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ABSTRACT Cholesterol content is critical for membrane functional properties. We studied the influence of cholesterol and its
precursors desmosterol and lanosterol on lateral diffusion of phospholipids and sterols by 'H pulsed field gradients (PFG) magic
angle spinning (MAS) NMR spectroscopy. The high resolution of resonances afforded by MAS NMR permitted simultaneous dif-
fusion measurements on 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and sterols. The cholesterol diffusion mirrored the
DPPC behavior, but rates were slightly higher at all cholesterol concentrations. DPPC and cholesterol diffusion rates decreased
and became cholesterol concentration dependent with the onset of liquid-ordered phase formation. The activation energies of
diffusion in the coexistence region of liquid-ordered/liquid-disordered phases are higher by about a factor of 2 compared to pure
DPPC andtothe pure liquid-ordered state formed at higher cholesterol concentrations. We assume that the higher activation energies
are a reflection of lipid diffusion across domain boundaries. In lanosterol- and desmosterol-containing membranes, the DPPC and
sterol diffusion coefficients are somewhat higher. Whereas the desmosterol rates are only slightly higher than those of DPPC, the

lanosterol diffusion rates significantly exceed DPPC rates, indicating a weaker interaction between DPPC and lanosterol.

INTRODUCTION

Cholesterol is a major constituent of mammalian cell mem-
branes. It is well known that cholesterol is very efficient in
altering membrane biophysical properties including mem-
brane lateral compressibility and permeability to solutes (1).
Cholesterol also influences lateral organization of membrane
constituents, resulting in formation of lipid clusters (2) and
so-called rafts (3-5). Lipid-protein interaction (6) and
function of membrane-bound proteins (7-9) are also altered
by cholesterol. Even slight changes of membrane cholesterol
content cause significant, intolerable alterations of mem-
brane properties and may severely affect biological function.

Interactions between cholesterol and phospholipids are re-
sponsible for the changes in membrane properties (10). The
presence of such interactions at the molecular level is reflected
in molecular order parameters of the phospholipid chains. It
was observed that lipid chain order strongly increases with
increasing cholesterol concentration. The ability of cholesterol
to induce those biophysical changes is related to its molecular
structure. The cholesterol molecule may form hydrogen bonds
to lipid polar groups, including the phosphate group and the
carbonyls (11). The van der Waals interactions between hydro-
carbon chains and the rigid ring structure of cholesterol could
be responsible for the chain order increase.

Biological membranes are liquid-crystalline at physiolog-
ical conditions, a phase state with rapid lateral lipid dif-
fusion. The aim of this study was to investigate if lateral
diffusion rates of matrix phospholipids and cholesterol dif-
fer. We chose the phospholipid 1,2-dipalmitoyl-sn-glycero-
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3-phosphocholine (DPPC) as the model because of its
closeness in properties to sphingomyelin (SM), a major
constituent of membrane rafts (12). Another advantage of
DPPC is that its hydrocarbon chains can be easily deuterated.
This reduces signal superposition, permitting detection of "H
NMR resonances specific to sterols.

The study was motivated by the ongoing discussion on the
specificity of cholesterol-lipid interactions in context with raft
formation. Rafts are domains responsible for lateral hetero-
geneity in protein distribution of cell plasma membranes, as
well as the endoplasmic reticulum and other membranes. We
also investigated the influence of two evolutionary cholesterol
precursors, desmosterol and lanosterol, on DPPC diffusion to
gain deeper insight into those interactions. In a recently pub-
lished animal study which received much attention, a gener-
ation of knock-out mice, which entirely lacked cholesterol,
showed surprisingly mild phenotype changes (13). The cell
membranes of these animals contained desmosterol, the direct
precursor of cholesterol in the biosynthesis pathway. It has
been shown previously that desmosterol is similar to choles-
terol in its effect on lipid condensation, whereas lanosterol,
a more distant precursor of cholesterol, had a significantly
smaller effect (14).

We employed a new spectroscopic approach to study
lateral lipid diffusion, 'H magic angle spinning (MAS) NMR
with application of pulsed field gradients (PFG). In this
experiment the high resolution of membrane resonances
afforded by MAS is combined with PFG to investigate
diffusion of lipids (15-17), embedded small molecules
(16,18), and peptides (19). PFG MAS NMR does not require
special labeling of the investigated molecules, which may
alter molecular properties (20) and can influence diffusion
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rates. In addition, no complex sample preparation is required
as for application of PFG NMR on oriented samples.

PFG MAS NMR reports the statistics of the translational
lipid movement over a certain distance that depends on the
diffusion time. Diffusion measurements conducted as a func-
tion of diffusion time may reveal properties of membrane
structure. For example, lipid diffusion may become diffusion
time dependent if the boundaries of domains or clusters are en-
countered in the specified diffusion time. Therefore, changes
in apparent diffusion rates may reflect the size of domains
(see, e.g., Polozov and Gawrisch (15)). In addition, the changes
in apparent diffusion rates measured at longer diffusion time
reflect the finite size of multilamellar liposomes.

In this investigation, we followed the known composition
and temperature dependence of phase transitions in choles-
terol-DPPC mixtures (21). Since the experiments were con-
ducted on deuterated lipids, we used the opportunity to link
“H NMR and '"H MAS NMR spectral properties to the /o-Iy/
l,-s, phase transition isotherm. The diffusion study on
cholesterol-, desmosterol-, and lanosterol-containing mem-
branes revealed that the smaller sterols move at somewhat
higher rates of lateral diffusion in the lipid matrix than
DPPC. The difference was most prominent in membranes
containing lanosterol, a sterol that is known to have weaker
interactions with phospholipids. For cholesterol we obtained
evidence for existence of domains with submicrometer
dimensions in the s,-/, phase coexistence region.

MATERIALS AND METHODS
Sample preparation

1,2-Dipalmitoyl-dg,-sn-glycero-3-phosphocholine (DPPC-dg,) and choles-
terol were purchased from Avanti Polar Lipids (Alabaster, AL). Desmosterol
and lanosterol were purchased from Sigma (St. Louis, MO). Lipid and
sterols were mixed in chloroform and dried as a thin film under a stream of
nitrogen. After additional drying in high vacuum, 50 wt % D,O for '"H MAS
NMR or 50 wt % deuterium-depleted H,O for *H NMR measurements were
added to form multilamellar vesicles. Samples were homogenized by
vortexing and centrifugation; ~15 wL of the liposome dispersion were
transferred into 4 mm high resolution MAS rotors fitted with spherical Kel-F
inserts for liquid samples or into glass vials for static ?H NMR experiments
and frozen at —20°C before the experiments.

2H NMR measurements

2H NMR spectra were recorded on a Bruker DMX300 spectrometer (Bruker
BioSpin, Billerica, MA) at a resonance frequency of 46.1 MHz using a4 mm
solenoid coil. Sample temperature was controlled to 0.1 K and calibrated to
within +0.5 K. The ?H NMR spectra were accumulated using a quadrupolar
echo sequence (22) with a relaxation delay of 0.2 s. The two 2.2 us 7/2 pulses
were separated by a 50 us delay. The carrier frequency was placed in the
center of the spectrum. After phase correction to minimize the intensity in the
imaginary channel, the data points in the free induction decay (FID) were
approximated by a spline function to determine the exact location of the echo
maximum with a resolution of 1/10th of the dwell time unit. The FID was time
base corrected to begin exactly at the echo maximum, and the spectra were
calculated using a Fourier transformation without additional phase cor-
rection. An exponential line broadening of 100 Hz was applied. The first
moment of the >H NMR spectra was calculated according to
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where w = 0 is the center of the spectrum. The limits for the M integration
were chosen to cover the full spectral width of the anisotropic resonances.

TH MAS NMR measurements

'"H MAS NMR experiments were carried out on a Bruker DMX500 wide
bore spectrometer equipped with a 4 mm high resolution MAS probe with
amagic angle gradient. Experiments were conducted at a spinning frequency
of 5.5 kHz and a typical /2 pulse lengths of 4 us. For comparison of spectra
from different samples recorded as a function of temperature, the intensity of
resonances was divided by the intensity recorded at the highest temperature.

Temperature and gradient strength were calibrated as described in Gaede
and Gawrisch (16). In brief, up to a spinning frequency of 6 kHz we
observed sample temperatures slightly below the temperature of the bearing
gas due to the Joule-Thompson effect. At higher spinning frequencies, not
employed in this investigation, sample temperature increased due to friction
in the bearing. We also measured the influence from application of PFGs on
sample temperature and found that it was negligible.

For the PFG NMR measurements, a stimulated echo sequence (23) with
trapezoidal-shaped bipolar gradient pulses with a length of 5 ms was applied.
The effective gradient strength was varied in 16 increments from 0.01 to
0.556 T/m. A longitudinal eddy current delay of 5 ms was introduced before
acquisition of the FID. The diffusion time, A, was 25 ms for the temperature-
dependent diffusion measurements or varied in six increments from 25 to
300 ms for measurements as a function of diffusion time. At every gradient
strength, 16 or 32 scans were acquired with a recycle delay of 6 s.

Apparent diffusion coefficients, Dy, were determined from the plot of
peak intensity versus gradient strength according to Gaede and Gawrisch (16):

I 2 2 )
In <10) = —g kDapp + E(kDapp) 5 (2)
where I/l is the normalized intensity and k = 4y*g*8%(A — (T/2) — (28/3)),
where v is the gyromagnetic ratio of protons, g the gradient strength, 6 the
gradient pulse length, and T the time between the gradient pulses sand-
wiching 7 pulses (24).

The radius of curvature, 1., and the true diffusion coefficient, D, were
obtained from the diffusion time dependence of the diffusion displacement
1(A) = 2Dypp A2 according to Polozov and Gawrisch (15) and Gaede
and Gawrisch (16):

7(A) = Fpasin v2DA ) 3)

Fmax

RESULTS
Phase behavior of cholesterol-DPPC membranes

Knowledge of the DPPC-cholesterol phase diagram is
required for the interpretation of diffusion results. “"H NMR
measurements were conducted to ensure that phase behavior
of our samples corresponded to published phase diagrams
(21). Fig. 1 shows the temperature dependence of the first
spectral moment of the ’H NMR spectra as a function of
cholesterol concentration. The gel to liquid phase transition
is reflected as a drastic increase of the first spectral moment
near 311 K. With increasing cholesterol content, the
transition width increased and the transition amplitude
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FIGURE 1 Temperature dependence of the “H NMR first spectral

moment of DPPC-dg; as a function of cholesterol concentration. Samples
were hydrated to 50 wt % H,O.

decreased. The phase transition completely vanished at
cholesterol concentrations above 30 mol %.

At temperatures below 311 K, the first moments fall into
two categories with a transition at a cholesterol concentration
near 15 mol %. We assume that at low cholesterol con-
centrations the transition from high to low temperature reflects
a lg-s, transition, whereas at higher concentrations a /y4-1,/l,-,
transition is detected. We observed these transitions at
somewhat elevated cholesterol concentrations compared to
previously published phase diagrams (21,25).

The same phase behavior is also reflected in the plot of the
normalized '"H MAS NMR resonance intensities of DPPC
and cholesterol (Fig. 2). The temperature dependence of the
choline y resonance (N(CHs3);) can be sorted into three
families. The transition is narrowest for cholesterol concen-
trations from 0 to 15 mol % and becomes significantly wider
from 20 to 30 mol %. At concentrations above 30 mol %,
broadening takes place at significantly lower temperatures.
Up to 15 mol % this signal intensity change is a reflection of
an ly/s, transition, and from 15 to 30 mol % it indicates an
l4-1,/15-s,, transition. At higher cholesterol concentrations no
transition is observed. The broad decrease in resonance
intensity that takes place at much lower temperatures is most
likely a reflection of the gradual immobilization of lipids in
the /, phase. The behavior of methyl resonance intensities of
cholesterol (marked in Fig. 3) as a function of cholesterol
content and temperature is very similar, but the low tem-
perature end of the transition is not as well defined in those
spectra (Fig. 2 B).

Lipid diffusion in cholesterol-DPPC membranes

Fig. 3 shows the '"H MAS NMR spectra at 324 K of pure
DPPC-dg, and of DPPC-dg, mixed with 20 mol % sterol.
The headgroup choline resonance (marked with 5%) was
chosen for the analysis of the DPPC diffusion because it has

Biophysical Journal 89(4) 2504—2512

Scheidt et al.
I I e e e B m S
1.0+ D/Dfnfn— — -] -
XK é"?
L /+.++ﬁlq]+, /é% ]
- "
09+ + AE -
57
08| ' .
= L J
g 071 i
L
= H )
St
8 0.6 -
s L i
g
=
S 05| —
04 A —
§ —o— purc DPPC-d,, ]
—0— 5 mol% Cholcsterol
03 —2— 10 mol% Cholesterol| _|
: —— 15 mol% Cholesterol
L —0— 20 mol% Cholesterol| ]
—>— 30 mol% Cholesterol
02 —— 40 mol% Cholesterol| -
—x— 50 mol% Cholesterol
A S R R NV SIS RN S R B N
290 295 300 305 310 315 320 325 330 335
Temperature [K]
me——r1r—7—7—
1.0 -
09 -
0.8 - +
. F X
Z o7f
E I
St
8 0.6 *
= L
£ ¢
S o5t /
04 X o
r Y —0— 5 mol% Cholesterol | 1
—2— [0 mol% Cholesterol
03 A —— 15 mol% Cholesterol | 7|
| ¢ o g —O— 20 mol% Cholesterol | |
—>— 30 mol% Cholesterol
02 _/ —+— 40 mol% Cholesterol | _|
: e/% —%— 50 mol% Cholesterol
LYV ey

290 295 300 305

310 315 320 325
Temperature [K]

330 335
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resonance intensities of (A) the DPPC-dg, choline vy signal and (B) the
methyl signal of cholesterol (marked in Fig. 3) as a function of cholesterol
concentration. Samples were hydrated to 50 wt % D,0.
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FIGURE 3 'HMAS NMR spectra of pure DPPC-dg; (A) and the upfield
region of these spectra in the presence of 20 mol % (B) cholesterol, (C)
desmosterol, and (D) lanosterol at a temperature of 324 K and a MAS
frequency of 5.5 kHz. The molecular structures as well as the lipid resonance
assignment are given above the respective spectra. Signals used for intensity
and diffusion analysis are marked by an asterisk. Sterol signals are marked
by S. Samples were hydrated to 50 wt % D,0.

no superposition with sterol resonances and very high signal
intensity. The marked methyl resonances (S*) of sterols were
chosen for measurement of sterol diffusion. Sterol reso-
nances that are superimposed on residual proton resonances
of DPPC-dg¢, chains (98% deuterated) were not considered.
In Fig. 4, the temperature dependence of the apparent
diffusion coefficients of DPPC (A) and cholesterol (B) as
a function of cholesterol concentration in the membrane are
shown (see also Supplementary Table 1). At 324 K, lipid
diffusion coefficients decrease with increasing cholesterol
content with some discontinuity at concentrations corre-
sponding to transitions between the /4 to Iy + [, to /, phase
regions (Fig. 4 A). We observed little reduction in diffusion
rates up to 10 mol % cholesterol. In contrast, a significant
reduction in diffusion rates with increasing cholesterol con-
tent was detected at higher cholesterol concentrations.
From 324 to 311 K, the diffusion rates are very tem-
perature dependent. At temperatures below 311 K, all ap-
parent diffusion rates converge to similar values and
show little temperature dependence down to 294 K. When
interpreting diffusion results, it must be considered that
spectra may represent superposition of phases. Because of
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FIGURE 4 Temperature dependence of the apparent diffusion coefficients
of (A) DPPC-dg, and (B) cholesterol as a function of cholesterol con-
centration. All data were recorded at a diffusion time of 25 ms.

signal broadening of DPPC resonances in the gel phase and
because of intensity losses due to faster relaxation of gel phase
lipid, the diffusion below 311 K reflects almost exclusively
diffusion in the remnants of the fluid phase.
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The activation energy of lipid diffusion is shown in Fig. 5.
It was calculated from an Arrhenius plot of the diffusion
coefficients in the temperature range 314-324 K, corre-
sponding to membranes in the /4, /4 + [, or /, phase regions.
Activation energies of lateral diffusion increase from 38
kJ/mol for pure DPPC to 70 kJ/mol for the /; + [, phase
coexistence region and decrease again to ~55 kJ/mol for the
lq phase. Diffusion rates of cholesterol (Fig. 4 B) and
activation energies of cholesterol lateral diffusion (Fig. 5)
mirror the DPPC behavior. However, cholesterol diffuses
somewhat faster and has slightly higher activation energies.
This is most evident at higher temperature where cholesterol
activation energies exceed the lipid values by 10 kJ/mol.
Below 311 K, cholesterol diffusion rates more closely
resemble the lipid diffusion values. Typical experimental
errors of DPPC diffusion constants are 5% at high temper-
atures and somewhat larger at temperatures below 311 K due
to lower signal intensity. Experimental errors of cholesterol
diffusion rates are about a factor of 2 larger because of the
lower signal intensities of cholesterol resonances.

To investigate the influence of vesicle curvature or
possible domain formation on apparent diffusion rates, the
diffusion displacement 7 = (2D, A)f”2 was measured as
a function of diffusion time A. Fig. 6 shows a typical data set
(20 mol % cholesterol in DPPC-dg, recorded at 324 K and
304 K). At both temperatures the data could be well
approximated by the model, assuming lateral diffusion over
spheres (16,26). The data analysis yielded a curvature-
corrected true lateral diffusion rate and an effective radius of
curvature. At 324 K the radii for all investigated samples (see
Supplementary Table 2) are in the range from 1.5 to 3.0 wm,
which is typical for fully hydrated multilamellar liposomes
(15,16).
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FIGURE 5 Activation energies of DPPC-dg, (CJ) and cholesterol (A)
diffusion obtained from Arrhenius plots in the temperature range from 314 K
to 324 K. The dotted lines represent the approximate location of the phase
boundaries.

Biophysical Journal 89(4) 2504—2512

Scheidt et al.

Diffusion Displacement [um]
)
T

20mol% Cholesterol/DPPC-d,,

® DPPC-dg, at 324K

A Cholesterol at 324K ]

o DPPC-dg, at 304K T

A Cholesterol at 304K 1
! 1 1

0.02 L L L 1 L 1 L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Diffusion Time [s]

FIGURE 6 Diffusion time dependence of the diffusion displacement for
DPPC-dg, (squares) and cholesterol (triangles) at 20 mol % cholesterol/
DPPC-dg, measured at a temperature of 324 K (solid symbols) and 304 K
(open symbols). The lines represent the best fit to Eq. 3.

At 304 K and cholesterol concentrations below 15 mol %,
membranes are predominantly in the s, state. However, the
lipid signals most likely are dominated by remnants of the
fluid phase. At this temperature we observed effective radii
in the range from 0.3 to 0.4 um. This is far less than the ef-
fective liposome radii of 1.7-2.2 wm measured at higher
temperatures (324 K). True diffusion rates of lipids at 304 K
are ~1 order of magnitude lower than at 324 K. At 304 K
and cholesterol concentrations in the range 15-30 mol % the
difference in effective radii to liposome radii (measured at
324 K) is somewhat smaller, and true lipid diffusion rates
between high and lower temperatures differ only by a factor
of 3. At cholesterol concentrations higher than 30 mol %,
effective radii and curvature-corrected lipid diffusion rates
differ by a factor of 2.

Diffusion in desmosterol- and
lanosterol-containing membranes

Several studies using DSC and NMR spectroscopy as well as
computer simulations suggested that the /; + /, coexistence
region is completely absent in lanosterol-containing mem-
branes (25,27,28). The temperature dependence of the first
moment of DPPC-dg, in the presence of 20 mol % of the
respective sterol is shown in Fig. 7. At high temperatures, the
first moments are highest for the cholesterol-containing
sample, followed by desmosterol, and lanosterol. Below
311 K, cholesterol and desmosterol samples have similar
first moments, whereas the first moments for lanosterol are
higher.

The phase transition temperature remains at 311 K in the
presence of all sterols. However, the width and amplitudes of
the spectral changes are different. The cholesterol-containing
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FIGURE 7 Temperature dependence of the first spectral moment
determined from *H NMR spectra of DPPC-dg, in the presence of (W) 20
mol % cholesterol, (@) 20 mol % desmosterol, and ( A ) 20 mol % lanosterol.
Samples were hydrated to 50 wt % H,O.

sample has the smallest jump and the widest transition.
Lanosterol has a rather sharp transition of large amplitude,
which is likely a result of the attenuated effect of lanosterol
on lipid condensation as reported in Huster et al. (14).
Desmosterol has a phase transition width similar to cho-
lesterol, but the amplitude of spectral changes is larger.

The 'H MAS NMR lipid and sterol resonance intensities
(Fig. 8) show a phase transition midpoint at 311 K, which is
consistent with the >H NMR data. Sterol resonance intensity
as a function of temperature is constant up to 314 K and
drops rapidly at the onset of the transition. The region of
intensity changes of cholesterol is slightly wider and asym-
metric toward low temperatures.

Fig. 9 shows the temperature dependence of the apparent
diffusion coefficients of DPPC-dg, (A) and the three sterols
(B) at a concentration of 20 mol % (see also Supplementary
Table 1). For all three sterols at temperatures above the phase
transition, DPPC diffusion rates in mixed samples are lower
than in pure DPPC. Addition of desmosterol and lanosterol
resulted in a similar reduction (Fig. 9 A), whereas rates are
somewhat lower for the cholesterol-containing sample.
Below the phase transition, the DPPC diffusion rates are
similar for all three sterols and show little temperature de-
pendence. Again, those rates most likely represent diffusion
in the remnants of the fluid phase.

The diffusion rates of the three sterols displays larger
differences (see Fig. 9 B). Lanosterol has twofold higher
diffusion rates than cholesterol, whereas desmosterol rates
are intermediate between the two. Diffusion measurements
conducted as a function of diffusion time yielded comparable
liposome radii of 1.5-2.5 um (measured at 324 K) for all
three sterols and effective radii in the range from 0.5 to
0.9 wm at 304 K.
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FIGURE 8 Temperature dependence of the 'H MAS NMR resonance
intensities of (A) the DPPC-dg; choline 7y signal and (B) the methyl signal of
the sterols (marked in Fig. 3) for samples containing (®) 20 mol %
cholesterol, (@) 20 mol % desmosterol, and (A) 20 mol % lanosterol.
Samples were hydrated to 50 wt % D,0.

DISCUSSION

The lateral diffusion of three sterols and DPPC in mixed
membranes was investigated by a novel approach, 'H PFG
MAS NMR spectroscopy. The method combines the high
resolution of MAS resonances with the opportunity to
measure diffusion rates for every substance in the mixture,
e.g., lateral diffusion of both sterol and phospholipid in the
same membrane. NMR diffusion measurements do not
require perturbing labels. This is particularly important for
diffusion measurements on small molecules like lipids. We
have shown previously that introduction of such labels may
perturb membrane properties (20).

It was observed that cholesterol diffusion in the Iy, Iy + [,
and /, phases is slightly faster than DPPC diffusion at all
cholesterol concentrations. Higher rates of sterol diffusion
were expected because of the lower molecular weight
compared to DPPC. The small magnitude of differences
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data were recorded at a diffusion time of 25 ms.

suggests existence of strong but transient interactions
between cholesterol and DPPC. In a PFG NMR study on
oriented cholesterol/1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) membranes using fluorinated cholesterol,
equal diffusion rates of DMPC and cholesterol were
observed (29). Most likely, the differences in diffusion rates
are even smaller for DMPC with shorter hydrocarbon chains,
or cholesterol diffusion rates were influenced by fluorination
that was used to obtain a distinct cholesterol resonance.

DPPC and sterol diffusion rates in the lanosterol- and
desmosterol-containing samples were higher, and lanosterol
diffusion rates significantly exceeded the DPPC rates. These
observations confirm that cholesterol induces the tightest
lipid packing, which is also reflected in the highest chain
order parameters (14). The results are also in agreement with
the significant differences in properties between cholesterol-
and lanosterol-containing membranes as determined by “H
NMR relaxation measurements (30) or by micromechanical
measurements (31).
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The apparent weaker interaction between lanosterol and
DPPC compared to cholesterol and DPPC must be related
to the molecular structure of lanosterol. This sterol has
two additional methyl groups at carbon C4, very close to
the hydroxyl group that is responsible for the amphipathic
character of sterols. Their presence may weaken the ability
of lanosterol to form hydrogen bonds to phospholipids.
Furthermore, the difference in the location of the double
bond in the sterol ring system could be important. It
was reported that the a-surface of lanosterol is less planar,
which may weaken van der Waals interactions between
lipid hydrocarbon chains and lanosterol (32-34). Last but
not least, the methyl group in position C14 of lanosterol
may result in additional packing constraints at the sterol
surface (28). In contrast, desmosterol and cholesterol differ
only by a double bond in the flexible hydrocarbon tail
region. Consequently, differences in properties between
cholesterol- and desmosterol-containing samples are much
smaller.

We observed an increase of activation energies of
cholesterol and lipid lateral diffusion with increasing
cholesterol content in the /; phase, and particularly in the
lq + [, phase coexistence region. Activation energies in the /,
state are lower again. The activation energies for pure /; and
I, states reflect potentials of DPPC-sterol association. The
much higher activation energies in the /4 + [, phase
coexistence region could be the result of DPPC and sterol
diffusion across domain boundaries.

Diffusion measurements conducted as a function of
diffusion time at temperatures above 311 K yielded effective
liposome radii in the lower micrometer range, which is
typical for lipids at this water content. We observed such
values also at cholesterol concentrations for which co-
existence of /4 and /, domains was reported. This indicates
that the boundaries of coexisting /y and /, domains are not
insurmountable barriers for lipid diffusion. The cholesterol
dependence of DPPC and cholesterol activation energies is
very similar, but values for cholesterol are always higher by
5-10 kJ/mol. Perhaps this is a reflection of an additional
activation energy related to DPPC-sterol interaction that is
present at all concentrations.

In studies by the Lindblom lab (35,36), the influence of
cholesterol concentration on diffusion of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), DMPC, and SM was
investigated by PFG NMR on oriented samples. Our results
are similar to the diffusion in SM/cholesterol mixtures
reported in Filippov et al. (36), which confirms that DPPC
and SM are structurally very close. At high (40 mol %)
cholesterol content in cholesterol/DPPC membranes, com-
parable lateral diffusion coefficients for cholesterol were
measured by quasielastic neutron scattering (37). Also,
somewhat higher diffusion coefficients for lanosterol were
observed by this method (38). However the differences
between cholesterol and lanosterol were smaller than in this
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FIGURE 10 Schematic phase diagram of DPPC-cholesterol mixtures. The
location of phase boundaries is valid at temperatures near 311 K only. The
phases were assigned according to the phase diagram by Vist and Davis (21).

study. The temperature and sterol concentration dependence
of DPPC diffusion of cholesterol and lanosterol samples is in
agreement with qualitative predictions from Monte Carlo
simulations by Polson et al. (25).

At temperatures below 311 K, we observed that lipid
diffusion is restricted to regions with effective radii
significantly smaller than liposome size. This must be
a reflection of domain formation. Because signal intensity at
those temperatures stems primarily from residual amounts of
fluid lipids, this is the effective size of fluid domains. It is
intriguing that the diffusion time dependence for even the
smallest domains fits to the equation for round liposomes
rather than to a model of flat domains in a larger liposome.
This is very suggestive for the formation of spherical,
raspberry-like domains much smaller than liposome size.

The experiments conducted in this study mostly confirmed
the previously reported DPPC-cholesterol phase diagram
(21,25) except for minor corrections in the location of phase
boundaries as indicated in Fig. 10. At 311 K the transition
from [ to Iy + [, takes place at a cholesterol concentration
near 15 mol %, and the transition from /3y + [, to I, was
detected at a cholesterol concentration at or slightly above
30 mol %.

In conclusion, the boundaries between liquid-ordered and
liquid-disordered domains are not insuperable barriers for
phospholipid and sterol diffusion. However, activation
energies of lateral diffusion in the phase coexistence region
strongly increased, suggesting that some kind of barrier to
diffusion exists. Sterol diffusion rates are strictly dependent
on sterol affinity to phospholipids, with cholesterol showing
stronger interactions and lower diffusion rates.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophys;j.org.
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