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ABSTRACT There is a marked hysteresis between the heating and cooling polymorphic phase transition of anhydrous
cholesterol. At a scan rate of 0.05°C/min the difference in transition temperatures between heating and cooling scans is
~10°C. This phenomenon also occurs with mixtures of cholesterol with phosphatidylserine and can result in an underesti-
mation of the amount of crystalline cholesterol in a sample that has not been cooled sufficiently. With 1-palmitoyl-2-oleoyl
phosphatidylserine and 1-stearoyl-2-oleoyl phosphatidylserine the cholesterol crystallites form while the lipid remains in the
L, phase. Sonication of dimyristoyl phosphatidylserine with a 0.4 mol fraction cholesterol results in the loss of cholesterol
crystallite diffraction, but only a partial loss of the polymorphic transition detected by calorimetry. We therefore conclude that
the thermal history of the sample can have profound effects on the appearance of the polymorphic phase transition of
cholesterol by differential scanning calorimetry. Depending on the morphology of the vesicles, diffraction methods may
underevaluate the amount of cholesterol crystallites present.

INTRODUCTION

It has been demonstrated that cholesterol is much legsrotocol has recently been suggested in which the organic
soluble in phosphatidylserine (PS) (Bach, 1984; Wachtel esolvent is rapidly exchanged for water using a specially
al., 1991) than it is in phosphatidylcholine. Recently, theconstructed apparatus (Buboltz and Feigenson, 1999). Al-
validity of results using mixtures of cholesterol and phos-though it was demonstrated that this method gives very
pholipids made by depositing lipid films from organic sol- reproducible results, it would be difficult with any method
vent has been questioned on the basis of the reproducibilitio ascertain that this represents the lowest-energy equilib-
of the specimens (Huang et al., 1999). The problem that isium state. Rearrangements leading to cholesterol crystallite
always encountered in making mixtures of lipids is that bothformation may be very slow, and procedures giving greater
components are insoluble in water, hence there is a problefipid mixing do not necessarily produce equilibrium states.
of how to ensure complete mixing of the two components to In the present manuscript we demonstrate that a compli-
make it more likely that the observed phase behavior reeating factor in the appearance of thermotropic cholesterol
flects an equilibrium state. There is no ideal way to solvetransitions in phospholipid/cholesterol mixtures is the
this problem. If the two lipids are codissolved in organic marked hysteresis in the polymorphic transition of anhy-
solvent, as is the case in the present manuscript, there isdxous cholesterol crystallites. In addition, we demonstrate
possibility that they will separate during solvent removal.that cholesterol crystallites that can easily be detected by
Even if the solvent is removed in the frozen state, such adifferential scanning calorimetry (DSC) do not necessarily
from benzene, separation of lipid components may occugive rise to observable diffraction in x-ray diffraction
during freezing of the solvent, even if it is less likely to experiments.

occur during solvent evaporation. Another danger with prior

dissolution in another solvent is that the solvent may not be

completely removed before hydration. In the case of re EXPERIMENTAL PROCEDURES

moval of benzene from cholesterol-containing lipid sam-paterials

ples, it was found that 72 h under high vacuum were

required to remove the benzene (Bach et al., 1992). A novéetholesterol (Sigma grade, 996) was purchased from the Sigma Chem-
ical Company (St. Louis, MO) and Nu Chek Prep (Elysian, MN). The

phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL).
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7.40; or with 0.01 M Tris-HCI, 0.5 M NacCl, pH 7.4. Two different buffers the ratio of the two intensity values calculated to normalize in each case to
were used for a combination of reasons. The PIPES buffer is the same dlse amount of phospholipid irradiated by the x-ray beam.

that used in our earlier DSC work with some of these lipids (Bach et al.,

1992) and the 0.5 M salt buffer has also been used by us in previous

diffraction studies. The high salt concentration is required to obtain mul-

tiple lamellar reflections from MLVs of charged lipids (Hauser, 1984). RESULTS

Using DSC, we have never observed a difference in lipid phase behavior

between lipid mixtures suspended in these two buffers. The lipid film wasDSC

suspended and hydrated by intermittent vortexing and heating to 50°C ov:

a period of 30 min. ®the thermal transitions of anhydrous cholesterol and cho-

lesterol monohydrate are well known (Loomis et al., 1979).

Below 100°C, two transitions occur. One of them, occurring
Preparation of sonicated vesicles (SUV) for DSC in the region of 38°C, involves the conversion of one
Lipid films were prepared and dried as described above for MLVs. ThecrﬁswlIIIne .f(.)rm of anhy?)rous 7C$O%eSt%r(:;]l to banOthgr' -I.—fhed
lipid films were hydrated in distilled water with vortexing and heating to other transmon_ occurs above an as been identifie
50°C, as above. The resulting suspension was then placed in a bath-ty@s the conversion of cholesterol monohydrate to anhydrous
sonicator and sonicated for a period of 30 min. The slightly hazy suspeneholesterol. At a cooling scan rate of 5°C/min, it has been
sion was then lyophilized. The lyophilized material was then suspended ighown that the polymorphic transition of cholesterol under-
salt buffer and vortexed with heating to 50°C over a period of 30 min. goes an “under-cooling te-20°C” (Loomis et al 1979)

We have further investigated this phenomenon.
DSC We have prepared suspensions of cholesterol in a manner

similar to that described above for MLVs, but in the absence
Measurements were made using a Nano differential scanning calorimetgsf PS. These samples were scanned several times between
(Calorimetry Sciences Corporation, Provo, UT). The features of the desigmo o ; : : ; _
of this instrument have been described (Privalov et al., 1995). DSC curve@ C and 90°C W_Ith a Sef'es of Sequentlal heatlng and _COOI
were analyzed by using the fitting program, DA-2, provided by Microcal Ing scans. The first heatmg scan showed the_ dehydratlon c_’f
Inc. (Northampton, MA). cholesterol monohydrate and the polymorphic phase transi-

( pton, MA) y y

tion of anhydrous cholesterol. At scan rates between 0.5 and

2°C/min the dehydration of cholesterol was only observed
Preparation of samples for x-ray in the first heating scan. For slower scan rates this transition
diffraction measurements was observed in both the second and third heating scans, but
DMPS and cholesterol were dissolved in chloroform/methanol (2:1 viv)in None of the cooling scans. We conclude, as has been
and mixed together with mol fraction cholesterol of 0.4 and 0.5. BothObserved before, that the conversion of anhydrous choles-
samples were divided into two portions, the solvents were driven off by aterol into cholesterol monohydrate is a very slow process.
stream of nitrogen gas, and the samples were kept under high vacuurgamp|es heated to 90°C to dehydrate cholesterol could be
(0.1-0.07 mm Hg) for 3. To one portion of each sample, water was addegj, a1 at 0, 22, or 37°C for seven days, resulting in the
to give a concentration of6 mg/ml; to the other portion 0.5 M NaCl in . .
0.01 M Tris-HCI buffer was added to give a similar lipid concentration. All essem'a“y Complete (_:o_nverS|on Of_ _Ch0|eSter0| back to the
the samples were incubated at 58°C with frequent vortexing. The watemonohydrate form, giving a transition at 72°C (data not
dispersions were sonicated for 30 min in a bath sonicator at room tempelshown)_
ature. They were then frozen in |IQUId nitrogen and the water was driven off The temperature of the polymorphlc phase transition oc-
by lyophilization at high vacuum. To the dried lipid mixtures was added o : -

o . curred at 23°C lower on cooling than on heating, at a scan

0.5 M NacCl in Tris-HCI buffer and the samples were incubated as above. o _ .
Subsequently, all the dispersions were centrifuged in an Ependorff centrif@t® Of 2°C/min. A difference between the temperature of
fuge for 15 min and the precipitate was loaded into 1.5-mm quartzthe polymorphic transition on heating and on cooling was
capillaries. An excess of mother liquor was added to each capillary and thenaintained even at very slow scan rates (Fig. 1). The
capillaries were sealed under argon gas. transition temperatures taken from DSC heating and cooling
scans are plotted as the reciprocal of the scan rate to more
easily demonstrate the insensitivity of the phase transition
temperature to scan rate at slow scan rates (high values of
X-ray diffraction measurements were performed as described in Cheetham/(scan rate)), To be closest to equilibrium a slow scan rate
et al. (1989). Each sample was measured at intervals over a period % required. The results indicate that the kinetics of the
approximately one month. Exposure times were on the order of 16 h, . .
During the entire procedure, the samples were kept at room temperaturénterconversmn of the two polymorph:c forms _Of_ChOIeSterOI

is extremely slow betweer 25 and 35°C. This is illustrated

by the marked shift in transition temperature observed be-
Analysis of x-ray diffraction data tween heating and cooling even at the very slow scan rate of

. . R 0.05°C/min (Fig. 2).
Integrated intensity of the 34 A diffraction peak of cholesterol was deter- For the t it f holest | hvdrate to th
mined using the computer program ORIGIN (Microcal, Inc., Northampton, or the transition irom cholesterol monohydrate to the

MA) for baseline subtraction and area integration. The integrated intensigfigh-temperature polymorph of anhydrous cholesterol, the
of the second-order bilayer diffraction peak was determined similarly anddependence of the transition temperature on heating scan

X-ray diffraction experiments
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75 to which the lipid suspension has been cooled before DSC
N s - 4 analysis. For example, if a sample of POPS with a mol
& 651 fraction of 0.5 cholesterol is prepared by hydration at 50°C
§ 60 and is then scanned between 25°C and 90°C without having
> 55 been cooled below room temperature, no polymorphic tran-
Z 5] sition of anhydrous cholesterol is observed, only the tran-
flsj 45 sition of the monohydrate at 75°C (Fig. 3). With SOPS,
& 4] which has been shown to have a lower solubility for cho-
g ] — . . lesterol (Bach et al., 1992), a small transition is observed at
e 3] 37°C upon heating a sample from 25°C which had never
é 25.] . been cooled. The enthalpy of this transition decreases from
§ 20 v 220 to 96 cal/mol cholesterol between the first and second
= s ] //*/ heating scan (Fig. 4).
, , . . ; ; When either the same sample of POPS or SOPS with 0.5

0 5 10 15 20

mol fraction cholesterol is cooled in the DSC down to 0°C,
(1/Scan Rate)(minutes/degree)

an exotherm of 532 and 728 cal/mol cholesterol is observed
FIGURE 1 Effect of scan rate on the transition temperatures of purefor POPS and SOPS, respectively. ,The Sizé Of, this peak
cholesterol in excess buffer of 0.5 M NaCl, 10 mM Tris, pH 7.4. Choles- d0€S not change on subsequent heating and cooling between
terol concentration, 26 mg/nilriangles:heating transition temperature for 0 and 90°C. The exotherm on cooling at 2°C/min occurs at
the dehydratio_n of cholestergi_quares:heating transition _temperatu_re for 17°C, before the L_to LB transition of the PS, which occurs
the pp!ymorphlc phase transition of anhydrous choIester_qites: cooling at 10.7°C for SOPS and a lower temperature for POPS (Scan
::r:glselztoer;otfmperature for the polymorphic phase transition of anhydrous4 of Figs. 3 and 4). The polymorphic transition of choles-
terol is not well resolved from the chain freezing transition
of SOPS on cooling. Hence, more quantitative values of the
transition enthalpy of the cholesterol polymorphic transition
rate is small. However, no transition is observed on coolingzcan be obtained from the heating scans for this lipid mix-
at any scan rate, indicating that the dehydration of cholesture. As will be shown below, in the case of DMPS it is the
terol is rapid above 70°C but that the rehydration is verycooling scan that is better resolved and gives more reliable
slow over a range of temperatures. quantitation. Hence, because of the large hysteresis of the
The kinetics of the cholesterol transitions have markedoolymorphic transition of cholesterol, one can choose either
effects on the magnitude of the polymorphic transition of
cholesterol observed by DSC. One factor is the temperature
1000
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20 30 40 FIGURE 3 DSC scans of a single representative sample of POPS with

Temperature (°C) 0.5 mol fraction cholesterol. POPS concentration 1.5 mg/ml in 20 mM
PIPES, 1 mM EDTA, 150 mM NacCl with 0.002% NaNpH 7.40. Scan
FIGURE 2 DSC of cholesterol dispersed in excess buffer of 0.5 M NaCl,rate 2°C/min. The top four curves are heating scans and the bottom four
10 mM Tris, pH 7.4. Cholesterol concentration, 26 mg/ml. Scan ratecurves are cooling scans. The numbers indicate the order in which the scans
0.05°C/min. The top curve is a heating scan and the bottom curve is avere run. Curves have been displaced alongytlzis for presentation.
cooling scan. Excess heat capacity is expressed per mole of PS.
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FIGURE 4 DSC scans of a single representative sample of SOPS withyiGURE 5 DSC scans of a single representative sample of POPS with
0.5 mol fraction cholesterol. SOPS concentration 1.5 mg/ml in 20 mMg 5 mol fraction cholesterol. POPS concentration 1.5 mg/ml in 20 mM
PIPES, 1 mM EDTA, 150 mM NaCl with 0.002% NgNoH 7.40. Scan  p|PES, 1 mM EDTA, 150 mM NaCl with 0.002% NaNpH 7.40. Scan

rate 2°C/min. The top four curves are heating scans and the bottom thregte 2°C/min. The top three curves are heating scans and the bottom three
curves are cooling scans. The numbers indicate the order in which the scaggrves are cooling scans. The numbers indicate the order in which the scans
were run. Curves have been displaced alongytiaeis for presentation.  were run. Curves have been displaced alongytiais for presentation.
Excess heat capacity is expressed per mole of PS. Excess heat capacity is expressed per mole of PS.

heating or cooling curves to have the cholesterol transitiomunderestimation of the transition enthalpy because it would

well separated from other transitions that may occur in thdead to an inaccurate placement of the baseline. There was

sample. no comparable phenomenon in the heating scans (not
Another source of variability in the quantitation of cho- shown) or at a cholesterol mol fraction of 0.5. To better

lesterol crystallites is the presence of cholesterol monohy-

drate in samples that have not been heated above 75°C. The

enthalpy of the polymorphic transition of cholesterol is 1000+

observed on the first scan if the sample is first cooled to

0°C. However, the magnitude of this enthalpy is only about

half of that found with subsequent heating or cooling scans . |

for both POPS (Fig. 5) or SOPS (Fig. 6) with 0.5 mol 3
fraction cholesterol. After the first heating scan, repeateds ;
scanning between 0 and 90°C shows no further change. g 1

At a cholesterol mol fraction of 0.4 at a heating scan rate‘%3 04
of 2°/min, an endothermal transition was observed at 38°C.2

] 2
The enthalpy of this transition was 425 and 275 cal/mol&
cholesterol for SOPS and POPS, respectively. It was noted o0 A
with POPS that the enthalpy of the cooling polymorphic \/’\/

l 1|o ' 2|o ‘ l ' l '

transition of cholesterol was-20% lower than the heating
transition. This discrepancy was not observed with pure
cholesterol or with a cholesterol mol fraction of 0.5 with
either POPS or with SOPS. We therefore investigated this
phenomenon further. The concentration of lipid was in-
creased fivefold to obtain a more accurate characterizatioRiGURE 6 DSC scans of a single representative sample of SOPS with
of the transition. We observed a definite high temperature.5 mol fraction cholesterol. SOPS concentration 1.5 mg/ml in 20 mM
shoulder in the cooling scans for the cholesterol polymorPIPES, 1 mM EDTA, 150 mM NaCl with 0.002% NaNpH 7.40. Scan
phic transition of POPS with 0.4 mol fraction cholesterol rate 2°C/min. The top two curves are heating scans and the bottom two

. . curves are cooling scans. The numbers indicate the order in which the scans
(Fig. 7). The enthalpy of this shoulder amounted~t6— were run. Curves have been displaced alongytlais for presentation.

10% of the enthalpy of the main component at 17.5°C.gycess heat capacity is expressed per mole of PS. Excess heat capacity is
However, this shoulder would also result in an additionalexpressed per mole of PS.
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FIGURE 7 Cooling DSC scans of a single representative sample oFIGURE 8 Cooling DSC scans of DMPS with 0.4 mol fraction choles-
POPS with 0.4 mol fraction cholesterol. POPS concentration 7.5 mg/ml interol. DMPS concentration 1.5 mg/ml in 0.5 M NaCl, 10 mM Tris, pH 7.40.

20 mM PIPES, 1 mM EDTA, 150 mM NaCl with 0.002% Ng\pH 7.40.  Scan rate 2°C/min. The top curve is a sample that had been sonicated, the
Scan rate 2°C/min. The top three curves are at a cooling scan rate dfottom curve is an identical sample that had not been sonicatedn3éte
0.5°C/min and the bottom three curves are at a cooling scan rate ofhows an expansion of the low-temperature region of the sonicated sample.
2°C/min. Several replicate scans are shown to illustrate the excellenCurves have been displaced along yhexis for presentation.

reproducibility of this complex phase behavior. Curves have been dis-

placed along thg axis for presentation. Excess heat capacity is expressed

per mole of PS. X-ray diffraction

Fig. 9 presents the x-ray diffraction profiles of DMPS/

cholesterol mixtures in both the sonicated and unsonicated

resolve these components and to determine the effect G \q \with mol fraction cholesterol 0.4 and 0.5. In unsoni-
scan rate on their behavior, the DSC of POPS with 0.4 mo!:ated samples (Fig. Gurves cand d), the patterns are

fraction cholesterol was repeated using a scan rate OfO'SDCE{/picaI of diffraction from MLVs, i.e., sharp peaks with
min. At this slower scan rate the exothermic cooling ran-gacing in the ratios 1:2:3. A diffraction peak at 34 A
sition was clearly resolved into two major components at 20 T

and at 23°C, each with an enthalpy of close to 150 cal/mol
cholesterol (Fig. 7). There is also a minor component cen-
tered at~34°C with an enthalpy of 25 cal/mol cholesterol.
We also tested the effect of sonication on the thermo-
tropic phase transitions of PS/cholesterol mixtures. Sonica-
tion was performed in distilled water, followed by lyophi-
lization and resuspension in buffer with 0.5 M NaCl, as
described in the Methods section. With SOPS and POPS
containing 0.3 mol fraction cholesterol, we observed little
difference between the sonicated and unsonicated samples
(data not shown). However, in the case of DMPS with 0.4 T
mol fraction cholesterol, the samples became clearer upon ! '
sonication, compared with the POPS and SOPS mixtures, v 0.1 0'% 0.3
and the DSC showed marked broadening of thé:|, phase q(17A)
transition (Fig. 8). The polymorphic transition of cholesterol _— , , ,
. . . FIGURE 9 Low-angle x-ray diffraction profiles plotted as intensity ver-
Can_be re&?d”y Obs‘?'_rved in the C(_)Olmg scans. However, thgus the amplitude of the scattering veapoiCurve a:sonicated sample of
chain melting transition of DMPS is at the same temperaturgyvps with mol fraction cholesterol 0.4, prepared as described in the
as the polymorphic transition of cholesterol observed oOrexperimental sectionCurve b: sonicated sample of DMPS with mol
heating. The enthalpy of the cholesterol polymorphic tran{raction cholesterol 0.5Curve c:unsonicated sample of DMPS with mol
sition was 225 cal/mol cholesterol in the unsonicated Samf_rac'[ion cholesterol 0.4Curve d:unsonicated sample of DMPS with mol
. . fraction cholesterol 0.5. The arrow marks the 34 A diffraction peak of
pIe _and 100 cal/mol in thef sonlgated sample. Storage of th@nolesterol. Two orders of the lamellar diffraction are observed in each
sonicated samples overnight either at room temperature Gface at~60 A and 30 A, and an additional shoulder in the case of the
at 4°C resulted in little change in the thermotropic behavior sonicated samples.

Intensity

=S S~
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(indicated by the arrow), characteristic of cholesterol crysstudy that the thermal history of the sample can result in
tals, is also observed. For sonicated samples (Figues qualitatively different results, even for the same specimen.
a andb), the phospholipid lamellar diffraction is less well ~ The variability in the amount of cholesterol crystallites
defined. In addition to the lamellar diffraction peaks, adetected in a sample by DSC is primarily the result of the
broad shoulder is observed aaf ~0.15 A%, indicative  hysteresis of the polymorphic transition of cholesterol. Even
of a poorly ordered sample. No cholesterol diffraction peakat an extremely slow scan rate of 0.05°C/min, there is about
was observed for mol fraction cholesterol 0.4 (Figc@ve  a 10°C difference between the heating and the cooling scan
a). In Fig. 10 is shown the time dependence of the ra®p (  for the polymorphic transition of cholesterol. To span this
of the integrated intensity of the diffraction peak at 34 A temperature range at this scan rate requires over 3 h, over
normalized to the integrated intensity of the second-ordewhich time there is no interconversion of one form of
lamellar diffraction calculated as described in the Experi-cholesterol into another. It is difficult to determine what the
mental section. For the unsonicated sample with mol fracequilibrium phase of anhydrous cholesterol is within this
tion cholesterol 0.4, the ratiB decreases by-30% during  temperature range because prolonged incubation leads to
the first five days, and after that there is no significantthe formation of cholesterol monohydrate, which must be
change. For the unsonicated sample with mol fraction chothe more stable form of cholesterol at these temperatures.
lesterol 0.5,R decreases<15% over the course of three  The effect of the hysteresis of the polymorphic phase
weeks. The sonicated sample with 0.5 mol fraction cholestransition of cholesterol on the detection of cholesterol

terol does not display any time dependence. crystallites in PS/cholesterol mixtures is dramatically dem-
onstrated by the fact that samples of POPS with 0.5 mol
DISCUSSION fraction of cholesterol show no polymorphic transition of

anhydrous cholesterol if they have not been cooled below
A general problem with studying the properties of lipids is room temperature (Fig. 3). However, once the samples are
to ascertain whether the system is at equilibrium. There areooled, even though they are still in the, Iphase, this
many examples of slow equilibration with these systemspolymorphic transition of crystalline cholesterol appears
particularly for gel and crystalline phases. This can also b&nd remains constant through a series of repetitive scans
a potential source of error when studying lipid mixtures. If (Figs. 3 and 5).
the rate of mixing of the two lipids or their rate of segre- The formation of cholesterol monohydrate can also re-
gation is slow, then the observed properties of the mixtureluce the amount of cholesterol crystallites detected by the
may be a consequence of the manner in which the sampl@8°C polymorphic transition. In every sample of cholester-
was prepared. The usual way to prepare lipid mixtures is byl/PS mixtures, the first DSC heating scan always showed a
first depositing a film containing the two lipids from organic smaller polymorphic phase transition-a88°C, along with
solvent. Although this is likely to produce specimens thatthe transition to the high-temperature polymorph of anhy-
after hydration are not completely at equilibrium, the drous cholesterol at-72°C. Once the cholesterol monohy-
method has never been shown to result in specimens that atleate was dehydrated at 72°C it required several hours of
far from equilibrium. In contrast, we show in the presentincubation for it to rehydrate. With relatively rapid scan
rates, after the first scan, one can avoid the complication of
having two forms of cholesterol crystallites, i.e., the mono-
1000 hydrate and the anhydrous form, since there will be insuf-
ficient time for the cholesterol hydrate to reform. However,
800 - if cholesterol-PS mixtures are not first heated to over 72°C,
0 one will underestimate the amount of cholesterol crystallites
600 - u , present in a sample from the enthalpy of the 38°C transition.
re The factors discussed above can have major, qualitative
400 . . o . effects on the appearance of cholesterol crystallites, partic-
ularly as a consequence of the hysteresis of the polymorphic
! o o o transition of anhydrous cholesterol. In addition, however,
o ‘ \ ‘ ‘ ‘ ‘ there are additional complexities for certain systems. In the
0 5 10 15 20 25 30 case of POPS with 0.4 mol fraction cholesterol, the poly-
t(days) morphic transition of cholesterol is split into several com-
ponents in cooling scans, making it more difficult to obtain
FIGURE 10 Time dependence of the ratij) of the integrated intensity  an accurate value for the transition enthalpy. However, the
pf the'34 A diffraction peak of cholestergl normalized to the integrated presence of a multicomponent transition is itself interesting,
intensity of the second-order lamellar diffraction pe&pen squares: . . "
unsonicated sample of DMPS, mol fraction of cholesterol @l6sed L m_other samples there W_ere 0|_'1Iy tran3|_t|ons that could
circles: unsonicated sample of DMPS, mol fraction of cholesterolopgn € ascribed to only two domains, viz. PS mixed with cho-
circles: sonicated sample of DMPS, mol fraction of cholesterol 0.5. lesterol and pure cholesterol crystallites. This is still the case
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with the heating scans of POPS with 0.4 mol fractionbrane of 0.10, while at an overall mol fraction of cholesterol
cholesterol, but the cooling curves exhibit definite contri-of 0.4, the fraction of noncrystalline cholesterol is 0.21. It is
butions from two or more distinct cholesterol componentspossible that at lower mol fractions of cholesterol a portion
One possible cause for the existence of multiple forms obf the cholesterol is present neither as detectable crystallites
cholesterol is that there are cholesterol crystallites bothor is it dissolved in the membrane. It is possible that the
within the bilayer and physically separated from the phos-average size of the crystallites becomes smaller as the total
pholipid. cholesterol concentration decreases, making it appear that
There is also the question of the precision of the meamore cholesterol is dissolved in the membrane. Conse-
surements using samples prepared in an identical manneguently, DSC may not detect all forms of the crystallites.
For each type of sample listed in Table 1 we prepared three The amount of cholesterol detected as crystallites can
separate lipid films and hydrated each separately. The pralepend on the method used for detection. Quantitation of
cision between identical samples wa$%, which is only  cholesterol crystallites by x-ray diffraction may lead to a
slightly greater than the reproducibility of sequential scandower estimate of crystalline cholesterol than DSC. Sonica-
using the same sample. The reproducibility of independention of samples of DMPS and cholesterol, which produces
samples can be seen by comparing Figs. 3 and 5 or Figs.gredominantly SUVs, resulted in a somewhat greater solu-
and 6. After the initial scan(s), the DSC curves are seen tbility of cholesterol in DMPS compared with unsonicated
be very similar for each of the two independently preparecsamples. Nevertheless, there was still a significant amount
duplicate pairs. of cholesterol detected by DSC even for a cholesterol mol
An indication that quantitative aspects of the phase misfraction of 0.4. As shown above, no x-ray diffraction peak
cibility of cholesterol and PS is complex is the finding that was detected at = 34 A for the sonicated sample with 0.4
the amount of cholesterol not in the form of crystallites thatmol fraction cholesterol. Thus, the limit of solubility of
can be detected by DSC is dependent on the total matholesterol in membrane bilayers may be overestimated if it
fraction of cholesterol in the sample (Table 1). The total molis based on diffraction measurements only. We suggest that
fraction of cholesterol in the lipid mixture is known from in the case of single-lamella vesicles, i.e., LUVs and SUVs,
the amount of phospholipid and cholesterol that was madéhe dimension of cholesterol crystallites normal to the plane
into a lipid film. The amount of crystalline cholesterol was of the bilayer is much smaller than in the case of MLVs. As
determined from the area under the DSC peak for thétis commonly considered that the cholesterol molecule lies
polymorphic transition of anhydrous cholesterol, as de-with its long axis close to the normal to the plane of the
scribed in the footnote to Table 1. The enthalpy for thisbilayer (Marsan et al., 1999), this would also be the direc-
transition was taken from the report of Loomis et al. (1979)tion of the 34 A repeat of the cholesterol crystals (Shieh et
for the polymorphic transition of anhydrous cholesterol.al., 1977; Craven, 1976). Consequently, without phospho-
This value of 910 cal/mol was also in agreement with ourlipid lamellar stacking, the 34 A diffraction peak and its
measurements of cholesterol suspended in water. It shouligher orders will be very difficult to observe. In the case of
be noted that although the measured transition is for anhythe SUV sample with 0.5 mol fraction cholesterol, choles-
drous cholesterol, it can be measured in the presence oérol diffraction is observed, perhaps because some choles-
excess water because of the slow rate of hydration oferol crystals are free in solution, as has been previously
anhydrous cholesterol. The difference between the totaduggested (Huang and Feigenson, 1999).
amount of cholesterol and that detected as crystallites from Finally, the present results are in excellent agreement
the DSC curve is taken as the fraction in the membrane nawith previous findings (Bach et al., 1992, 1998) that acyl
detected as crystallites. With SOPS and a mol fraction othain composition has an effect on the solubility of choles-
cholesterol of 0.5, the amount of noncrystalline cholesteroterol in PS. Together they provide clear evidence that the
corresponds to a mol fraction of cholesterol in the mem-properties of the mixtures of cholesterol with PS made by

TABLE 1 Acyl chain dependence of cholesterol crystallization in PS membranes

Mol fraction AH/mol cholesterol % cholesterol as Mol fraction cholesterol in membrane
LIPID cholesterol (calories)* crystald not detected as crystallites
POPS 0.5 536- 26 59+ 3 0.21+ 0.02
SOPS 0.5 728 24 80+ 3 0.10%+ 0.03
POPS 0.4 30 17 33+ 2 0.27+ 0.02
SOPS 0.4 425 24 47+ 2 0.21+ 0.03
DMPS 0.4 225+ 16 25+ 2 0.30% 0.02

*Enthalpies are average values for several heating and cooling scans with POPS, or heating scans with SOPS, or cooling scans with DMPS performed on
independent samples in triplicate.
TCalculated using\H for the polymorphic transition of cholesterol as 910 cal/mol (Loomis et al., 1979).
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solvent evaporation are quite reproducible. It is likely thatCheetham, J. J., E. Wachtel, D. Bach, and R. M. Epand. 1989. Role of the

the squbiIity limits determined for cholesterol in mem- stereochemistry of the hydroxyl group of cholesterol and the formation
of nonbilayer structures in phosphatidylethanolamiri@®chemistry.

branes will depend on the manner that the crystallites are 2g.3928_8934.

detected, as well as on the method of preparation of the ayen, B. M. 1976. Crystal structure of cholesterol monohydnaaure.
samples. However, a major cause of variation in the amount 260:727-729.

of cholesterol crystals observed by DSC can easily beiauser, H. 1984. Some aspects of the phase behaviour of charged lipids.
avoided by taking into account the marked hysteresis of the Biochim. Biophys. Actar72:37-50.

polymorphic transition of anhydrous cholesterol. Huang, J., J. T. Buboltz, and G. W. Feigenson. 1999. Maximum solubility
of cholesterol in phosphatidylcholine and phosphatidylethanolamine bi-
layers.Biochim. Biophys. Actal417:89-100.
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