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ABSTRACT The molecular organization of cholesterol in phospholipid bilayers composed of 1,2-diarachidonylphosphati-
dylcholine (20:4-20:4PC), 1-stearoyl-2-arachidonylphosphatidylcholine (18:0-20:4PC), and 20:4-20:4PC/18:0-20:4PC (1/1
mol) was investigated by solid-state ?H NMR and by low- and wide-angle x-ray diffraction (XRD). On the basis of distinct
quadrupolar powder patterns arising from [3a-?H,]cholesterol intercalated into the membrane and phase separated as solid,
solubility xXMR = 17 + 2 mol% and tilt angle a, = 25 + 1° in 20:4-20:4PC were determined. The corresponding values in
18:0-20:4PC were SR = 50 mol% and «p = 16 = 1°. Cholesterol solubility determined by XRD was xXF> = 15 + 2 mol%
and xR0 = 49 = 1 mol% for 20:4-20:4PC and 18:0-20:4PC, respectively. XRD experiments show that the solid sterol is
monohydrate crystals presumably residing outside the bilayer. The 2H NMR spectrum for equimolar [3a-?H,]cholesterol
added to mixed 20:4-20:4PC/18:0-20:4PC (1/1 mol) membranes is consistent with segregation of cholesterol into 20:4-20:
4PC and 18:0-20:4PC microdomains of <160 A in size that preserve the molecular organization of sterol in the individual
phospholipid constituents. Our results demonstrate unambiguously that cholesterol has low affinity to polyunsaturated fatty
acids and support hypotheses of lateral phase separation of membrane constituents into sterol-poor/polyunsaturated fatty

acid-rich and sterol-rich/saturated fatty acid-rich microdomains.

INTRODUCTION

Cholesterol modulates phospholipid organization within
membranes (Finegold, 1993; McMullen and McElhaney,
1996). Its ordering of liquid crystalline membranes has long
been recognized. In addition, cholesterol has been hypoth-
esized to assist in the sorting of membrane phospholipids
into highly organized complexes that provide a platform for
specific protein function that has been described as rafts or
microdomains (Rietveld and Simons, 1998). Differential
miscibility among the diverse array of phospholipids that
comprise membranes is thought to promote lateral phase
separation into cholesterol-rich and cholesterol-poor re-
gions. A recently proposed molecular mechanism impli-
cates cholesterol’s relative affinity for polyunsaturated ver-
sus saturated acyl chains (Mitchell and Litman, 1998;
Huster et al., 1998; Brzustowicz et al., 1999; Polozova and
Litman, 2000). Specifically, close proximity of the rigid
steroid moiety to polyunsaturated acyl chains is prohibited
by steric constraints imposed by motional restriction of
multiple cis double bonds. Here, we use solid-state deute-
rium nuclear magnetic resonance (*H NMR) and x-ray
diffraction (XRD) to investigate the molecular organization
of cholesterol in phospholipid membranes containing ara-
chidonic acid (20:4%% 3 - 13 4).6), which possesses a cis
double bond at carbons 5, 8, 11, and 13. Our experiments
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focus on cholesterol membrane solubility and molecular
orientation, providing unequivocal evidence in favor of
cholesterol’s profoundly low affinity for highly unsaturated
acyl chains.

The phase behavior of homoacid disaturated and het-
eroacid saturated-monounsaturated phosphatidylcholine
(PC) membranes containing cholesterol has been examined
extensively (Finegold, 1993). Incorporation of the sterol
into the lamellar liquid crystalline (L) phase restricts acyl
chain motion. Detailed phase diagrams for 1,2-dipalmi-
toylphosphatidylcholine  (16:0—16:0PC), 1-palmitoyl-2-
oleoylphosphatidylcholine (16:0—18:14°PC), and 1-palmi-
toyl-2-petroselinoylphosphatidylcholine (16:0—18:14°PC),
constructed on the basis of solid-state NMR, identify a
liquid-ordered (/o) state over a wide range of temperatures
for membranes rich (>25 mol%) in cholesterol (Vist and
Davis, 1990; Thewalt and Bloom, 1992; Huang et al.,
1993). The properties of the lipid molecules in this phase
resemble those of the familiar “fluid” L, (also known as
liquid disordered, or Id) phase, except that the acyl chains
have restricted conformational freedom. Rapid axially sym-
metric reorientation of PC molecules about the bilayer nor-
mal, albeit slower than in the sterol-free bilayer, and a rate
of lateral diffusion characteristic of the fluid phase are
retained. At lower cholesterol content, the /o and /d phases
coexist. The solubility limit is typically quoted at =50
mol% (Phillips, 1990), although as high as 66 mol% has
been found for 16:0-16:0PC and 16:0—18:1PC' (Huang et
al.,, 1999). Solid-state “H NMR of selectively deuterated

'The abbreviation 18:1 signifies the A9 isomer (oleic acid) hereon.
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cholesterol has been used to directly observe membrane
incorporated cholesterol (Oldfield et al., 1978; Bonmatin et
al., 1990; Marsan et al., 1999; Brzustowicz et al., 1999).
Similar molecular ordering and dynamics within homoacid
disaturated and heteroacid saturated-monounsaturated PC
membranes were indicated. The steroid moiety rotates rap-
idly in small, discrete steps around the long molecular axis,
which fluctuates in orientation through a narrow range of
angles slightly tilted relative to the bilayer normal. Hydro-
gen bonding between the 3 3-hydroxyl of cholesterol and the
carbonyls of phospholipids, possibly essential for proper
alignment of the steroid moiety, has been debated (Guo and
Hamilton, 1995).

Less is known about the interaction of cholesterol with
polyunsaturated phospholipids. High levels of polyunsatu-
rated fatty acid (PUFA), occasionally exceeding 50 mol%,
are found in certain biomembranes (Salem et al., 1986). The
nervous system accumulates phospholipids enriched in 20:4
and docosahexaenoic (22:6) acids. They are primarily es-
terified at the sn-2 position of the glycerol backbone
whereas, as with the majority of phospholipids in vivo
(Gennis, 1989), the sn-1 chain is usually saturated. Phos-
pholipids with PUFA esterified to both sn-1 and sn-2 posi-
tions, however, are present in specialized membranes. In
particular, they are abundant in retinal membranes (Avel-
dano, 1989). Nearly 30% of PCs isolated from bovine-rod
outer segments, for example, are dipolyunsaturated. The
relatively few studies published to date imply that the ad-
dition of cholesterol to heteroacid saturated-polyunsaturated
and homoacid dipolyunsaturated PC membranes has the
same general effect as seen in homoacid disaturated and
heteroacid saturated-monounsaturated PCs (Mitchell and
Litman, 1998; Brzustowicz et al., 1999; Jackman et al.,
1999). Membranes become more ordered in the L, state and
the sterol reorients rapidly around a “wobbling” long mo-
lecular axis, irrespective of the presence of sn-2 polyunsatu-
ration. Despite qualitative similarity in behavior, a major
distinction exists between the molecular organization of
cholesterol in homoacid dipolyunsaturated and heteroacid
saturated-polyunsaturated PC bilayers. The solubility of
cholesterol in 1,2-diarachidonylphosphatidylcholine (20:4—
20:4PC) and 1,2-didocosahexaenoylphosphatidylcholine
(22:6-22:6PC) is more than a factor of three times lower
than in 1-stearoyl-2-arachidonylphosphatidylcholine (18:0—
20:4PC) and 1-stearoyl-2-docosahexaenoylphosphatidyl-
choline (18:0-20:6PC), where an amount comparable with
disaturated and saturated-monounsaturated PCs can be ac-
commodated (Huster et al., 1998; Brzustowicz et al., 1999,
2000).

In a preliminary investigation, we were able to show that
the solubility of cholesterol in 20:4-20:4PC bilayers is low
(~15 mol%) because the ’H NMR spectrum for a system
with 50 mol% [3a-*H,]cholesterol revealed components
corresponding to membrane-incorporated and phase-sepa-
rated solid sterol (Brzustowicz et al., 1999). Two questions
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inspired by this original finding are addressed in the current
work. First, what is the form of the solid cholesterol (anhy-
drous or monohydrate crystals) phase separated from the
membrane? Second, is cholesterol’s differential miscibility
and orientation between 20:4-20:4PC and 18:0-20:4PC
conserved when cholesterol is added to a mixed-lipid 20:
4-20:4PC/18:0-20:4PC system? We are motivated to an-
swer the latter question by the possibility that introduction
of sterol may cause the mixture to phase-separate, which
would have the potential to drive the formation of microdo-
mains or rafts in native cell membranes containing saturated
(e.g., sphingomeylin) and highly unsaturated (e.g., dipoly-
unsaturated) lipids. Our study complements solid-state “H
NMR with low- and wide-angle XRD. Solid-state “H NMR
compares the molecular organization of equimolar [3a-
*H,]cholesterol in three model membranes: 18:0-20:4PC,
20:4-20:4PC, and 20:4-20:4PC/18:0-20:4PC (1/1 mol).
XRD corroborates the solubility measured by “H NMR and
identifies the nature of the solid cholesterol in these sys-
tems.

MATERIALS AND METHODS
Materials

Avanti Polar Lipids (Alabaster, AL) was the source of 18:0-20:4PC and
20:4-20:4PC. Cholesterol deuterated at the 3a position, [3a-
?H, ]cholesterol, was obtained from Cambridge Isotope Laboratories, Inc.
(Andover, MA) or was a gift from E. Oldfield (Oldfield et al., 1978).
Cholesterol and butylated hydroxytoluene (BHT) were purchased from
Sigma (St. Louis, MO), and deuterium-depleted water was purchased from
Isotec Inc. (Miamisburg, OH). Lipids showed one spot by thin layer
chromatography and were used without further purification.

Because of the sensitivity of polyunsaturated phospholipids to oxida-
tion, all sample preparation occurred under a stream of nitrogen or in a
nitrogen atmosphere within a home-built glovebox. Exposure to light was
minimized. Water and buffer were thoroughly degassed. All samples were
hydrated to 50 wt% H,O. Specific details follow for each experimental
approach. All experiments were performed at 20°C.

°H NMR

Stock solutions of 50—-100 mg phospholipid in chloroform were combined
with dry [3a-?H, ]cholesterol in appropriate ratios and the antioxidant BHT
in degassed methanol was added (1:250 mol BHT relative to lipid). Initial
drying of the organic solution under a nitrogen stream was followed by
12 h of vacuum pumping to remove residual solvent. The lipids were
vortex-mixed at room temperature (~20°C) with 50 wt% 50 mM Tris
buffer (pH 7.5) and the pH was adjusted to 7.5. Six lyophilizations with
excess (1-2 ml) deuterium-depleted water were then performed to reduce
naturally abundant 2HHO. After final hydration with 50 wt% degassed
deuterium-depleted water, the resultant samples consisting of an aqueous
multilamellar dispersion were transferred to 5- or 7-mm NMR tubes and
stored at —80°C. They were equilibrated at room temperature for 1 h
before experimentation. All samples were verified to be in lamellar phase
via the characteristic shape of their 'H decoupled *'P NMR spectra (Seelig,
1978).

2H NMR powder pattern spectra were recorded on a home-built spec-
trometer operating at 27.6 MHz (McCabe and Wassall, 1997). Two probes,
one home-built and the other constructed by Cryomagnet Systems, Inc.
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(Indianapolis, IN), with 5- or 7-mm transverse mounted coils were used.
The spectra were collected with a phase-alternated quadrupolar echo se-
quence (903 — 7, — 905 — acquire — delay), (Davis et al., 1976). Unless
stated otherwise, spectral parameters were: 90° pulse width = 2.1-4.2 us;
separation between pulses 7, = 75 us; delay time between pulse se-
quences = 75 or 15 s; sweep width = =500 kHz; dataset = 1K; and
number of transients = 10,000—100,000. To increase signal-to-noise, ex-
periments were conducted on resonance and the “out of phase” channel
was zeroed before Fourier transformation. The consequent spectra are
reflected around the central resonant frequency.

Additional H NMR spectra were acquired at 76.7 MHz on another
home-built spectrometer in the laboratory of R. J. Wittebort, University of
Louisville (Zhang et al., 1998). Spectral parameters were comparable with
those listed above.

Cholesterol orientation within membrane

The *H NMR spectrum from membrane incorporated [3a-*H, ]cholesterol
in an aqueous multilamellar dispersion is a superposition of doublets
produced by random orientational distribution of lipid bilayers (Oldfield et
al., 1978; Brzustowicz et al., 1999). The dominant peaks of the resultant
powder pattern are characterized by residual quadrupolar splitting

3 (e’q0
Ave=7 (h>|SCD|~ (1)

where e?qQ/h (= 170 kHz) is the static quadrupolar coupling constant, and
Scp is an order parameter describing the angular fluctuations of the C-*H
bond with respect to the bilayer normal which constitutes the axis of
motional averaging. Cholesterol’s composite motion consists of rotation
about its long molecular axis and libration of this axis with respect to the
bilayer normal. The motions are axially symmetric and the order parameter
may be written

SCD =S 'yS a (2)
where S, is a geometric factor

S,=3@Bcos’y—1) (3)

specified by the angle y between the C-*H bond and the molecular axis.
Fig. 1 illustrates the disposition of angles and axes. Adopting a value for y
of 79° from previous work leads to S, = —0.445 (Taylor et al., 1981). The
molecular order parameter S, (often called S,,,) specifies cholesterol’s
libration in terms of a time average, denoted by angular brackets, of the
angle « between the molecular axis and the bilayer normal (Fig. 1)
(Petersen et al., 1977; Oldfield et al., 1978)

_ 1 2
Sa—§<3 cos’a — 1) “4)

Assuming that an axially symmetric Gaussian distribution describes «, the
most probable value e (tilt angle) may be derived via numerical integra-
tion of

T

1
3 sin(a)exp(—a?/2a2)(3 cos’> a — 1)da
0

S, = G

ks

sin(a)exp(—a?/2ad)da
0
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Membrane Normal
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Y Axis

FIGURE 1 Angle and axis designation in membrane-intercalated [3a-
2H, ]cholesterol.

Membrane solubility of cholesterol

At concentrations above the solubility limit of cholesterol within a mem-
brane, excess cholesterol is present as solid giving rise to a broad compo-
nent (Avg, ~ 118 kHz) in the *H NMR spectrum for [3a-"H,]cholesterol
(Monck et al., 1993; Ruocco et al., 1996; Brzustowicz et al., 1999).
Superimposed upon this signal is a distinct, much narrower (Av, ~ 37-47
kHz) component attributable to membrane-intercalated cholesterol. The
proportion of membrane-intercalated cholesterol corresponds directly to
the fraction f;,, of the total integrated intensity contributed by the narrow
spectral component. This fraction may be determined via spectral simula-
tion (Brzustowicz et al., 1999) or after depaking (Sternin et al. 1983;
McCabe and Wassall, 1997). The latter approach deconvolutes a spectrum
of single alignment from the powder signal, thereby resolving an individual
doublet for each component. Membrane solubility of cholesterol is then
calculated with

NV

Xewol = 2 35 (6)

where fpc is the molar fraction of phospholipid relative to total cholesterol.

Accounting for differences in relaxation rate between cholesterol inside
and outside the membrane is crucial to an accurate determination of xN®
(Brzustowicz et al., 1999). The spin lattice relaxation time for [3a-
?H,]cholesterol intercalated in membranes is 7T,, ~3ms, whereas the
corresponding value for solid [3a-H,]cholesterol is 7}, ~3s (Brzustowicz
and Wassall, unpublished results). The delay between pulse sequences
must be sufficiently long, (57,, = 15 s) to ensure observation of full
intensity signals from both spectral components. In contrast, their spin-spin
relaxation times (7,. ~200 us) are nearly equivalent (Brzustowicz and
Wassall, unpublished results), and correction is unnecessary to compensate
for differential relaxation during the time, 27,, before echo formation in the
pulse sequence.

Biophysical Journal 82(1) 285-298
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XRD

Stock solutions of cholesterol and phospholipid in chloroform were codis-
solved in appropriate ratios with total lipid mass between 5 and 10 mg. The
samples were dried with a stream of nitrogen gas and subsequent vacuum
pumping in the dark for 6 h. They were then vortex-mixed with 50 wt%
50-mM Tris buffer (pH 7.5) at room temperature until they appeared
homogenous by visual inspection. The resultant aqueous multilamellar
dispersions were transferred to 1 mm outside diameter quartz capillary
tubes (Charles Supper Co., Natick, MA) and centrifuged for ~5 min to
pellet the sample at the sealed end of the capillary tubes. After centrifu-
gation, the capillary tubes were flame-sealed and a bead of quick-drying
epoxy was applied to ensure the integrity of the flame seal. Samples were
stored in dry ice and incubated at 20°C for at least 1 h before experiments.

Another procedure for sample preparation, low temperature trapping
(LTT), was also used (Huang et al., 1999). The initial removal of organic
solvent with a gentle stream of nitrogen gas was followed by addition of
100 ul dry chloroform containing 1% (by volume) methanol. The samples
were frozen in liquid nitrogen and vacuum pumped for 6 h at 50 mTorr.
The samples were kept cold with dry ice during this period. Residual
solvent was removed under vacuum at —20°C for another ~12 h. The
resultant powders were placed in a stirring, room temperature water bath
for 1 min and brought to room temperature. They were immediately
hydrated with 50 wt% 50 mM Tris buffer (pH 7.5) and vortex-mixed for
1 min.

XRD measurements were performed using a rotating anode x-ray gen-
erator (Rigaku RU-300 working at 45 kV and 250 mA) producing Ni
filtered Cu K, radiation (wavelength A = 1.5418 A). Two curved Ni-
coated mirrors (Charles Supper Co.) focus the x-ray beam to a spot size of
~1 X 0.5 mm? (horizontal X vertical) at the detector position. Sample-
to-detector distance, typically 250 mm, was measured using a silver be-
henate standard (Blanton et al., 1995). Samples were placed in a home-built
sample-holder with space for seven samples (Zhu and Caffrey, 1993). The
sample was continuously translated at a rate of 3 mm/min back and forth
along a 6-mm section of the sample to average the contributions to total
scattering from different parts of the sample and to minimize possible
radiation damage effects during long exposures. The temperature inside the
sample holder was regulated by two thermoelectric Peltier effect elements
controlled by a computer feedback system. Measurements were performed
at 7 = 20.0 = 0.05°C. Typical exposure time was 2 h. High-resolution
image plates measuring 250 X 200 mm? (HR-IIIn, Fuji Medical Systems,
Stamford, CT) were used to record diffraction patterns. X-ray images from
the image plates were obtained after exposure using a phosphorimage
scanner (Storm-840, Molecular Dynamics, Sunnyvale, CA) with 100-um
resolution. The large size of the image plates allows simultaneous regis-
tration of low- and wide-angle diffraction patterns spanning reciprocal
vector space, ¢ ( = 4 sin 6/A), from 0.05 to 1.84 A~' (corresponding,
respectively, to a real space range of 125 A to 3.4 A). Intensity versus
scattering vector plots (I-q) were obtained by radial integration of static
two-dimensional (2-D) diffraction patterns using the program FIT2D
(Hammersley, 1997). Peaks in the I-q plots were fitted with Peakfit 4.0
(SPSS Inc., Chicago, IL) to locate peak positions and determine integrated
intensities.

Form of membrane-excluded cholesterol

The presence of cholesterol crystals that have phase separated from the
bilayer in multilamellar vesicles is evidenced by a unique set of sharp
diffraction powder rings in addition to the lamellar reflections from lipid
multilamellar vesicles. The diffraction patterns for both anhydrous and
monohydrate cholesterol are known and were used for purposes of iden-
tification (Craven, 1976; Shieh et al., 1977; Loomis et al., 1979). To avoid
ambiguity because of overlap of the first order of cholesterol diffraction
with lamellar diffraction peaks from the bilayers, only the 002, 020, and
200 cholesterol peaks were used. For cholesterol monohydrate, the respec-
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tive reciprocal and real spacings are (002) 0.3701 A~', 17.0 A; (020) 1.033
A~ 6.079 A; and (200) 1.044 A~', 6.015 A. For anhydrous cholesterol,
the respective reciprocal and real spacings are (002) 0.3709 A", 16.9 A;
(020) 0.8924 A~', 7.037 A; and (200) 1.203 A1, 522 A.

Membrane solubility of cholesterol

Samples were prepared with concentrations of cholesterol around the
solubility limit determined by ’H NMR. For samples where cholesterol
crystals were present, the combined integrated intensities of the 002, 020,
and 200 reflections (normalized with respect to the integrated intensity of
the lipid wide-angle peak) were plotted against mol% cholesterol. Linear
extrapolation of these plots to zero intensity gives the cholesterol solubility
limit x350, with an accuracy of ~=*1 mol%.

RESULTS
2H NMR

Aqueous multilamellar dispersions of 20:4-20:4PC/[3a-
2H, ]cholesterol (1/1 mol), 18:0—20:4PC/[3a-*H,]cholesterol
(1/1 mol), and 20:4-20:4PC/18:0—20:4PC/[3a-*H,]choles-
terol (1/1/2 mol) were prepared in 50 wt% Tris (pH 7.5). *H
NMR spectra recorded at 20°C for the three systems are shown
in Fig. 2.

Fig. 2 A4 is the spectrum for 20:4-20:4PC/[3c-
H,cholesterol (1/1 mol). As can be clearly seen, it is a
superposition of a relatively narrow powder pattern upon a
broad pattern establishing that [3a-*H,]cholesterol exists in
two motionally distinct pools. Quadrupolar splittings Av, =
33 £ 1 kHz and Av, = 118 * 1 kHz, respectively,
characterize the two powder patterns. The broad spectral
component (Av, = 118 = 1 kHz) corresponds to solid
[3a-?H,]cholesterol, which is presumably located outside
the bilayer (Monck et al., 1993; Ruocco et al., 1996;
Brzustowicz et al., 1999). Membrane-intercalated [3«-
2H,]cholesterol is responsible for the narrow component
(Oldfield et al., 1978; Brzustowicz et al., 1999). Axially
symmetric, rapid reorientation about the bilayer normal
reduces the splitting to the residual value measured (Av,
= 33 £ 1 kHz) from which an order parameter S, ( =
0.26) for the 3a: C-*H bond may be calculated with Eq. 1.
The molecular order parameter determined from S, via
Eq. 2 is S, = 0.58. On the assumption that a weighted
Gaussian distribution applies to orientation of the wob-
bling steroid moiety, S, can then be matched with nu-
merically integrated values (Eq. 5) to extract a most
probable (tilt) angle « relative to the bilayer normal
(Petersen et al., 1977; Oldfield et al., 1978). The tilt angle
derived in this manner for [3a-*H,]cholesterol incorpo-
rated into 20:4-20:4PC bilayers is a, = 25 = 1°.

The signal from solid [3a-?H,]cholesterol in Fig. 2 A4
indicates that less than an equimolar amount of sterol in-
corporates into dipolyunsaturated 20:4-20:4PC mem-
branes. An estimate of the solubility limit may be obtained
on the basis of relative integrated intensity of the spectral
components ascribed to membrane-intercalated and solid
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FIGURE 2 2H NMR spectra at 20°C for 50 wt% aqueous multilamellar
dispersions in 50 mM Tris (pH 7.5) of (4) 20:4-20:4PC/[3a-
2H,]cholesterol (1/1 mol), (B) 18:0-20:4PC/[3a->H,]cholesterol (1/1 mol),
and (C) 20:4-20:4PC/18:0-20:4PC/[3a-H,]cholesterol (1/1/2 mol). The
dashed lines in (4) and (C) are simulations composed of a narrow powder
pattern assigned to [3a-?H,]cholesterol intercalated into the membrane
superposed upon a broad powder pattern from solid [3a-?H,]cholesterol.
Spectral parameters were as described in Materials and Methods. Line
broadening was applied as follows: (4) Gaussian multiplication (GM) =
2.5 kHz, (B) and (C) GM = 1 kHz.

[3a-*H,]cholesterol (Brzustowicz et al., 1999). The dashed
line superposed upon the experimental data represents a
simulation comprised of the respective components in a
20:80 ratio of intensity which translates into f;,, = 0.20 for
the intercalated fraction. Substitution into Eq. 6, recogniz-
ing fpc = 1.00 as the fraction of phospholipid with respect
to total cholesterol, yields x o = 17 mol% for the solu-
bility. The uncertainty is assessed to be *2 mol%.

In Fig. 2 B, the ?H NMR spectrum for 18:0-20:4PC/[3a-
2H, Jcholesterol (1/1 mol) is displayed as a control. It con-
tains only one powder pattern with residual splitting Ay, =
45 *= 1 kHz which is assigned to sterol within the mem-
brane. The corresponding molecular order parameter and tilt
angle are S, = 0.79 and «, = 16 £ 1°. A broad component
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denoting the presence of solid [3a-?H,]cholesterol (Avg ~
118 kHz) is not visible. Under the experimental conditions
used, in particular the delay of 15 s between repetition of the
quadrupolar sequence (Brzustowicz et al., 1999), such a
signal would be detected if solid cholesterol were present.
The absence of a broad spectral component in Fig. 2 B
demonstrates that all the [3a-*H,]cholesterol added to 18:
0-20:4PC incorporates into the membrane. From this ob-
servation, a solubility of 3o =50 mol% may be inferred.
The significant increase in tilt angle and drastic reduction in
membrane solubility identified from our interpretation of
the spectra for [3a-H,]cholesterol in 20:4—20:4PC (Fig. 2
A) compared with 18:0-20:4PC (Fig. 2 B) demonstrate
markedly different molecular organization of cholesterol in
the bilayer of homoacid dipolyunsaturated versus heteroacid
saturated-polyunsatuarated phospholipid.

To test whether the differences in behavior seen here for
cholesterol in single-component membranes would be man-
ifest in a system more akin to a natural membrane of
heterogeneous composition, the mixed 18:0-20:4PC/20:4—
20:4PC/[3a-*H,]cholesterol (1/1/2 mol) system was exam-
ined by ’H NMR. In the ensuing spectrum shown in Fig. 2
C, there are two spectral components assigned to mem-
brane-intercalated (Av, = 44 * 1 kHz) and solid (Avgy =
118 = 1 kHz) [3a-?H,]cholesterol. A molecular order pa-
rameter of S, = 0.77 is calculated from the splitting of the
former signal and equates to tilt angle oy = 17 = 1°. The
dashed line superimposed upon the experimental data is a
simulation with signals attributable to membrane-interca-
lated and solid [3a-?H,]cholesterol in a 68:32 ratio of inte-
grated intensity, which gives 3\t = 40 = 2 mol% for the
solubility of the sterol in the mixed 18:0-20:4PC/20:4-20:
4PC system. The observation of only a single signal from
sterol incorporated into the mixed membrane is significant. It
implies that, in the possibilty that separate, distinct 20:4—20:
4PC/[3a-"H,]cholesterol and 18:0-20:4/[3a-*H,]cholesterol
domains were to exist, exchange between them must occur
more quickly than the timescale of 2 X 10 s to which the ?H
NMR experiment is sensitive (Bloom and Thewalt, 1995).
This issue will be elaborated later in the Discussion.

Spectral parameters derived from a simulation are not
necessarily unique. Specifically, the estimates of solubility
XoR obtained from the spectra in Fig. 2 suffer from their
dependence upon the parameters input for line broadening.
These parameters are indeterminate, and a range of them
will provide a “best fit” to the experimental data. Depaking
is an approach that avoids this, albeit somewhat minor,
drawback (Sternin et al. 1983; McCabe and Wassall, 1997).
The procedure numerically deconvolutes powder pattern
spectra governed by axially symmetric, second rank tensor
interactions to spectra characteristic of a sample of single
alignment oriented with the axis of symmetry parallel to the
magnetic field. The resultant depaked spectra in the case of
H NMR contain doublets split by twice the frequency of
the peaks in the powder pattern and whose intensity may be
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FIGURE 3 Depaked ?H NMR spectra at 20°C for 50 wt% aqueous
multilamellar dispersions in 50 mM Tris (pH 7.5) of (4) 20:4-20:4PC/
[3a-?H,]cholesterol (1/1 mol), (B) 18:0-20:4PC/[3a-*H,]cholesterol (1/1
mol), and (C) 20:4-20:4PC/18:0-20:4PC/[3a->H, ]cholesterol (1/1/2 mol).
They were iteratively depaked from the corresponding spectra in Fig. 2. Six
iterations of the depaking program were performed.

then evaluated by straightforward numerical integration
without simulation.

The depaked counterparts of the spectra in Fig. 2 are
plotted in Fig. 3. They illustrate the enhancement in reso-
lution achieved. The two superposed narrow and broad
powder patterns observed in Fig. 2 4 for 20:4-20:4PC/[3a-
H, Jcholesterol (1/1 mol) become a pair of well resolved
inner and outer doublets in Fig. 3 4. The doublets are split
by 68 = 2 kHz and 240 * 2 kHz from, respectively,
membrane-intercalated and solid sterol. Integrating each
signal yields a ratio of 21:79 for their relative intensity. This
ratio equates to a solubility of YNt = 17 * 2 mol% for
[3a-H,]cholesterol in homoacid dipolyunsaturated 20:4—
20:4PC. Fig. 3 B confirms that the situation contrasts in
heteroacid saturated-polyunsaturated 18:0—20:4PC. Consis-
tent with the single powder pattern seen for 18:0-20:4PC/
[3a-*H,]cholesterol (1/1 mol) in Fig. 2 B, in Fig. 3 B only
one doublet split by 92 £ 2 kHz because of membrane-
intercalated [3a-*H,]cholesterol is discernible after depak-
ing. There is no outer doublet with splitting ~240 kHz from
solid [3a-?H,]cholesterol, which corroborates that the sol-
ubility in 18:0-20:4PC is x5M¥ =50 mol%. Two doublets
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with splittings 90 = 2 kHz and 240 = 2 kHz attributable to
membrane-intercalated and, as expected, solid sterol are
apparent in the depaked spectrum presented in Fig. 3 C for
20:4-20:4PC/18:0-20:4/[3a-*H,]cholesterol (1/1/2 mol).
The respective integrated intensities are in the ratio 69:31
and correspond to solubility Yyo® = 41 + 2 mol% in the
mixture of phospholipids. Reassuringly, in each case the
solubilities determined after depaking confirm within ex-
perimental uncertainty the estimates obtained by simulation
of powder patterns.

XRD

Low- and wide-angle XRD patterns were collected at 20°C
as a function of the concentration of cholesterol added to
20:4-20:4PC, 18:0-20:4PC and 20:4-20:4PC/18:0-20:
4PC (1/1 mol) bilayers hydrated to 50 wt% in Tris buffer
(pH 7.5). Integrated radial intensity profiles plotted against
reciprocal space, I-q plots, are shown in Fig. 4. They are
cropped from g = 0.25 t0 2.0 A~ focusing upon the region
where the second-order peaks from cholesterol monohy-
drate or anhydrous cholesterol occur when solid sterol is
present (Craven, 1976; Shich et al., 1977; Loomis et al.,
1979). A representative example of a complete spectrum is
also included in the figure (Fig. 4 D). The broad peak
centered at ~1.38 A~! (4.6 A) is the lipid wide-angle peak
resulting from lateral correlations between lipid chains. Its
total area is proportional to the number of molecules in the
bilayer and serves as a scaling factor for the area of other
peaks within a diffraction pattern.

Fig. 4 4 shows the results from 20:4-20:4PC/cholesterol
in which the mol fraction of sterol is varied from x,,,, = 10
to 30 mol% in 5 mol% increments. Crystalline cholesterol
produces the labeled peaks (Craven, 1976; Shieh et al.,
1977; Loomis et al., 1979). They emerge when X, = 15
mol% and grow in intensity as X, increases, but are absent
for Xenot = 10 mol%. Although the peak at 0.37 A~ (d =
17.0 A) may correspond to the 002 reflection of either
cholesterol monohydrate or anhydrous cholesterol; only the
020 and 200 reflections for cholesterol monohydrate were
observed at respective positions 1.03 A~! (d = 6.08 A) and
1.04 A~' (d = 6.02 A). Peaks at 0.8924 A~ (d = 7.037 A)
and 1.203 A~! (d = 5.22 A) for the equivalent reflections of
anhydrous cholesterol were not observed. The data unam-
biguously identify the crystalline cholesterol to be in mo-
nohydrate form.

The normalized, summed integrated intensities of the
three second-order reflections from cholesterol monohy-
drate in Fig. 4 A are plotted against cholesterol concentra-
tion in Fig. 5. A linear extrapolation to zero intensity inter-
cepts at X.no1 = 15 = 2 mol%. The intercept represents the
solubility of cholesterol (x3ap) in 20:4-20:4PC. Smaller
amounts of sterol entirely intercalate into the bilayer. Solid
cholesterol and the resultant diffraction peaks are only
present at higher content exceeding the solubility limit. The
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FIGURE 4 Integrated XRD radial intensity profiles at 20°C for 50 wt% aqueous multilamellar dispersions in 50 mM Tris (pH 7.5) of (4) 20:4-20:
4PC/cholesterol, (B) 18:0-20:4PC/cholesterol, and (C) 20:4-20:4PC/18:0-20:4PC(1/1 mol)/cholesterol. Concentration of cholesterol x.,,, is indicated in
mol%. Plots A—-C are cropped from ¢ = 0.25 A~! to ¢ = 2.00 A~ in reciprocal space to focus upon the 002 (17.0 A), 020 (6.08 A), and 200 (6.02 A)
diffraction peaks (arrows) from cholesterol monohydrate used for quantitation in Fig. 5. The entire spectrum for a sample containing 18:0-20:4PC/
cholesterol (x.,oi = 60 mol%) is presented in (D) which shows the first two reflections from lipid multilayers. The 002 reflection from the latter and the
001 reflection from the cholesterol crystal overlap. The intensity scale is arbitrary and, to aid observation of small peaks, logarithmic. Individual curves

are shifted evenly along the intensity axis.

failure to detect diffraction peaks from solid cholesterol in
20:4-20:4PC when x o, = 11, 12, 13, or 14 mol% (data not
shown) lends further support to the reliability of our esti-
mate of 15 + 2 mol% for kD

XRD patterns for 18:0-20:4PC/cholesterol where X o
varies from 52 to 60 mol% in 2-mol% increments are
displayed in Fig. 4 B. Reflections from cholesterol mono-
hydrate which are barely discernible at the lowest concen-
tration of X 1 = 52 mol% and then increase in intensity
with concentration of cholesterol are visible in all samples.
As with 20:4-20:4PC, no peaks from anhydrous cholesterol
were detected. A graph of the normalized sum of the inte-
grated intensities of the three second-order repeats from
cholesterol monohydrate versus cholesterol concentration is
drawn in Fig. 5. The solubility of sterol in 18:0-20:4PC
deduced by linear extrapolation of the data to zero intensity
is X3P = 49 = 1 mol%.

The diffraction profiles in Fig. 4 C are for 20:4-20:4PC/
18:0-20:4PC(1/1mol)/cholesterol samples in which X
varies from 40 to 60 mol% in 5-mol% increments. Reflec-

tions for cholesterol monohydrate that become greater in
intensity with increased content of the sterol are clearly
present in each profile, whereas peaks from anhydrous
cholesterol were again not found. A solubility limit of xJ~p
= 36 = 3 mol% in 20:4-20:4PC/18:0-20:4PC (1/1 mol) is
estimated on the basis of linear extrapolation to zero inten-
sity in a plot against cholesterol concentration of the nor-
malized, summed integrated intensities of the three second-
order repeats from cholesterol monohydrate (Fig. 5).

DISCUSSION
Dipolyunsaturated phospholipid membranes
Cholesterol solubility

The results obtained in this study are summarized in Table
1. They establish unquestionably that the molecular organi-
zation of cholesterol within dipolyunsaturated PC bilayers
differs radically from within disaturated or mixed acyl sat-
urated-polyunsaturated PC bilayers. The reduction in mem-
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FIGURE 5 Combined integrated intensity of second-order XRD peaks
(002, 020, and 200) from cholesterol monohydrate versus concentration of
cholesterol at 20°C for 50 wt% aqueous multilamellar dispersions in 50
mM Tris (pH 7.5) of A 20:4-20:4PC/cholesterol, [] 18:0—20:4PC/choles-
terol, and O 20:4-20:4PC/18:0-20:4PC(1/1 mol)/cholesterol.

brane solubility seen in fully hydrated bilayers of 20:4-20:
4PC represents the most dramatic manifestation. By solid-
state “H NMR and XRD solubility limits of N = 17 =
2 mol% and X3RP = 15 = 1 mol%, respectively, were
measured. The agreement of the estimates is within exper-
imental uncertainty and demonstrates the efficacy of these
complementary techniques which both rely upon the detec-
tion of solid cholesterol. In the former case solubility is
calculated from the relative integrated intensity of distinct
spectral components attributable to membrane-intercalated
and solid [3a-?H,]cholesterol (Figs. 2 and 3), whereas the
concentration when XRD peaks from solid sterol begin to
appear defines the solubility limit in the latter case (Figs. 4
and 5). A slight overestimation by NMR is to be expected as
distortion effects associated with the finite width of excita-
tion pulses in the quadrupolar sequence increasingly atten-
uate spectral features farther from the resonant frequency
(Bloom et al., 1980). The presence of diffraction peaks at
g = 1.03 A7 (020) and 1.04 A" (200) in Fig. 4 identify
the solid cholesterol to be monohydrate crystals (Craven,
1976; Shieh et al., 1977; Loomis et al., 1979), which is the

TABLE 1 Compilation of data on the molecular organization
of cholesterol added to 20:4-20:4PC, 18:0-20:4PC and 20:4-20:
4/18:0-20:4PC (1/1 mol) membranes

20:4-20:4PC/
18:0-20:4PC
20:4-20:4PC  18:0-20:4PC (1/1 mol)
Av, (kHZ) 33 45 44
Sep 0.26 0.35 035
S, 0.58 0.79 0.77
a 25° 16° 17°
AAMR (1161%) 17 =50 40
YERD (mol%) 15 49 36

Experimental conditions and uncertainties are as stated in the text.
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form that was recognized for cholesterol exceeding the
solubility limit in earlier work on less unsaturated model
membrane systems (Guo and Hamilton, 1995; S6mjen et al.,
1995; Huang et al., 1999). Diffraction peaks at ¢ = 0.89
A~ (020) and 1.20 A" (200), characteristic of the alter-
native anhydrous form in which solid cholesterol can exist,
were absent. We were unable to make this designation on
the basis of ?H NMR in our preliminary report on 20:4—20:
4PC because spectra for anhydrous and monohydrate [3a-
’H,]cholesterol are indistinguishable (Brzustowicz et al.,
1999).

The situation in 20:4-20:4PC membranes differs mark-
edly from the solubility of ~50 mol% indicated for choles-
terol in 18:0—20:4PC membranes by “H NMR (Figs. 2 B
and 3 B) and XRD (Figs. 4 B and 5). The much higher value
in the heteroacid saturated-polyunsaturated PC is consistent
with solubilities usually found in phospholipid membranes
(Phillips, 1990; Huang et al., 1999). In contrast, the low
solubility of sterol seen in 20:4—-20:4PC seems to be asso-
ciated with dipolyunsaturation. Solid-state “H NMR and
XRD data revealing ~10 mol% solubility in 22:6-22:6PC
membranes (Brzustowicz et al., 2000) support this asser-
tion. The formation of a separate crystalline phase, more-
over, was implied by the failure of 'H magic-angle spinning
(MAS) NMR experiments to detect most of the signals from
equimolar cholesterol added to 22:6-22:6PC membranes
(Huster et al., 1998).

The possibility that artifactual crystallization of choles-
terol occurred during preparation of our samples was con-
sidered. A variable reduction in solubility was seen by
Huang et al. (1999) because of demixing of cholesterol from
phospholipid when the sample was passed through an in-
termediate dry-state. Such a step, as in the protocol used in
this work, is unavoidable. To overcome the problem, they
developed a LTT method to trap the lipids in a well mixed
state by lyophilizing at low temperature (—20°C). To test
the validity of our results, we also performed XRD exper-
iments on 20:4-20:4PC/cholesterol and 18:0-20:4PC/cho-
lesterol samples prepared using the LTT approach. The
solubilities measured (data not shown) agreed within exper-
imental uncertainty with those determined on our conven-
tionally prepared samples. We conclude that the much lower
solubility observed for cholesterol in 20:4—-20:4PC than in
18:0-20:4PC is not an artifact of sample preparation
method. A fundamentally different interaction between cho-
lesterol and polyunsaturated acyl chains as compared with
saturated or monounsaturated acyl chains is responsible.

The existence of patches of cholesterol monohydrate as a
bilayer within the plane of human ocular lens-fiber plasma
membranes was recently hypothesized in a study of corneal
lipid extracts containing cholesterol and phospholipid in
concentrations corresponding to 71 and 77 mol% sterol
(Jacob et al., 1999). The hypothesis was based upon inter-
pretation of small-angle XRD patterns in terms of an im-
miscible cholesterol domain with unit cell periodicity of
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34.0 A. Such a 2-D arrangement is inapplicable to the solid
cholesterol identified with 20:4-20:4PC membranes be-
cause the 002, 020, and 200 peaks from cholesterol mono-
hydrate seen in our wide-angle XRD patterns (Fig. 4) sig-
nify 3-D crystals. In addition, it has been argued that
exposure to water would render a pure cholesterol bilayer
domain energetically unfavorable and cause subsequent
crystallization out of the membrane (Huang and Feigenson,
1999). We conclude that the solid sterol detected here by *H
NMR and XRD was excluded from the membrane. Obser-
vation of cholesterol monohydrate crystals in our samples
by polarized optical microscopy substantiate this assess-
ment (Brzustowicz and Williams, unpublished results).

Cholesterol orientation

Analysis of the quadrupolar splittings for the spectral com-
ponent ascribed to [3a-*H,]cholesterol intercalated into 20:
4-20:4PC membranes, Av, = 33 £ 1 kHz (Fig. 2 4), and
18:0-20:4PC membranes, Ay, = 45 = 1 kHz (Fig. 2 B),
provides further indication of a substantial distinction in
molecular interaction. On the 10~ ¢ s timescale sensed by H
NMR spectra, rapid reorientation about the long molecular
axis and wobbling relative to the bilayer normal of [3a-
H, Jcholesterol reduce the static quadrupolar splitting to a
residual value characteristic of the order parameter Scp, of
the 3a C-*H bond (Eq. 1) (Oldfield et al., 1978; Brzustow-
icz et al., 1999). Geometrical arguments (Eq. 2) relate Sip
to the molecular order parameter S, defined in Eq. 4 which
describes the fluctuations in orientation of the steroid moi-
ety (Taylor et al., 1981). Interpretation then necessitates a
model be invoked to specify the distribution g(«) of angles
« the molecular axis makes with the bilayer normal. Fol-
lowing the precedent of earlier work, we applied a sina
population weighted Gaussian function g(a) = exp[—a?/
2a,] to evaluate the most probable angle «, from S, via Eq.
6 (Oldfield et al., 1978; Brzustowicz et al., 1999).

Table 1 compiles the tilt-angle data. Accordingly, the
respective values oy, = 25 * 1° vs. ap = 16 *= 1° were
deduced for [3a-H,]cholesterol within 20:4—-20:4PC and
18:0—-20:4PC membranes. The smaller angle of most prob-
able tilt in 18:0—20:4PC is typical of the orientation found
for the sterol in fully hydrated bilayers comprised of ho-
moacid disaturated PCs and heteroacid saturated-unsatur-
ated PCs. Tilt angles derived from previously published *H
NMR data over a wide range of temperatures (10—60°C)
and concentrations of sterol (10-50 mol%) fall within a
narrow range «, = 15-20° irrespective of the degree of
unsaturation in the sn-2 chain (Oldfield et al., 1978; Taylor
et al., 1981, 1982; Murari et al., 1986; Brzustowicz et al.,
1999). For instance, the value of a, = 16° measured here in
18:0-20:4PC is identical to that found for equimolar [3a-
2H1]cholesterol in 16:0-16:0PC, 18:0—-18:1PC, and 18:0—
22:6PC bilayers (Murari et al., 1986; Brzustowicz et al.,
1999). This is in stark contrast to our observation of an
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appreciably larger angle of most probable tilt o, = 25° for
[3a-H,]cholesterol in dipolyunsaturated 20:4-20:4PC bi-
layers. The implication is that the rigid sterol molecule
prefers an environment of freely isomerizable saturated acyl
chains, as opposed to polyunsaturated acyl chains contain-
ing multiple motionally constrained cis double bonds. In-
sensitivity of the orientation of cholesterol to polyunsatura-
tion in heteroacid saturated-unsaturated PC bilayers reflects
association with the saturated sn-1 chain to minimize con-
tact with the polyunsaturated sn-2 chain, whereas in ho-
moacid dipolyunsaturated 20:4—20:4PC bilayers, the sterol
is forced to interact with polyunsaturated chains resulting in
a greater angle of tilt and exclusion from the bilayer beyond
~15 mol% incorporation.

Cholesterol interaction with polyunsaturated versus
saturated chains

Previously published studies offer additional evidence in
support of preferential affinity of cholesterol for saturated
over polyunsaturated chains. '"H MAS NMR experiments on
18:O722:6PC/[25,26,26,26,27,27,27-2H7]cholesterol (1:1
mol) membranes revealed closer contact with the 18:0 sn-1
chain via a higher rate of chain-to-cholesterol nuclear Over-
hauser enhancement spectroscopy cross-relaxation (Huster
et al., 1998). A similar inference may be drawn from *H
NMR data, indicating that the response of membrane-order-
ing and phase behavior to the introduction of cholesterol
into mixed chain PC bilayers with a saturated sn-1 chain
changes little in the presence of polyunsaturation at the sn-2
position. Essentially the same increase in orientational
order was observed for the saturated [*Hs,]palmitoyl
([*H;,116:0) sn-1 chain in liquid crystalline [*H;,]16:0—
20:4PC as in 1-[H;,] palmitoyl-2-linoleoylphosphatidyl-
choline ([*H;,]16:0—-18:2PC), [*H;,]16:0—18:1PC, and
[°H;,]116:0-16:0PC (Vist and Davis, 1990; Thewalt and
Bloom, 1992; Morrow at al., 1996; Jackman et al., 1999).
The elevation is predominantly in the characteristic pla-
teau region of approximately uniform order in the upper
portion of the chain, whereas in the lower portion where
order gradually decreases toward the disordered center of
the membrane, the effect is diminished.

An attempt to definitively explain why cholesterol avoids
proximity to PUFAs is premature on the basis of our current
knowledge. Superficially, it may be speculated that satu-
rated fatty acid offers a smooth fagade favorable to close
approach of the rigid steroid moiety, whereas PUFA pre-
sents a “rough” surface. The plateau region of almost con-
stant order universally seen in the upper portion of saturated
chains in liquid crystalline phospholipid bilayers is attrib-
utable to a preponderance of #rans isomeric states aligning
segments parallel to the bilayer normal (Schindler and
Seelig, 1975; Douliez et al., 1995). A more irregular profile
of molecular organization is anticipated for PUFA contain-
ing double bonds about which isomerization is prohibited.
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Further speculation would entail an understanding of the con-
formation and dynamics of PUFA which remains controversial
(Bloom et al., 1999). Narrow, multicomponent *H
NMR spectra were observed for vinyl perdeuterated
16:0-[5,6,8,9,11,12,14,15-Hg]20:4PC and 16:0-
[4,5,7,8,10,11,13,14,16,17,19,20-°H,,]22:6PC mem-
branes (Dratz and Deese, 1986; Rajamoorthi and Brown,
1991). A well defined structure in which the C-°H bonds
have an average orientation in the vicinity of the magic
angle (54.7°) with respect to the bilayer normal is a possible
interpretation. The rigidity of double bonds might be ex-
pected to restrict mobility. An alternative interpretation is a
high degree of disorder. Molecular models for 1,4-
pentadiene suggest that there is a reduced energy barrier to
rotational isomerization about the single C-C bonds which
separate the unsaturated carbons atoms in PUFA (Applegate
and Glomset, 1986). Support for high conformational flex-
ibility is provided by '>C and 'H MAS NMR work on
16:0-22:6PC membranes (Everts and Davis, 2000). Cross-
peaks between the choline group and 22:6 chain in 2-D
cross-polarization spectra demonstrated that the polyunsat-
urated chain approaches the membrane surface, and rotating
frame-spin lattice relaxation measurements indicated that
methylene groups in the 22:6 chain undergo motions with
correlation times in the 107° s range. Rapid structural
transitions including the adoption of looped conformations
have also been described on the basis of order parameters
measured with perdeuterated 22:6 acid and molecular dy-
namics simulations (Gawrisch et al., 2001). Another recent
molecular dynamics study of 18:0-22:6PC bilayers also
showed that the carbon atoms at the end of the chains and
those participating in the double bonds can reach the lipid
water interface (Saiz and Klein, 2001).

The consequences of incompatibility between sterol and
PUFA will be particularly pronounced when cholesterol is
introduced into a dipolyunsaturated phospholipid membrane
and must be beside polyunsaturated chains. Two outcomes
warranting discussion are that the sterol will be forced out
of the membrane or will seek a region of saturated acyl
chain within the hydrophobic interior. The ‘“umbrella
model” postulates that an increase in cholesterol/water con-
tacts leads to the formation of cholesterol monohydrate
which is then excluded from the membrane when the polar
headgroups can no longer sufficiently shelter membrane-
intercalated sterol from interfacial waters (Huang and Fei-
genson, 1999). Highly polyunsaturated bilayers are signifi-
cantly more permeable to water than less unsaturated
bilayers (Huster et al., 1997), enhancing the likelihood of
near approach from water molecules and providing a plau-
sible mechansim by which exclusion of cholesterol from
20:4-20:4PC membranes would be promoted via formation
of monohydrate. An intriguing possibility is that sterol
remaining within the 20:4-20:4PC membrane penetrates
deeply into the hydrophobic core of the bilayer where it
protrudes between monolayers to avoid the sequence of

Biophysical Journal 82(1) 285-298

Brzustowicz et al.

methylene-interupted cis double bonds which runs from
carbons C5 to C15 in 20:4 acid. The 5 single C-C bonds at
the terminal methyl end of each 20:4 chain constitute a 10
carbon stretch between opposing leaflets with a maximum
thickness in all-trans configuration of ~12.7 A that could
potentially accommodate the rigid ring system (~11 A in
length) of the cholesterol molecule. In support of interdig-
itation, quasielastic neutron scattering has indicated that
cholesterol penetrates dynamically between leaflets of 16:
0-16:0PC in the lo-phase (Gliss et al. 1999). Movement of
cholesterol toward the hydrophobic core of fluid 14:0—14:
OPC bilayers has also been discussed in a recent time-
resolved small-angle x-ray study (Richter et al., 2001). We
have neutron scattering experiments underway to identify
the depth to which cholesterol locates in dipolyunsaturated
20:4-20:4PC and 22:6-22:6PC.

In light of the current work, it is possible to reconcile
the relative lack of response to cholesterol seen for the
thermodynamic and micromechanical properties of di-
polyunsaturated systems as compared with their mixed
saturated-polyunsaturated counterparts in terms of solu-
bility to sterol. Time-resolved fluorescence of 1,6-diphe-
nyl-1,3,5-hexatriene in a series of homoacid and het-
eroacid PCs showed that the presence of 30 mol%
cholesterol appreciably restricts molecular motion in all
bilayers except 20:4-20:4PC and 22:6-22:6PC (Mitchell
and Litman, 1998). The impact is much less in the dipoly-
unsaturated membranes. Whereas =35 mol% sterol abol-
ishes the gel to liquid crystalline phase transition in 16:0—
20:4PC and 16:0-22:6PC (Hernandez-Borrell and Keough,
1993), up to 50 mol% cholesterol does little to the temper-
ature or enthalpy of the transition in 20:4-20:4PC or 22:6—
22:6PC (Kariel et al., 1991). The simple explanation that
now may be ventured is that only a small amount of cho-
lesterol intercalates into the dipolyunsaturated membranes.
Poor mixing of cholesterol with 20:4-20:4 and 22:6-22:
6PC is also implied by elastic compressibility moduli C,
measured in monolayer films containing >30 mol% sterol
(Smaby et al., 1997). The experimental C, ' values approx-
imate the sum of the apportioned compressibility for each
lipid, unlike with 16:0-20:4PC and 16:0-22:6PC, in which
a reduction in native compressibility of the equivalent
mixed chain phospholipids is indicated.

Mixed phospholipid membranes
Cholesterol-induced, lateral-phase separation

Differential affinity of cholesterol for polyunsaturated ver-
sus saturated acyl chains has been invoked as a lipid-driven
mechanism for lateral-phase separation into PUFA-rich/
cholesterol-poor and PUFA-poor/cholesterol-rich microdo-
mains within cell membranes (Huster et al., 1998; Mitchell
and Litman, 1998). The basic premise is that within mixed
membranes, the sterol separates into patches minimizing
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contact with polyunsaturated acyl chains. Segregation of
lipids into compositionally distinct regions is thought to be
essential for optimal protein function. For example, the
activity of glycosyl-phosphatidylinositol-linked and acy-
lated proteins relies upon their insertion into tightly packed
cholesterol-rich regions (Simons and Ikonen, 1997). The
ability of cholesterol and polyunsaturated lipids to modulate
the functional activity of rhodopsin (Albert et al., 1996;
Brown 1994; Polozova and Litman, 2000) and the nicotinic
acetylcholine receptor (Rankin et al., 1997) serves to em-
phasize the possible importance of cholesterol/dipolyun-
saturated PC-mediated domain formation in controlling lo-
cal molecular organization. Favorable interaction with
saturated chains, moreover, may be integral to the existence
of highly saturated sphingolipid/cholesterol rafts (Brown
and London, 2000). These membrane fragments and their
potential role in cell signaling have been the subject of
considerable attention recently. However, definitive confir-
mation that microdomains form within fluid membranes
remains to be presented.

On the basis of the vastly disparate solubilities to
cholesterol measured here, mixed membranes of 20:4—
20:4PC and 18:0-20:4PC constitute a good candidate for
the existence of domains. We chose to investigate a lipid
mixture comprised of 20:4-20:4PC/18:0-20:4PC/[3a-
2H,]cholesterol in a 1/1/2 mol ratio. This composition
ensures that if sterol preferentially associates with
equimolar heteroacid saturated-polyunsaturated phospho-
lipid in patches, there is an excess of cholesterol remaining
that must come into contact with dipolyunsaturated phos-
pholipid. Fig. 2 illustrates that the H NMR spectrum re-
corded (Fig. 2 C) qualitatively resembles that obtained with
20:4-20:4PC/[3a-*H,cholesterol (1/1 mol) (Fig. 2 4). A
narrow spectral component attributable to membrane-incor-
porated sterol is superposed upon a broad component be-
cause of solid sterol. Their relative intensities equate to
solubility yNMR = 40 = 2 mol% in the mixed membrane
which, as can be seen in Table 1, agrees within experimental
uncertainty with the valuexo = 36 * 3 mol% estimated
from XRD. The same two spectral components are evident
in the depaked ’H NMR spectrum shown in Fig. 3 for
20:4-20:4PC/18:0-20:4PC/[3a-*H,]cholesterol (1/1/2
mol). A well resolved, inner doublet attributable to sterol
incorporated into the membrane is flanked by an outer
doublet attributable to solid sterol (Fig. 3 C). The observa-
tion that only a single signal arises from within the mem-
brane is pivotal. It establishes that all [3a->H,]cholesterol
intercalated into the mixed membrane samples the same
environment or environments on the 2 X 10~ >-s timescale
of the “H NMR experiment (Bloom and Thewalt, 1995).
The simplest interpretation has sterol uniformly distributed
with tilt angle o, = 17° throughout a homogeneous 1/1 mol
mixture of 20:4-20:4PC and 18:0-20:4PC. We consider
this arrangement to be unlikely because the solubility of
~40 mol% measured would necessitate close proximity to
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dipolyunsaturated phospholipid. Instead, we propose that
motionally inequivalent 20:4-20:4PC/cholesterol-poor and
18:0-20:4PC/cholesterol-rich microdomains exist between
which fast exchange mediated by lateral diffusion causes
collapse of two distinct powder patterns to a population-
weighted average signal.

Microdomain model

Support for our proposal is garnered when we compare the
results for the mixed membrane with the predictions of an
analysis in terms of the data on each constituent phospho-
lipid membrane. In the model, 20:4-20:4PC and 18:0-20:
4PC microdomains phase-separate containing the solubility
limit of cholesterol determined for the two phospholipids
individually (Table 1). Molecular organization of [3a-
2H,]cholesterol in a microdomain is presumed to match that
seen in 20:4-20:4PC or 18:0-20:4PC alone. The corre-
sponding stoichiometry for the mixed 20:4-20:4PC/18:0—
20:4PC/cholesterol,.4_»o.4pc/cholesterol;g.g_»o.4pc/choles-
terolg, ;g system is 1.0/1.0/0.2/1.0/0.8 mol where the
subscripts specify environment. A calculation via Eq. 6
demonstrates that this stoichiometry (f;,; = 1.2 and fo =
2.0) represents a solubility of 38 mol% for cholesterol in
20:4-20:4PC/18:0-20:4PC (1/1 mol), which is comparable
with the experimental value of ~40 mol%. Assuming the
same stoichiometry and taking the quadrupolar splittings
measured for [3a-?H, ]cholesterol intercalated into 20:4—20:
4PC and 18:0-20:4PC membranes (Table 1) to apply to the
microdomains, it is then possible to predict the “H NMR
spectrum for [3a-*H,]cholesterol incorporated into the
mixed system according to our model. A superposition of
two easily discernible powder patterns possessing quadru-
polar splittings Av, = 33 kHz and Av, = 45 kHz, respec-
tively, from 20:4-20:4PC and 18:0-20:4PC environments
would be expected in the absence of exchange between
microdomains. Their intensities would be in proportion to
the relative concentration of [3a->H,]cholesterol in the two
environments. Inspection of powder pattern (Fig. 2 C) and
depaked (Fig. 3 C) *H NMR spectra definitely shows only
one spectral component characterizes [3a->H,]cholesterol
incorporated into 20:4-20:4PC/18:0-20:4PC (1/1 mol)
membranes. A single spectral component would be pro-
duced, however, by the fast exchange of [3a-
?H,]cholesterol between microdomains. The resultant qua-
drupolar splitting would be a population-weighted average
given by

Avr :ﬁ0:4_20:4PCAV$0:4_20:4PC +fl8:0720:4PCAVr18:0—20:4PC (7)

where f20:420:4PC g f18:0-20:4PC are the fractions of mem-
brane incorporated [3a-*H,]cholesterol in a microdomain,
AV?0:4-204PC and Ay!8:0-20:4PC are the quadrupolar splittings
associated with the microdomain and the superscripts spec-
ify 20:4-20:4PC and 18:0-20:4PC environments. Substitu-
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20:4-20:4PC/cholesterol
5/1 mol

18:0-20:4PC/cholesterol
1/1 mol

FIGURE 6 Schematic depiction that homoacid dipolyunsaturated phos-
pholipid/cholesterol-poor and heteroacid saturated-polyunsaturated phos-
pholipid/cholesterol-rich microdomains form in mixed membranes. Solu-
bility and molecular orientation of sterol in a microdomain closely
resemble within a separate membrane composed of the appropriate phos-
pholipid.

tion into this expression using the values from our model
(f204204PC — () 17 and f18:0-204PC — ) g3 and Ay20:4-204PC
= 33 kHz and Av}¥9-204PC = 45 kHz) yields Av, = 43 kHz.
Within experimental error, the calculated splitting agrees
with the experimentally observed splitting of Ay, = 44 = 1
kHz for [3a-°H,]cholesterol incorporated into 20:4-20:
4PC/18:0-20:4PC (1/1 mol) membranes (Table 1).

The data obtained on the mixed 20:4-20:4PC/18:0-20:
4PC (1:1 mol) system are thus consistent with phase sepa-
ration into 20:4-20:4PC/cholesterol and 18:0-20:4PC/cho-
lesterol microdomains preserving the solubility and
molecular organization seen for the sterol in membranes of
the individual phospholipids. It should be noted, nonethe-
less, that the interpretation is not unique. Neither a single-
site model nor fast exchange between multiple sites can be
ruled out. A schematic representation of our two-site model
is depicted in Fig. 6. The general features resemble a model
presented by Mitchell and Litman (1998), who envisaged
transient, highly dynamic microdomains in which choles-
terol is surrounded by heteroacid saturated-polyunsaturated
PC molecules with their saturated sn-1 chain pointed toward
the interior of the domain and the polyunsaturated sn-2
chain oriented toward the domain boundary. Dipolyunsatu-
rated PC molecules provide the phase-connecting microdo-
mains. The fast exchange prescribed by our analysis implies
that the lifetime of [3a->H,]cholesterol in a microdomain
must be less than 7= 27Av) ' =13 X 107° s, where
Av = 12 kHz is the difference between quadrupolar split-
tings in the microdomains taken from the ?H NMR spectra
for [3a-*H,]cholesterol in 20:4—-20:4PC and 18:0-20:4PC
independently (Figs. 2, 4 and B). Lateral diffusion de-
scribed by D ~ 5 X 10~ ' m%s (Lindblom and Oradd,
1994) within the plane of the membrane is the mechanism
of exchange, and an upper limit of <160 A is placed
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upon microdomain radius in the 20:4-20:4PC/18:0-20:
4PC/[3a-*H,]cholesterol (1/1/2 mol) system by estimat-
ing the concomitant root mean square displacement » =
(4D71)"? from the lifetime. Such microdomains, if treated as
circular, would contain <1300 lipid molecules of mean
cross-sectional area 60 A? in each leaflet. Segregation of
rhodospin with dipolyunsaturated phospholipid into clusters
with radius 35 A, equivalent to two annular layers of lipid
around the protein, was recently concluded from fluores-
cence resonance energy transfer measurements on proteoli-
posomes containing 22:6-22:6PC, 16:0—16:0PC, and cho-
lesterol (Polozova and Litman, 2000). The upper limit to
microdomain size evaluated here could certainly accommo-
date these clusters, although the apparent compatibility may
be misleading as an inability to detect clustering in protein-
free bilayers was also noted.

CONCLUSION

Low affinity of cholesterol to phospholipid-containing
PUFA was conclusively demonstrated by a complementary
combination of ?H NMR and XRD experimental ap-
proaches in this study. When cholesterol was added to
dipolyunsaturated 20:4-20:4PC, only ~15 mol% could be
incorporated into the membrane whereas any excess was
excluded as monohydrate crystals. This solubility represents
an enormous reduction over the ~50 mol% concentration of
cholesterol that can reside within saturated-polyunsaturated
18:0-20:4PC membranes. Further indication of substantial
differential in interaction with PUFA versus saturated fatty
acid was provided by evaluation of a much greater tilt angle
for the steroid moiety in 20:4-20:4PC («, = 25°) than in
18:0-20:4PC (ay, = 16°). A model that successfully repro-
duces data on mixed 20:4-20:4PC/18:0-20:4PC (1/1 mol)
membranes was presented in which cholesterol induces
phase separation into dipolyunsaturated PC/cholesterol-
poor and saturated-polyunsaturated PC/cholesterol-rich mi-
crodomains matching the molecular organization of sterol in
each phospholipid. A maximum limit of <160 A applies to
the size of the microdomains. The model is compatible with
the existence of localized PUFA-rich/cholesterol-poor re-
gions that are hypothesized to be essential for the function-
ing of certain neuronal proteins.
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