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ABSTRACT The behavior of cholesterol is different in mixtures with phosphatidylcholine as compared with phosphatidyl-
serine. In 'C cross polarization/magic angle spinning nuclear magnetic resonance spectra, resonance peaks of the vinylic
carbons of cholesterol are a doublet in samples containing 0.3 or 0.5 mol fraction cholesterol with 1-palmitoyl-2-oleoyl
phosphatidylserine (POPS) or in cholesterol monohydrate crystals, but a singlet with mixtures of cholesterol and 1-palmitoyl-
2-oleoyl phosphatidylcholine (POPC). At these molar fractions of cholesterol with POPS, resonances of the C-18 of
cholesterol appear at the same chemical shifts as in pure cholesterol monohydrate crystals. These resonances do not appear
in samples of POPS with 0.2 mol fraction cholesterol or with POPC up to 0.5 mol fraction cholesterol. In addition, there is
another resonance from the cholesterol C18 that appears in all of the mixtures of phospholipid and cholesterol but not in pure
cholesterol monohydrate crystals. Using direct polarization, the fraction of cholesterol present as crystallites in POPS with 0.5
mol fraction cholesterol is found to be 80%, whereas with the same mol fraction of cholesterol and POPC none of the
cholesterol is crystalline. After many hours of incubation, cholesterol monohydrate crystals in POPS undergo a change that
results in an increase in the intensity of certain resonances of cholesterol monohydrate in '3C cross polarization/magic angle
spinning nuclear magnetic resonance, indicating a rigidification of the C and D rings of cholesterol but not other regions of

the molecule.

INTRODUCTION

High molar fractions of cholesterol in bilayers composed of
phosphatidylcholine result in the formation of liquid-or-
dered phases in which the acyl chains of the phospholipid
have a higher degree of order but a rapid rate of lateral
diffusion (Huang et al., 1993; Ipsen et al., 1987; Vist and
Davis, 1990). This phase has been referred to as the liquid-
ordered phase and is thought to exist in biological mem-
branes in sequestered “raft” domains (Brown and London,
1998; Harder et al., 1998; Rietveld and Simons, 1998;
Fielding and Fielding, 2000). At higher concentrations in
the membrane, cholesterol readily forms crystallites, pre-
sumably as a consequence of its relatively rigid fused ring
structure. Interestingly, the molar fraction of cholesterol
required to initiate the formation of crystallites is dependent
on the nature of the phospholipid. Cholesterol is less soluble
in bilayers of phosphatidylserine (PS) and phosphatidyleth-
anolamine than phosphatidylcholine (PC) (Bach et al.,
1998). This is of particular relevance to the cytoplasmic
monolayer of “raft” domains of mammalian plasma mem-
branes that contain lipids that are less miscible with choles-
terol. It is possible that the formation of more stable forms
of stacked cholesterol aggregates is responsible for the very
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slow rate of transbilayer diffusion of a fraction of choles-
terol on the cytoplasmic leaflet (Schroeder et al., 1991).

Cholesterol crystals may play a role in certain patholog-
ical conditions. Crystallites of cholesterol monohydrate
have been recently found in biological materials including
human atherosclerotic plaque tissue (Guo et al., 2000),
arterial smooth muscle membranes (Tulenko et al., 1998),
macrophage foam cells (Klinkner et al., 1995; Kellner-
Weibel et al., 1999) and human ocular lens fiber cell plasma
membranes (Jacob et al., 1999, 2001).

With regard to measuring the miscibility of cholesterol
with phospholipids, there are several important consider-
ations. The first is how the phospholipid and cholesterol are
mixed. Both lipids are soluble in organic solvents, and they
can be deposited as a film by solvent evaporation. It is
possible that during solvent evaporation there is separation
of the two lipid components, and modified procedures have
been proposed to avoid this (Buboltz and Feigenson, 1999;
McMullen et al., 2000). However, these methods introduce
other potential complications, and there is no ideal way of
making these mixtures. We have shown that even the small
structural difference between 1-palmitoyl-2-oleoylphos-
phatidylserine (POPS) and 1-stearoyl-2-oleoylphosphatidyl-
serine results in a detectably different miscibility of choles-
terol (Bach et al., 1992). The extent of formation of
cholesterol crystals is strongly dependent on the molar
fraction of cholesterol (Epand et al., 2001a). These obser-
vations demonstrate that cholesterol crystals do not simply
form as a consequence of sample preparation.

More critical than the method of preparation is the ther-
mal history of the sample. This is largely a consequence of
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the extremely slow interconversion of the two polymorphs
of anhydrous cholesterol around room temperature (Epand
et al., 2000). In addition, anhydrous cholesterol crystals
slowly convert over a period of hours to form crystals of
cholesterol monohydrate (Loomis et al., 1979).

13C cross polarization/magic angle spinning nuclear mag-
netic resonance (CP/MAS NMR) has been used for the
study of lipids, including mixtures with cholesterol (Forbes
et al., 1988). This technique has been shown by Hamilton
and coworkers to be an excellent method for detecting
cholesterol crystallites (Guo and Hamilton, 1993, 1996).
This is because the efficiency of cross polarization increases
as the molecule becomes more solid-like (Alemany et al.,
1983a, b). Hence the intensity of '*C resonances in a cross-
polarized spectrum is greater from cholesterol crystallites
than from cholesterol dissolved in a membrane. The tech-
nique has also been used to develop a method to study the
order and dynamics in membranes using inter-proton pair
order parameters (Urbina et al., 1998). We wanted to com-
pare mixtures of cholesterol with POPS and with 1-palmi-
toyl-2-oleoyl phosphatidyl choline (POPC) both above and
below the concentration required for the detection of cho-
lesterol crystals by differential scanning calorimetry (DSC)
or by x-ray diffraction. In addition, we have recently ob-
served that after becoming hydrated, the crystals of cho-
lesterol monohydrate undergo a further change that mod-
ifies their dehydrating properties (Epand et al., 2001a).
We investigated the nature of the structural changes in
the crystals of cholesterol monohydrate as a consequence
of the time of incubation that are responsible for the
changes in their dehydrating properties.

MATERIALS AND METHODS
Materials

Cholesterol and phospholipids were purchased from Avanti Polar Lipids
(Alabaster, AL).

Preparation of hydrated mixtures of POPS
and cholesterol

POPS and cholesterol were codissolved in chloroform/methanol (2:1, v/v).
The solvent was evaporated under a stream of nitrogen with constant
rotation of a test tube so as to deposit a uniform film of lipid over the
bottom third of the tube. Last traces of solvent were removed by placing the
tube under high vacuum for at least 2 h. The lipid film was then hydrated
with 20 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), 1 mM
EDTA, and 150 mM NaCl with 0.002% NaN5, pH 7.40. The lipid film was
suspended and hydrated by intermittent vortexing and heating to 60°C over
a period of 30 min under argon. Except for the experiment determining the
dependence of the spectra on time of incubation, all samples were incu-
bated at least 24 h at 4°C to allow conversion of the cholesterol to
cholesterol monohydrate.

Preparation of cholesterol monohydrate crystals

Cholesterol was dissolved in ethanol and distilled, deionized water was added
dropwise until a white precipitate appeared. The resulting cloudy solution was
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warmed until it clarified, and then the solution allowed to cool gradually to
room temperature and then to 4°C. The resulting white solid crystalline
material was separated by centrifugation.

13C CP/MAS NMR

Lipid suspensions or cholesterol monohydrate crystals in buffer were spun
in an Eppendorf centrifuge at room temperature. The resulting hydrated
pellet was transferred to a 18 X 4-mm ZrO, rotor, attempting to pack the
maximal amount of lipid into the rotor while maintaining it wet.

The rotor was placed in a Bruker Avance 300 spectrometer operating at
75.48 MHz for '>C and equipped with CP-MAS capabilities. Similar
spectra were obtained for some of the samples on a Bruker Avance 500
spectrometer. The spectra were referenced to an external standard of
glycine crystals, assigning a chemical shift of 176.14 ppm for the carbonyl
carbon. Samples were generally spun at 5 kHz and at a temperature of
25°C, but spinning at rates between 2 and 10 kHz had little effect on the
spectrum, except for some changes in the resolution. The power levels used
for cross-polarization were not ramped during the contact and corre-
sponded to a 4-us /2 pulse. The Hartmann-Hahn match was established
on the sample of glycine. Continuous-wave decoupling at an increased
power level was used during acquisition. Some experiments were repeated
to verify the stability and reproducibility of the cross-polarization. In the
contact time dependence studies, the spectra were collected in random
order to avoid biases due to drift in spectrometer performance. If spectra
were obtained on different days, then duplicates of previous runs were
included to normalize the intensities.

The temperature inside the rotor, controlled by the variable temperature unit
of the instrument, was calibrated by measuring the chemical shift of ethylene
glycol as a function of spinning speed between 0 and 10 kHz. At 5 kHz the
temperature of the sample was ~1° warmer than the set temperature. Contact
times between 0.02 and 4 ms were used with a recycle time of 5 s. Generally
each spectrum was obtained with 12,000 scans and processed with a 1-Hz line
broadening. Resonances were assigned based on reports of phosphatidylcho-
line (Forbes et al., 1988), unsaturated acyl chains (Batchelor et al., 1974),
phosphatidylserine (Holwerda et al., 1981; McLaughlin, 1982), and cholesterol
(Guo and Hamilton, 1996).

Direct polarization

Single pulse excitation with high power proton decoupling was used with
a 4-ps pulse for '*C and the proton frequency optimized for decoupling.
Recycle times of 100 s were used for the spectra in Fig. 1. Preliminary
experiments with delays of 5 and 10 sec were also performed.

RESULTS AND DISCUSSION

The CP in '*C CP/MAS NMR is useful for studying carbon
atoms in a more rigid, solid-like environment, because the
polarization transfer allows the experiment to be repeated at
the proton relaxation time. This allows '>*C NMR spectra to
be acquired at natural abundance within a reasonable time
(Fig. 1). However, there is always some uncertainty about
the quantitative nature of '>*C CP/MAS NMR (Montez et al.,
1993; Warschawski and Devaux, 2000). Even for a spin
system in a pure rigid solid, small motions can change the
effective dipolar coupling, which is responsible for the
polarization transfer. The situation in a lipid bilayer with
mixed components is much more complex. At high mag-
netic fields and fast spinning rates, the spectra can be quite
sensitive to the experimental parameters. However, the
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13C CP/MAS NMR (CP) NMR spectra of POPS and POPC with and without 0.5 mol fraction cholesterol and direct polarization (DP) spectra

of the samples with cholesterol. Measurement made at 75.48 MHz with sample spinning at 5 kHz at 25°C. For the CP/MAS spectra, the contact time was
1 ms, except for the POPC sample in which the contact time is 0.5 ms. For the direct polarization measurements the delay time was 100 s.

spectra reported here were obtained at 7.0 T and a spinning
rate of 5 kHz, so the variation will be less pronounced.
Sample spinning can also distort intensities. If the carbons
have substantial chemical shielding anisotropy (CSA), in-
tensity can be lost to spinning sidebands. However, for a
120-ppm CSA, spinning at 5 kHz at 7.0 Tesla should leave
more than 90% of the intensity in the center band. In this
work, all the samples were run under very similar condi-
tions, and the spectral intensities were reproducible within
approximately *10%. The conclusions are drawn from
relative changes in the intensities as well as from the chem-
ical shifts of particular resonances.

Chemical shifts of the C=0 of POPC and POPS

There are two C=0 groups from the acyl chains on each of
the phospholipids, which are esterified to the C-1 and the
C-2 positions of the glycerol moiety. The resonance of the
C=0 group has a chemical shift of ~174 ppm. The peaks
from each of the two carbonyls are not resolvable in the case
of either of the pure phospholipids, nor with samples of
POPC with molar fractions of cholesterol up to 0.5 (Fig. 2).
However, the resonance of the C=0 is split into a doublet,
at 174.26 and 173.96 ppm, for all of the samples of POPS
containing cholesterol (Fig. 2). These results indicate that
cholesterol has a different interaction with POPS bilayers
than with POPC bilayers, even at molar fractions at which
no cholesterol crystals are detected by other means.

Chemical shifts of the C—=C of POPC and POPS

The carbons 9 and 10 at the double bond of the oleoyl group
of POPC or POPS have chemical shifts that are almost iden-
tical, i.e., 130.11 and 129.68 ppm. For the pure phospholipid,
either POPC or POPS (Fig. 2), the intensities of the two
resonances (at a contact time of 1 ms) appear to have unequal
intensity with the resonance at higher frequency (lower field)
being more intense. This is not the case in the presence of
cholesterol, where the two resonances appear to be almost
equal in intensity for both lipids (Fig. 2). However, at shorter
contact times, below 0.5 ms, the intensity of the lower field
resonance is again larger in mixtures of cholesterol with either
of the two lipids (see Fig. 4 below for the case of POPS with
0.5 molar fraction cholesterol).

Chemical shifts of the C—C of cholesterol

The ring numbering system of cholesterol is shown in Fig.
3. The carbons at the double bond position of cholesterol are
well resolved in the '*C CP/MAS NMR spectrum and do
not overlap with any signals from the phospholipid. When
cholesterol is mixed with POPC, these resonances are not
detectable at cholesterol molar fraction of 0.2 but are ob-
served as two single peaks at cholesterol molar fractions of
0.3 and 0.5 (Fig. 2). However, in the case of mixtures of
POPS with cholesterol, these resonances are clearly ob-
served at 0.2 mol fraction cholesterol (Fig. 2). At cholesterol
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FIGURE 2 High frequency (downfield) region of the '*C CP/MAS
NMR spectra of POPC (section A) and POPS (section B) with varying
molar fractions of cholesterol indicated by the numbers on the right hand
side of the spectra. Contact time 1 ms.

molar fractions of 0.3 and especially at 0.5, it is clear that
these resonances are split into doublets (Fig. 2), as they are
in authentic crystals of cholesterol monohydrate (Guo and
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FIGURE 3 Chemical structure of cholesterol showing the ring number-
ing system and the letter designation of each of the four rings.

Hamilton, 1996). The doublet for C5 appears at 142.39 and
140.88 ppm and for C6 at 120.81 and 120.32 ppm. These
and other peaks arising from crystals of cholesterol mono-
hydrate have a similar dependence on contact time in mix-
tures with POPS as they do in pure cholesterol monohydrate
crystals (Fig. 4). This indicates that the motional properties
of the cholesterol crystals in POPS membranes are similar
to those of cholesterol monohydrate crystals.

Methyl groups

The terminal methyl groups of the acyl chains, and C18 of
cholesterol give clear '*>C resonances on the low frequency
side (upfield) of 15 ppm. The terminal methyls appear at
14.15 ppm for both POPC and POPS (Fig. 5) and are not
resolved. The lowest frequency signal(s) is (are) that (those)
from the C18 methyl group of cholesterol (Guo and Ham-
ilton, 1996). In the monohydrate crystal, there are two C18
resonances at 13.17 and 11.9 ppm. Resonances at these
chemical shifts also appear in samples of POPS containing
0.3 or 0.5 mol fraction cholesterol, indicating the presence
of cholesterol crystals in the samples. This is in accordance
with DSC studies (Epand et al., 2001a). There is also a

POPS + 0.5 chol pure chol
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FIGURE 4 Contact time dependence of the high frequency (downfield)
region of the >C CP/MAS NMR spectrum of pure cholesterol monohydrate
crystals (right) and of POPS with 0.5 mol fraction cholesterol (/eff). Contact
times are indicated on the right and are the same for both sets of spectra.
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FIGURE 5 Low frequency (upfield) region of the '*C CP/MAS NMR spectrum
of POPC (section A) and POPS (section B) with varying molar fractions of
cholesterol indicated by numbers on the right hand side of the spectra. Contact

time 1 ms.

resonance at 12.6 ppm in all of the samples of either POPC
or POPS with cholesterol. This resonance arises from non-
crystalline cholesterol in the membrane.

Contact time

Peak intensity, and even the ability to detect a signal in
CP/MAS will depend on the contact time used. This is
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because the carbon signals arise from being in “contact”
with protons through a dipolar coupling. The dipolar cou-
pling decreases as the inverse cube of the distance to the
protons and may be further reduced by molecular motion. In
a free liquid, the coupling averages to zero, and there is no
cross-polarization. The rate of cross-polarization is indica-
tive of the rigidity of the environment with samples that are
more solid-like having more rapid rates of cross polariza-

Biophysical Journal 83(4) 2053-2063



2058

¢ A

57 A
) A A
E | _—
5 4 ///
Py -
g -
=
8 3 — O
[ — //_/
:é‘ o e /"',
w —_ =
5 2 yd __@// -
-— - —_—
o = —
- — — _/’/

e
T T 1

0.00 0.25 0.50 0.75 1.00 1.25

contact time (ms)

1.50 1.75 2.00

Epand et al.

B

.a.
0 "
E 4
= - A
£ CN IS =T
8 3 /o - .
= ~ — .
© / ~. - g
> / S - 0
= 4 ~ . ——— - T
2 2 4 / & T e Nt
2 / © 0.

0.00 0.25 0.50 0.75 1.00 1.25

contact time (ms)

1.50 1.75 2.00

FIGURE 6 Intensity of several resonances as a function of contact time for samples with POPC (section A) and with POPS (section B).
Phospholipid alone (filled symbols, solid lines), phospholipid with 0.2 mol fraction cholesterol (dotted symbols, dashed lines) and phospholipid with
0.5 mol fraction cholesterol (open symbols, dotted lines). (Squares) C==0 at 174 ppm; (circles) C=C at 130.1 ppm; (Triangles) methyl at 14.2 ppm.

tion. Higher signal intensity is indicative of a greater degree
of cross polarization.

To characterize the cross polarization for various sam-
ples, we systematically varied the contact time in the spec-
trum of each sample from 0.02 to 4 ms. The cross-polarized
intensity will rise to a maximum with increasing contact
times and then start to fall because of spin relaxation.

The rate of cross polarization of the carbon atoms from
POPC generally increases approximately fourfold with the
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addition of 0.2 mol fraction cholesterol (Fig. 6). Increasing
cholesterol to 0.3 (not shown) or 0.5 mol fraction further
raises the rate of cross polarization in the case of POPC
(Fig. 6). This is in accord with the well known ordering
effect of cholesterol on phospholipid bilayers in the liquid
crystalline state.

In the absence of cholesterol, the rate of cross polariza-
tion is similar for both POPC and POPS. However, upon
adding 0.2 mol fraction cholesterol to either lipid, there is a



Cholesterol-Phospholipid Mixtures 2059
TABLE 1 Peak intensity by direct polarization for mixtures of 0.5 mol fraction cholesterol with POPC or POPS
POPC POPS
Chemical shift Number of Relative Number of Relative

Assignment (ppm) carbon atoms observed intensity™* carbon atoms observed intensity"
C=0 174.2 - - 1 1.03
C=0 174.0 2 0.94 1 091
Serine COOH 172.2 - - 1 17
Cholesterol C5 142.3 to 140.8 1 0.45 1 0.26
Acyl C=C 130.1 1 0.82 1 0.94
Acyl C=C 129.6 1 0.95 1 1.05
Cholesterol C6 120.7 1 0.54 1 0.19
Quaternary CH; 54.5 3 3t - -
Terminal CH; 14.22 2 2.08 2 2.12
Crystalline cholesterol C18 13.26 0 0 a 0.305
Cholesterol C18 12.72 1 0.71 b® 0.147
Crystalline cholesterol C18 11.99 0 0 ¥ 0.284

*Relative to the quaternary ammonium methyl groups.

Relative to the serine carboxyl group.

By definition.

SSum of all three C18 resonances, a + b + ¢, should equal 1 (see text).
Delay time 100 sec

more rapid rate of cross polarization with POPS (Fig. 6)
than with POPC. This indicates that with 0.2 mol fraction
cholesterol there is less molecular motion in the POPS
sample compared with the POPC sample.

Direct polarization

In principle it should be possible to quantify the number of
carbon atoms from Bloch decay measurements (direct po-
larization, as in liquids, rather than cross-polarization).
However, with more rigid groups this may become difficult
to accomplish because of the long carbon T, s, requiring a
long delay time to measure full peak intensity (Brainard and
Cordes, 1981). To approach full peak intensity within a
practical amount of accumulation time, we used a delay
time of 100 s and an accumulation of approximately 3000
scans (3.5 days of acquisition time) (Fig. 1).

The spectra of POPC with 0.5 mol fraction cholesterol
show a resonance at 54.46 ppm, corresponding to the three
quaternary ammonium methyl groups of POPC. This reso-
nance is not observed in the CP/MAS spectra, indicating
that it has high mobility. With the long 100-s delay time, the
carbon atoms of the POPC have close to the expected
intensity relative to the quaternary ammonium methyl
groups, except for the ester carbonyl (Table 1). However,
most of the carbon atoms of cholesterol have about half of
the expected intensity, suggesting that 100 s is still not long
enough to measure the full resonance intensity. It would be
expected that cholesterol would have more restricted rota-
tion, and hence a longer T, in the slow motional regime,
because of its fused ring system and slower axial rotation
compared with the phospholipid. In the case of mixtures of
POPS with 0.5 mol fraction cholesterol, all carbon reso-
nances of POPS have intensities equal to those expected on

the basis of the signal from the COOH in the headgroup,
even the ester carbonyl. However, the signals from the
cholesterol are even weaker than they are in mixtures with
POPC.

The exception is the C18 methyl group where the sum of
the three resonances assigned to the C18 group is 0.74 of
full intensity. This is about the same relative intensity as
found for the 12.7 ppm signal from the C18 of cholesterol
in POPC. This comparison suggests that the motion of most
of the cholesterol molecule, except near the C18 position, is
more restricted in POPS than it is in POPC. This conclusion
is supported by the fact that intensities of the cholesterol
resonances are more markedly reduced using a 5- or a 10-s
delay time, compared with small decreases that occur in the
phospholipid signal intensities at the shorter delay time (not
shown). This is particularly marked for the vinylic carbons
of cholesterol, where the 140.9 ppm resonance is not ob-
served at the shorter delay times. It is also not observed in
direct polarization measurements of cholesterol monohy-
drate crystals with 5- or 10-s delay times (not shown).

The C18 signals can be used to estimate the fraction of
cholesterol that is in crystalline form. One signal from this
group, at 12.7 ppm, is observed in all samples of cholesterol
mixed with either of the two phospholipids, including at low
molar fractions of cholesterol. This peak corresponds to
cholesterol “dissolved” in the membrane. The C18 reso-
nances at 13.26 and 11.99 ppm are observed only with
mixtures of POPS with higher molar fractions of cholesterol
or with crystals of cholesterol monohydrate. These reso-
nances therefore correspond to cholesterol crystals or to
aggregates of cholesterol in the membrane that closely
resemble cholesterol crystals. The ratio of the sum of the
13.26 and 11.99 peaks to the sum of the three C18 peaks is
0.800 (Table 1). Using delay times of 5 and 10 s, this ratio

Biophysical Journal 83(4) 2053-2063
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is calculated to be 0.805 and 0.794, respectively. The inde-
pendence of this ratio over a 20-fold range of delay times
indicates that even though the intensity is only 0.74 that of
the phospholipid, this is likely to be a result of the different
motional properties of the two molecules, rather than be-
cause of the presence of a fraction of cholesterol with a very
long T,. There is, thus, a dramatic difference between POPC
and POPS. POPC bilayers have no crystalline cholesterol at
a cholesterol molar fraction of 0.5 yet POPS bilayers have
80% of the cholesterol in the form of monohydrate crystals.

It is interesting to compare the fraction of cholesterol
estimated to be present as crystallites from the MAS NMR
study with the estimate obtained from calorimetry. It is well
known that cholesterol crystals can exist in two anhydrous
forms, as well as the monohydrate (Loomis et al., 1979).
With calorimetry, the most accurate estimate of the amount
of cholesterol crystals in mixtures with phospholipids
comes from measuring the enthalpy of the polymorphic
transition of anhydrous cholesterol crystals that occurs at
approximately 38°C upon heating. This is because this
transition is relatively sharp and the anhydrous form takes at
least several hours to undergo hydration to the monohydrate
form, even in the presence of excess water. There is an
additional complication in trying to estimate the amount of
crystalline cholesterol monohydrate in mixtures with phos-
pholipids from calorimetry. This is a result of the fact that
over a period of many hours the transition temperature
corresponding to the dehydration of cholesterol crystals
shifts from ~75°C to 96°C (Epand et al., 2001a). The
enthalpy of the transition at 96°C with POPS and 0.5 mol
fraction cholesterol is 1.8 kcal/mol. Taking the value of 2.35
kcal/mol for the dehydration of pure cholesterol monohy-
date crystals (Loomis et al., 1979) it would be estimated that
77% of the cholesterol is in crystalline form. However, this
estimate is uncertain because the dehydration transition of
cholesterol in the presence of POPS occurs at a different
temperature from that observed with pure cholesterol mo-
nohydrate crystals, and therefore it may also have a different
enthalpy. After dehydration of cholesterol monohydrate by
heating, only 46% of the cholesterol is detected as anhy-
drous cholesterol suggesting that either there is less crystal-
line cholesterol after dehydration or that DSC overestimates
the amount of cholesterol monohydrate crystals in the sam-
ples having a dehydration transition at 96°C. The estimate
from NMR for the amount of crystalline cholesterol mono-
hydrate agrees well with that from calorimetry in aged
samples. However, the samples used for MAS were not
incubated for extended periods. We suggest that there are
smaller domains of cholesterol monohydrate crystals that
are difficult to detect by DSC at early times because of the
broadness of the transition, but can easily be detected by
NMR. It is possible that upon aging, these small domains
coalesce to produce the 96°C melting form that has a higher
degree of cooperativity and a higher observed transition
enthalpy. This indicates that cholesterol monohydrate crys-
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tals are less miscible with POPS than are crystals of anhy-
drous cholesterol.

Time-dependent changes of cholesterol crystals

It has been shown that the '>*C CP/MAS NMR spectrum of
crystals of the low temperature polymorph of anhydrous
cholesterol is different from that of cholesterol monohydrate
crystals (Guo and Hamilton, 1996). We have studied the
time-dependent changes that occur upon incubation of sam-
ples of POPS with 0.5 mol fraction cholesterol. Immediately
after suspension of the lipid film in buffer these samples
contain cholesterol crystals at 25°C, largely in the form of
the low temperature polymorph of anhydrous cholesterol.
The hydration of cholesterol crystals occurs over a period of
several hours (Loomis et al., 1979) and then, upon further
incubation, another change takes place (Epand et al.,
2001a). The nature of this transformation is not well char-
acterized. No changes occur with pure cholesterol monohy-
drate crystals in the absence of a phospholipid. The rate of
the transformation is slow, requiring days to complete,
except for one reported case in the presence of added
protein (Epand et al., 2001b). We further characterized the
nature of the changes that result in altered dehydration
properties of cholesterol monohydrate using '*C CP/MAS
NMR.

To obtain a good signal to noise ratio in CP/MAS NMR
spectroscopy requires the accumulation of spectra over a
period of ~6 h or more. The first spectrum was measured
for 6 h after the sample had been hydrated, incubated for 30
min at 60°C, cooled, centrifuged, the pellet packed into an
MAS rotor and brought to the NMR instrument. During the
time of sample preparation plus the first 6 h of spectral
accumulation, the major fraction of anhydrous cholesterol
crystals was converted to cholesterol monohydrate. The
changes due to hydration are most clearly seen in the
resonances for the C5 (~140 ppm) and C6 (~120 ppm) of
cholesterol (Fig. 7). The first spectrum, taken over the first
6 h, actually represents a mixture of anhydrous cholesterol
and cholesterol monohydrate, as the sample is continually
changing during the measurement. We are not concerned
here with the kinetics of this initial hydration process, but
rather the subsequent series of spectra taken after 6 h when
most of the cholesterol crystals are in the form of the
monohydrate. These spectra were measured during sequen-
tial 12-h periods and then compared with the spectrum of a
sample that had been incubated for 3 weeks at 37°C. The
position and shape of the peaks did not change with increas-
ing time of incubation. However, there were measurable
changes in the intensities of the peaks with time of incuba-
tion for some, but not for all, of the peaks (Fig. 8). The
results demonstrate that several of the carbons of the C-ring
of cholesterol, e.g., C9 and 14 and several of the carbons of
the D-ring, e.g., C14 and 17 as well as the C18 methyl group
of crystalline cholesterol monohydrate increase in intensity
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180 170 160 150 140 130 120 110
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FIGURE 7 Conversion of anhydrous cholesterol to cholesterol monohy-
drate in a sample of POPS with 0.5 mol fraction cholesterol, maintained at
a temperature of 25°C during spectral accumulation. The bottom spectrum
was taken during the first 6 h after sample preparation and the top spectrum
is of the same sample measured immediately following the first spectrum
(bottom) and accumulating over the time period 6 to 18 h after sample
preparation. Contact time was 1 ms.

with time of incubation, whereas resonances at either end of
cholesterol, C3 of the A ring and C24 of the alkyl chain do
not change with time, nor does the C18 methyl group of
noncrystalline cholesterol. All of the spectra were recorded
with a contact time of 1 ms, which is at or close to the
contact time required for maximal intensity in most of the
carbon atoms in most of the samples. The results indicate
that the marked changes in DSC behavior of cholesterol
monohydrate crystals incubated in the presence of POPS
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with excess buffer (Epand et al., 2001a) or in the presence
of the protein NAP-22 (Epand et al., 2001b) does not
involve a large change in structure. The cholesterol remains
as the monohydrate, in agreement with x-ray diffraction
results (Epand et al., 2001a). The observation that the in-
tensity of certain resonances does not change with time
suggests that there is no increase in the amount of choles-
terol monohydrate crystals present in the samples but rather
a change in the motional properties of certain groups. The
change that occurs on incubation appears to be a tighter
packing of the C and D rings in cholesterol stacks, resulting
in a decrease in the molecular motion but only in this region
of the cholesterol.

CONCLUSIONS

We have thus demonstrated that POPS and POPC interact
differently with cholesterol, even at molar fractions in
which cholesterol crystals are not formed. This is shown by
the ability of cholesterol to induce splitting of the ester
C=0 of POPS but not of POPC. In addition, there is
evidence for the presence of cholesterol crystals and/or
immobilized cholesterol aggregates at 0.3 and 0.5 mol frac-
tion cholesterol with POPS but no indication of this even at
0.5 mol fraction cholesterol with POPC. The more crystal-
line-like arrangement of cholesterol in POPS is indicated by
the splitting of the vinylic carbon resonances of cholesterol
(CS5 and C6) as well as the appearance of cholesterol C18
resonances at chemical shifts coincident with those of au-
thentic crystals. In addition, the lower intensity of the peaks
from the vinylic carbon resonances of cholesterol in Bloch
decays also indicates the greater rigidity of the sterol with
POPS.

1.5

1.4 - o
FIGURE 8 Time dependence of choles-
terol '3C CP/MAS NMR peak intensities © o 9
of a sample of POPS with 0.5 mol fraction 2 137
of cholesterol incubated at 25°C. The in- 2 @] v
tensities are calculated as relative ; A | ]

. . 2 1.2 1

changes, normalized to 1 at zero time. = v X ® 5 ° 7115
Contact time 1 ms. The chemical shift CIC.) ] v | | 16 ppm
corresponding to each symbol is indicated € 114 g v o O 59.43 ppm
in the insert in the figure. These peaks are o 8 * v 5777 ppm
assigned to the following carbons of cho- 2 ™ v 51.45ppm
lesterol: 71.16 ppm, C3; 59.43 ppm, C14; % 100! A O ¢ ®  50.06 ppm
57.77 ppm, C17; 51.45 ppm and 50.06 = 8 A ° O 40.54 ppm
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The molecular basis of the difference in behavior be-
tween POPC and POPS in its interactions with cholesterol is
not simple to explain. The difference between these two
lipids must be a consequence, either directly or indirectly, of
the difference in the headgroup. There is evidence that
cholesterol transfers less readily from PS-containing vesi-
cles than from those containing PC (Leventis and Silvius,
2001; Niu and Litman, 2002). This has been interpreted to
suggest that cholesterol has a stronger affinity for PS than
for PC. However, the results of the present study indicate
that the cholesterol has lower miscibility with PS than with
PC. The reason that the sterol dissociates more slowly from
PS-containing vesicles is because it is forming ordered,
more stable, crystalline-like domains of sterol. It has been
shown that PS has a relatively rigid headgroup structure
compared with PC (Browning and Seelig, 1980). This may
explain why the two C=0 groups of POPS are more easily
resolved in the presence of cholesterol, i.e., because ex-
change between the two environments is slow. However,
there is evidence that the effect of lower solubility of
cholesterol is not specific for PS but is also seen with other
anionic lipids (Bach and Wachtel, 1989). In addition, the
solubility of cholesterol is also sensitive to the acyl chain
composition (Huster et al., 1998) and is not solely deter-
mined by the headgroup. Even a minor change, in going
from POPS to 1-stearoyl-2-oleoyl phosphatidylserine, re-
sults in a significant change of cholesterol solubility (Bach
et al.,, 1992). Thus, a much larger variety of structurally
different lipids would have to be studied with regard to their
interactions with cholesterol to further define the molecular
details of these phenomena.
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