicated. Note that the angles of 54tiie so-called magic  the liquid-crystalline () state, these tend to increase the acyl
angle, correspond to an orientational order paramet&egt= 0. length while maintaining bilayer fluidity. They represent the
major preferred conformations, and we report their probabilities
parameters of the oleic acyl chains of the POPC bilayer have aare roughly constant along the chains. The implications of these
similar profile to the saturatesin1 chain, except that next to  findings for lipid—protein interactions are such that extended,
the double bond the order parameters are small in absolute valueyet flexible, conformations of the relatively long 22:6 DHA
For the PDPC bilayer, all segments of the polyallylic motif have chains may be needed to solvate the hydrophobic surface of
small absolute values of their order parameters. Such orderthe rhodopsin molecule, as suggested by the X-ray crystal
parameters near zero may be a result of substantial orientationaktructure??
disorder or alternatively may be due to the geometric influence  Yet for the entire DHA chains of phospholipids in the fluid
of the C—2H bond vector orientations relative to the director L, state, mixtures of both conformers together with other
axis being near the so-called magic anglefgf~ 54.7 (see possible conformers are more likely (cf. Results). Additional
eq 1). This is depicted in Figure 8, in which an interpretation conformations with a nonextended shape for the DHA chain
of the small order parameters is given in terms of the covalent are also evident and lead to a looser packing of these lipids,
bond geometry. For a polymethylene sequence the preferredthat is, a larger interfacial area. Our MD simulations show that

orientations of the labeled-€H bond are near 90 cf. Figure most of the chains have an extended conformation, together with
8a. However, for the vinyl methine deuterons, Figure 8b, and a single bent structure. Moreover, double bent conformations
the doubly allylic methylene deuterons, Figure 8c, the?d can lead to a hairpin-like shape, or back-folded conformations,

bond vector orientations are near the magic angle, which would of the chain, which yield an increased probability of the terminal
yield very small quadrupolar splittings in agreement with the methyl group to be found next to the interfacial region of the
experiment. The conformation for the double allylic methylene bilayer. Those nonextended conformations can be observed for
group corresponds to those in the extended conformations ofa significant fraction of all lipids and increase the average area
the DHA chain. Thus, the bond geometry yields a reduction of per lipid as compared to that of POPC. A simple geometric
the 2H NMR quadrupolar splittings, even if the chains are measure of this back bending is the distance of the terminal
relatively well ordered along the molecular long axis (indicated methyl group relative to atoms in the interfacial region, such
by the arrow). In addition, for bilayers of POPC, the=C bond as the carbonyl carbons, which can also be observed in the MD
order parameters of the double bonds from infrared spectroscopyirajectories. Interestingly, the hairpin-like conformations have
have large positive values, which is consistent with the above @ relatively long lifetime, on the order of a few hundred
geometrical interpretation. Consequently, the double bonds mayPicoseconds. This leads to a pronounced memory effect for the
be rather well aligned relative to the bilayer normal, in membrane bilayer and might be a structural correlate of the
agreement with previous consideratidfs. observed thermal hysteredfsLarge conformational changes
The global structure of the bilayer can be analyzed in terms Would be necessary to change these frozen-in hairpin-like
of the ensemble-averaged electron density profile, which the conformations back to extended conformations. However, this
MD simulations allow to be resolved in terms of the corre- Would necessitate a diffusion mechanism, whose kinetics are
sponding group distribution functions along the bilayer normal. limited by the concentration of spontaneous void volumes in
Our MD-simulated electron density profiles are in good agree- Pll@yer membranes. Such a dynamical memory effect could lead
ment with the experimental results for the POPC and PDPC to significant m|c.ro.structural .and dynamical heterogenity of
bilayers. In both cases, the water distribution functions are POlyunsaturated lipids at ambient temperature, as observed for
similar, but the PDPC bilayer has a slightly increased hydro- the simulated bilayers. The less unsaturated POPC bilayer

phobic thickness when compared at the same value of the aree{nembranes are .Ia(.:king such structural heteragenity and show

per lipid, leading to less water penetration. Consequently, the (.)n.ly a small variation in the average yalues fo.r the area per

water electron density profiles overlap less with the hydrocarbon “p.'d at constant surface tension for d|ffergnt S|rr.1ulat|ons.. In

core of the polyunsaturated PDPC bilayer as compared to thatthIS Sense, t.he monounsaturated POPC bilayer is more like a
saturated lipid bilayer, such as DPPC.

of POPC, although the overlap with the unsaturated carbons is . . . .
Another aspect of interest is that the potential energy barriers

greater. A simple interpretation for this observation involves f tational i —_— fth I turated |
the larger number of unsaturated carbons for PDPC and their or rotationalisomerization ot the polyunsaturated acyl groups

positions closer to the lipid headgroup as compared to those of 71) Olbrich, K.: Rawicz, W.: Needham, D. Evans, Biophys. 32000 79,
POPC. Note that the observations of a larger hydrophobic 321-327.
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are relatively small in comparison to saturated polyethylene of a smaller compressibility for the bilayers containing poly-
chains. This might be correlated with the bending rigidiggnd/ unsaturated DHA acyl chains can be viewed as a somewhat
or the area elastic modulué, of the membrane bilayéeg: "3 greater rigidity of such membranes. The biological significance
These properties of the hydrocarbon region of PUFA-containing of this observation might be associated with the high abundance
lipid bilayers are important with regard to film properties and of polyunsaturated lipids in membranes, where changes in the
have been discussed in the context of lipid modulation of the bilayer interfacial area and thickness are perhaps necessary to
meta -meta Il conformation equilibrium of rhodopslt&’2The adapt to the hydrophobic surface of membrane proteins during
relation of the averaged order paraméef€gp|to the area per ~ conformational changes, as in the case of the metadta Il

lipid is experimentally very importadff. For instance, area transition of rhodopsif? 7>

changes in relation to different osmotic pressures are used to In summary, this work has entailed the application?df
estimate the lateral compressibility moduli of membraffds. NMR, in combination with all-atom molecular dynamics
recent work on differences of the unsaturated SOPC and simulation methods, to bilayers of highly polyunsaturated lipids
polyunsaturated SDPC lipid bilayers, a significant difference containing docosahexaenoic acid (DHA). The results of some
between the NMR and X-ray derived area compressibility of the first MD simulations of highly polyunsaturated bilayers
moduli K, has been detected, with the NMR value being higher are reported. Additional MD simulations of the effects of
than the X-ray value for the polyunsaturated SDPC bilayer, but polyunsaturation have recently appeafé@ur studies of the
equal for SOPC. (Note the area elastic moduksis the influences of acyl chain unsaturation have revealed the confor-
reciprocal of the lateral compressibility; a softer bilayer has a mational properties of both the saturated and the polyunsaturated
smaller area elastic modulus and vice versa.) The problemchains of mixed-chain phospholipids differ significantly from
arising from these data is that NMR suggests an increase in thethose of less unsaturated systems. Overall, these features are
area compressibility modulus for the polyunsaturated SDPC suggestive of the particular relevance of polyunsaturated lipids
bilayer, as compared to those of saturated and monounsaturatetbr the proper functioning of membrane proteins. This research
phosphatidylcholine (PC) lipids, whereas X-ray studies yield a provides a structural basis for studies of the interactions of
lower area compressibility moduldi$in the present work, we  polyunsaturated lipids with G protein-coupled receptors, such
calculatedK, for the polyunsaturated PDPC bilayer from the as rhodopsin. Clearly, further structural studies of these biologi-
MD-simulated ensembles at different applied surface tensions. cally important molecules are vital to understanding their roles
The area compressibility modulus df, = 0.38 J m? in key biomembrane functions.
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