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Molecular dynamics simulations, using the collision dynamics method, were carried out for hydrated bilay-
ers of 1-stearoyl-2-oleoydn-glycero-3-phosphatidylcholine (18:0/18»9cis PC, SOP¢ and 1-stearoyl-2-
docosahexaenogn-glycero-3-phosphatidylcholine (18:0/2208cis PC, SDPQ. The simulation cells of the
two bilayers consisted of 96 SORGr SDPQ molecules and 2304 water molecules: 48 lipid molecules per
layer and 24 HO molecules per lipid. The water was modeled by explicit TIP3P water molecules. Fé C
bond-order-parameter Scy profiles of the hydrocarbon tails, the bond orientation distribution functions and
the root-mean-square values of the positional fluctuations of the lipid chain carbons were calculated. Simula-
tion results are compared to the available experimental data and to other computer investigations of these lipid
molecules. Several results of molecular-level self-consistent field calculations of these bilayers are also pre-
sented. Both theoretical methods reveal the same main characteristic features of the order-parameter profiles
for the given bilayers. Some aspects of the physical properties of unsaturated lipids and their biological
significance are discussed.
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[. INTRODUCTION branes with one or several unsaturated lipid chains as their
main component. Monounsaturated fatty acid chains are the
A large number of cellular processes is associated withmain component in some bacterial membraslinolenic
biological membranegl]. Membranes are constructed of bi- acid (18:3»3cis) chain is the major acyl constituent of lip-
layers of lipid molecules, they include in addition an array ofids of higher plant chloroplas{s8,4]; docosahexaenoic acid
proteins and other molecular components. Lipids are &22:6w3cis) chain is important in maintaining the normal
chemically diverse group of compounds; they play an imporstructure and function of the retin®,6], and 22:@3cis
tant role in cell structure and function. Lipids may contain amakes up about half of the total fatty acids of vertebrate rod
wide variety of hydrocarboffor the most part, unbranched outer segment phospholipids, e.g., 35 to 60% of the fatty
chains of fatty acids; the most commonly occurring chainsacids of phosphatidylethanolamin€PE) and phosphati-
have 12-24 carbons. These chains may contain one or modylserine(PS in the photoreceptor outer segments in frogs
(up to si¥ carbon-carbon double bondas a rule, of theis  and humans. A high content @f3 highly unsaturated fatty
configuration in different positions. In most monounsat- acids, especially 22:63cis, is a feature of the central ner-
urated fatty acid chains, the double bond is between the ninthous systen{7,8]. The chains of 20:46cis, 22:5w3cis,
and tenth carbongthe first one being the carbonyl group and 22:Gv3cis are efficiently taken up and actively esteri-
carbon. The double bonds of polyunsaturated chains are, afied into the lipids of mammalian braifi9,10. Docosa-
arule, separated by a methylene group, i.e., the double bondigxaenoic acid chain comprises approximately one-third of
are methylene interrupted. Below we will use the notationthe fatty acid content of PE and PS in the cerebral cortex of
N:kwj for the fatty acid chain structure, wheMerefers to  humans, monkeys, and rd8J. 22:6w3cis-containing phos-
the total number of carbon atoms in the chains the num-  pholipid species are constituents of spermatdda. It has
ber of (methylene-interrupteddouble bonds angl denotes been observed that membranes that are active metabolically,
the number of carbons between the £gtoup of the chain  as in rod outer segments, mitochondria, sperm, and synaptic
and the nearest double bond. vesicles, have high levels of polyunsaturated fatty acid
Biological membranes are complex in lipid composition, chains. It has been found as well that the content of
they demonstrate a relatively high degree of heterogeneity: 82:6w3cis in both marine and freshwater fish is closely cor-
typical membrane contains many species of lipid moleculesielated with the level of fish species mobility2]: the con-
with different head groups and hydrocarbon t@ll$and, in  tent is highest in highly active species.
most cases, at least half of the fatty acyl chains are unsatur- There is an extensive literature about the fatty acid chain
ated. The physical characteristics of unsaturated lipids areomposition in relation to the roles of tleés double bonds in
the central issues in the present work. Some animal and plantembraned3,5,7,8,13—22 Even though possible mecha-
species, tissues, or organs may be cited which contain memisms of the effects of unsaturated fatty acid chains on the
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membrane structure and dynamics can now be formulated, Furthermore, efforts are underway to calculate the prop-
and much is known about the effects of lipid unsaturation orerties of isolated unsaturated chains. Monte Carlo dynamics
the physical properties of membranes, a full understanding aftudy of hydrocarbon chair(en a latticé consisting 18 seg-

these processes at the molecular level is not yet achieveghents and containingis double bondg61,62, of isolated
Further experimental and theoretical investigations of thejg-carbon monounsaturated chains wétk or trans double
properties of various lipids, lipid monolayers, bilayers andhonds[63] were reported. Brownian dynamics simulations of
other membrane systems are needed to provide additiongjplated linear chains of 18 carbons, with one, two, tHoie

information. Nuclear magnetic resonarj@2-26, x-ray and
neutron diffractior 26,27, fluorescence measuremefs —
30], differential scanning calorimetr{31,32, micropipette

andtrans) double bonds were perform¢62]. MD studies of
isolated polyunsaturated 22i@cis chain [64], and
18:1w9cis, 18:2wb6cis, and 20:4v6cis chains[65] were

pressurization[33] and other experimental techniques arecarried out.

modern tools to investigate different properties of hydrocar-

bon chains of unsaturated phospholipid bilayers.

A continuum Monte CarldMC) model[66,67] was used
in a study of various properties of many isolated unbranched

A powerful and a subtle tool for studying different lipid |ipid hydrocarbon chains with 1-6 double bonds mainly in
molecules and lipid membrane systems is computer simulahe cjs and also in therans configuration. Both the mean

tions of their realistic models. Molecular dynamigelD),

end-to-end distances and the temperature coefficients of the

Monte Carlo, Langevin dynamics, Brownian dynamics meth-yean-square end-to-end distan§68—70 of the unsatur-

ods are usecfor recent reviews, see Ref84-37). A com-

ated chains were calculated. The most extendexystal” )

puter simulation gives access to unprecedented detailed iRpnformation[69,71,79 of the polyunsaturated chain has
formation on membrane systems, especially on theeen considered. The equilibrium flexibility characteristics
nanosecond time scale. As yet most simulations have beggy hydrocarbon chains with methylene-interrupf@d —73
performed for saturated lipid systems, and comparativelynd non-methylene-interruptef73,74 double bonds, the
few MD simulations have been carried out on unsaturate@quilibrium shapg70,75,7 and some intramolecular bond-
molecular level understanding of structural as well as dychains were investigated by this MC method.

prise 1-palmitoyl-2-oleoykn-glycero-3-phosphatidylcholine
(16:0/18:1w9cis PO bilayer-water system [38-40,
1-palmitoy-2-elaidoyl-sn-glycero - 3-phosphatidylcholine
(16:0/18: lw9trans PC) bilayer-water systerfd0], glycerol
1-monooleate (18:49cis G) bilayer-water [41], dio-
leoylphosphatidylethanolamine (18»9cis/18:1w9cis PE)
bilayer-water [42] and dioleoylphosphatidylcholine
(18:1w9cis/18:1w9cis PC) bilayer-water systemg39,42—
44], monolayers of diacylglycerolipiddDGs) that contained
stearoyl(18:0) in the positionsn-1 and oleoyl (18: 9cis),
linoleoyl (18:2wbcis), linolenoyl (18:3w3cis)
[45—-49 or arachidonoyl (20:46cis) and docosahexaenoy!
(22:6w3cis) [47-5] in the positionsn-2, bilayers of the
five above mentioned unsaturated DGs (18:0/48¢is
DG, 18:0/18: 206¢Cis DG, 18:0/18:3v3cis
DG, 18:0/20:406cis DG, 18:0/22:Gvw3cis DG) [52],
1-palmitoyt-2-linoleoyl-sn-glycero-3-phosphatidylcholine
(16:0/18:2 wbcis PC) bilayer-water system[53-55
and 1-stearoyl-2-docosahexaeneylglycero-3-phosphati-
dylcholine (18:0/22:@3cis PC) bilayer-water system
[52,56].

study conformational and packing properties of 223g8is
chain[81]. The same method is used to investigate the effect
of acyl chain unsaturation on both the conformation of model
diacylglycerols(G) 18:0/18: w9cis G, 18:0/18:2v6¢Cis G,
18:0/18:3w3cis G, 18:0/20:309cis G, 18:0/20:4v6cis G,

and 18:0/22:@3cis G [82] and their packing in dense
monolayers[83]. A molecular mechanics study of several
structures of 16:0/18:@9cis PC[84] and 16:0/18:26cis
PC[85] molecules were performed.

A mean-field theory is yet another way to study mem-
brane systems: the conformational properties of a single lipid
molecule are the subject of the calculations in the mean-field
approach, and the averaged influence of the neighboring lipid
molecules on the probe molecule is considered. The statisti-
cal weight of a given conformation of a single lipid molecule
is determined by weighting it by the Boltzmann factor which
features the external potential field felt by this conformation.
This procedure is repeated for all possible conformations of
the lipid molecule and the potential fields are chosen such
that they represent the other lipid molecules in the system.
This approach, known as a self-consistent fi@@P theory,

Moreover, computer simulations of three unsaturated lipmakes it possible to investigate different systems and phe-

ids in a membrane environment: 16:0/1&9cisPC, 1-
palmitoyl-2-elaidoylsn-glycero-3-PC  (16:0/18:@9trans
PO and 1-palmitoyl-2-isolinoleoy$n-glycero-3-PC

nomena, e.g., model bilayer membraif@smed by lecithin-
like molecules [86], lipid vesicles[87], lipid bilayer mem-
brane gel to liquid phase transitidi88], inhomogeneous

(16:0/18:209cis PO have been carried out using Langevin membrane system$9], micellar size and shap@0], etc.

dynamics(and a mean field[57].
A Monte Carlo dynamics methofb8] on a lattice was

Typically the SCF equations are mapped on a grid and solved
numerically up to high precision. A mean-field theory was

applied in a study of the effects of double bonds on thealso applied to calculate the conformational properties of the
properties of lattice chains arranged in a monolayer endinsaturated hydrocarbon chains in the hydrophobic cores of
grafted on an impenetrable interface. The method was usetB: 1w9cis/18: 1lw9cis PC and 16:0/18:&9cis PC lipid bi-

in a study of model lattice bilayers of 16:0/18%cis PC
[59] and 18:1v9cis/18:1w9cis PC[59,60.

layers [91]. The mean-field approach was used in the
above-mentioned work [57] for the investigation
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of 16:0/18:1w9cis PC, 16:0/18:b9trans PC, and (for a review, see Refl21]). Additional characteristics of
16:0/18: 2w9cis PC molecules in a membrane environment.polyunsaturated chains were calculated in Rgf4,65. The

It is important to mention some findings for the propertieskinetic flexibility (its measure was the frequency of confor-
of unsaturated chains obtained by previous theoretical invesnational transitions in the torsion angles in the chpiofs
tigations. An increase in the number of methylene-docosahexaene 22uBcis [64] and arachidonic 20:46¢cis
interruptedcis double bonds to the maximum possible num-fatty acid[65] was shown by MD simulations to be higher
ber in isolated linear hydrocarbon chain, resulted in a sharghan that for the saturated chains, similar to the equilibrium
decline of the absolute magnitudes of the chain temperaturiexibility [71-74.
coefficient |d In(h3y/dT| [68,69. Here (h3) is the mean- More recently the theoretical predictions listed above
square end-to-end distance of the chain, anid the tem- were substantiated by experimental data. For exafmple,
perature. It is expected that this property dfis nuclear magnetic resonan@@MR) works[23,25 suggested
polyunsaturated lipid chains is exploited in biological a more flexible 22:®3cis chain structure, to be contrasted
systems. In particular, it is speculated that these lipids proto older 2H NMR work [97] for 16:0/18:2v9cis PC where
vide a suitable interaction with embedded enzymes. Indeed relatively rigid structure near the double bonds was re-
it was found from experiment that the hexaenoic species oported’+ NMR spectroscopy was used in RE23] to deter-
aminophospholipids were preferentially associated with promine some properties for a series of PC molecules with 18:0
teins in neural membrandsee, e.g., Ref92]). It has been chain in position sn-1 and 18:19cis, 18:2w6cis,
proposed that polyunsaturated aminophospholipids such ds8:3w3cis, 20:4w6cis, 20:503cis, or 22:6w3cis chain
22:6-PS or 20:4-PE may exert a regulatory role for manyin positionsn-2, and it was found that in highly unsaturated
cellular processes; this has been confirmed, e.g., for PS amCs(three or more double bonds $m-2) the chain length of
opiate receptor bindin¢92,93. Such a general idea about 18:0 was somewhat less sensitive to the temperaisee
specific lipid surroundings of embedded enzymes, which islso Refs[24,25]). From these experiments it was concluded
significantly enriched with polyunsaturated acyls, has greain Ref.[7] that “a polyunsaturated membrane may provide
biological significance. The theoretical predictions of low optimal conditions for embedded proteins over a much wider
values of the temperature coefficient of the end-to-end distemperature range than saturated or monounsaturated mem-
tance for the polyunsaturated chain as compared to that fdsranes.” The sense of this conclusion coincides with those
saturated chain§68] allowed us to give a more concrete, formulated in our (above-mentioned  works
“temperature,” explanation of the regulatory role of polyun- [21,68,71,72,74 These concepts are also found in H68]
saturated chains. Indeed, the hypothesis was adve®@d in which heterotrophic microorganisms were investigated.
that one of the possible roles of 2208¢cis and a number of Also the high chain compressibility for 22«8cis indi-
other polyunsaturated chains is to thermostabilize the lipiccated byH NMR and x-ray diffraction study26] is consis-
surroundingd“lipid jacket” [68]) of enzymes embedded in tent with our theoretical predictions about high equilibrium
the biological membrane. This insulation can promote orand kinetic flexibilities of 22:®3cis [21,64,71—-74
maintain the active conformation of such enzymes in vari- Further computer simulatio7—-8Q and calculations of
able conditions. Incorporating of 22ecis acyls into the intramolecular bond-order characteristics in polyunsaturated
membraneor redistribution of it within the membrahenay  chains allowed to establish other distinguishing features. In
be one of the ways the cell reacts to any change in tempergarticular the high orientation fluctuations of-¢H bonds of
ture [68]. CH, group located between thas double bonds have been

Other theoretical investigations showed additional physiidentified (“the broadening effect].
cal properties of polyunsaturated chains. It was proven that All the reviewed lines of investigations have contributed
(i) polyunsaturated chainsuch as 22:@3cis) are charac- significantly to our understanding and further studies will
terized by the highest equilibrium flexibilitthe measure of undoubtedly give again more insights. The combinations of
the equilibrium flexibility was(hg)/L [71-74, where(hy)  complementary methods are potentially even more exciting.
is mean end-to-end distance ahds the contour length of Very few of such studies have been reported. In this paper,
the chain, (i) the above-mentioned size temperature sensiMD computer simulations, using the collision dynamics
tivity coefficientd In(hé)/dT of the polyunsaturated molecule method, are applied to the investigation of hydrated bilayers
is ten times lower than that of a saturated cH&®—72, (iii) of 18:0/18:1w9cis PC (SOPQ and 18:0/22:@3cis PC
the polyunsaturated chain assumes with a high probabilitySDPQ in the liquid-crystal phase, and critically compared
the extended, the “angle iron-shaped,” conformati@x- to results of a molecular-level SCF calculation for the same
perimentally detected in R€f94]) when all the chaingsatu-  bilayers. One reason to consider SCF calculations is that this
rated and polyunsaturatedre efficiently packed below the technique is computationally many orders of magnitude
phase-transition temperatur89,71,72,8]. As a result, a more efficient than simulations. As yet it remains unclear
clearer formulation of the possible functions of polyunsatu-how good or bad this approach works for these systems. The
rated chains for embedded enzymes was off¢vdd72,74. comparative analysis will solve this issue. Both methods are
To summarize briefly, polyunsaturated boundary lipids seenknown to have their limitations. The MD simulations suffer
to provide the proper conditions of the proteins for theirfrom comparatively short lengths of the simulations or/and
optimal functioning at different temperatures. At the samesmall system sizes, huge CPU times and still inaccurate force
time the possible role of monounsaturated and diunsaturatdéeld parameters. The SCF approach gives significantly less
chains is assumed to maintain the membrane fluidity levetletailed information on the molecular system as not all
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excluded-volume correlations are accounted for. Also, there e ToBHo TN
is significant uncertainty about the optimal values of the in- /m 013H (|:/H i e} uuﬁH\ (”,Z-,” .ﬁ'n,w\
teraction parameters. A combination or comparison of the/ Hy ey | | I ( 038
methods allows us to remove, to some extent, the restric| 0'1'3—/0—'\101603;00_08;':'1’3 - 004 Uls‘|‘| am
tions. One of the aims of this paper is to demonstrate the\ H; JJBC\Ill i o uuﬁ,l,/| (1)| ||_|m)_
advantages of such an approach. In the following section \0130|I|3||_| “3013 006 075 v \.5%

— \038 038

(models and methogl®ne can find a detailed description of
the molecular model of the lipids and bilayers, the force field
and the parametrization in MD simulations. Then a short
description of the SCF method is presented. The Results sec
tion contains both the data obtained on the order-paramete
profiles and the comparison with the available experimental
NMR data, as well as the bond orientation distribution func-
tions, the root-mean-squat®MS) deviations of the lipid

. . . . l -14| 0.12
atoms from their average positions. The physical properties \O\C—/H/
of unsaturated and polyunsaturated lipid tails are discusse: JCJ:L’;H
in their biological context in the Discussion section. A“‘I o2
: ~Haoar
{ n%\Hu.ll,l 5
Il. MODELS AND METHODS \u.l4| 012 /
C—H/
A. Molecular dynamics simulation f=<T
- . . . /S C—H
The main idea of MD simulations of a many-particle sys- (0.14| ,Elb1
tem is the solution of the Newton’s equations of motion for a [ ﬂ%(ﬁ-mf
set of particle§atoms or moleculgghat comprises the sys- N _olg
tem. This procedure includes a model description of the /' i
. . - . SN
atomic system, atom-atom interaction potentials, boundary ‘H | H

conditions of the system, and an approximate step-by-stej W\",ﬂfﬂ
technique for solving the classical equations of motion. '

The simulation cells of the two bilayers contained 96 FIG. 1. Chemical structure of 1-stearoyl-2-docosahexaenoyl-
SOPC(or SDPQ molecules and 2304 water molecules: 48sn-glycero-3-phosphatidylcholine  (18:0/2208cis PC, more
lipid molecules per layer and 24,8 molecules per lipid. shortly 18:0/22:6 or SDPC The double bonds of the unsaturated
Each lipid molecule contains a saturatd®:0) chain and an  chain are located between carbon atoms 4 and 5, 7 and 8, 10-11,
unsaturated on€Fig. ). An initial (highly ordered configu- 13 and 14, 16 and 17, and 19 and 20. The chemical
ration of the lipids in 18:0/22:63cis PC bilayer is shown Structure of 1-stearoyl-2-oleoglr-glycero-3-phosphatidyicholine
in Fig. 2a). The water phase consisted of explicit TIP3p (18:0/18:w9cis PC, short hand 18:0/18:1, SOPkias one double
water [95] molecules. The kO geometry[95] parameters, bond of the unsaturated chain 18i9cis Whlch is chated betwgen
the partial chargef95], and the force constani86] for H,0 carbon_atoms 9 and 10. Atom cent_ered_ partla_ll point charges in elec-

) ’ - ron units for the molecular dynamics simulations are presented; the
are flxed_' The' total_number O.f atoms in the cell was 2035 et[99] was used with consideration for the data of unsaturated
f108r' 0/2128'8)/33? F?éliilzger Igi?gv?/rweav?/ﬁl noztorgggat tfr?irs lipid chains[43]. The boxegdashed line ellipsgsielineate neutral
long notation and use a short version of it, i.e., 18:0/18:1 angrouPS' A space-filling model of SDPC s also shown.
18:0/22:6, respectively.

The potential energy of a bilayer was calculated as UtzE K1+ dcognge)], (4)

U=Up+Ua+Ui+UgoptUygut Ue, (1)  Uggp is the out-of-plane energfonly for the double bonds
and the carbonyl groups

whereU,, is the bond-stretching energy,

Uoop= 2 Ky[1-cog2¢)], ®
Ub:z K =1o)% @ U,qw is the van der Waals energy,
U, is the angle-bending energy, Upaw= 22U (1)) Wyan(rij),
where
_ 2
Ue= 2 Ko(0-60)% ¥ Upy=4eii[ (o Iri)) 2= (o I13))°] (6)
U, is the torsion energy, andW,q,, is the switching function,

011909-4



MOLECULAR DYNAMICS SIMULATIONS OF HYDRATED.. ..

A B

FIG. 2. (a) The initial configuration andb) a typical snapshot

for the 18:0/22:6 PC-water bilayer cell in the molecular dynamics

simulations. The axis (z is the vertical axisis perpendicular to the
two monolayers.

W, aw(Tij)
1, Iij<Ron

(Ra;—15) (R~ 3R, +2rF)
(R31—R5,)* '

Ron<rij<Ross

0, rij=Rots -
()
U, is the electrostatic energy,
Ue=2 2 [aig; /(1) IWelry)), ®
whereW, is the screening function,
(1-r1j/Re)?,  1ij<R
W )=
) 0. >R ©

In Egs.(1)—(9) the following notations are usetis the bond
length, ® is the bond angley is the torsion angle¢ is the
out-of-plane anglel,, ®, are equilibrium values for the
bond lengths and angle;,, Kg, K,, K, are force con-

PHYSICAL REVIEW E67, 011909 (2003

for water: on the oxygem(OW)=—0.834, on the proton
q(HW)=0.417. The parameters for nonbondédn der
Waalg interactions were borrowed from Reff102]. The
miXing rUlessij:(SiiSJ‘j)llz, O-ij:(o-ii+0-jj)/2 were used,
for parameters that are not explicitly given. The switching
parametersR,,=0.9 nm, Ry;=0.105 nm, R,=0.105 nm
are adopted.

Equations of motion were integrated by using the “veloc-
ity Verlet” algorithm [103,104. The simulation time step
was 1 fs (10%° sec). The relatively novel collisional dy-
namics[105] (CD) method was used. In this method the
equations of motiorifor N-P-T ensemblgare

dri’a

dt :Ui,a+/\/aBp(Pa_Pa,ref)ri,aH (10)
dvi,a oU i i
m =5 _—ar—w+2k fload(t—1ty), (1D)

wherei=1,2,... N; a={x,y,z}; (1) is Dirac’s delta;f} ,
andt, (k=1,...) areimpulse forces and accidental time
moments of atom collisions with virtual bath particles;
l'i,« Vi, are the coordinates and velocities of atong, , x .,
are parameters for the pressure relaxati®p;.s are refer-
ence values of pressure components.

The CD thermostat is implemented by stochastic colli-

sions with virtual particles of mass\y: fi=2[mym;/(my
+m)](vo—v;), vo. are chosen from a Gaussian distribu-
Mg

tion,
R 3/2 mOJ(Z)
P(UO) - ( 27TkBTref R 2kBTref ’ (12)

T is instantaneous temperature of the syst@m; is pre-
scribed(bath temperature.

The collisions occur in accordance with a Poisson process
specified by a single parameteg which is the mean number
of collisions that atomi suffers per unit time(“collision
frequency’); \o=10, my=1 at. wt unit are chosen. All the
details of the CD method were described previojid§5].

Periodic boundary conditions in the three directions
(x,y,z) were used. The bilayer systems were coupled to an
external temperature bathT ;=303 K) and pressure
P.ret. The simulation temperature of 303 K is higher than
the relevant experimental gel to liquid-crystal phase-

stants for the bonds, angles, dihedrals, and out-of-plangansition temperature3, [23,31,106 for these PCs T,

angles, respectively, is the dihedral multiplicityy;; is the
distance between nonbonded atomand j; &;;, oj; are
Lennard-Jones parameters for the atom p&gs, Ro¢s are

=280 K for 18:0/18:1 PC andl.=269 K for 18:0/22:6 PC
The cross-sectional areas per molecule were fixed during
the first 400 ps of relaxation to 0.666 Arfor 18:0/18:1 PC

switching parametersj; , q; are the partial charges on atoms and 0.716 nrh for 18:0/22:6 PC, as in hydrated dispersions

i, j, € is the dielectric constanR, is the screening radius.
Structural parameters for lipid molecul@sond lengths,

of pure PCs at 303 K24J; the z pressureP, ¢ (along the
bilayer normal was set to 1 atm at this perigd00 ps. After

angles, force constantand torsion parameters were gener-a 400-ps relaxation trajectolyhe first step both thez pres-
ally chosen according to the sig6] (which is close to the sure and the lateral pressuré, s, Were assigned values
parameter set of Ref99]) and the structural data of Refs. of 1 atm. Then another relaxation run 6200 ps was per-
[100,10] were also taken into account. The partial chargeformed (the second stepin which the cross-sectional areas
[99] (in electron units were used with consideration for the per molecule in the two bilayers reduced from the above-
data of unsaturated lipid chaingd3]; the charges for 18:0/ mentioned values of 0.666 and 0.716°ho respectively
22:6 PC molecules are presented in Fige £,1, the charges ~0.620 and~0.695 nn. After the second step was com-
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pleted the MD production runs of 1018 ps were executed fogrand potential, or equivalently the surface tension of the
the calculation of all the reported characteristics. Consecubilayer. If the surface tension is finite, we restart the compu-
tive configurations of the bilayers were sampled every 50 fstations with a new value of the number of lipids per unit
The mean cross-sectional area during the MD simulationsrea. Typically this procedure is repeated until the absolute
was equal to 0.6134 nin for 18:0/18:1 PC and to value of the surface tension is less than 10in dimension-
0.6624 nm for 18:0/22:6 PC. Thus the simulation conditions less unit$. Only results of tension-free bilayers are presented
resembled the liquid-crystalline phase of the bilayers becaudeelow. Mechanical parameter of the bilayers, such as the
the simulated areas are close to those found in experimenmembrane compressibility, the Helfrich parameters, etc., can
i.e., for lamellar liquid-crystalline bilayers of 18:0/18:1 PC be computed112,113, but in this paper the structural prop-
and 18:0/22:6 PC in excess water cross-sectional areas perties will be highlighted. Unlike primitive mean-field calcu-
molecule 0.614 nfhand 0.692 nrhwere obtained in a com- lations for surfactant systems, where the tails are grafted to
bined analysis of x ray anéH NMR at T=303 Kand 0to 8 some plane, we have no restrictions on the molecules. Each
dyn/cm lateral pressure6]. molecule is free to partition between the bulk and the mem-
A typical snapshot for 18:0/22:6 PC bilayer is given in brane. Indeed the concentration of free lipid molecules in the
Fig. 2(b). With respect to Fig. @ a considerable random- bulk is close to the critical micellization concentration for the
ization of the initially ordered structure has been realizedlipids under investigation.
This is reflected in many conformational fluctuations both in

the tail-, in the head-group region, as well as the water phase. . RESULTS
Results presented below are averaged over all sampled con- . . )
figurations along the trajectories. In this paper the main focus points are the-€ bond-

order parameters, the bond orientation probability distribu-
tion functions, and the root-mean-square values of the fluc-
B. Self-consistent field method tuations of the acyl carbons. These quantities are sensitive to

. . - h f ion in the chains.
The goal is to find an accurate description of thermody—t e degree of unsaturation in the chains

namic, mechanical, and structural properties of lipid bilayer
membranes. The density of lipid molecules in the bilayer
membranes is very high: packing effects have a large influ- The G—H bond-order-parameter Scy, profiles, given by
ence on the physical properties. This means that each lipid

molecule interacts with many others. This is the ideal situa- Sch=(3<coSBcy>—1)/2, 13
tion for a mean-field theory to be reasonably accurate. The

performance of the mean-field approach then relies on thare presented in Fig. 3. Hefécy is the angle between the
accuracy by which the size and shapbain architectureof bond G—H and the bilayer normal. When the bond-order
the lipid molecules is represented. At the same time it igparameterS=1, the bond is parallel to the bilayer normal
necessary to account for the short- and long-range intera@nd whenS=—0.5, the bond is perpendicular to it. The in-
tions. For example, the two hydrophobic tails should prefeverse is also true, i.e., if the bond is parallel to the bilayer
their own (apola) environment over that of the water phase. normal, the order paramet81, and if the bond is perpen-
The zwitter-ionic head group is expected to prefer the medicular to the bilayer normal, the order paramet®+

A. C—H bond-order parameters

dium with high dielectric permittivity. —0.5. Furthermore, if the bond does not show any preferred
Here we use a molecular level SCF approach applying therientation, the order parameter is ze8s; 0. However, ar§
discretization scheme of Scheutjens and Flg&6—  that equals O does not necessarily mean that the bond orien-

90,107,108 All essential details of the SCF calculations aretation distribution is full isotropic: a value of order parameter
presented in a pap¢l09] where also an extensive discus- S=0 can result from different bond orientation distributions.
sion on the choices for the various parameters can be found. In Fig. 4 the order-parameter profiles obtained by SCF
At this point it suffices to mention that the molecules arecalculations are given for both tails of lipid molecules of
represented on a united atom level. The urgegments  these bilayers. The order parameter is easily computed in the
interact by nearest-neighbor contacts using Flory-Huggin§SCF model from the information on the direction of the
parameters. Electrostatic interactions are included on thbonds connected to the segment along the ckfainmore
level of the Poisson-Boltzmann equatiph10,11]. Chain  details of the SCF model, see REE10)). In this model, the
conformations are described in a rotational isomeric stat&cp(t) order parameter is unity when the bond between seg-
model. Thecis double bonds are modeled by forcing a localmentst—1 andt is in the normal direction. When for all
gauche conformation in the chain. Water molecules are agnolecules in the system this bond is in the plane of the
sumed to form(local) clusters with variable sizgL09]. The bilayer, the order parameter 1s0.5. For a random distribu-
association constait mimics the action of H bonds. Finally, tion, of course, a value of zero is found.
it is necessary to allow for free volume in the systgif9]. The — S order-parameter profiles for both the saturated
At ambient pressure, the free volume is allowed to distributeand monounsaturated chains of 18:0/18:1 PC biléy®s. 3
according to the interaction parameters used in the systemand 4 are in reasonable agreement with experimental values
The accurate self-consistent-field solution is generated ny114]. The —Scy order-parameter values of the double-
merically. Typically we obtain at least seven significant digitsbonded carbons of unsaturated chain of 18:1 significantly
for the densities in the system. The next step is to obtain thdiffer from one another, the shape of the calculated profile of
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FIG. 3. The— Sy order parameter as a function of the carbon nuntleéithe lipid hydrocarbon chains of the bilayees 18:0/18:1 PC
and(b) 18:0/22:6 PC at 303 K as determined from the MD simulati@e® text. In plot (a) some experimental data for the deuterium order

parameter|Scp|, with the segment position in the region of the double bonds for the oleoyl ¢h@ityexp of bilayers of 16:0/18:1 PC is
given[114] (at 300 K). The arrows indicate the double-bond positions. The calculatBg, values are averaged over the twe-E1 bonds

of CH, groups. To calculate the profiles, the trajectory of 1018 ps was computed for 18:0/18:1 PC (tileyererage area per molecule was
0.6134 nM) and 1018 ps for 18:0/22:6 PC bilayer (0.6624%m

the cis double-bond region is quite similar to the experimen- N-1

tal one. The dip in the order-parameter profile of 18:1 chain (ISch) aw=[1A(N—-2)] 2 |Schl (14
near the region of double-bonded carbons was also observed k=2

in other computer simulations with monounsaturated acyls

[38—43,45—47,58—@G0and mean-field calculation$7,91). whereN is the total number of the chain carbord=€ 18 or
Besides, it is significant to point to the fact that in the SCF22 for our lipid chaing decreases when the chain unsatura-
calculations of SOPC bilayer the order in the-2 monoun-  tion in the bilayer increases from one to six double bonds. In
saturated chain is a bit higher than in the-1 saturated the MD calculations for the PC bilayer§Sc)a, is equal to
chain for the tail segments=2-5 (Fig. 4). This may be 0.223 for 18:1 chain and 0.053 for 22:6 chain. The corre-
attributed to the fact that then-2 chain has to “catch-up” sponding values found by_the SCF calcula_tions are 0.251
with the sn-1 chain, because it starts at a slightly higlzer (18:) and 0.099(22:6), which are systematically slightly

. . higher. These results correspond nicely to our MD simula-
coordinate. The same effect for carbons 2—S@f chain of tions with DG monolayer§47] in which the values|Sa)
the bilayer 18:0/18:1 PC is found in the MD calculations; Y HIJaw

. . : were 0.106 and 0.025 for the unsaturated chains in the mono-
however, all the- Scyy values in thesn-2 chain of the bilayer .01 of 18:0/18: w9cis DG and 18:0/22:®3cis DG, re-
18:0/22:6 PC are lower than those fen-1 chain(Fig. 3. gpectively[47] (see also the bond-order-parameter profiles in
Thus, even with a singleis double bond in the lipid chain Refs.[45,46).

the bond-ordering picture in the unsaturated bilayer differs The average order parameter of the 18:0 chains is higher
significantly from that of the saturated one. The order-for the 18:0/18:1 lipid bilayer than for the the 18:0/22:6 bi-
parameter profile of the saturated chditB:0) exhibits a layer as is clear from both the MFig. 3) and SCHFig. 4
“plateau,” the order drops gradually to the chain efte-  results. This drop in the average order of the saturated chain
pending on specific conditions The average magnitude correlates with the area per molecule in both cases. Above it
(ISchl)ay Of the G—H bond-order parameter of the hydro- was shown that the area per molecule increases with increas-

carbon lipid chain of the bilayer given by ing degree of unsaturation in the acyl chains. A large area per
0.412 J;-_:?\ 0.4
-.'Q_\ B
S o, C18:0 -5 \ N,
= T " L v N c18:0
0.2- pre 0.2 -
\ A % e
\{f' \ L \
| WA
a o G226
1] 5 10 15 20 i) 5 i0 15 20

FIG. 4. Order-parameter profilesS¢y for both tails of the lipid molecules of SOPC and SDPC as determined from the SCF calculations;
t is the segment number along the chain. The arrows indicate the positions of double bonds.
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FIG. 5. Histograms of severakSH bond-vector orientation distributiong(Bcn) of the chain 22:6 relative to the bilayer 18:0/22:6 PC
normal;t=6,7,8, and 9 are carbon numbers of the 22:6 chain. Each of the distributions contains 60 calculatidivipsitsulations. For
the eighth carbon, the angll3* value (8L corresponds to the maximum of the distribuji@md the distribution widthS B¢ (full width
at half maximum are indicated.

molecule allows for more freedom for the chains to adoptsimulations. Since th&c order parameter depends solely
various conformations other than the fully stretched one. lign the angle8., between the bond and the bilayer normal,
must be understood, that in both modeXCF and MD the ony the g, dependence of thecy distributions was inves-
area per molecule is not an input parameter but a predictiofigated in this work, similar to those investigated previously
of the calculations and thus this correlation is significant. ¢5. pg monolayerg45-47 and for isolated hydrocarbon

_The profile of —Scy, obtained in this work for the lipid = op4in molecules with respect to the molecule principal axis
bilayer chain with six double bonds should be considered a§¢ jartia [77—-80. For the computation of the distribution

a theoretical predictior(see also Refs[47,48,52,5¢ be- functions, the angl@y in the range 0°—180° of each-CH

cause, to our knowledge, experimental data on the order- - . .
' ) ST ond was divided into 60 sectof§) of 3° each: 0°-3°,
parameter profile of the polyunsaturated 22:6 chain in bilaye °_@°, ... .177°-180°, as was done in Refd5—47,77—

membranes is not available.
80].

Both 0° and 180° mean parallel to the membrane normal
and 90° means parallel to the membrane surface. Then the
From the bond-order-parameter pI’Oﬁ(SECh asin FigS. 3 percentage that the ang&:H appears to be in thﬂh sector
and 4, it is impossible to determine the exagemique or-  (j=12 ... ... ,60) wasrecorded. The final functions
dering picture of a particular bond, especially because thg . (s ) of each CH group were found by averaging over

order parameteS of a given bond is not equal to 1 Or {ho two C_H bonds in the group. The distribution
—0.5. In the general case a bond orientation probability dis-

L ? pcu(Bcen) of the given bond was averaged over all the mol-
tribution functionpci( ey, ), where the angleBeyand — o¢ e in the two monolayers of the bilayer.
Ycp are the polar coordinates of the-GH bond vector with

i . . . For completeness we present in Fig. 5 several distribu-
respect to the bilayer normalit is the angle in the bilayer tion lculated for an | tail with six |
surface, gives a much more detailed description of the C-H ons pen(fey) calculated for an acyl ta six double

: .~ 'bonds, i.e., the 22:6 chain; the distributions for each-I&
vector ordering. LeBcy= 8, ihcy= 1 then the bond distri- 4 ¢ CH groups are shown separately. It is necessary to
bution function is defined as

reduce the data for the subsequent discussion. To this end, all
exd —U(B,)/ksT] the pcu(Ber) distributions to theS parameters for the two

bilayers were analyzed in terms of the angle for which
max

T (27 !
f j exd —U(B, ) kgT]sinBdBdy pcr(Ber) has its maximunBe;™ and the widthé B corre-
0 Jo sponding to the difference in angle for the half heights of the
(19 distributionspcp(Ber), i-€., full width at half maximum, as
was done in Refd45-47,77—80 Some of the distributions
turned out to be “bimodal”(such ast=6,9 in Fig. 5. The
peaks of the bimodal distributions are not fully separated: in
most cases the distribution curves are not “double-humped
o waves” but contain a main peak and a small plateau region.
singf exd —U(B, ) kgT]dy All the anglesBgi* and widthséBcy of the distributions of
0 the PC bilayers were calculated without considering the phe-

nomenon of bimodality: the angle8l3* refer to the main

PcH(BeH) = 5= :
fo fo ex —U(B,¢)/kgT]sinpdpdy peaks. The results of this reduction of the data are shown in
(16) Fig. 6.
The values ofgl3* and 88y may be used to judge the
In this work, the distributiongcn(Bcy) of all the G—H “geometric” and “fluctuation” contributions to the— Scy
bonds of saturated and unsaturated lipid hydrocarbon chairder parameter. Indeed, té@.y values of the &-H bonds
of the two bilayers were calculated numerically by the MD of the double-bonded carbon atoms in the chain 18:1 are

B. C—H bond orientation distribution functions

pcu(Bens¥en) =

wherekg is Boltzmann constant is the temperature. Inte-
gration over the angle¢c,= ¢ in the bilayer surface leads to
the orientational distributiopcy(Bcn) given by
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FIG. 6. MD computer simulations results for the calculated angle va®ds which correspond to the-GH bond-vector distribution
function maximal pcy(Ben) Imax Of the lipid hydrocarbon chains of the 18:0/18:1 P&} and 18:0/22:6 PQb) bilayers; The calculated
values of G—H bond-vector distribution function width$8 which correspond to half heighfocn(B8EG7)1/2 of the distributions
pcu(Ben), for the hydrocarbon chains of the lipid bilayers of 18:0/18:1(BCand 18:0/22:6 PQd). The arrows indicate the double-bond
positions. Accuracy is within the symbol size.

approximately equdl65.7° and 64.6° for carbons 9 and 10, simulations[77—80 and then for monolayers consisted of
Figs. 6a),(b)] but BL3*=100.5° for carbon 9 and 52.5° for polyunsaturated molecules of DGs by MD simulati¢AS—
carbon 10 of 18:1-chain, Figs(®,(d). Hence the values of 47].
the differencd 90°— BZ3 are equal to 10.5° and 37.5° for Let us consider the €-C bond order profiles for the two
carbons 9, 10, respectively. So the dip in th&y order-  bilayers. Figure 7 shows marked differences in $ag order
parameter profile of the chain 18:1 in Fig. 3 is in this caseParameter between odd and even running numbers for hydro-
due to a pure geometric effect. The same situation is obcarbon chains of the bilayers. The odd-even effect for satu-
served, e.g., for carbons 4 and 5 in the 22:6 chain. On th&ated chains is well known: this is because the rotations of
other hand, an opposite example can also be given: in th&e CH groups about their local axes are anisotropic. The
22:6 chain the magnitude of the differen¢g@0°— gLy  difference in behavior and properties of unsaturated lipids is
=3.0° and 4.5° for carbons 3 and 9, howeveéiB.y that theScc order parameters of thas double bond %C in
=78.9° and 121.1°, respectively. Figure 3 shows that thd 8:1 and 22:6 chains are hlgh(_ar th_an those of adjacent single
disparity in the— Scy values of carbons 3 and 9 in the 22:6 C—C bonds(see also the profiles in Refgl9-51)).
chain is significant. This is then due to a pure fluctuation
effect. Of course many “intermediate” cases are observed.
From this it is clear that the order-parameter profile by itself
cannot give such an information. The root-mean-square values of the fluctuations of the
The most important result obtained in the investigation ofacyl carbons of the 18:0/18:1 PC and 18:0/22:6 PC hilayers
bond orientation probability distribution functiops.y(Bch) in “plane” ( xy), out of plang(in the z direction) and the sum
seems to be the “broadening effect”: the widfiB. of the  were obtained by the MD simulations and shown in Fig. 8.
distribution function of the CH groups located between the These fluctuations were calculated and averaged for each
cis double bonds in polyunsaturated 22:6 chétig. 6, car- chain carbon atom of each molecule in the bilayer. Figure 8
bons 6, 9, 12, 15, 18s higher than that for &-H bonds of  shows that the RMS fluctuations of the saturated and unsat-
double-bonded carbons. This effect was first detected for isadrated hydrocarbon chains of each bilayer have many similar
lated polyunsaturated hydrocarbon chains by Monte Carleharacteristics with the exception of the region of double

C. RMS deviations of the acyl chain carbon positions

15 20 0 5 10 15 20

FIG. 7. Order parameteé3.¢ as a function of the bond numberof the lipid hydrocarbon chains of the bilayers as determined from the
MD simulations. The arrows indicate the double bonds.
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FIG. 8. Profiles of the root-mean-square val(B#1S) of the positional fluctuations of the carbons of lipid hydrocarbon chains of the
bilayers 18:0/18:1 PC and 18:0/22:6 PC as determined from the MD computer simulagerext The in-plane RMg,, the out-of-plane
RMS,, and the overall fluctuations RMg3. The arrows indicate the double-bond positions. The RMS values were obtained using the
trajectory of 1018 ps for 18:0/18:1 PC bilay@he area per molecule was 0.6134%rand 1018 ps for 18:0/22:6 PC bilayer (0.66242)m
T=303 K.

bonds. The difference in the profile of RMS values of thispositions in Fig. 9. The MD simulations show that the aver-
region is significant, the fluctuations of the unsaturated chaimge z positions of the end carbons of polyunsaturasee?
carbons are always higher than those of saturated one. Thbains of the first and the second monolayers of the bilayer
difference in the RMS fluctuations of the saturated 18:0 and 8:0/22:6 PC are well separated whereas thosesrel
polyunsaturated 22:6 lipid tails in the bilayer 18:0/22:6 PC ischains are situated not far from each other in the center of the
more than that for 18:0 and 18:1 chains in the bilayer 18:0bilayer. In other words, it is the saturatea-1 chain that
18:1 PC. The RMS fluctuations of the carbons of the doubléinds the two monolayers to each other. This tail interdigi-
bonds proved to be increased as compared to the adjacetates by way of conformational fluctuations into the opposite
single-bonded carbons of the same chain. Also, the RM®nonolayer. The polyunsaturated tail penetrates less into the
value increases from the lipid head towards the ends of thepposite layer. Thus, then-1 andsn-2 tails do not have the
tails. This means that the conformational entropy of tail endsame function, e.g., with respect to the bilayer thickness con-
is higher than that of chain fragments near the glycerol backtrol. This effect has less significance in the bilayer 18:0/18:1

bone. PC.
The fluctuations in the direction, RMS, of all carbons Figure 10 shows the averagg@osition of segment and the
in the chains are presented as a function of the average RMS deviations from the averageposition calculated by
0.2 1800181 PO 18:0/22:6 PC
ez

22
21l 191

- 18:1 18:0

-2 -1 o T 1 [nm] 2 -2 -1 a er 1 [nm] 2

FIG. 9. The root-mean-square values RM$ the positional fluctuations of the carbons of lipid hydrocarbon chains of the bilayers
18:0/18:1 PC and 18:0/22:6 PC as a function of their avemgesitions (along the normalas determined from the MD computer
simulations(see text Various numbers of the tail carbons are indicated.
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FIG. 10. SCF predictions for thecomponent root-mean-square deviation of each segment of the two acyl chains and for the glycerol
backbone units of the bilayers 18:0/18:1 PC and 18:0/22:6 PC plotted as a function of the dzpastion of these segments. Both the
RMS values and the averaggosition are in units of the lattice sites=0.2—0.3 nm). Then-1 tail is given by the open sphere, thae-2
tail is given by the closed symbols. The glycerol backbone units are indicated by the open diamonds. Various numbers of the tail segments
are indicated and the arrows point to the positions of the double bonds.

the SCF method for both the 18:0/18:1 PC and 18:0/22:6 PC Comparison between Figs. 9 and 10 shows that the SCF
bilayers. In this figure only one side of the bilayer is drawncalculations systematically show relatively large RMS values

and the bilayer center is exactly a&=0; unlike in simula-  for thesn-1 chain. The RMS values increase more gradually

tions, the second monolayer is exactly identical to the ongowards the chain ends in the SCF results than found in the
shown. The segments with a low ranking number are neagiD simulations. As a result, the highest fluctuations found in

the glycerol backbone, they have relatively high-average the SCF calculations is for the chain end of the 18:0 chain,

positions(they are positioned on the outside of the bildyer \yhereas in the MD simulations the unsaturated chain is fluc-
and the fluctuations are low. For segments with a high ranktuating most.

ing number the opposite is true, they are on average posi- The RMS deviations of positions of the lipid atoms for
tioned near the center of the bilayer and the fluctuations arg, )\ \nsaturated 16:0/18:1 PC bilayer were calculated pre-
E'ghl’ much l?s for Rl\t/)|§oftlr\1/lDSr(e;sl,:uIts ,E’r:e(sﬁntf.d Itn Flt% tg;thviously by MD simulation in the wor{38], and the RMS

or low ranking numbers the method Indicates that Iga1ues are relatively high for double-bonded carbons com-

saturatedsn-1 chain has slightly more fluctuations and is d h d chain. This i led th
systematically positioned slightly deeper into the bilayerpare to the saturate chain. This increase was cafe the
“C=C effect” [38]. Mention should also be made of mean-

(Fig. 10. This correlates with the average positions and fluc-,. . : . )
tuations of the corresponding glycerol backbone units. Ir‘fIeld calculations in the worf91]. The opposite result is

passing we note that for the middle glycerol backbone unif€presented in this work, i.e., the RMS deviation decreased
(i) the fluctuations are the lowest in the whole moIecuIe.for the double-bonded carbons of the same monounsaturated

Furthermore, the fluctuations typically increase neardise 16:0/18:1 PC bilayef91]. It is difficult to discover the cause
double bond in the unsaturateh-2 chain, in accordance Of this discrepancy at this moment. The RMS fluctuations of
with the result of the MD simulationéFig. 9) but does not saturated 16:0 and diunsaturated 18:2 chain carbons of the
increase as much for the segment just after the double bond6:0/18:2 PC bilayer as a function of their mean position
We find that this result is natural because one of the possiblalong the bilayer normal calculated by another MD simula-
roles of lipid chain unsaturation is to disturb the order insidetion [54] revealed that the 18:2 chain segments had larger
the bilayer such that the membrane remains fluid. For théluctuations at the same heigt#® than those of 16:0 chain.
remainder of the chain the fluctuations ®f-2 chain are At the same time, the fluctuations of the unsaturated 18:2
significantly higher than segments of tee-1 chain posi- chain segments as a function of the segment number proved
tioned at the same mean position. In line with the MD re-to be less than of the saturatétb:0) one[54].

sults, thesn-2 chain does not penetrate as deep into the In summary, our MD calculationdigs. 8 and 9revealed
bilayer as the saturatexh-1 chain. Indeed this is a dramatic the RMS deviation increasgpoth RMS in plane and RMS
effect with many potential implications. For example, theout of plane and RMS totabf the carbons of double-bond
average position of G of thesn-2 chain almost equals that regions for the two bilayers investigated, 18:0/18:1 PC and
of Cyo of sn-1 (of the 18:0/18:1 bilayer in Fig. 30 The  18:0/22:6 PC, and the same is observed for the SCF model-

unsaturated chain is more ordered fer9 than fort>11.  jng results(Fig. 10 and for the DG lipid bilayers, see Ref.
Thus the double bond located in the positibn9 exerts T[52]_

some disordering influence not only locally, on the region o

Cy—C,y of the chain, but on the remaining part of the chain IV. DISCUSSION

(for t>11) as well. The same effects are seen for the chain

with multiple double bonds. Indeed, although the 22:6 chain The MD simulation and the SCF modeling results provide

is much longer than the 18:0 chain, the chain end of the 22:@& wealth of detailed information on the structural properties

chain does not reach as far into the bilayer as the 18:0 chaiof the unsaturated bilayers. The obtained data point to the
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physical properties that are characteristic for polyunsaturatediven acyl chain of the bilayer are together highly character-
lipid acyls. Some of the results confirm previously obtainedistic for the level of unsaturation, they are like fingerprints
data and other results add to our knowledge. pointing one to one to the details of the unsaturation along
All-atom MD simulation and the SCF modeling of the the chain. In other words, a close relationship between the
hydrated unsaturated and polyunsaturated PC lipid bilayersivestigated characteristio®rder parameters, fluctuations,
in the liquid-crystalline phase indicate that thes double etc) and the structure of the chains is elucidated. The num-
bond strongly affects the local order in the bilayer. Inber of the chain carbons, the numberifdouble bonds and
accordance to experimental findings, theScy order-  their position in the chain determine principally the proper-
parameter profile shows a pronounced dip near the doublges calculated: they are similar both for the bilayers of PC,
bond. Multiple methylene-interrupted double bonds of thepg and the DG monolayers.
chain reduce the- Scy; order-parameter values along most of  After the submission of this manuscript a combined NMR
the chain. The order parameters i8¢ of single C—C  anq MD simulation work(115] on 16:0/22:G»3cis PC bi-
bonds next to theis double bond in the unsaturated chain layer, and a combined quantum mechanical, empirical force
are lower than those for the double bonds-C, and forthe o4 calculation and MD simulation work[116] on
single bonds &-C at the same position along the saturated; g.g/22-6,3cis PC bilayer were published. The order-

acyl chains. parameter profiles obtained for 2258c¢is chains are in line

A C=C effect for the root-mean-square values of the,;ii, the MD simulations of the present work and those of
positional fluctuations of the carbons, and a broadening efrats. [47,48,52,56 The findings discussed in the present
fect for angular fluctuations of-&-H bonds of CH groups o1k occur also in the unsaturated lipid bilayers with 2, 3,
in the unsaturated PC bilayers are detected. It is evident thal,§ 4cis double bonds in the chaifjg17].
high orientation fluctuations of-&-H bonds(which are char- The understanding of the molecular basis of the physical
acterized by the orientation distribution function width roperties of the lipids allows one to narrow down the list of
6Bcr) of CH, group located between tioes double bonds in - ypotheses under consideration about the possible function
polyunsaturated chains with respect to the bilayer normakt yarious acyls in lipid membranes. The data obtained in
(i.e., the broadening effecshould be connected with high ;s work substantiated the broadening effect and elucidated
spatial fluctuations of the adjacent double-bonded carbongigh spatial fluctuations of the adjacent double-bonded car-
(i.e., with the G=C effect; the latter for the PC bilayers is pons. So the flexibility of polyunsaturated chains is not only
similar to that of the DG bilayerg52]). The broa_denmg ef- ‘high on the whole[71-74 but is also evenly distributed
fect and the order parameters for the PC bilayers are iRjong the chain. This is a considerable evidence in favor of
agreement Wlt_h the_ resu_lts_of our MD _calculatlons of thegyr conceptd21,68,71,72, 7hbecause the flexibility of the
C—H bond _orlentatlon distribution functions and order pa- :hain molecule which is high along the chain gives a gain in
rameters with respect to the normal of unsaturated DGpe energy of the lipid-protein interactions at the contact
monolayerd45-47 and DG bilayer52. ~~ (poundary surface of the lipid and protein molecules.

The bond-order parameters and orientation distribution The MD results have given guidelines to design a signifi-
charaf‘:t_erl_stlﬂcs of the chains in the lipid monolayer and biantly petter parameter set for the SCF calculations. For this
layer “liquid” regions, as found in experiments and in MD  jmproved parametrization the SCF results show qualitatively
computer simulation modelp45-47,53, are qualitatively  the same effects of unsaturation on the local order in the
similar to the intramolecular order parameters and the inpjjayers. The MD results show that the computationally effi-
tramolecular bond orientation distributions in single unper-jent and approximate SCF theory gives a less detailed, but
turbed[100] unsaturated hydrocarbon chains previously in-neyertheless consistent, picture of the bilayers. The SCF
vestigated by the Monte Carlo simulatiofg7—-80. This  heory can successfully reproduce single-chain properties be-
indicates that the behavior of the acyl chains in the liquidcgse of the above-mentioned importance of the intramo-
region of lipid bilayers (somewhat remote from the |ecylar short-range interactions. Even the subtle effects of
membrane-water interfaces dominated by the intramolecu- chain unsaturation are recognized. This observation is rel-
lar short-range interactions because unperturbed hydrocarb@ant because the SCF analysis may be used to help under-
chain properties are fully defined by the short-range interacstang the influence of molecular structure in relation to the
tion energy[100]. The long-range interactions of the seg- pjjayer properties, as this method may give direct access to
ments of the lipids in this region of the bilayer and the '”ter'thermodynamic and mechani¢all2,113 properties of these
actions with the bilayer-water interface may be considered 8@yers. This in turn may be important to understépedich

a disturbance: the intermolecular interactions are largelynemprane properties on much longer length scales, i.e., 10—
used to orient the lipid molecules in the direction of the 100 nm.

membrane normal.

All the investigations carried out by the MD and SCF
approach prove that the ordering picture in the unsaturated
lipid bilayers is quite complex. Many different details are
observed depending on specific conditions—area per mol- This work was partially supported by NWO Dutch-
ecule, pressure, temperature etc. At the same time the maRussian program for polyelectrolytes in complex fluids and
qualitatively characteristic features of the profiles ofRussian Foundation for Basic Research Grant Nos. 00-03-
—Sch» Sce, BERY, 8Bcu, RMS deviations of atoms for a 33181 and 01-04-48050.
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