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Abstract A direct and quantitative analysis of the internal
structure and dynamics of a polyunsaturated lipid bilayer
composed of 1-stearoyl-2-docosahexaenoyl-sn-glycero-
3-phosphocholine (18:0-22:6n3-PC) containing 29 mol%
cholesterol was carried out by neutron diffraction, H-NMR
and *C-MAS NMR. Scattering length distribution func-
tions of cholesterol segments as well as of the sn-1 and sn-2
hydrocarbon chains of 18:0-22:6n3-PC were obtained by
conducting experiments with specifically deuterated cho-
lesterol and lipids. Cholesterol orients parallel to the
phospholipids, with the A-ring near the lipid glycerol and
the terminal methyl groups 3 A away from the bilayer
center. Previously, we reported that the density of polyun-
saturated docosahexaenoic acid (DHA, 22:6n3) chains was
higher near the lipid—water interface. Addition of choles-
terol partially redistributes DHA density from near the
lipid—water interface to the center of the hydrocarbon
region. Cholesterol raises chain-order parameters of both
stearic acid and DHA chains. The fractional order increase
for stearic acid methylene carbons Cg—C;g is larger,
reflecting the redistribution of DHA chain density toward
the bilayer center. The correlation times of DHA chain
isomerization are short and mostly unperturbed by the
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presence of cholesterol. The uneven distribution of satu-
rated and polyunsaturated chain densities and the choles-
terol-induced balancing of chain distributions may have
important implications for the function and integrity of
membrane receptors, such as rhodopsin.
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Introduction

The lipid bilayer of cell membranes is important for both
the structural integrity of cells as well as the function of
integral and peripheral membrane proteins. The complexity
of structural and functional phenomena in cell membranes
requires a proper balance of lipid composition. Almost all
membranes contain a fraction of lipids with polyunsatu-
rated hydrocarbon chains. Membranes with the highest
content of polyunsaturated fatty acids are found in the
brain, retina and sperm. The dominant fatty acid in those
membranes is docosahexaenoic acid (DHA), a linear
hydrocarbon chain with 22 carbons and six cis-locked
double bonds (22:6n3).

DHA belongs to the class of w-3 fatty acids. It is taken
up directly from food sources such as fish, or it is syn-
thesized from w-3 fatty acid precursors such as a-linolenic
acid (18:2n3, ALA). The lack of DHA or its w-3 fatty acid
precursors in the diet, in particular during periods of rapid
brain development, has been associated with a variety of
neurological disorders including impaired vision and
mental retardation (Salem et al. 2001; Yamamoto et al.
1998; Umezawa et al. 1995; Enslen et al. 1991). Synap-
tosomal membranes as well as the membranes of rod outer
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segment (ROS) disks of the retina typically contain DHA at
concentrations of 30-50 mol% of all fatty acids in phos-
pholipids (Miljanich et al. 1979; Anderson et al. 1976). The
synaptosomes and ROS disks contain not only high con-
centrations of polyunsaturated lipids but also significant
amounts of cholesterol. For ROS it was observed that
cholesterol has a concentration gradient over the ROS disks
(Boesze-Battaglia and Albert 1990). Newly formed basal
disks as well as the plasma membrane are high in choles-
terol. With apical replacement of disks, cholesterol is
rapidly depleted and the disk phospholipids are further
modified to favor an unsaturated disk membrane. Those
changes are known to favor formation of meta-rhodopsin-
II, the photointermediate that activates G protein (Mitchell
et al. 1992).

The molecular mechanisms of lipid—protein interaction
and of membrane protein function and the role of cholesterol
as a modulator of lateral organization in membranes are
research areas of high current interest. Recently, we have
shown that lipids with DHA chains are special in their
influence on rhodopsin function because of both their lipid
monolayer elastic properties and their ability to engage in
direct interactions with the G protein—coupled receptors
(GPCRs) that favor formation of the meta-rhodopsin-II state,
the photoisomer that activates G protein (Soubias et al.
2006). The influence of cholesterol in 1-stearoyl-2-doc-
osahexaenoyl-sn-glycero-3-phosphocholine (18:0-22:6n3-
PC) membranes is currently investigated at our lab at the
NIH. It was reported that cholesterol-containing membranes
increase the stability of rhodopsin to thermal denaturation
(Bennett and Mitchell 2008). Cholesteryl hemisuccinate
(CHS) is frequently added to detergents for stabilization of
GPCRs during solubilization, purification and reconstitution
(Grisshammer 2009). The mechanism responsible for this
cholesterol-induced stabilization of GPCR is unknown.

In mixtures of polyunsaturated lipids with a composition
similar to ROS disk membranes and synaptosomal mem-
branes, cholesterol interacts preferentially with the DHA-
containing phosphatidylcholines (PCs) (Huster et al. 1998).
Evidence for the formation of microscopic lipid clusters
enriched in PC and cholesterol was obtained. Several
studies presented evidence for a preferential interaction of
cholesterol with the saturated lipid chains of mixed chain
lipids or with the lipid species with saturated hydrocarbon
chains in mixtures of saturated and polyunsaturated lipids
(Huster et al. 1998; Brzustowicz et al. 2002; Pitman et al.
2004; Polozova and Litman 2000). While the typical ori-
entation of cholesterol molecules in bilayers is parallel to
the bilayer normal, in bilayers formed from lipids with two
polyunsaturated hydrocarbon chains a different orientation
was found. The laboratories of Katsaras and Wassall
reported recently that cholesterol in such bilayers is located
flat in the middle of bilayers (Harroun et al. 2008).
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In a previous study we showed that the density distribu-
tions of the stearoyl and DHA chains in lipid bilayers formed
of 18:0-22:6n3-PC differ dramatically. The segments of
DHA chains bend and coil such that their density is higher
near the lipid—water interface (Mihailescu and Gawrisch
2006). In contrast, the stearoyl chains prefer an extended
conformation that may even reach into the apposing
monolayer, filling up the voids in the bilayer center caused
by the preferential location of DHA chains near the lipid—
water interface. This results in a higher stearic acid chain
density in the bilayer center. Here, we show by neutron
diffraction and NMR spectroscopy that addition of choles-
terol to membranes of 18:0-22:6n3-PC increases DHA and
stearyl acid chain order parameters and partially redistrib-
utes DHA chain density. The DHA chains maintain a high
level of motional flexibility in the presence of cholesterol.
The location and orientation of cholesterol in the bilayer
were determined using specifically A-ring and methyl ter-
minal group-labeled cholesterols. A comprehensive view of
the structure and dynamics of a cholesterol-containing,
mixed-chain 18:0-22:6n3-PC bilayer is provided.

Materials and Methods
Materials

The lipid 18:0-22:6n3-PC, with protonated hydrocarbon
chains, or specifically deuterated stearic acid (18:0-dss), or
DHA (22:6n3-d3,), was synthesized by Avanti Polar Lipids
(Alabaster, AL). Deuterated DHA was produced in col-
laboration with Martek Biosciences (Columbia, MD). The
DHA-producing dinoflagellate Crypthecodinium cohnii
was grown in partially deuterated medium. It yielded a
DHA that was deuterated at random to 38%, except for the
terminal methyl group that was deuterated to 30% as
determined by “H-NMR. After fractional distillation and
preparative HPLC separation, the perdeuterated DHA had a
purity of better than 98% as determined by NMR and gas
chromatography. Cholesterol in the natural protonated
form was procured from Sigma-Aldrich (St. Louis, MO).
Two forms of deuterium-labeled cholesterol were used:
A-ring deuterated (2,2,3,4,4,6-dg) from Cambridge Isotope
Laboratories (Andover, MA) and methyl-tail deuterated
(25,25,25,26,26,26-d6) from C/D/N Isotopes (Pointe-Claire,
Canada). For preparation of mixed samples, cholesterol and
18:0-22:6n3-PC were codissolved in chloroform. The com-
position was adjusted to 29 £ 1 mol% cholesterol in
the 18:0-22:6n3-PC/cholesterol mixture based on precise
"H-NMR measurements of the concentration ratio. Oriented
stacks of bilayers were prepared by deposition from solvent
of 1-2 mg of 18:0-22:6n3-PC/cholesterol mixture to glass
coverslips. The solvent was removed in a stream of N, gas.
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Samples contained the antioxidant BHT at a lipid/BHT
molar ratio of 100:1 and were prepared and investigated in an
oxygen-free environment.

Methods

Neutron diffraction experiments were conducted on the
advanced neutron diffractometer/reflectometer operating at
the NIST Center for Neutron Research (Gaithersburg, MD)
(Dura et al. 2006). Samples for both neutron diffraction and
solid-state “H-NMR at reduced water content consisted of
oriented stacks of ~1,000-2,000 lipid bilayers on glass
coverslips. For neutron diffraction, each sample was
mounted vertically in the neutron beam and enclosed in a
sealed chamber filled with argon gas. A relative humidity
of 86% was maintained during the experiments by placing
beakers with a saturated KCI solution into the chamber.
Diffraction spectra were recorded in a 6 (sample angle) to
20 (detection angle) configuration relative to the incident
beam. In this configuration, the momentum transfer (Q) is
oriented parallel to the normal of the sample surface, which
allows for probing the bilayer density profile along the
normal to the bilayer plane (z axis). The hydration and
equilibration of the sample were followed by periodically
recording diffraction patterns. Only data acquired after
complete stabilization of diffraction patterns were retained
for analysis. A Fourier synthesis of the diffraction signal
sampled at the diffraction peaks yields the scattering length
density (SLD) profile of the bilayer projected on the z axis.
Specific deuteration of different parts of the lipid bilayer
(hydrocarbon chains, cholesterol and water of hydration)
was used for direct determination of the position and dis-
tribution of those deuterated components relative to the
bilayer center. Their individual profiles were determined by
subtracting the SLD profile of the fully protonated (refer-
ence) sample from the SLD profile of a selectively deu-
terated sample (Eq. 3 in Appendix).

NMR measurements were carried out on AV800 and
DMX500 NMR spectrometers (Bruker Biospin, Billerica,
MA) at NIAAA, NIH (Bethesda, MD). NMR experiments
on unoriented samples containing 50 wt% deuterium-
depleted water as well as on oriented samples hydrated at
86% relative humidity were conducted at a magnetic field
strength of 18.8 T with a cylindrical or flat r.f. cail,
respectively. Hydration of the oriented sample was con-
trolled by a saturated KClI solution in the sample container.
Spectra were acquired with a quadrupolar echo sequence
with a 7/2 pulse length of 2.5 ps for unoriented samples
and 4.5 ps for oriented samples, a delay time between the
7/2 pulses of 50 pus and a pulse sequence repetition delay of
250 ms. The water content of the oriented sample, hydrated
at 86% relative humidity, was determined by 'H-magic

angle spinning (MAS) NMR on bilayers oriented at the
inner surface of a MAS rotor and exposed for several hours
to the water vapor pressure of a saturated KCl solution
before data acquisition. The number of water molecules per
lipid was determined by comparison of integral signal
intensities of the water and the lipid choline resonance.

Correlation times of DHA chain isomerization as well as
chain-order parameter profiles were determined as reported
previously (Soubias and Gawrisch 2007; Eldho et al. 2003).
In brief, the well-resolved resonances of the *C MAS
NMR spectra of DHA were acquired at a temperature of
30°C and a MAS frequency of 10 kHz. The H-C bond
order parameters of DHA chains defined on a time scale of
107> s were derived from H-NMR experiments on 18:
0-22:6n3-d3,-PC using signal assignments published in
Eldho et al. (2003). For determination of the correlation
times of DHA chain isomerization, spin-lattice (T;) and
spin—spin relaxation times (T,) were measured under proton
decoupling at two values of magnetic field strength, 11.8
and 18.8 T. The T, values were measured by the inversion-
recovery pulse sequence and the T, values, by a Hahn echo
pulse sequence. Correlation times of DHA chain isomeri-
zation were calculated from the relaxation data as described
in Soubias and Gawrisch (2007). The relaxation data yiel-
ded also an order parameter profile defined on a time scale
of 107® s (Soubias and Gawrisch 2007).

Results and Discussion
Neutron Diffraction

A set of five different samples of equivalent composition
containing 29 mol% cholesterol were investigated by neu-
tron diffraction. The set consisted of a fully hydrogenous
sample, which constituted the reference, and four other
samples specifically deuterated in either of the two lipid
chains (steroyl or DHA) or the cholesterol molecule (A-ring
or methyl-tail). Samples hydrated at 86% relative humidity
formed a single lamellar phase. In contrast, attempts to
conduct measurements at 66% relative humidity resulted in
samples with coexistence of two phases. This was con-
firmed in NMR experiments. Therefore, only experiments at
86% relative humidity were conducted. Several H,O/D,O
ratios were used for sample hydration, to enable determi-
nation of the phase of diffraction peaks and to scale the data
(see Appendix). Samples were kept in an argon atmosphere
throughout the measurements. This prevented oxidation of
the lipid for about 30 h. Acquisition of a complete data set
per sample took about 10 h. For every sample, several scans
over the whole angular range were acquired. This enabled
us to follow water uptake by the samples until an equilib-
rium was reached. It also allowed detection of sample
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degradation from oxidation toward the end of the useful
lifetime of samples. Oxidation was readily detected as
broadening or splitting of diffraction peaks. This was con-
firmed in high-resolution NMR experiments on the lipids
from the oriented samples dissolved in methanol. Any
results that were possibly tainted by oxidation were dis-
carded and the experiment was repeated. Figure 1 shows
typical diffraction data for selected samples.

The large differences in SLD between protonated and
deuterated hydrocarbon chains and cholesterol permitted
calculation of the SLD distribution of saturated stearoyl
and polyunsaturated DHA chains, as well as location of the
A-ring and the terminal methyl end of cholesterol. Results
are presented in Fig. 2. For comparison, the stearoyl and
DHA chain distributions in 18:0-22:6n3-PC bilayers
without cholesterol, reported by us previously (Mihailescu
and Gawrisch 2006), are also shown. The uncertainty bands
associated with the density profile were determined from
the standard deviations in the experimental structure fac-
tors, including uncertainties in the scale factors, determined
by a Monte-Carlo sampling procedure (Wiener and White
1992). The data show that addition of cholesterol triggers a
redistribution of hydrocarbon chain densities as well as an
increase in bilayer repeat spacing from 52.3 £ 0.1 A
without cholesterol to 55.3 + 0.1 A with 29 mol% cho-
lesterol. The DHA chain density significantly redistributes
from the interface region to the center of the bilayer with
addition of cholesterol. The stearoyl chains slightly extend

10 +
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Neutron counts
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0 0.2 0.4 0.6 0.8 1
Momentum transfer, Qz [Angstrom_l]

Fig. 1 Diffraction data of 18:0-22:6n3-PC bilayers containing
29 mol% cholesterol and hydrated at 86% relative humidity but with
different deuterium labeling: black, all protonated components; blue,
DHA chain deuterated (11 deuterium atoms evenly distributed along
the chain); red, stearoyl chain perdeuterated (35 deuterium atoms);
green, cholesterol deuterated at the A-ring (carbon positions 2, 2, 3, 4,
4, 6); ochre, cholesterol deuterated at the methyl end (carbon
positions 25, 25, 25, 26, 26, 26)
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Fig. 2 SLD profiles and distribution of deuterated segments in a
18:0-22:6n3-PC bilayer containing 29 mol% cholesterol, measured at
86% relative humidity and 22°C. Profiles are presented on an absolute
(per lipid) scale, up to an unknown multiplicative factor, S,
accounting for the area per lipid. AO and Al, SLD profiles for a
protonated lipid bilayer without cholesterol (dashed curve, deter-
mined previously [Mihailescu and Gawrisch 2006]) and with
cholesterol (solid curve); BO and BI, DHA chain density distribution
in the absence of cholesterol (Mihailescu and Gawrisch 2006) and in
the presence of cholesterol, respectively; CO and CI, stearoyl chain
density distribution in the absence of cholesterol (determined
previously for 66% relative humidity [Mihailescu and Gawrisch
2006]) and in the presence of cholesterol, respectively. The scale for
the stearoyl chain distribution was adjusted by a factor 0.3 to account
for the difference in the degree of deuteration between both chains. D,
Cholesterol’s methyl-tail distribution. Note that the distribution is best
described by two gaussians located at z = £2.9 A from the bilayer
center, shown as solid black lines. E, Cholesterol’s A-ring distribu-
tion. The slightly asymmetrical shape is likely due the uneven
distribution of deuterium labels over the A-ring. Solid black line
shows the result of a fit to a gaussian. F, Water distribution. The
uncertainty bands associated with the profiles were calculated from
the standard deviation of the bilayer structure factors. Upper image is
a cartoon of the 18:0-22:6n3-PC lipid conformation in the bilayer,
according to molecular dynamics simulations (Eldho et al. 2003).
Cholesterol molecules are shown in ball-and-stick representation with
the deuterated positions highlighted in red

with cholesterol addition, while maintaining a maximum of
density in the middle of the bilayer.

The distributions of the A-ring and methyl-tail of cho-
lesterol in 18:0-22:6n3-PC bilayers are shown in Fig. 2 as
well. Due to thermal disorder, the lipid molecules and
cholesterol have relatively wide distribution functions.
Nevertheless, the mean position of a specific label can be
determined with a resolution to a fraction of 1 A. The data
were modeled using gaussian functions, with the height,
midpoint and width as fit parameters (see Table 1,
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Table 1 Selected parameters of 18:0-22:6n3-PC bilayers with and without 29 mol% cholesterol
dA) Nw* Water A-ring Methyl-tail
Z (AP A (A) Z (A) A (A) Z (A) A (A)
Pure SDPC 523 £ 0.1 9.4 + 0.1 dr2 7.8 £ 0.3 - - - -
29%Chol/SDPC 553 £ 0.1 89 £ 0.1 dr2 8.0+ 0.2 17.0 £ 0.3 38 +£0.1 29402 38 +0.2

d Repeat distance, Z mean position, A 1/e half-width, A and Z were determined by gaussian model fitting over the structure factor difference

(AF(n)) in the reciprocal space, using Eq. 4
* Number of waters per lipid determined by 'H-MAS NMR

" Water mean position was fixed at d/2 in the fit; thus, A corresponds to the envelope of the water hydrating two apposing bilayers

Appendix). The cholesterol A-ring is positioned with
highest probability at a distance of 1.4 A inward from the
position of the lipid carbonyl groups. The carbonyl location
(z =184 A) is easily identified as the point with the
highest SLD in bilayers. The preferred location of the
A-ring confirms earlier predictions from molecular simu-
lations that found a preferred location 1.5 A inward from
carbonyls (Pitman et al. 2004). The density profile of
methyl groups was best described by two gaussian func-
tions positioned, symmetrically, at z = +2.9 (£+0.2) A
from the bilayer center. It clearly indicates that the cho-
lesterol tails reside in the individual monolayers. The
projected distance between the A-ring and the methyl-tail,
on the bilayer normal, is 14.1 AQ;, which is somewhat
smaller than the distance of 14.6 A calculated from the
atomic coordinates of a cholesterol model. It suggests that,
on average, the cholesterol molecules in lipid bilayers are
slightly tilted with respect to the bilayer normal, most
likely as the result of thermal motions.

The uneven distribution of the chains across the bilayer
for 18:0-22:6n3-PC lipid is not observed for a monoun-
saturated lipid such as 16:0-18:1n9-PC. In order to dem-
onstrate this, we performed a series of additional
experiments to determine the palmitoyl chain density dis-
tributions in 16:0-18:1n9-PC bilayers hydrated at 86%
relative humidity, with and without addition of 33 mol%
cholesterol (Fig. 3). Unlike the stearoyl chain in 18:
0-22:6n3-PC bilayers, the palmitoyl chain is fully extended
and its density evenly distributed in both the presence and
the absence of cholesterol. The repeat spacing is found to
increase from 52.8 (+£0.1) A for the pure lipid to 55.5
(40.1) A when 33 mol% cholesterol is present in this lipid.

The distribution function of the water of hydration does
not change significantly in the presence of cholesterol
(Table 1). However, cholesterol addition slightly decreases
the total amount of water taken up by the bilayers at 86%
relative humidity. The increase in the repeat spacing of 3 A
upon incorporation of 29 mol% cholesterol is primarily the
result of a cholesterol-induced area condensation. A similar
influence of cholesterol on the bilayer repeat spacing and
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Fig. 3 SLD profiles for a 16:0-18:1n9-PC (POPC) bilayer measured
at 86% relative humidity: black solid line, bilayer profile with
33 mol% cholesterol; red dashed line, palmitoyl chain distribution in
the absence of cholesterol; red solid line, palmitoyl chain distribution
in the presence of cholesterol

water distribution was observed for 16:0-18:1n9-PC and
18:1n9-18:1n9-PC bilayers (M. M., unpublished results).

NMR

Figure 4a shows the “H-NMR spectra of 18:0-d35-22:6n3-
PC with and without 29 mol% cholesterol and hydrated
with 50 wt% deuterium-depleted water. It is clearly visible
that addition of cholesterol increases all quadrupolar
splittings of stearoyl chains by a significant amount. The
corresponding smoothed order parameter profiles are
shown in Fig. 4b. The data points presented as filled
squares are from a sample without cholesterol and those
presented as open squares are with cholesterol. Addition of
cholesterol not only results in an overall increase of chain
order parameters but also alters the shape of the order
parameter profile. This is demonstrated by the profile with
open circles in Fig. 4a. These data points were calculated
from the order profile with addition of cholesterol but
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Fig. 4 a ?H spectra of 18:0d35-22:6n3-PC bilayers recorded at a
temperature of 30°C, (top) without cholesterol and (bottom) with
29 mol% cholesterol. b Order parameter profile of the sn-1 stearoyl
chain with 29 mol% cholesterol (open squares) and without choles-
terol (filled squares). Open circles are an order parameter profile in
the presence of cholesterol with adjustment by a constant factor to
equalize order in the presence and absence of cholesterol. ¢ Order
parameter profile of the sn-1 stearoyl chains with 29 mol% choles-
terol (open squares) and without cholesterol (filled squares) measured
on a sample of oriented bilayers with the bilayer normal oriented
parallel to the magnetic field. The sample was hydrated at a relative
humidity of 86%, and spectra were recorded at 22°C to mimic the
conditions of the neutron diffraction experiments. Open circles are an
order parameter profile in the presence of cholesterol with adjustment
by a constant factor to equalize order in the presence and absence of
cholesterol
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attenuated by a factor to match order parameter values of
the so-called order parameter plateau (carbons C,—C5). The
comparison shows a preferential increase of chain order for
the second half of the hydrocarbon chain, Cg—C;g. A sim-
ilar behavior was observed in experiments conducted on
oriented bilayers at 86% relative humidity (Fig. 4c). We
interpret the preferential increase of order parameters Cg—
C,3g as the result of redistribution of DHA chain density that
was observed in the neutron diffraction studies. With
increasing DHA chain density in the bilayer center, the
stearoyl chain segments Cg—C;g have less freedom for
movement, which raises their order parameters.

While the neutron diffraction data were obtained at 86%
relative humidity for better resolution, the resolution of
NMR data does not depend on water content and the results
were obtained on both fully hydrated bilayers and slightly
dehydrated bilayers. Dehydration increases chain order
somewhat, but it does not alter the overall trend of a larger
increase in stearoyl chain order for chain segments Cg—C g
with addition of cholesterol. It indicates that the redistri-
bution of DHA chain density with cholesterol addition is a
general phenomenon that is not limited to slightly dehy-
drated bilayers.

The correlation times of DHA chain isomerization and
DHA order parameters were determined by '>*C MAS NMR
as described in Materials and Methods. Figure 5a shows
the correlation times with (open triangles) and without
(filled squares) cholesterol. There is a trend toward slightly
shorter correlation times of chain isomerization for seg-
ments near the DHA chain carbonyl group after addition of
cholesterol, but the differences are small. The DHA chains
isomerize quite rapidly in both the presence and the
absence of cholesterol. We showed earlier that rapid
isomerization is the result of low energetic barriers to
rotation about vinyl-methylene bonds in DHA (Feller et al.
2003).

Figure 5 shows DAH chain order parameter profiles
measured with (Fig. 5bl) and without (Fig. 5b2) addition
of cholesterol. The open squares are from relaxation
measurements that yield order parameters on a time scale
of 107%s. The filled squares are derived from *H-NMR
order parameter experiments with an intrinsic time scale of
1073 5. Addition of cholesterol increases order parameters
of DHA chains for chain segments Cs—Cy,. This is more
visible for the order parameters determined on the shorter
time scale of 107 s. These order parameters are larger
because collective modes of lipid motions like tumbling of
individual lipids about the bilayer normal and motions
related to bilayer undulation with correlation times from
107® to 107> s have not contributed yet to the lipid order.
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Fig. 5 a Dependence of correlation times of DHA isomerization on
the chain carbon position measured on 18:0-22:6n3-PC vesicles with
(open triangles) and without (filled squares) 29 mol% cholesterol
measured at a temperature of 30°C. b DHA order parameter profile in
18:0-22:6n3-PC bilayers extracted from the relaxation analysis (open
squares) and from ’H-NMR order parameter measurements (filled
squares). Data for bilayers with 29 mol% cholesterol (b1) and
without cholesterol (b2)

Order profiles on both time scales look similar, suggesting
that DHA chains explore their conformational space rea-
sonably well even on the much shorter time scale. Order
parameters of DHA chains in membranes are much lower
than those of stearoyl chain segments. The differences are
caused in part by the different geometry of double bonds.
However, the low order parameters of methylene groups of
DHA clearly point at the importance of rapid chain isom-
erization for low DHA order (Eldho et al. 2003). The
increase in DHA chain order with cholesterol addition
correlates nicely with the redistribution of DHA chain

density toward the bilayer center observed in the neutron
diffraction studies.

Conclusions

The present results provide a compelling view of the
internal organization of mixed-chain polyunsaturated 18:0-
22:6n3-PC bilayers and the role that cholesterol plays for
in-plane and in-depth organization of bilayers. The DHA
chains are somewhat polar because of their six cis-locked
double bonds, and they are more flexible due to low bar-
riers for rotation about vinyl-methylene bonds. Both
properties are responsible for the higher DHA density near
the lipid—water interface compared to stearoyl chains. The
data in this report show that addition of cholesterol to
bilayers pushes DHA chains away from the interface
toward the bilayer center. This is accompanied by an
increase of order parameters for both stearoyl and DHA
chains. Part of that increase is caused by a cholesterol-
induced condensation of the lipid lateral area. The
condensation effect is not as large as was observed for
saturated and monounsaturated bilayers, but it is still sig-
nificant. The somewhat larger fractional increase of lipid
order for chain segments toward the bilayer center with
cholesterol addition is the direct result of higher DHA
chain density in the bilayer center. The methylene seg-
ments Cg—C;g of stearoyl chains have less freedom for
movement because of higher DHA chain densities in the
center of bilayers. DHA chain order increases because of
the somewhat higher preference for extended DHA con-
formations in the presence of cholesterol. The motional
correlation times of DHA chain isomerization remain short
in the presence of cholesterol.

The mean position of cholesterol molecules in the
bilayers was pinpointed by selective labeling. The A-ring
of cholesterol is located slightly deeper in the lipid—water
interface than lipid carbonyl groups. Its broad distribution
superimposes not only with the density distribution of
carbonyls but also with lipid phosphate groups and water.
This points to the importance of the cholesterol hydroxyl
group for cholesterol-phospholipid and cholesterol-water
interactions via hydrogen bonds (Soubias et al. 2004).
Although the distribution functions of cholesterol A-rings
and terminal methyl groups are wide, the data clearly show
that cholesterol molecules in 18:0-22:6n3-PC bilayers
remain centered in monolayers with a low probability of
passing into the apposing monolayer.

Both neutron diffraction and NMR results have shown
that cholesterol is an important modulator of the structure
of polyunsaturated lipid bilayers. The redistribution of
chain densities from cholesterol addition is likely to change
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the microenvironment for function of membrane proteins
like GPCRs. Cholesterol also modulates membrane elas-
ticity and transport of substances across cell membranes,
which is of functional importance as well.

absorption correction (A) and Lorentz factor correction,
sin(260,), where 0, represents the angle of incidence
corresponding to the n-th order of diffraction. The
absorption correction was calculated as A(n) = sin(6,)/
Qur) * [1 — exp(—2 u#/sin(6,)], where t is the sample
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Appendix

The diffraction signal from oriented lipid multilayers is
sampled, according to the Bragg law, in intense diffraction
peaks which occur at Q, = n * n/d, where n denotes the
diffraction order and d is the repeat distance of the structure
(i.e., the bilayer thickness plus the thickness of the water
layer). In kinematical approximation, the coherently dif-
fracted intensity at each diffraction order (n) is related to
the structure factor of a bilayer (F) and the number of
bilayers (V):

I(n) ~ N?|F(n)|? (1)

Since the natural diffraction peak width is broadened due to
the instrumental resolution and the effective mosaic spread
of the sample, the coherent reflected intensity at each
Bragg order was determined by integrating the counts
under the peak, I(n). The structure factors F(n) are then
determined—up to a phase factor—as the square root of the
peak integrals (in variable 0), after background extraction,

Table 2 Structure factors

The scattering length density (SLD) of the bilayer was
determined from a Fourier synthesis of the bilayer structure
factors as

SLDy/p(z) = SLDg + k X(sign) Fy/p(n)cos(2nnz/d)
(3)

For a centrosymmetric unit cell, such as a lipid bilayer,
there are only two possible signs (+1 or —1) of the structure
factors, corresponding to cos(0°) and cos(180°). Methods to
determine those signs have been discussed in detail
elsewhere (Franks and Lieb 1979; Worcester and Franks
1976; Blasie et al. 1975). We determined phases from
measurements using 1H20—2H20 contrast of at least three
different mole fractions of 2HZO. The Fourier transform of
the bilayer density is a linear function of the isotopic
composition of water. Assuming a gaussian distribution of
water near the lipid head groups (Wiener et al. 1991), the
difference structure factors corresponding to a lipid bilayer
hydrated with 2HZO (Fp) and 'H,0 (Fp), respectively, are

AF (n) = kpFp(n) — kuFu(n)
xDexp{—(nnA /d)z}cos(ZnnZ/d) (4)

where A and Z denote the 1/e half-width and the mean
position of the gaussian water distribution and xp is the
fraction of “H,O. The cosine factor in Eq. 4 determines
the slope of the linear dependence, AF(n) = f(xp), and thus
the appropriate signs for the structure factors in Eq. 3.
Gaussian model fitting based on Eq. 4 was then used to
determine the parameters describing the deuterium label

Diffraction order (n)  F(n) F(n) F(n) F(n) F(n) F(n)
protonated protonated DHA-deuterated ~ SA-deuterated cholesterol A-ring  cholesterol CH3-tail
lipid H,O lipid 20%D,0  H,O H,O deuterated H,O deuterated H,O
1 —4.52 + 0.01 —9.13 + 0.01 1.05 + 0.03 18.37 £ 0.08  —5.91 £+ 0.01 —1.35 £ 0.02
2 —5.35 £ 0.01 —3.36 + 0.01 —9.19 +£ 0.04 —10.86 + 0.08  —8.27 + 0.02 —3.11 £ 0.02
3 3.57 £ 0.01 3.02 £ 0.02 3.53 £0.04 3.51 £0.01 6.08 £ 0.02 4.92 £+ 0.03
4 —-279 £0.01 -2.79 £ 0.01 —2.29 + 0.05 1.05 £ 001 —2.69 £ 0.03 —2.44 + 0.03
5 0 £ 0.06 0+£0.10 —0.87 £0.05 031 £0.07 —132+0.04 0+ 0.15
6 0+£0.13 0+£0.14 0 +£0.10 —0.67 + 0.04 0.60 £ 0.08 —0.48 + 0.06
7 0 + 0.07 0+ 0.11 0+ 0.17 0.65 £ 0.05 0+ 0.14 —0.38 + 0.07
8 —0.58 £ 0.06 —0.58 £+ 0.09 —0.72 + 0.08 —0.53 £ 0.07 —0.89 £ 0.10 —0.86 + 0.04
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distribution (e.g., water of hydration): mean position
(Z) and 1/e half-width (A) but also the scale factors (k).
This procedure is applied for determining the distribution
of all the other deuterated components, which could be
approximated by a gaussian—i.e., the cholesterol A-ring
and methyl-tail. A series of H20—2H20 water contrast
measurements was run for each sample for the purpose of
phase assignment and absolute scaling (Wiener et al.
1991), as above. Then, the stearoyl and DHA chain dis-
tributions were determined by direct subtraction of the real
space profile (Eq. 3) of the protonated lipid from the profile
of the chain-deuterated lipid, measured under the same
hydration conditions. Table 2 presents a list of structure
factors that were used to produce the SLD profiles in
Figs. 1-3. Each set of eight observable structure factors
corresponds to a given sample or deuteration scheme.
Equation 3 can be used to calculate the SLD profile for
each set. Direct subtraction of the all-protonated profile
(SLDy) from the specifically deuterated profiles (SLDp)
yields the individual distribution for the chains, cholesterol
and water. The number of water/lipid can be determined
from the neutron data, but in this case was significantly less
accurate than the NMR determination (Table 1) due to the
oxidation-limited measuring times.
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