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Abstract: We investigate the effect of specific conformations of double-bond segments in highly polyunsaturated
acyl chains on the deuteriufid NMR order parameters of a fully hydrated 1-stearoyl-2-docosahexaenoyl-
snglycero-3-phosphocholine (SDPC, 18:0/22:6 PC) lipid bilayer. The system is analyzed by performing a
molecular dynamics simulation study at ambient conditions in the fluid lamellar phase. By separately calculating
the different partial contributions to the total order parameter profiles measurable experimentally, we are able
to get insights into the molecular origin of earlier experimental and theoretical observations. The effect of the
position of the different conformations of double-bond segments along the polyunsaturated acyl chain is also
examined. As in experiments performed in a series of lipid bilayers with an increasing number of cis double
bonds per lipid molecule [Holte, L. L., et @iophys. J1995 68, 2396], we find that unsaturations influence
mainly the order of the bottom half of the saturated chain. Specific conformations of the polyunsaturated
chain close to the lipid headgroups have a distinct effect on the order of the bottom half of the saturated chain
and on the top half of the polyunsaturated chain. Our results indicate that for SDPC the conformation of the
region of the polyunsaturated chain located between the first three cis double bonds is responsible for the

major effects on the orientational order of both the saturated and the polyunsaturated chains.

Introduction

Fatty acids with multiple unsaturations (double bonds) are

especially the docosahexaenoic fatty acid (DHA), are present
in large amounts in these rod membranes. By modifying the
stability of Metarhodopsinll (MlIl) versus Metarhodopsinl (Ml),

rather abundant in cerebral and retinal tissues, and in theyhich are intermediate molecular forms of rhodopsin in the

olfactory bulb! These unsaturations are known to affect a

cascade that follows the absorption of a photon, the DHA

number of biophysical properties of membranes constituted by ontent influences the proper function of rhodop4iri2

phospholipids with one or both acyl chains containing cis double

bonds. Examples of these effects are the low main erder
disorder phase transition temperatu#éshe enhanced perme-
ability to small organic solutes and watét,the enhanced
elasticity or decrease in area compressibility modéhdsstc.

A particularly interesting situation is the case of membranes
constituted by phospholipids with mixed (saturated/polyunsatu-
rated) chains. For these lipids, the biologically relevant fluid
lamellar phase can be achieved at room temperature for
unicomponent lipid bilayers. Because polyunsaturated acyl

However, the importance of polyunsaturated lipids seems not chajns decrease the temperature for the main (gel-to-liquid-
to be limited to a mere structural role. In some situations crystalline) phase transitidd,Tm, these model membranes with

polyunsaturated lipids are needed for the proper function of mixed acyl chains are thus fluid under physiological conditions,
membrane-embedded proteins. This is the case, for instanceijn contrast to lipids with saturated chains of similar lengtks.

of the G-protein coupled visual receptor rhodogsimhich is

For the 1-stearoyl-2-docosahexaensmglycero-3-phospho-

found in the rod cells of the retina. Polyunsaturated fatty acids, chgline (SDPC, 18:0/22:6 PC) lipid, in particular, the main
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order—disorder transition temperature in multilamellar disper-
sions containing 50 wt % # was measured by Nuclear
Magnetic Resonance (NMR) spectroscopy and found td,be
~—6°C3

Besides their importance as constituents of biomembranes,
polyunsaturated fatty acids can serve as precursors for the
biosynthesis of prostaglandins and thrombox&hasd leuko-
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trienes!® In addition, the DHA is known to be an inhibitor of
prostaglandin biosynthesis but not of thromboxaté2olyun-

Saiz and Klein

degree of unsaturation (see for instance, ref 27). In a recent
MD simulation study® of an SDPC lipid bilayer in the liquid

saturated fatty acids can also modify the activity of receptors crystalline phase at ambient conditions, we demostrated the
acting as ligands. For instance, the DHA has been recently ability of current force fields to reproduce reasonably well the
identified as a ligand for the retinoid X receptor (RXR) in mouse €xperimental structural properties of this membrane with highly
brain, indicating that DHA may influence neural function Polyunsaturated acyl chains.
through the activation of an RXR signaling pathwdy. In the present work, we use MD simulation of SDPC as a
The disorder of the acyl chains of lipid bilayers in the fluid tool to evaluate the effect of the molecular conformation of the
lamellar phase is habitually measured experimentally by deu- polyunsaturated (DHA) chain on the orientational order of both
terium 2H NMR spectroscopy. This technique is used to the saturated snl (g and the polyunsaturated sn2,fchains

determine the orientational order parameter profiles by deuter- -?:St-h'ﬁtm:i/oh){ﬂ;atrendo{glcxﬁg;d;?—'n-rl:p'gf bt'lhiyefré;orgzmorfn%i
ating the different hydrogen atoms along the acyl chains and nsight 1 . Y ngi . u S
measuring the spectra. Thus, the orientational order parameters?Xpem.nem?”y a\{a!lable quantities, the phfferent contributions
are available as a function o% the position of the carbon atoms of the individual lipids to the total experimentally measurable

. . ! . NMR orientational order parameters are extracted. These
along the chains. The effective chain lengths and areas péflipid P

v derived f h d th different contributions are gathered for lipids with particular
are usually derived from these measurements and the tmpergytormations of the molecular fragments comprising three
atures of the main phase transiticare determined from the

i . consecutive cis double bonds of the polyunsaturated chain. This
first moment of the deuterium spectid;. Although both the  athodology, used here to evaluate the effect of individual
average chain conformation of the acyl chains and their motions qnformations of chain segments on the overall NMR orienta-

are reflected in the orientational order parameters, it is out of tjona| order parameters, can be applied to a wide variety of
the reach of experiment to separate the different contributions chemical systems to get more insight into the particular

because the microscopic details are averaged out in experimentmicroscopic characteristics associated with an experimental

Some trends can be derived, however, from extensive comparaproperty.

tive experimental studies on different systems and at different

thermodynamic states. Experimentally, it was thus observed thatComputational Details

the presence of polyunsaturated chains in membranes constituted

by phosphatidylcholines (PCs) with mixed chains affects the
orientational order of the saturated chadid&2!Specifically, the

The MD simulation was performed at constant temperatlre;
303 K, and pressure? = 1 atm, on the model membrane and had
similar characteristics to those reported elsewRe&ige present lipid

saturated chain exhibits an increase in disorder at the bottompjayer consisted of 64 lipid molecules and about 27.5 water molecules
half of the chain (close to the membrane center) as unsaturationper lipid, which corresponded to a fully hydrated lipid bilayer with an

is increased in a series of PCs with mixed chains, while the

area per lipidA, of 61.4 & and a lamellar spacingl, of 70.0 A. The

effect of increasing temperature on the chain order consistedsimulation was carried out at constant pressure under NPT conditions.

of an overall decrease in order specially noticeable at the top
half of the chain (close to the watelipid interface)?! Therefore,
the inclusion of unsaturation in the sn2 chains produced an

We used the NdskEloover thermostat chain extended system isothermal
isobaric dynamics method with an orthorhombic simulation cell, as
implemented in the program PINYMD.?° The reversible multiple time
step algorithr?f permitted the use of a time step of 5 fs. The different

inhpmogeneous _disorde_ring along th_e saturated (snl) chainsproperties were evaluated over a production run of 1 ns after an
which was associated with a change in the molecular shape forequilibration period of almost 2 ns. At the end of this initial period,

PCs containing a polyunsaturated (three or more cis double
bonds) chain toward a more wedge-shaped f&rm.

Computer simulations provide a suitable tool to analyze the
membrane properties from an atomic level, and offer a direct

energies and cell dimensions converged to their equilibrium values and
the dihedral angles of both acyl chains displayed symmetric distribu-
tions, which is an indication of the equilibrium state reached by the
system.

The molecular and potential model used for the lipid molecules was

connection between the microscopic details of the system andthe recent version of the all-atom CHARMM force field (CHARMM27)

the macroscopic properties of experimental intet&3t Al-
though classical molecular dynamics (MD) simulation studies

for lipids 2 whereas we used a rigid TIP3P moddbr water. All the
motions involving hydrogen atoms were frozen, which allowed us to

have been extensively used in the past decade to investigataise a time step of 1 fs in the integration of Newton's (classical)

model membranes, earlier studies of watiguid phosphatidyl-
choline systems in the lamellar phase were restricted to
disaturated lipids (see for instance, ref 26) or lipids with a low
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equations of motion. The intermolecular parts of the force fields are
pairwise additive functions, which consist of simple Lennard-Jones plus
Coulomb terms.

We used periodic boundary conditions and the constraints in our
system were handled by means of the SHAKE/ROLL and RATTLE/
ROLL methods® The short-range forces were computed using a cutoff
of about 10 A and the minimum image convention, and the long-range

(27) Feller, S. E.; Yin, D.; Pastor, R. W.; MacKerell, A. D., Biophys.
J. 1997 73, 2269. Chiu, S. W.; Jakobsson, E.; Subramaniam, S.; Scott, H.
L. Biophys. J1999 77, 2462. Hyvamen, M. T.; Rantala, T. T.; Ala-Korpela,
M. Biophys. J.1997, 73, 2907.

(28) Saiz, L.; Klein, M. L.Biophys. J.2001 81, 204.

(29) Tuckerman, M. E.; Yarne, D. A.; Samuelson, S. O.; Hughes, A. L.;
Martyna, G. JComput. Phys. Commug00Q 128 333.

(30) Martyna, G. J.; Tuckerman, M. E.; Tobias, D. J.; Klein, MMol.
Phys.1996 87, 1117.

(31) Schlenkrich, M.; Brickmann, J.; MacKerell, A. D., Jr.; Karplus, M.
in ref 26. Feller, S. E.; MacKerell, A. D., J8. Phys. Chem. R00Q 104
7510.

(32) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. J. Chem. Phys1983 79, 926.



Influence of Polyunsaturated Lipid Acyl Chains on NMR Order Parameters  J. Am. Chem. Soc., Vol. 123, No. 37,33301

are perpendicular, and a value close to zero for random
orientations, the-Sp(n) values for lipid bilayers are usually
in the range 6-0.5.

In previous computer simulation studies, it was observed that
the presence of cis double bonds leads to orientational order
parameter profiles for the unsaturated chains that are quantita-
tively and qualitatively different from those characteristic of
saturated acyl chains (see for instance, refs 27 and 28).
Deviations of the order parameter profiles from the features
typical of saturated chains also have been observed in lipids
with branched acyl chairi. In the SDPC lipid bilayer, in
particular, due to the different molecular structure and dynamics
of the polyunsaturated chain, thescp(n) values obtained from
MD simulations are significantly lower for the polyunsaturated
chain than for the saturated cha&fin good agreement with
experimen®* Furthermore, the orientational order parameters
for the DHA chain were found to be strongly correlated with
the position of the €&H bond along the hydrocarbon chain,
especially at the first (between the fourth and the fifth carbon
atoms; terme@4=C5, where =" indicates the position of the
double bond) and secon@7=C8) cis double bonds and to a
lesser degree at the third on€1(0=C11). In contrast, the
—Scp(n) curves presented a smoother profile for theKCbonds
Figure 1. Instantaneous configuration of the SDPC lipid bilayer. For located at the bottom half of the chain. The former suggested a

the sake of clarity, water molecules, which are located between the SIrong dependence of the order parameters on the chain

headgroups of two opposite leaflets, i.e., the void region, are not shown. conformation of the top half of the chatf,while the latter
The headgroup region is indicated by the positions of the nitrogen atomsindicated that the addition of more cis double bonds after the

(colored blue) and the phosphorus atoms (colored yellow). The rest of first three, when the unsaturations begin close to the headgroup,
the lipid atoms are displayed as balls and sticks. By the use of periodicdoes not have an additional effect on the order of the
boundary conditions, images of the simulation cell are replicated at polyunsaturated chain, which is consistent with earlier theoreti-
every face of the orthorhombic central cell (colored red). caP and computer modeliff§ calculations.

) ) However, the influence of unsaturations on the orientational
forces were taken into account by means of the Particle Mesh Ewald 5 qar of hydrocarbon chains in biomembranes seems not to be

i 3

(PME) techniqué: limited to the unsaturated chains. It is known from experiment

In Figure 1, we show an instantaneous configuration of the SDPC that the presence of polyunsaturated acyl chains affects the order

lipid bilayer. The water molecules, which solvate the lipid headgroups, 21 -
are not drawn. The disorder displayed by the lipid chains, located in Parameters of the saturated chaifi$?* Specifically, the
the middle of the cell, indicates the fluid lamellar phakg, of the saturated chain exhibited an inhomogeneous decrease in order

membrane. The most polar part of the membrane, the zwitterionic PC at the bottom half of the chain as the degree of unsaturation is
headgroup region, is indicated by the position of the nitrogen atom increased in PCs with mixed chaifis.

(colored blue) and the phosphorus atom (colored yellow). To gain more insight into the molecular origin of these

] ] ) experimental and theoretical observations, it would be desirable
Orientational Order and Molecular Conformation: to separate the contributions to the total order parameter profiles
Methodology from the different lipids with particular characteristics. The

The behavior of acyl chains in lipid bilayers is usually studied advantage of MD simulations is that it allows one to compute
through the orientational order paramet&p, which can be individually the properties of molecules with, for instance,
obtained experimentally by NMR spectroscopy from the directly different intramolecular conformations. Accordingly, in this
measured quadrupolar splittingyyq, using the relationshipvg work, we calculated th&cp(n) functions for lipid molecules

= 3/4(€qQ/h)Sep, Wheree2qQh is the quadrupolar coupling ~ With different intramolecular structures of their polyunsaturated
constant. By site directed deuteration of the different hydrogen chains. The total order parameter profiles for both the saturated
atoms in the acyl chains, the experimental order parameterand the polyunsaturated chains are thus given in terms of the
profile, Scp(n), can be derived for each position, along the ~ Partial components by
deuterated chain. In the MD simulations, the orientational order _
parameter profile can be obtained directly and is given by, Sep(n) = Zf‘ SL()D(n) )

1

Seo(n) = 1,13 codp, — 10 €Y |
where S (n) is given by eq 1 but here the brackets indicate
wherep, is the angle between the orientation of the vector along averages over time and those lipid molecules with a conforma-
a C—H bond of then-th carbon atom of the saturated (sn1) ton of type i, fi is the fraction of lipid molecules with a
and/or the polyunsaturated (sn2) chains and the bilayer normal.conformation of type, and the sum runs over all the possible
Here, the brackets indicate averages over time and lipid conformation types. The different lipids were classified by the
molecules. Sincé&p takes a value of 1 when the reference (34) Gawrisch, K Biophys. J2001, 80, 32A.

vectors are parallel, a value ef0.5 when the reference vectors (35) Applegate, K. R.; Glomset, J. Al Lipid Res.1986 27, 658.
Applegate, K. R.; Glomset, J. Al. Lipid Res.1991, 32, 1655.

(33) Frenkel, D.; Smit, BUnderstanding molecular simulatipica- (36) Husslein, T.; Newns, D. M.; Pattnaik, P. C.; Zhong, Q. F.; Moore,
demic Press: London, 1996. P. B.; Klein, M. L. J. Chem. Phys1998 109, 2826.
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typical structures of the DHA chain, i.e., helical, angle-iron,
and hairpin. The rest of conformations were classifiedtasr.
These structures are defined by the conformations of the dihedral
angles between three consecutive cis double bonds. Therefore,
the angle-iron structure consists of the=skewskew=

skew skew=) conformation, whereas the helical conformation
corresponds to tskewskew=skewskew=). The skew
(skew) conformations of the dihedral angles are given by the
ranges 60—180C° (180°—30C). Helical and angle-iron shapes
were predicted by a molecular modeling apprdado be
relevant for biological membranes. Since these two structures
have almost straight chain axes, one expects rather tight
intermolecular packing arrangements.

In Figure 2, we show an instantaneous configuration of a
helical and an angle-iron structure viewed along the main axis
and perpendicular to it. It was shown previod8lyhat, on
average, helical and angle-iron conformations represented 37%
and 29% of the groups of dihedral angles, respectively, which
together constituted 66% of the total population and were indeed
quite stable, representing the two most abundant conformations
for the studied conditions. For the rest of the DHA chains (34%),
a tight packing of the chains is not possible. In particular, 2%
of the dihedral angles adopt the hairpin conformatien (
skewskew=skew skew=). Although it presents a rather
looped shape (Figure 2), the hairpin structure is the conformation
with the lowest energies in the gas phase. In Figure 2, we show
a hairpin conformation and an example of a typical instantaneous
configuration of a chain which does not correspond to a helical,
an angle-iron, or a hairpin structure. These nonlinear hairpin-
like structures are also expected to have lower energies than
the angle-iron and helical structures in the gas phase.

Since the DHA chain has six cis double bonds and only three
consecutive cis double bonds are needed to define the different
conformations, we also studied the effect of the position of the
conformations of three cis double-bond segments along the DHA
chain. Therefore, all thég)D(n) curves were also computed for
the conformations represented by the four dihedral angles 5:;2212;:0%&0“5
located between three consecutive cis double bonds as a function
of its position along the polyunsaturated cham(with m= 1,

2, 3, and 4). Heren= 1 and 4 correspond to the conformations
of the DHA segments closer to the beginning (headgroups) and
to the end of the polyunsaturated chains, respectively.

Helical conformation

Figure 2. Molecular structure of the polyunsaturated chains corre-
Results sponding to instantaneous configurations of the most extended con-

. . . formations (top), helical and angle-iron, and those corresponding to
Orientational Order of the Saturated Chains. The effects the less straight conformations of the polyunsaturated chains (bottom),

of the specific conformations of the molecular fragments of the 5irin and another hairpin-like nonlinear conformations. The structures
polyunsaturated chain on the order of the saturated chain arere shown as viewed along the main axis and perpendicular to it. The
evidenced in Figure 3a,b, where we plot the partial order chain segments are represented as balls and sticks with light and dark
parameter profilesS?D(n), for the saturated chain. Figure 3  spheres corresponding to tBél andCH, atomic groups, respectively.
clearly shows that different polyunsaturated conformations have For clarity, the hydrogen atoms are not shown.

a distinct effect on the orientational order of their covalently

bonded (saturated) chains. Individual conformations of the rationalized in the following way. Close to the membrane
dihedral angles close to the lipid headgroup produce differencesinterface, the atomic density is high and, even though there is
in the lower region of the saturated chain (Figure 3a), in atendency for the nonlinear (linear) type of lipids to arrange in
agreement with experimental observati8h§pecifically, the ~ “disordered” (“ordered”) lateral domains, most of the lipids are
major effects are found around the carbon atGh®. In this located at the domain interfaces. Here the environtment is rich
region, the straightest structures (angle-iron and helical) at theenough to produce an average result in the region close to the
beginning of the unsaturated chain increase the order, whereagnembrane surface, rather independent of the particular confor-
the less straight conformations (hairpin ater) decrease the ~ mation of the covalently bonded polyunsaturated chain. The
order of the saturated chains. In contrast to what one would behavior of the lower part of the saturated chain, however, is
intuitively expect, the order parameters for the top part of the determined by the local free volume available which, in turn,
saturated chain change only slightly (for instance at the carbonis directly connected with the conformation of the covalently
atom C2) as a function of the structure of the top part of the bonded polyunsaturated chain in the region close to the interface.
polyunsaturated chain. This counter intuitive behavior can be The straightest polyunsaturated conformations will hinder the
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o F—Fhelical 7 !
| {—angle—iron
A—Ahairpin __0_2‘|.t,1.1.|.|.|.|x|.
0 fl:——ﬁ]?tﬂerl L 57 2 4 6 8 10121416 18 20 22
2 4 6 8 10 12 14 16 18 Carbon number (n)
Carbon number (n) Figure 4. Orientational order parameter profiles of the polyunsaturated
chains obtained by averaging over different conformations (a) close to
0.4 ——— T the headgroupsn{ = 1) and (b) close to the chain ends & 4), as
defined in the text. The lines are visual guides. Symbols are as in Figure
(c) ] 3a,b. The bold horizontal lines represent the position of the carbon
- atoms involved in the definition of the distinct conformations o=
= 0.2 g B 1 (a) and 4 (b). Results for the different conformations are compared
T T with the total Sp(n), obtained after averaging over all the lipids
s g N O OQm=2 independently of their conformatiof%.
W | &--Omss ; _ . o
‘ .A1Am=‘4 (f’h?i".e",d)‘ . 3 conformations at the beginning of the lipid chains. This

averaging leads to results that are quite similar for the different
2 4 6 8 10 12 14 16 18 structures and quite close to the tdah(n) curves (Figure 3b).
Carbon number (n) This phenomenon agrees with several experiments and theoreti-

Figure 3. Orientational order parameter profiles of the SDPC saturated @l predictions for which the results obtained are dependent on
chains obtained by averaging over different conformations of the region the number and position of the unsaturations. In those cases,

of the polyunsaturated chains (a) close to the headgroups {) and the introduction of more double bonds after the first three did
(b) close to the chain endsi= 4). The lines are visual guides. Results  not produce a further effect when the unsaturations began close
for the different conformations are compared with the t&aj(n), to the headgroups. This behavior is reasonable since the center

obtained after averaging over all the lipids independently of their of the bilayer is the most fluid part of the membrane, so the
conformationg?® (c) Orientational order parameter profiles of the ~qnformations in this region would have a very minor effect.
saturated chains obtained by averaging only over the helical conforma- In summary, our results clearly indicate that the conformation

tion of the molecular segments, as defined in the text. The curves of the region of the unsaturated chain located between the first
represent the different positions of the helical conformations along the

polyunsaturated chaim(= 1, 2, 3, and 4). Note that by conformation three _cis dquble bonds is r_esponsible for the major_ effects on
we mean the intramolecular conformation of the molecular fragments the orientational order profiles of the saturated chains.
of the polyunsaturated chain comprised between three consecutive cis Orientational Order of the Polyunsaturated Chains. The
double bonds, as defined in the text. order parameter profiles of the polyunsaturated chains are shown
in Figure 4a,b for the different conformations of the double-
mobility of the saturated chains and/or induce favorable ehain  bond region located at the beginning € 1) and at the endh
chain intramolecular interactions. The less straight polyunsatu- = 4) of the DHA chains, respectively. As a general trend, the
rated conformations will increase the number of gauche defects— "D(n) curves corresponding to the polyunsaturated chains
by unfavorably interacting with their covalently bonded chains present lower values than those of the saturated chains, which
and/or will remain at the interface or visit farthest regions of is fairly independent of the position and type of the conforma-
the membrane and, thus, produce a local increase of free spacéon. The particular shape of the curves of the polyunsaturated
available for the saturated chain. For the sake of completenessgchains varies with the specific DHA conformation. In general,
we also show the results for the hairpin conformations, even however, the polyunsaturated part@D(n) curves display a
though they represent only 2% of the population. Note that, in correlation with the cis double bond position. It should be
general, the helical conformation gives an order parameter quiteremembered that by DHA conformation we mean the intramo-
close to the total value, obtained after averaging over all the lecular conformation of the molecular fragments of the DHA
lipids independently of their conformations. This is reflected chain comprised between three consecutive cis double bonds,
in the quite similar results obtained for the curves corresponding as defined in the previous section.
to the helical conformations of the molecular segments as a When molecules are classified by their conformation at the
function of their position along the chaim = 1, 2, 3, and 4 beginning of the polyunsaturated chaims £ 1), clear differ-
(Figure 3c). ences appear in this region, close to the headgroups. Those
When lipids are classified by their conformation at the end molecules with a helical conformation show a strong correlation
of the DHA chain (n = 4), the results involve averaged of the orientational order parameter at the first three double
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03 —————r——TT 1T The main differences between the most linear conformations
- 1 (helical and angle-iron) are found in the region closer to the

0.2 ~ headgroups. The Sp(n) curves for the angle-iron conformation
= g ¥y experience a smooth decrease of order with the carbon position,
= 0.1% decaying from about 0.15 to about 0.05. In contrast, the results

helical)

‘S(co
o

for the helical conformation are strongly correlated with the
double bonds in the region between the first three cis double
bonds, similar to the results obtained for the less extended

P N NS N TR SO TIOU FUUE SR Bt

2 ' ‘.1 ’ 6 8 10 12 14 16 18 210'22 conformations in the same region.

-0.1

Carbon number (n)

Figure 5. Orientational order parameter profiles of the polyunsaturated . . .
chains due to averaging over the helical conformations of the molecular 1 he effect of highly polyunsaturated fatty acid chains on the
segments. The curves represent the different positions of the helicalOrientational order, as measured in NMR experiments, has been

Conclusion

conformations along the polyunsaturated chain= 1, 2, 3, and 4). investigated by MD simulations at ambient conditions in a model
The lines are visual guides. Symbols are as in Figure 3c. biomembrane constituted by phospholipids with mixed (saturated/
polyunsaturated) acyl chains. By separately calculating the
03 T T different contributions to the order parameter profiles from the

0.2 I ] individual lipids with specific conformations of the molecular

segments comprised between three consecutive cis double bonds
of the polyunsaturated chains and at different locations along
the chain, we are able to get insights into the molecular origin
of the different theoretical and experimental findings on these
complex organized systems. In particular, we show the results

0.1 ¥

-|ron)(n)

angle-i
CcD
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o 5 T S T A A A R obtained using this methodology for the case of a fully hydrated
2 4 6 8 10121416 18 20 22 SDPC (1-stearoyl-2-docosahexaensiyglycero-3-phosphocho-
Carbon number (n) line) lipid bilayer at constant temperature and pressure in the
Figure 6. The same as in Figure 5 but for the angle-iron conformation biologically relevant fluid Ia_me”ar phase,. .
of the molecular segments. Symbols are as in Figure 3c. In agreement with experiment, we found that unsaturations
(cis double bonds) influence the order of the bottom half of the
bonds, which is quite similar to the behavior of the t@Gab(n) saturated chain. As a general trend, the unsaturations affect the

curve. The angle-iron conformation, however, displays the least grder of thehbottc()jm haflf ?]f the lsaturated chginr?n_d significan(tjly
correlated behavior of thegc')D(n) functions in this region, ecrease the order of the polyunsaturated chain compared to
L . . . the order parameters for the saturated one. The order parameter
even though it is also characterized by a parallel orientation of -
consecutive cis doble bonds. It is worth pointing out, however for the top part of the saturated chain, however, do not change
that the rest of the conformétions of the molecular’fra menté as a function of the structure of the top part of the polyunsatu-
othen also display. on average. a correlation in this reg ion rated chain. The most linear conformations (helical and angle-
( Y pay, g ’ ) ] gron. iron) at the beginning of the polyunsaturated chain increase the
When molecules are classified by their conformations near grder of the bottom half of the saturated chain, whereas the
the chain endsni = 4), the results obtained for the first two  |ess linear conformations decrease the order of this region of
double bonds are similar and close to the mean value, while the saturated chain. The order parameter profiles are rather

the results are only qualitatively similar in the region between ndependent of the polyunsaturated chain structure at the chain
the second and the third cis double bond. This is again ends.

reasonable since the bottom part of the chains are more probably Helical and angle-iron conformations of the molecular

located at the center of the bilayer, where the overall fluidity is segments comprised between three consecutive double bonds
higher than near the lipiwater interface. have a distinct influence on the order parameters of the region
In Figures 5 and 6, we plot the orientational order parameter of the polyunsaturated chain close to the headgroups, specifi-
profiles for the helical and angle-iron conformations of the cally, between the first two cis double bonds and, in less degree,
polyunsaturated molecular fragments, respectively, as a functionbetween the first three cis double bonds. While helical confor-
of the positions of these molecular segments along the DHA mations produce a strong correlation of the order with the
chain, i.e., fom = 1 (close to the headgroup), 2, 3, and 4 (close unsaturations in the polyunsaturated chain, a:dp decreases
to the chain end). For the helical conformation, the effect of from about~0.15 to almost O, the angle-iron conformation is
considering different molecular segments along the chain cannot correlated with the unsaturation positions and the order
only be noticed after the eighth carbon ato®8) and the smoothly decreases in this region. The rest of the conformations,
correlation at the third cis double bond is only lost when all Which present the least linear shaped segments, on average, also
the conformational degrees of freedom are included except for Show a strong correlation in this region. As a general feature,
the conformation of the region closest to the chain ends. The they increase the disorder in both chains, as expected.
angle-iron conformation, however, displays in general a smoother ~ The inclusion of membrane proteins, such as rhodopsin, in
dependence with the position of the-& bonds n. Our results similar model membranes has been shown to produce an effect
indicate that the region between the first two double bonds is On the order parameters of polyunsaturated lipfdésuggesting
quite well defined for our system. In this zone, which corre- @ change in the average conformation of the polyunsaturated
sponds to a region of abb A wide locatel 5 A below the (D_HA) chain and/or some preference_ of the protein to interact
water-lipid interface (data not shown), in general there is a with the polyunsaturated lipid. Accordingly, our results indicate
steep decrease and increase of molecular order correlated wWith™ 37y poiozov, I. V. Litman, B. J.; Gawrisch, Biophys. J.200Q 78,
the position of the unsaturations (cis double bonds). 412A.
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that a change of conformation of the region of the polyunsatu- is that calculating a property separately for different molecular
rated chain close to the lipieater interface (the first three  conformations, or molecular characteristics, can help us to
double bonds) will produce a measurable effect on the order understand the microscopic origin of macroscopic quantities of
parameter profiles of both the saturated and the unsaturatecbxperimenta| interest.

chains.
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