Biophysical Journal Volume 90 April 2006 2383-2393 2383

The Diversity of the Liquid Ordered (L,) Phase of Phosphatidylcholine/
Cholesterol Membranes: A Variable Temperature Multinuclear
Solid-State NMR and X-Ray Diffraction Study

James A. Clarke, Andrew J. Heron, John M. Seddon, and Robert V. Law
Department of Chemistry, Imperial College London, South Kensington Campus, London SW7 2AZ, United Kingdom

ABSTRACT Toinvestigate the properties of a pure liquid ordered (L,) phase in a model membrane system, a series of saturated
phosphatidylcholines combined with cholesterol were examined by variable temperature multinuclear (*H, 2H, '3C, 3'P) solid-
state NMR spectroscopy and x-ray scattering. Compositions with cholesterol concentrations =40 mol %, well within the L, phase
region, are shown to exhibit changes in propetties as a function of temperature and cholesterol content. The 2H-NMR data of both
cholesterol and phospholipids were used to more accurately map the L, phase boundary. It has been established that the gel-L,,
phase coexistence extends to 60 mol % cholesterol and a modified phase diagram is presented. Combined 'H-, 2H-, "*C-NMR,
and x-ray scattering data indicate that there are large changes within the L, phase region, in particular, 'H-magic angle spinning
NMR and wide-angle x-ray scattering were used to examine the in-plane intermolecular spacing, which approaches that of a fluid
L, phase at high temperature and high cholesterol concentrations. Although it is well known for cholesterol to broaden the gel-
to-fluid transition temperature, we have observed, from the "*C magic angle spinning NMR data, that the glycerol region can still
undergo a “melting”, though this is broadened with increasing cholesterol content and changes with phospholipid chain length.
Also from 2H-NMR order parameter data it was observed that the effect of temperature on chain length became smaller with
increasing cholesterol content. Finally, from the cholesterol order parameter, it has been previously suggested that it is possible to
determine the degree to which cholesterol associates with different phospholipids. However, we have found that by taking into

account the relative temperature above the phase boundary this relationship may not be correct.

INTRODUCTION

Despite the intense interest in the structural role of cholesterol
(Chol) in cells and the wealth of literature on the cholesterol-
rich liquid ordered (L,) phase in model membrane systems
there are still many aspects of the effects of cholesterol on
phospholipid membranes that remain unresolved (1-3). More
recently, the cholesterol-rich L, phase has been strongly as-
sociated with microdomains in living cells—the so-called
““lipid rafts’’ (4—10).

Previously, model binary systems have tended to concen-
trate on lower cholesterol contents, similar to that found in
the cell plasma membrane. Although the amount of choles-
terol in the bilayer may often be relatively small, recent
ternary systems of two lipids (with different affinities for
cholesterol such as DOPC and DPPC) with cholesterol have
shown a strong preference for cholesterol to partition into a
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separate L, phase in preference to being associated with the
disordered fluid lamellar (L) phase (11-14). This gives rise
to a much higher effective concentration of cholesterol within
these liquid ordered domains. In this article we chose to inves-
tigate higher concentrations of cholesterol, which we believe
are more relevant to the phase behavior of these membrane
domains.

The liquid ordered phase can be characterized as having
fast long axis rotation and lateral diffusion rates (15) similar
to the L, phase, but with the acyl hydrocarbon chains being
predominantly in an all-frans conformation (16-18). Al-
though many agree with the general definition of the L, phase
from “H-NMR studies, there is little consensus regarding
other structural features of this phase, such as the position of
the cholesterol molecule within the bilayer, the role of hy-
drogen bonding, flip-flop rates, population of gauche states,
maximum solubility of cholesterol, and inequivalence of the
sn-1 and sn-2 chains.

A variety of other methodologies have also been applied
to studying the L, phase including: x-ray diffraction (19-21),
differential scanning calorimetry (22-24), Fourier transform
infrared spectroscopy (25), fluorescence labeling (15), neu-
tron scattering (26-28), and electron spin resonance (29).

The construction of accurate phase diagrams for PC/Chol
mixtures is difficult as cholesterol is known to act as a ‘‘phase
moderator’’ (1); thus it fluidizes the gel phase and orders the
L, phase, which causes a broadening and eventual removal of
clear phase transitions. To further complicate matters, al-
though regions of phase coexistence are thought to exist in
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these binary systems, the size and lifetime of different do-
mains remains unknown, which makes comparisons between
different techniques problematic.

In contrast to homogeneous lamellar phases (e.g., L, Lg,
L.), which have a well-defined set of properties with only
quite small deviations from these attributes, our studies have
shown that the L, phase is an extremely diverse phase, with a
marked dependence on phospholipid species, temperature,
and composition. This may go some way to explaining the
differing values and conclusions in previous studies of the L,,
phase (30,31). To minimize any perturbation of the L, phase,
we have avoided the use of bulky, perturbing probes, asso-
ciated with fluorescence and ESR, instead concentrating
on solid-state NMR and x-ray diffraction that can be carried
out either with the natural lipids and cholesterol, or with
deuterated molecules, which can be expected to behave
essentially identically to the native lipids.

Differences within the L, phase have been postulated pre-
viously, e.g., a °H solid-state NMR study of DPPC/40% Chol
showed different environments for the methyl groups of the
sn-1 and sn-2 chains, which was removed upon heating, and
the magnetic susceptibility was also seen to vary with tempera-
ture. Neutron scattering studies have shown variations in dif-
fusion rates, changing at a critical temperature, and have even
suggested the existence of a ‘‘hidden phase boundary’’ (30).

MATERIALS AND METHODS
Materials

The phospholipids (>98% purity) were purchased from Avanti Polar Lipids,
Birmingham, AL and used without further purification. Cholesterol (Aldrich
Chemical, Gillingham, UK) was supplied in the monohydrate form. The phos-
pholipid mixtures were lyophilized from cyclohexane (with a drop of metha-
nol to aid dissolution) (Aldrich Chemical) and molar ratios calculated assuming
two waters per phospholipid molecule (dihydrate). The 3a->H cholesterol
(Chol-d,) was synthesized following the method of Oldfield et al. (17).

Sample preparation

The PC/Chol mixtures were made up by dissolving appropriate mol ratios
of PC with cholesterol in cyclohexane (with a drop of methanol to aid
dissolution), sonicating for 20 min, and leaving overnight, the solvent then
being removed under vacuum (checked by BC-NMR spectrometry). Pure
D,0 or HPLC grade H,O was then added (50 wt%) to the PC/Chol mixture,
the resulting mixture was centrifuged, subjected to two to three freeze
thaw cycles, sealed, and then kept in a 50°C oven overnight. The hydrated
phospholipid/cholesterol mixtures were placed in 2.5-mm or 4-mm zirconia
NMR rotors or 1.5-mm x-ray capillary tubes and stored at —5°C until studied.
All samples were made up by mol %. Levels higher than 60 mol % were not
examined because of problems of cholesterol crystal formation.

NMR spectroscopy

All NMR data were acquired on a Bruker (Karlsruhe, Germany) DRX 600
MHz NMR spectrometer operating at 14.09 T, with a 'H resonance of 600.1
MHz, H resonance of 92.1 MHz, 13C resonance of 150.9 MHz, and a 3p
resonance of 242.9 MHz. Recycle delays for 'H were between 1.0and 3.0's, ! 3c
was 2.0 s, 3P was 2.0 s, and Hwas 0.5s. Typically between 64 and 12,000
scans were collected depending upon the sample and nucleus type. Samples
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were placed in 2.5-mm or 4-mm zirconia rotors and magic angle spinning
performed at speeds of 3—5 kHz. Single pulse and proton decoupled spectra
were acquired using standard pulse programs. Deuterium spectra were ac-
quired using a standard phase-cycled quadrupole echo pulse sequence (16).
Order parameters were calculated using well-established methodologies
(17,32).

X-ray scattering

X-ray diffraction measurements were carried out using a specialized in-
house SAXS/WAXS beamline coupled to a copper target Bede Microsource
(Durham, UK) x-ray generator with integrated glass polycapillary x-ray
focusing optics. The Ni-filtered Cu K, radiation (A = 1.54 A) was cut down
with 300-mm pinholes. X-ray diffraction images were acquired on an x-ray
intensified charge-coupled device Photonic Science (East Sussex, UK)
Gemstar detector with acquisition and analysis carried out with specialist
software, written in-house. Samples were sealed in 1.5-mm glass capillary
tubes and placed in a specialized temperature-controlled sample holder within
an evacuated flight chamber. The sample holder has computer-controlled
Peltier-based temperature control over a range of —30-120°C with an ac-
curacy of =0.5°C, calibrated with samples of known transition points.

RESULTS
TH MAS NMR

The application of MAS partially removes the chemical shift
anisotropy and dipolar coupling present in solid-state NMR to
yield a spectrum comparable to a simple solution state spec-
trum (33,34) Different regions of the phospholipid (DPPC)
and cholesterol molecule show characteristic chemical shifts
as reported previously.

Between 0.0 and 2.5 ppm there are large changes to the
peak intensity with varying PC/Chol ratio and temperature
(Fig. 1).

In this region the signal is dominated by the phospholipid
chain methylenes, but there is also a contribution from the
cholesterol molecules. At 5°C increasing the concentration
of cholesterol (40-60 mol %) causes a narrowing of the
methylene chain peaks but has little influence on the linewidth
of the headgroup signals. Raising the temperature from 5 to
60°C causes continuous line narrowing of the chain methy-
lenes, dominated by strong proton-proton through space cou-
pling (see Discussion).

The effects of temperature were examined on a series of
saturated diacylphosphatidylcholines in equimolar concen-
trations with cholesterol (PC (C12-C18)/50% Chol, spectra
not shown). The phospholipid chains showed similar behav-
ior to the DPPC/50% Chol with a continuous narrowing of the
methylene signals. This transition was broad in all cases and
centered around the gel to fluid transition of the pure phos-
pholipid, T,,,. However, at shorter chain lengths the temper-
ature range of the transition was the greatest.

The trend in linewidth for the chain methylenes is also
mirrored for the glycerol peaks: at lower temperatures these
are broad, and sharpen as the temperature is increased. This
may be attributed to either residual proton-proton dipolar
coupling, or a distribution of chemical shifts from a distribu-
tion of conformations around the interfacial region.
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DPPC/ 60% Chol

FIGURE 1 'HMAS spectraof DPPC/
40% Chol, DPPC/50% Chol, and DPPC/
60% Chol between 10 and 50°C.
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For low cholesterol contents and longer acyl chains (DPPC
and DSPC) a broadening of the headgroup peaks is seen,
similar to that of a gel phase, where headgroup motion is more
constrained than in the L, phase. This broadening of the
choline peaks at low temperatures may be indicative of the
presence of a gel phase, or a region of gel-fluid coexistence
(see Discussion).

The use of perdeuterated phospholipids was employed to
remove the signals from the phospholipid chains and allow
resolution of the cholesterol peaks (Supplemental Fig. 1, Sup-
plementary Material). These spectra showed small variations
compared to the phospholipid methylene chains across the
same temperature range. However, at lower temperatures
there is a significant broadening of the cholesterol peaks,
which corresponds to a reduction in the cholesterol motion
and correlates with the evidence for a gel phase or a region of
gel-fluid coexistence at lower temperatures.

3'p MAS NMR

The static CSA pattern for DPPC/50% Chol is found to be
axially symmetric, with Ao of 38 ppm, resembling a charac-
teristic powder pattern of fluid lamellar phases at all temper-
atures (data not shown). MAS NMR can be used to partially
remove the contribution of CSA to the line shape to reveal
the isotropic chemical shift of the *'P. The effect of tempera-
ture and cholesterol content was examined in an analogous
manner to the "H MAS and revealed a broadening at lower
temperatures, which was most dominant for lower choles-
terol content (Fig. 2).

This strongly correlates with the changes observed to the
headgroup signals in the "H MAS spectra (Fig. 1). A similar
trend was seen for various phospholipid chain lengths in
support of the "H MAS data.

13C MAS NMR

High-resolution '>C MAS allows easy assignment of both
cholesterol and phospholipid peaks (Supplemental Fig. 2,
Supplementary Material). A number of changes are observed
in the '*C MAS spectrum with varying temperature and cho-
lesterol concentration (Figs. 3 and 4): these are the broad-

4 3 2 1 0 ppm

ening of the carbonyl and glycerol peaks and changes in
chemical shift distribution of the phospholipid acyl chains. The
carbon spectra also mirror the data from other nuclei studied,
showing a broadening of some peaks at lower temperatures.

For all the samples studied there are changes to the glycerol
backbone peaks with temperature, which are broad at low tem-
peratures (similar to a gel phase) but sharpen as they are
heated, to resemble a fluid lamellar phase (Fig. 3). This is most
likely a result of a distribution of conformations that are
interchanging too slowly to yield a sharp well-resolved peak
on the NMR timescale. The temperature at which this occurs
varies with chain length, while increasing the concentration of
cholesterol only appears to broaden the temperature range
over which the transition occurs. The carbonyl group follows
the same trend as the glycerol peaks. The carbonyl peak is split
into two distinctive peaks; the nature of this splitting has been
discussed elsewhere (35,36) and is beyond the scope of this
work.

The acyl chains of the phospholipid molecule also show
changes in temperature as the peak that arises from the meth-
ylenes varies in width, intensity, and chemical shift (Fig. 4).
Increasing the temperature causes a movement in chemical
shift toward O ppm. If the temperature is increased further,
then the decrease in chemical shift continues but a greater
distribution of chemical shifts is seen. This occurs for all the
mixtures studied in approximately the same temperature
range (25-30°C), although mixtures containing <40 mol %
cholesterol have not been studied. The change in peak
position of the internal methylenes upon heating is larger for
lower cholesterol concentrations and for shorter chain lengths.

2H-NMR

In addition to studies on nuclei of natural abundance, deu-
terium labels were also employed. Cholesterol was deuter-
ated at the C3 position (Chol-d;) to show the molecular motion
of the cholesterol (17), whereas perdeuterated DMPC-ds4
and DPPC-dg, allowed us to examine the behavior of the
chain region of the phospholipid.

The DPPC/Chol-d; samples (40-60 mol %) showed a
broadening of the Pake doublet at lower temperatures (Sup-
plemental Fig. 3, Supplementary Material). This effect is
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mitigated with larger cholesterol concentrations and is also
observed for shorter chain lengths at lower temperatures
(spectra not shown). The occurrence of this broadening corre-
sponds to similar effects observed with other nuclei studied
(see above). Increasing the temperature removed this broad-
ening and resulted in a well-defined Pake doublet similar
to those obtained by Oldfield et al. (17) and Brzustowicz
et al. (37).

The temperature dependence of the quadrupolar splitting
was shown to be nonlinear for lower cholesterol concentra-
tions (DPPC/40% Chol-d;), but approaches a linear trend at
higher temperatures. Additional cholesterol mitigates the
temperature dependence (Fig. 5).

To further understand the interactions the phospholipid
chains were also investigated using a series of perdeuterated
PC/Chol mixtures. These studies agreed with previous find-
ings on similar systems reported by others. Deuterium spec-
tra of unoriented multilamellar vesicles were acquired for
DPPC-dg,/40-60% Chol between 5 and 60°C (Fig. 6).

At lower temperatures the powder pattern is initially in-
dicative of a characteristic gel phase (16), and increasing cho-
lesterol content introduces resolved features with characteristic
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splittings of the L, phase (31). Increasing the temperature
produces resolved splittings that are further narrowed as the
temperature is raised. These spectra may be dePaked, and
order parameters obtained for various chain segments, which
may be plotted to give familiar order parameter profiles
(Fig. 7).

There is a general decrease in the order profile as the
temperature is increased, and with greater cholesterol content
the effect of temperature on the order profile is reduced. The
order profiles can also be related to a chain extension for each
chain segment and these can be summed down the chain to
give an estimate of the hydrocarbon chain length. The data
below show the estimated chain length of the sn-2 C¢ chain
(Table 1).

An average of the chain length from the odd and even
carbons was taken and this gives a chain length of 17.6-16.3
A for DPPC/50% Chol between 15 and 60°C and a chain
length of 18.3 A for the low-temperature gel phase of DPPC/
40% Chol. The maximum possible chain extension for an
all-trans chain is 19.0 A. Comparison between the three
cholesterol ratios show that increasing the content of
cholesterol reduces the influence of temperature (Fig. 8) on
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FIGURE 3 '3C MAS spectra of DPPC/
40% Chol, DPPC/50% Chol, and DPPC/
60% Chol between 5 and 60°C showing
the glycerol and headgroup regions.
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DPPC: 60% Chol
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FIGURE 4 '3C MAS spectra of
DPPC/60% Chol between 5 and 60°C
showing changes to chemical shift of
the methylene region.
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the chain length, with little or no effect between DPPC/50%
Chol and DPPC/60% Chol.

The temperature dependence of the chain length appears
to change within the L, phase region around 35°C. This effect
is reduced as the cholesterol content is increased.

The central methyl peaks show inequivalence between the
sn-1 and sn-2 chains (18,30). These peaks coalesce at higher
temperatures (Supplemental Fig. 4, Supplementary Material),
an effect that may be due to increased conformational freedom
around the glycerol region.

X-ray scattering

Small-angle and wide-angle x-ray scattering were employed
to measure the repeat spacing, to confirm that no cholesterol
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FIGURE 5 Graph of quadrupolar splitting versus relative temperature, 7%,
for DPPC/40% Chol-d;, DPPC/50% Chol-d;, and DPPC/60% Chol-d,
between 5 and 55°C. T* is the temperature above the gel + L, phase
boundary.
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crystals were present (38), and to probe the in-plane packing
within the bilayer. The small-angle reflections gave an inter-
lamellar bilayer spacing (data not shown) characteristic of
the phospholipid chain length and the cholesterol composi-
tion, but which varied by only 1 A over the 5-65°C temper-
ature range studied, for DPPC/40% Chol, DPPC/50% Chol,
DPPC/60% Chol, and DMPC/50% Chol.

The wide-angle x-ray peak is very broad for all systems
studied, and the position of the maximum shows a strong tem-
perature dependence (Supplemental Fig. 5, Supplementary
Material). For DPPC/40% Chol this reflection is centered at
4.2 A at low temperatures and shifts to 4.6 A by 55°C. The
fact that the wide-angle peak is broad indicates that the in-
plane packing of the molecules within the bilayer is dis-
ordered, as in the fluid lamellar L,, phase. For the L,, phase of
DLPC and DMPC in excess water WAXS shows a peak at
4.6 = 0.1 A, which only marginally increases with temperature,
within the limits of error. There was no detectable difference
in the spacing between the two different phospholipids.

The shifts in the position of the diffuse wide-angle peak
within the L, phase reveal a pronounced temperature depen-
dence of the in-plane structure, with the average separation
between phospholipid/cholesterol molecules increasing
markedly with increasing temperature. The largest shifts in
the diffuse peak position are seen for the lowest cholesterol
concentrations (Fig. 9), with a sigmoidal shape of the curve
of peak position versus temperature.

DISCUSSION
Phase coexistence region

At low temperatures the presence of another phase is ob-
served, reported by Huang et al. as an LGy phase (39), which
is evident from the *H spectra of the perdeuterated phos-
pholipids (Fig. 6) and from the Chol-d, (Supplemental Fig. 3,

Biophysical Journal 90(7) 2383-2393
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Supplementary Material). Gel phases are known to show
much broader signals than fluid phases due to the lack of
molecular motion compared to the NMR timescale (16). For
DPPC/40% Chol at 5°C the ’H spectra show no fine structure
except for the terminal methyl groups, which is typical for a
pure gel phase. Increasing the temperature results in the ap-
pearance of fine structure; this is due to a proportion of the
lipids existing in the L, phase, having long axis rotation that

T T
kHz 30 20 10 O

T T T T T
-10 -20  kHz

is fast on the NMR timescale. This is paralleled for the deu-
terated Chol-d;, where a superposition of a broad peak from
the gel phase and a sharp Pake doublet from the L, phase
coexist (Supplemental Fig. 3, Supplementary Material).
With the exception of deuterium NMR, observing this
type of phase coexistence is problematic due to certain sim-
ilarities of the gel phase and the L, phase. The fast lateral
diffusion of the L, phase, with a disordered packing of the

FIGURE 7 Order profiles of DPPC-
de»/40% Chol, DPPC-dg»/50% Chol,
and DPPC-d,/60% Chol between 5
and 60°C.
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TABLE 1 Estimated chain lengths (C1-C16) using the
continuous distribution model for DPPC/40-60%
Chol at various temperatures

Temperature DPPC 40% DPPC 50% DPPC 60%
(°C) Chol/A Chol/A Chol/A
10 18.3 18.4 18.4
15 18.2 17.8 174
20 18.0 17.7 17.3
25 17.8 17.5 17.2
30 17.7 17.4 17.1
35 17.5 17.3 17.0
40 17.3 17.1 16.9
45 17.0 17.0 16.8
50 16.7 16.8 16.7
55 16.4 16.7 16.6
60 16.1 16.5 16.5

molecules within the plane of the bilayer, gives rise to a
broad x-ray diffraction peak in the wide-angle region. How-
ever, the introduction of sufficient cholesterol into a gel
phase causes a disruption to the phospholipid packing and re-
sults in a similar broad wide-angle diffraction peak (20),
even when the H spectra shows slower molecular motion.
The predominantly all-frans state of the chains in both
phases means it is difficult to distinguish them by '>C MAS
NMR. Although gel and fluid lamellar phases show different
peaks in "H MAS NMR due to partial averaging of dipolar
interactions by the larger intermolecular distances and in-
creased motion within the latter phase, at no point are two
superimposed coexisting sets of peaks observed in our data
(Fig. 1).

A possible explanation for the 'H line shape is spin
diffusion (40,41). Spin diffusion is directly proportional to
the dipolar induced transition probability between neighbor-
ing spins and thus related to the through-space coupling be-
tween protons. Therefore, for strongly dipolar-coupled nuclei,
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FIGURE 8 Temperature dependence of the DPPC-dg, chain length (sn-2
chain) for DPPC/40-60% Chol estimated from the order parameters.
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FIGURE 9 In-plane spacing of DPPC/30-60% Chol as a function of
temperature.

e.g., 'H, and to a much lesser extent, 3 'p, spin diffusion con-
tributes significantly to the linewidths of the peaks. Between 'H
nuclei the spin diffusion coefficient has been measured as 8.0 X
10~"? m?s~" for a strongly dipolar coupled system (41). It is
likely that the value of the spin diffusion coefficient (8.0 X
107'2 m%*™") is comparable to that found in the gel phase
because of the much lower degree of lateral diffusion and the
tighter packing (‘H—"H distances between phospholipid chains
~2.0 A). Spin diffusion will average between coexisting gel-
like phases, and result in a single peak.

Although spin diffusion rates within a phospholipid
molecule (intramolecular) may be comparable to those found
in the gel phase, the larger interlipid distances and the sig-
nificant motion caused by the fast lateral diffusion within the
L, phase will lower the intermolecular spin diffusion rates
(40,41). It has been suggested that interlipid spin diffusion
rates are slower than molecular diffusion within the L,, phase
(42-44). Therefore, phase coexistence may only be observed
in strongly dipolar coupled systems if the lateral diffusion
rates of each phase exceed the intermolecular spin diffusion
rates.

For Lg-L,, phase coexistence an averaged signal is seen for
the chain protons (data not shown), which shows that there
is significant spin diffusion between these phases. The same
is expected to happen for Lg-L, phase coexistence, and it is
therefore difficult to determine solely from '"H-NMR data
whether the peak broadness arises from a single phase or is a
result of spin diffusion between coexisting phases. However,
phase coexistence between the gel and L, phases is observed
by “H, which does not suffer from dipolar coupling, and
although the 'H data suggest a single phase, this may in fact
be a phase coexistence region that cannot be detected by
these nuclei due to spin diffusion.

There are a number of discrepancies between the various
published DPPC/Chol phase diagrams, especially in the high
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cholesterol/low temperature region (23). One problem is that
the phase diagram of Vist and Davis (23) does not show data
above 22.5 mol % cholesterol or below 28°C. The phase
diagrams of McMullen and McElhaney (22) and Huang et al.
(39) do show a phase coexistence region above 22.5 mol
%. According to these latter authors this gel phase is present
at room temperature above 30 mol % cholesterol. Despite the
publication of these later phase diagrams there still tends to
be a consensus within the field that above ~25 mol % cho-
lesterol the only phase that is present is an L, phase. We
suggest that the LGy (gel + L,) to LGy (L) phase boundary
extends all the way to 60 mol % (Fig. 11).

Properties of the liquid ordered phase

Previous studies of the L, phase have considered this phase
to have a distinct set of properties with only small deviations
from these attributes, in a similar way to the subgel, gel, or
fluid lamellar phases. Although analysis of the order profiles
of perdeuterated lipids provides the best means of identifying
the L, phase (predominantly all-trans chains, fast long axis
rotation, and rapid lateral diffusion) it does not reveal the
marked changes within the L, phase that occur with tem-
perature. The data presented here show that the L, phase has
a wide range of properties, which bridges the gap between
the gel and fluid lamellar phases, depending on the temper-
ature and the cholesterol content of the system.

Within the single L, phase region (as identified by
“H-NMR of the perdeuterated phospholipid chains, (Fig. 6))
the wide-angle x-ray scattering (Supplemental Fig. 5, Supple-
mentary Material) and '"H MAS NMR (Fig. 1) show that
there is a large increase in lateral intermolecular spacing with
temperature. This is directly observed from wide-angle x-ray
scattering (Fig. 9), which shows an increase in the in-plane
average separation of the molecules (phospholipid/choles-
terol), which is initially fairly linear, but levels off toward the
larger phospholipid spacings. The dominant contribution to
this scattering is the hydrophobic region (phospholipid chains
plus cholesterol) of the model bilayer. Further increase in
cholesterol concentration continues to increase the spacing
of the wide-angle diffuse peak, but reduces the temperature
dependence.
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For DPPC/40% Chol above 20°C the “H data show a pure
L, phase is present, but the proton signal continues to sharpen
with increasing temperature (Fig. 1). The contributions to
linewidth for '"H MAS NMR arise from three sources, inter-
and intrahomonuclear dipole couplings and a distribution of
isotropic chemical shifts, the contribution from chemical shift
anisotropy being negligible for protons. Dipolar coupling
between spins is strongly related to the distance between spins
and is averaged by motion. However, strong dipolar coupling
is not observed in the L, phase, which is considered to have
similar motional properties to the L, phase, these phases
differing by the average interlipid spacing and the conforma-
tional state of the phospholipid chains. At higher temperatures
within the L, phase the x-ray diffraction data suggest that the
average phospholipid spacing may approach that of the L,
phase; although the conformational state of the phospholipid
chains remains restricted at these temperatures, the proton line-
shapes become comparable to those of the L,, phase. There-
fore, we can consider the proton lineshape to be dominated by
a dipolar interaction that changes with interproton distance
and not from chemical shift distributions caused by confor-
mational restrictions. However, an increase in gauche states
will indirectly affect the dipolar interactions by varying the
interproton distances. From our data alone it is difficult to
distinguish whether this interaction is dominated by inter- or
intramolecular dipolar coupling.

The order profiles obtained from the “H-NMR data of
perdeuterated lipids also reflect the reduction in order of the
phospholipid chains with temperature (Fig. 7). Upon enter-
ing a single phase region the order parameter for the carbon
atoms nearest the interfacial region, often referred to as the
‘‘plateau region’’ yields a C-D order parameter of magnitude
~0.45 for all the cholesterol contents studied (40—60 mol
%). Increasing the temperature reduces the order profile; the
largest changes are seen for DPPC-dg,/40% Chol where the
order parameter for the plateau region varies from ~0.45 to
~0.35 across a 40°C temperature range. Although the aver-
age interlipid distance increases with greater cholesterol con-
centrations, the limitations to the conformational state also
increase and thus the resultant order parameter of the phos-
pholipid chains becomes greater. The wide-angle x-ray data
show that compared to the 40 mol % cholesterol, at 60 mol %

FIGURE 10 Quadrupolar splitting of
DMPC/50% Chol-d, and DPPC/50%
Chol-d, at the recorded temperature
(left) and the temperature above the

phase boundary (right).
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cholesterol there is little change to the average in-plane
phospholipid spacing with temperature, and this trend is also
observed in the *H data (Fig. 9).

Within a single L, phase the motion of the phospholipid
headgroups appears fairly invariant: the '>*C MAS (Fig. 3)
and "H MAS (Fig. 1) signals from the choline show little
variation across the temperatures studied. The only differ-
ences observed are for the >'P MAS: for a large range of tem-
peratures the L, phase gives a sharp peak, but the peak width
appears uncharacteristically broad near the gel-L, phase
coexistence region (Fig. 2). This effect may be attributed to a
distribution of chemical shifts from a number of different
conformational states caused by motional restrictions on the
glycerol backbone (see below).

A change in behavior of the chains is also seen for the
estimated acyl chain lengths, obtained from the deuterium
order parameters (Fig. 8). At temperatures between 10 and
35°C, the chain length of DPPC/40-60% Chol all show a
similar linear decrease for the sn-2 chain (sn-1 chain lengths
not obtained). However, after 35°C the gradient of the tem-
perature dependence changes, with the most noticeable shift
occurring for DPPC/40% Chol.

Upon addition of cholesterol, at lower temperatures in the
liquid ordered phase a diffuse wide-angle x-ray peak is seen
at 42 A (Fig. 9); this spacing is strikingly similar to that
observed in the gel phase, although the latter is much sharper
as it arises from an ordered packing of the hydrocarbon
chains onto a two-dimensional hexagonal lattice. The gly-
cerol signals in the '?C MAS spectra at these temperatures
appear very similar to a gel phase, with a large distribution of
chemical environments seen (Fig. 3). This is also reflected in
the "H MAS where the glycerol peaks cannot be resolved
(Fig. 1). Upon heating, the glycerol peaks in the '>°C MAS
spectrum sharpen significantly, approaching a comparable
linewidth to the L, phase and become resolvable by 'H
MAS. The decrease in linewidth can be attributed to an in-
crease in the conformational freedom of the glycerol region
within the L, phase as the interlipid spacing increases with
temperature. The broadness of the *'P MAS spectra may also
be due to this effect, with conformational restrictions around
the glycerol limiting the motions of the phosphate group,
although a lower temperature is required before the >'P MAS
linewidth becomes invariant.

This ‘“‘melting”” of the glycerol region is seen for all PC/
cholesterol mixtures, and for shorter chain lengths this change
occurred at lower temperatures (DLPC/50% Chol, 20°C;
DMPC/50% Chol, 25°C; DPPC/50% Chol, 30°C; DSPC/
50% Chol, 35°C). The ‘‘melting’’ of the glycerol region is
also affected by the concentration of cholesterol, the higher
the concentration, the broader and lower the transition tem-
perature becomes. This correlates well with an increase in
phospholipid spacing as indicated by the wide-angle x-ray
data and by 'H MAS.

The melting of the glycerol backbone may be the ‘‘hidden
phase boundary’’ described by Bayerl et al. (30). It may also

2391

account for the reported differences between the sn-1 and sn-2
methyl groups (18), which become increasingly equivalent
at higher temperatures (Supplemental Fig. 4, Supplementary
Material). In the gel phase, the interfacial conformational
restriction results in the chains being staggered, with a charac-
teristic kink near the beginning of the sn-2 chain, but they
become equivalent in the L, phase where there is increased
phospholipid spacing and fast interchange of conformations
within the interfacial region.

From the '>C MAS spectra we observe a change in the
behavior of the PC chains with increasing temperature within
the L, phase (Fig. 4). At lower temperatures the PC/Chol
mixture behaves in an expected way, with increasing tem-
perature causing a small and gradual shift of the internal
methylenes peak to a lower chemical shift. The chemical shift
of this peak has been attributed to the differences in chemical
shift between the trans and gauche states of the chains, with
increasing temperature resulting in an increase in the number
of gauche states as the phospholipid in-plane spacing in-
creases (Fig. 9). However, this behavior appears to reach a
limit and although the center of the peak continues to move to
a lower chemical shift, the peak width increases. One inter-
pretation of this effect is that the distribution of gauche states
in the hydrocarbon region has changed, with presumably
more gauche states toward the center of the bilayer.

This is another example of how the L, phase still shows
properties of a broadened gel to fluid transition. These weak
changes may also have been those detected by the DSC
studies of McMullen and McElhaney (22), but our data
identify their origins and differ in attributing these changes to
be properties of a single phase and not of two separate L,
phases.

Motion of cholesterol (?H static, '"H MAS)

Although so far we have only considered the properties of
the bulk bilayer or the phospholipid molecule we can also
specifically look at the cholesterol molecule with solid-state
NMR spectroscopy. Selective deuteration of the cholesterol
molecule at the a-C3 position allows a nonperturbing probe
of cholesterol motion, by using “H-NMR spectroscopy.

At lower temperatures there is a clear superposition of
peaks: a broad featureless peak associated with the gel phase
coexists with a well-resolved Pake doublet from the fluid
phase, adding weight to the evidence of a gel-L, coexistence
region. Raising the temperature converts the gel phase to a
liquid ordered phase, and a single well-resolved Pake doublet
is observed (Supplemental Fig. 3, Supplementary Material).

Within the pure L, phase the splitting of this peak varies
with temperature and cholesterol content (Fig. 5). Because
the deuterium atom is on the rigid steroid frame, the only
averaging effect on the quadrupolar splitting is from motion
of the steroidal framework of the cholesterol molecule. Any
deviation from the maximum theoretical quadrupolar split-
ting means that the quadrupolar interaction is being averaged
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by rapid axial reorientations of the steroid, which can be
modeled as a time-averaged tilt angle of the molecular long
axis (17,37).

Although at higher temperatures and larger cholesterol con-
centrations the temperature dependence of the quadrupolar
splitting appears to decrease in a linear fashion; this is not the
case at lower temperatures within the L, phase.

It has been suggested that the magnitude of the cholesterol
order parameter can be used to distinguish the degree to which
cholesterol associates with a given phospholipid, and thus
whether it shows a particular preference for one phospho-
lipid type over another (38). A problem with this view is
evident from the temperature dependence of the order param-
eter: at lower temperatures DPPC/50% Chol shows a smaller
cholesterol order parameter than DMPC/50% Chol, how-
ever, this trend is reversed above 45°C where DPPC/50%
Chol now shows a larger order parameter than DMPC/50%
Chol (Fig. 10, left). To clarify this, it is better to employ the
relative temperature, 7%, the temperature above the gel-L, to
pure L, phase boundary for each phospholipid/cholesterol
mixture. (Fig. 10, right). Using knowledge of the phase dia-
gram clearly demonstrates that the DPPC/50% Chol shows
the smallest cholesterol order parameter across all of the ob-
tained order parameters. Therefore, care must be used when
applying absolute temperatures to compare the different
degrees of interaction between phospholipids and cholesterol
through study of cholesterol order parameters.

A better indication of how strong a phospholipid/Chol
interaction may be is to examine how sensitive to temper-
ature changes the cholesterol order parameter is within the L,
phase.

The use of phospholipids with specifically perdeuterated
acyl chains eliminates the chain protons and allows the cho-
lesterol peaks to be easily observed directly in the 'H spec-
trum (Supplemental Fig. 1, Supplementary Material). This
shows that above the gel-L, phase coexistence region the
cholesterol peaks are relatively invariant as expected from
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FIGURE 11 Modified DPPC/Chol phase diagram adapted from Huang
et al. (39).
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the rigid steroidal frame, although there is a gradual chemical
shift change (toward O ppm) for the methyl peaks from the
cholesterol, which is common with increasing temperature.

CONCLUSIONS

The data presented here show that the L, phase has a diverse
range of properties, spanning the gap between the fluid
lamellar phase and the gel phase. Large changes to the phos-
pholipid in-plane packing are observed with temperature,
resulting in more conformational disorder around the glycerol
backbone, motion of cholesterol toward the water interface,
and a subsequent increase in free volume and gauche con-
formations at the center of the bilayer. We believe that these
effects are general for PC mixtures that form the L, phase, but
these effects vary with phospholipid type and proportion of
cholesterol.

2H-NMR data of both the cholesterol and the phospholipid
were used to more accurately map the L, phase boundary. It
has been established that the Lg-L, phase coexistence ex-
tends to 60 mol % cholesterol and a modified phase diagram
is presented. "H MAS NMR was used to examine the differ-
ent phases present but the interpretation of the results was
complicated by dipolar spin diffusion processes. We have
also confirmed the existence of a gel-L, phase coexistence
region, supporting the work of Huang et al. (39). However,
the data presented above show that this region does not
extend to the larger cholesterol concentrations as Huang et al.
(39) originally proposed.

The combination of NMR spectroscopy and x-ray
scattering shows that our data help to clarify why there is a
range of interpretations of the structure and dynamics of this
unusual phase, and allows us to gain a better understanding
of the complex effects that cholesterol has on phospholipid
bilayers.
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