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ABSTRACT: A detailed study on the structure, dynamics, and thermodynamic behavior of phosphatidylcholine/ 
cholesterol (PC/CHOL) mixtures was undertaken using differential scanning calorimetry (DSC) and 
solid-state nuclear magnetic resonance (NMR) spectroscopy. DSC thermograms of mixtures of cholesterol 
(CHOL) with 1,2-dipalmitoyl-sn-phosphatidylcholine (DPPC), 1,2-distearoyl-sn-phosphatidylcholine 
(DSPC), and 1,2-diarachidoyl-sn-phosphatidylcholine (DAPC) showed a broadening of the first-order 
gel - liquid crystalline transition and a decrease in the transition enthalpy, indicating a gradual loss of 
cooperativity for high CHOL concentrations. DPPC and DSPC were labeled with 13C at the carbonyl group 
of the sn-2 chain and 2H was introduced into the middle of the sn-2 chain at  the 6- and 12-position for DPPC 
and DSPC, respectively. The 13C and 2H NMR spectra of each labeled lipid were studied as a function 
of temperature and CHOL concentration. The residual quadrupole splitting in the *H NMR spectra, A v Q ~ ,  
was analyzed as a function of temperature and composition. For CHOL concentrations less than 30 mol 
%, a precipitous change in A V Q ~  occurs near the chain melting temperature of the phospholipid. Further 
increases in CHOL concentration broaden the transition and shift the midpoint to higher temperature, 
indicating the presence of a new phase at higher CHOL contents. Moreover, at a given temperature, A V Q ~  
increases with increasing cholesterol content, which indicates a more ordered structure. The 13C NMR 
spectra in the gel state consisted of a superposition of two components which can be attributed to both 
gel-like and fluid phospholipid domains in the bilayer. This two-component spectrum can be simulated 
quantitatively with a two-parameter chemical exchange model, which permits the fraction of each form 
and the exchange rate to be determined as a function of temperature and composition. At high CHOL 
contents the line width of the fluid component broadens, suggesting an increase in the exchange rate between 
the domains. These results were interpreted in terms of a temperature composition diagram with one region 
LBr, two regions LGI and LGII, and one liquid crystalline region L,, with LG denoting “liquid-gel” type 
phases. Liquid-gel phases correspond to phases with increased order in the hydrocarbon chains (in comparison 
to that of the pure PC bilayer in the L, phase) combined with fast limit axial diffusion that averages the 
I3C NMR spectrum to a “fluidlike” line. These phases are similar to those found in phosphatidylethanolamine/ 
cholesterol (PE/CHOL) mixtures [Blume, A., & Griffin, R. G. (1981) Biochemistry 24, 62301 and are 
in agreement with the results of Vist and Davis [(1990) Biochemistry 29, 4511. 

Cholesterol (CHOL)’ can be found in many biological 
membranes at very high concentrations, up to 50 mol 96 in the 
case of the human erythrocyte. Although its function in the 
membrane is not well understood, it is postulated to maintain 
membrane integrity under a variety of physiological conditions 
by mediating membrane fluidity. Consequently, its interaction 
with other membrane components, such as phospholipids, is 
of interest. Since biological membranes are heterogeneous 
entities, consisting of different lipid species together with a 
variety of proteins, the use of a model membrane system 
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consiting of a single phospholipid species can provide insight 
into the physical effects of CHOL. 

Numerous studies on the physical properties of CHOL/ 
lipid bilayers have been published [for reviews, see Demel and 
De Kruijff (1976), Huang (1977), Melchior (1982), Yeagle 
(1985), and Cullis et al. (1985)l. Early investigations on 
mixtures of PC and CHOL revealed that CHOL condenses 
fluid phospholipid monolayers while fluidizing solid ones (Shah 
& Shulman, 1967). Subsequent DSC studies have shown 
that CHOL broadens the gel-to-liquid crystalline phase 
transition, as well as decreasing the calorimetrically observed 
transition enthalpy (Ladbrooke et al., 1968; Mabrey et al., 
1978; Estep et al., 1978). Thus, CHOL was postulated to 
order the liquid crystalline phase and disorder the gel phase. 
As discussed below, this view is only partially correct. 

On the molecular level, the details of the PC/CHOL 
interaction have been examined by a variety of techniques 
including EPR (Shimshick & McConnell, 1973a,b; Reck- 
tenwald & McConnell, 198 I), fluorescence polarization 
(Rubenstein et al., 1967; Calhoun & Shipley, 1979; Rand et 
al., 1980), electron diffraction (Hui & He, 1983), neutron 
scattering (Mortensen et al., 1988), freeze-fracture electron 
microscopy (Copeland & McConnell, 1980; Lentz et al., 1980), 
and NMR (Gally et al., 1976; Haberkorn et al., 1977; Brown 
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& Seelig, 1978; Wittebort et al., 1982; Vist & Davis, 1990). 
These studies demonstrated the condensing effect of CHOL 
in the La phase. In particular, for T > Tm of the pure lipid, 
addition of CHOL leads to an incease in the orientational 
order of the phospholipid hydrocarbon chains. In addition, 
CHOL enhances rotational diffusion of the lipids in the bilayer. 
Several of these reports have suggested the formation of specific 
phospholipid-cholesterol complexes [for a summary, see Lentz 
et al. (1980)], but a number of stoichiometries for these 
complexes have been proposed, as diverse as 7.5, 20, 22, 25, 
30,33,47, and 50 mol 5% CHOL/mol of lipid. Other studies 
revealed no complex formation (Stockton & Smith, 1976; 
Jacobs & Oldfield, 1979), while yet others proposed multiple 
complexes (Lentz et al., 1980). 

Partial PC/CHOL phase diagrams have been constructed 
(Shimshick & McConnell, 1973a,b; Gershfeld, 1978; Lentz 
et al., 1980; Rand et al., 1980; Recktenwald & McConnell, 
1981; Blume & Griffin, 1982; Mortensen et al., 1988), and 
different experimental techniques have led to different 
proposed phases. However, recent investigations (Vist & 
Davis, 1990; Ipsen et al., 1988) have converged on a more 
consistent interpretation of the PC/CHOL system. 

In this study, we have employed a combination of calo- 
rimetry and 2H and 13C solid-state NMR to examine the phase 
equilibria and dynamical behavior of the PC bilayer in the 
presence of varying concentrations of CHOL. The DSC 
experiments constitute a systematic study of phospholipids 
with differing hydrocarbon chain lengths and are in general 
agreement with previously published results. 2H NMRspectra 
were useful in characterizing the La phase but exhibited 
complex behavior in the gel phases. In contrast, the 13C NMR 
results are particularly informative of gel phase behavior. 
Previously published results (Wittebort et al., 1981, 1982; 
Blume et al., 1982; Blume & Griffin, 1982) have shown that, 
in going from the gel-to-liquid crystalline state, the 13C 
spectrum of the sn-2 carbonyl position in glycerophospholipids 
transforms from an axially symmetric powder spectrum to an 
isotropic line. This spectral change is due to rotational 
diffusion and a conformational change at the glycerol backbone 
region of the lipid. Furthermore, the appearance of the 
isotropic line, which is diagnostic for fluid lipids, can be induced 
by the addition of CHOL. 

The model system used in this study consist of binary 
mixtures of DPPC/CHOL and DSPC/CHOL, two phos- 
pholipids with hydrocarbon chains of differing lengths. It is 
necessary to study both species because one of the primary 
physical effects used to detect phase changes is thesn-2 13C=0 
spectrum, which transforms to a narrow line in the La phase. 
However, in the PPI phase, the line shape consists of a sharp 
line superimposed upon a powder spectrum similar to that 
induced by CHOL in the gel phase, an effect which could 
complicate the interpretation of the spectra. In contrast to 
DPPC, DSPC has a narrow P B ~  region and the sharp line is 
due almost exclusively to the addition of CHOL. The amount 
of CHOL was varied from 0 to 50 mol 5% and a wide 
temperature range was sampled. 2H NMR experiments were 
performed with specifically deuterated PC, either 2-[6,6-2H2]- 
DPPC or 2-[12,12-2H2]DSPC. 13C NMR experiments uti- 
lized sn-2 carbonyl-labeled PC, 2-[ 1-13C]DPPC or 2-[ 1- 
13C]DSPC. The experimentally derived temperature/ 
composition diagram is compared with results from earlier 
studies as well as with theoretical descriptions of the PC/ 
CHOL bilayer. 

EXPERIMENTAL PROCEDURES 
Materials. Cholesterol, DPPC, DSPC, and DAPC were 

obtained from Sigma Chemical Co. (St. Louis, MO, or 
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Deisenhofen, Germany). [ 1 -13C]Palmitic and stearic acids 
were purchased from Cambridge Isotope Labs (Wobum, MA). 
2H-Labeled fatty acids were synthesized according to pre- 
viouslypublishedmethods (Das Gupta et al., 1982). 13C- and 
2H-labeled phosphatidylcholines were synthesized by acylation 
of the corresponding lysophosphatidylcholine with the fatty 
acid anhydride using N,N-dimethyl-4-aminopyridine as a 
catalyst (Gupta et al., 1977). Purity was routinely checked 
with TLC on silica gel plates both before and after NMR 
measurements. 

DSC Sample Preparation. Phospholipid suspensions with 
and without CHOL were prepared by mixing appropriate 
amounts of chloroform stock solution of CHOL with the 
respective phospholipid. Chloroform was removed rapidly 
under a stream of N2 gas at 50 OC. Residual chloroform was 
removed under high vacuum for at least 12 h. After addition 
of doubly glass-distilled water, the samples were first vortexed 
at temperatures above the phase transition of the lipid and 
then sonicated for 2-5 min using an MSE lOOW ultrasonic 
distintegrator. After further equilibration at temperatures 
above 2" for 1 h, the suspensions were placed in the 
calorimetric cell. 

NMR Sample Preparation. Samples for the NMR ex- 
periments consisted of approximately 50 mg of PC together 
with the appropriate amount of CHOL, which were codissolved 
in chloroform and evaporated under a stream of dry N2 gas. 
Residual solvent traces were removed under a vacuum of 1 p 2  
Torr. The samples were dispersed in an equal weight of H20 
(2H-depleted H2O for 2H-labeled samples) and sealed in 7-mm 
glass tubes. 

Calorimetry. DSC measurements were performed as 
previously described (Blume, 1980, 1983) using a Privalov 
DASM-1 M DSC calorimeter. For the detection of the broad 
transitions in lipid/cholesterol mixtures the establishment of 
a highly reproducible base line is important. The base line 
obtained with pure buffer or water was subtracted from the 
curves obtained with the lipid dispersions prior to data 
evaluation. Lipid concentrations varied between 1 and 8 mg/ 
mL, depending on cholesterol content. The lipid concentra- 
tions were determined by phosphorus analysis using a modified 
procedure after Hague and Bright (1941). A scan rate of 1 
OC/min was used for all experiments. Data evaluation and 
simulation were performed using the ORIGIN DSC software 
supplied by MicroCal, Inc. (Amherst, MA). For the simu- 
lation of overlapping DSC peaks a two-state model is used, 
with thecalorimetric AH, thevan't Hoff AH, and the transition 
temperature as variable parameters for each peak. Nonlinear 
least-squares fitting is accomplished using the Levenberg- 
Marquardt algorithm. 

NMR Spectroscopy. 13C and 2H NMR spectra were 
obtained on a home-built spectrometer operating at 73.9 MHz 
for 13C, 45.1 MHz for 2H, and 296 MHz for 'H. 2H NMR 
spectra were obtained with a quadrupole echo sequence (Davis 
et al., 1976) with a 7r/2 pulse of less than 2.0 ps. 13C NMR 
spectra were obtained with either a Hahn echo or cross- 
polarization, with a 180° refocusing pulse to minimize base 
line distortion (Pines et al., 1973; Griffin, 1981). The 13C 
?r/2 pulse was 3 ps. Temperature control to 0.5 OC was 
achieved with a gas flow system described elsewhere (Wittebort 
et al., 1981). 13C spectra are referenced to external tetra- 
methylsilane (TMS). 

RESULTS 

Differential Scanning Calorimetry. The DSC scans dis- 
played in Figure 1 show the well-known effects of CHOL on 
the phase transition of phospholipid bilayers. With increasing 
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FIGURE 1: DSC thermograms of DPPC/CHOL, DSPC and DAPC/CHOL mixtures as a function of CHOL content. 
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FIGURE 2: DSC thermograms of DPPC, DSPC, and DAPC with 20 
and 30 mol % CHOL. The experimental peaks were simulated 
employing the procedure described in the text using a narrow and 
a broad-component (see Discussion). 

CHOL content, the phase transition is broadened, and the 
transition enthalpy is descreased and is finally totally abolished. 
Due to the scan rate of 1 OC/min, the sharp peaks for 
dispersions with low CHOL content are slightly broadened 
due to the instrumental dead time. At higher CHOL content 
this effect is negligible and does not affect the shape of the 
DSC curves. While the general qualitative behavior for all 
three phospholipids is the same, closer inspection of the DSC 
scans of DPPC, DSPC, and DAPC/CHOL reveals distinct 
differences in transition behavior, which are obviously related 
to the chain length of the phospholipid. Figure 2 shows the 
DSC peaks of DPPC, DSPC, and DAPC at 20 and 30 mol 
% CHOL content. Significant differences in the shift of the 
temperatures for the onset and completion of melting induced 
by CHOL are evident. For all three lipids the peaks can be 
decomposed into a sharper and a very broad component. For 
DPPC/CHOL, the temperature at which melting is complete 
is shifted to much higher temperatures with increasing CHOL 
content, in agreement with all previous studies (Ladbrooke et 
al., 1968; Estep et al., 1978; Mabrey et al., 1978; Vist & 
Davis, 1990). This effect is not as pronounced in DSPC/ 
CHOL and is almost completely eliminated in DAPC/CHOL. 
The temperature at the end of the broad peaks is ca. 65-70 
OC in all three cases. Only the temperatures at the beginning 
of the peaks are somewhat different. The area and half- 
width of the sharp component is clearly dependent on the 
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FIGURE 3: Variation of the total transition enthalpy, including the 
pretransition and the broad component, with CHOL concentration 
for different PC/CHOL mixtures. 

chain length of the phosphatidylcholine, the DAPC/CHOL 
mixture displaying the largest area for the sharp component 
with the smallest half-width. Similar trends are observed at 
higher CHOL content. Interestingly, the width of the 
transition at 40 mol 5% CHOL, being mainly determined by 
the broad component, is the same for all three systems, 
extending roughly from below 10 to approximately 90 OC 
(not shown). Only the heat capacity maxima are at different 
temperatures, 42 OC for DPPC, 50 OC for DPPC, and 60 OC 
for DAPC with 40% CHOL, respectively. 

The plots of the transition enthalpy AH versus CHOL 
content in Figure 3 show that the transition of DPPC is 
completely eliminated at 50 mol %, whereas for 1:l DAPC/ 
CHOL, a broad transition with an enthalpy of ca. 4 kcal/mol 
is still visible. This is similar for 1 : 1 DSPC/CHOL, although 
the transition is here only half as large. 

Deuterium N M R  Spectra of PCICHOL Mixtures. The 
temperature dependence of 2- [ 12,l 2-2H2] DSPC/5O wt % H2O 
dispersions in the presence of various CHOL concentrations 
is shown in Figure 4. Spectra for 2-[6,6-2Hz]DPPC/50 wt 
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FIGURE 4: Experimental 45.1-MHz zH NMR spectra of 2-[12,12- 
2Hz]DSPC/CHOL mixtures in 50 wt %, zH-depleted HzO at various 
temperatures and CHOL compositions. Spectra were obtained with 
a quadrupole echo sequence and plotted on an absolute intensity 
scale. 
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FIGURE 5: Residual quadrupole splitting, A v Q ~ ,  as LI function of 
temperature. (A) 2-[6,6-2H2]DPPC/CHOL: (0) 0 mol % CHOL, 
(A) 10 mol % CHOL, (0) 15 mol % CHOL, (0) 20 mol % CHOL, 
( A )  3 0  mol  9% C H O L ,  (B) 50  mol % C H O L .  ( B )  
2-[12,12-*Hz]DSPC/CHOL: (0) 0 mol % CHOL, (A) 10 mol % 
CHOL, (0) 18 mol % CHOL, (0) 24 mol 8 CHOL, (A) 30 mol %I 
CHOL, (B) 40 mol % CHOL, (V) 50 mol % CHOL. 

% HzO dispersions and various CHOL concentrations exhibit 
trends very similar to those of DSPC (not shown). In the 
absence of CHOL and at low temperatures, a round-top 
spectrum of - 120-kHz breadth was observed, which trans- 
forms to a cone at room temperature. In the Pat phase, the 
spectrum becomes axially symmetric with a parallel splitting 
of - 1 16 kHz, and the P,q - La phase transition, the spectrum 
collapses to a Pake doublet with a splitting A V Q ~  of - 30 kHz. 

Addition of CHOL alters the spectra in several respects. 
First, as the CHOL concentration is increased, the narrow 
Pake doublet spectrum is observed at progressively lower 
temperatures. However, the size of the splitting A V Q ~  is 
different from that of pure DPPC and increases with increasing 
[CHOL]. The appearance of the Pake doublet line shape is 
a clear indication that the lipids are performing fast rotations 
around the molecular axis. So, with respect to rotational 
diffusion they are "fluid". 

The temperature dependence of A V Q ~  for various CHOL 
concentrations is shown in Figure 5 ,  panels A and B for DPPC 
and DSPC, respectively. For CHOL concentrations of C20 
mol 96, thepakedoublet component isobserved at temperatures 
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FIGURE 6: Residual quadrupole splitting, A v Q ~ ,  as a function of 
CHOL concentration. (A) 2-[6,6-2H2]DPPC/CHOL (0) 30 OC, 
(A) 40 OC, (0) 41 OC, (0) 43 OC, (A) 50 OC, (m) 60 OC. (B) 
2-[12,12-2H2]DSPC/CHOL: (0) 50 OC, (A) 54 OC, (0) 55 OC, (0) 
60 OC, (A) 75 OC. 

very close to the T m  of the pure lipid and appears as a 
superposition on top of the gel-phase powder pattern. Also, 
the values for A V Q ~  remain fairly constant but decrease 
precipitously at the gel - liquid crystal phase transition. 
However, for high [CHOL] the decrease is linear with no 
sharp changes. 

The concentration dependence of A V Q ~  at constant tem- 
perature is shown in Figure 6. There is an observable increase 
in the A V Q ~  values as the CHOL concentration is increased. 
However, this effect is highly dependent on the temperature. 
In the La phase at high temperatures (50-60 OC for DPPC 
and 60-75 OC for DSPC), the splitting increases almost linearly 
with [CHOL]. At lower temperatures (but still in the La 
phase) the increase resembles a sigmoidal curve, with the 
most rapid increases occurring at 20 mol % CHOL. At 
temperatures below T m  of pure DPPC, yet another behavior 
is observed. For DPPC at 30 OC, A V Q ~  increases up to 30 mol 
% CHOL and then decreases slightly for higher CHOL 
concentrations. For DSPC at 50 OC, A V Q ~  stays fairly 
constant for [CHOL] up to 20 mol % and then drops off for 
higher [CHOL]. 

I3C NMR Spectra of PCICHOL Mixtures. The temper- 
aturedependenceof 2-[ 1-13C]DSPC/50 wt % H2Odispenions 
in the presence of various CHOL concentrations is shown in 
Figure 7. Spectra of 2-[ 1-13C]DPPC/CHOL dispersions are 
qualitatively similar in appearance (not shown), The spectral 
region of interest occurs downfield where the powder pattern 
from the I3C=0 group is located. 

The I3C=0 spectra of the pure PC shown in Figure 7A 
were previously discussed in detail (Wittebort et al., 1981, 
1982). Briefly, the axially asymmetric powder spectrum of 
the dry powder sample (ull = 260.5 ppm, u22 = 140.5 ppm, 
433 = 117.5 ppm relative to TMS) is characteristic of 
immobilized phospholipid molecules. Upon dispersion in 
excess H20, an axially symmetric spectrum (Au 1! 110 ppm) 
is observed, indicating the onset of rotational diffusion of the 
whole phospholipid molecule. The reduced breadth is the 
result of motional averaging according to the approximation 



PC/Cholesterol Interactions Biochemistry, Vol. 32, No. 48, 1993 13281 

(A) 0 Mole o/o Cholesterol 

T ("C) 

A A A 
m 

135 0 -135 

A L  54 A 50 A 47 nn 35 nn 20 
270 -7 0 

Chem. Shift (ppm) 

(D) 24 Mole Yo Cholesterol 
T ("C) 

135 "70 0 .135 270 
' 

Chem. Shift (ppm) 

25 10 

1 L b 3 5  %- 0 270 

Chem. Shift (ppm) Chem. Shift (ppm) 

135 - 0 -135 270 -70 135 0 .135 270 0 -270 
- 1  

Chem. Shift (ppm) Chem. Shift (ppm) 
FIGURE 7: Experimental 73.9-MHz I3C NMR spectra of 2-[ 1-*3C]DSPC/CHOL mixtures in 50 wt % HzO at various temperatures and CHOL 
compositions. Spectra in the gel phase were obtained with cross-polarization, followed by a refocusing echo, and are plotted on an absolute 
intensity scale. 

RL 3 cos' e-  1 
2 Au = Au 

where AuRLis the breadth of the rigid lattice powder spectrum. 
Equation 1 is valid if (i) rotational diffusion is faster than 
yHoAu N lo4 s-l and (ii) AuRL is axially symmetric. Since 
the rigid lattice spectrum shows only a slight asymmetry, it 
can be reasonably represented by an axially symmetric 
spectrum of breath N 140 ppm. Above the main phase 
transition (Tm = 41.5 "C for DPPC and 55 "C for DSPC), 
the spectrum collapses to an isotropiclike line of -5-1 0-ppm 
width, whereas in the Pr phase, a temperature-dependent 
superposition of the spectra was observed. The collapse of 
the powder pattern to a single line in the La phase can be 
explained by assuming that the sn-2 carbonyl of the phos- 
pholipid molecule undergoes a conformational change, so that 
the unique axis of the tensor is tilted to approximately the 
magic angle (e N 54.74O). 

Before proceeding to the PC/CHOL results, a clarification 
of the term "La-like component" is in order. In pure PC and 
PE bilayers, the sharp component in the l 3 C 4  spectrum is 
associated with the appearance of the La phase. The 
appearance of this sharp component is associated with a 
conformational change of the glycerol backbone so that it 
resembles that of the La phase lipid molecule. As previously 
noted, the collapse of the broad Lb component to a sharp line 
can be induced by the addition of CHOL at temperatures well 
below the main phase transition temperature (Blume & 
Griffin, 1982). 

Addition of cholesterol (Figure 7B-F) enhances the pop- 
ulation of the La-like component in thegel phase. For example, 
for DSPC at 45 "C and 10 mol % CHOL a large fraction of 
the La-like component is evident, whereas it is a very minor 
component in the pure PC spectrum at 47 "C. Another feature 
of these spectra is the increased line width of the La-like 
component as the CHOL content is increased. This is due to 
increases in the rate of exchange between the two populations 
(Lr  and La-like components) and will be discussed in further 
detail in the next section. 

These spectra have been successfully simulated by a model 
which assumes exchange between two components corre- 
sponding to the Lbf and La populations. The broad component 
was simulated by assuming a certain angle 0 between the 
unique axis of the 13C tensor and the molecular axis, coupled 
with fast axial diffusion of the lipid molecule. The narrow 
component was simulated by assuming fast diffusion and an 
angle of 54.44" between the molecular axis and the unique 
axis of the tensor. Thus, the two main variable parameters 
in the simulations were the relative population of the La 
component, fLa, and the exchange rate, k,,, between the two 
components. Although the angle 0 was also varied to better 
fit the Lbt component, changes in 0 result in cosmetic changes 
in the line shape and do not significantly affect fLa or keX. The 
computer program used for these simulations has been 
previously described (Wittebort et al., 1987), and the pa- 
rameters employed to fit the experimental spectra are listed 
in Tables I and 11. 
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Table I: Parameters Employed in the Computer Simulations of the 
sn-2 ‘ 3 C 4  Spectra for 2 4  1-I3C]DPPC/CHOL Mixtures 
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Figure 8 shows the change in the fraction of the La-like 
component, fLa, with temperature at various constant [CHOL] 
values. The temperature at which the spectrum showed only 
an isotropic 13C NMR spectrum CfLa = l),  was obtained by 
extrapolation of the curves. Extrapolation to the other extreme 
where fLa = 0 provides the temperture at which a single- 
component Lb or Lg’-like spectrum is observed. These 
temperatures are important in delineating the phase diagram 
for PC/CHOL mixtures. Figure 9 shows the variation of fLa 
with CHOL concentration at various constant temperatures 
for DPPC and DSPC. Again, these curves can be extrapolated 
to those CHOL concentrations where fLa = 0 and fLa = 1. 

The variation of the exchange rate, k,, with temperature 
and CHOL concentration is shown in Figures 10 and 1 1. As 
noted above, the 13C spectra exhibit exchange broadening 
between the Lb and La-like components at high [CHOL] and 
temperatures. This is reflected by an increase in the k,, values 
used in the simulations. 

PCICHOL Temperature Composition Diagrams. Tem- 
perature/composition diagrams were constructed from the 

Table 11: Parameters Employed in the Computer Simulations of the 
sn-2 1 3 C 4  Spectra for 2-[1-I3C]DSPC/CHOL Mixtures 

mol%CHOL T ( T )  fh 0 k ,  ( ~ - 1 )  
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2H and 13C NMRspectra for DPPC and DSPC in the presence 
of cholesterol. These results, which are qualitatively very 
similar, are shown in Figures 12 and 13. At low temperatures, 
the phospholipid exists in the Lg’ phase. The boundary for 
this phase was obtained from the 13C NMR results by 
extrapolation of the temperature and composition curves from 
Figures 8 and 9 to the fLa = 0 points. The boundary between 
the gel and liquid crystalline phases was obtained from 
examination of the 2H NMR results. For CHOL concen- 
trations of <30 mol %, the 2H splitting A V Q ~  shows a 
discontinuity on passing through the gel - liquid crystal 
transition. Thus, the phase boundary can be delineated by 
obtaining the midpoints of this transition from Figure 5 .  For 
low CHOL concentrations up to 5 mol %, DSC scans reveal 
that the P,Y phase is retained (see Figure 1). This is noted on 
the phase diagrams in Figures 12 and 13 but not confirmed 
by NMR data. Besides the Lgt and P,Y regions, 13C NMR 
revealed two additional regions which we have labeled LGI 
and LGII in the phase diagram and which correspond to 
disordered gel-phase phospholipid at high [CHOL]. The 
boundary between LGI and LGII was determined from the 



Biochemistry, Vol. 32, No. 48, 1993 13283 PC/Cholesterol Interactions 

(A) 

El 
-1 
c 

Temperature ( '  C) 

0.8{ i 

Temperature ( C) 

FIGURE 8: Fraction of fluid lipid&, as a function of temperature. 
Results were obtained from computer simulation of the 13C NMR 
spectra in Figure 7 (panel B) and data not shown (panel A). Values 
for fh are listed in Tables I and 11. (A) 2-[ 1J3C]DPPC/CHOL: 
(0) 0 mol % CHOL, (A) 10 mol % CHOL, (0) 15 mol % CHOL, 
(0) 20 mol % CHOL, (A) 30 mol % CHOL, (D) 50 mol % CHOL. 
(B) 2-[1J3C]DSPC/CHOL: (0) 0 mol % CHOL, (A) 10 mol % 
CHOL, (0) 18 mol % CHOL, (0) 24 mol % CHOL, (A) 30 mol % 
CHOL, (E) 50 mol % CHOL. 

CI 
-I 
c 

Mole % Cholesterol 

Mole % Cholesterol 

FIGURE 9: Fraction of fluid lipid, fh, as a function of CHOL 
concentration. Results were obtained from computer simulation of 
the I3C NMR spectra in Figure 7 (panels B-F) and data not shown 
(panel A). Values for f~~ are listed in Tables I and 11. (A) 
2-[1-13C]DPPC/CHOL: (0) 5 OC, (A) 10 "C, (0) 15 OC, (0) 20 
OC, (A) 25 OC, (U) 30 OC, (0) 35 OC, ( 4 )  40 OC. (B) 
2-[1-W]DSPC/CHOL: (0) IS OC, (A) 20 OC, (0) 30 OC, (0) 35 
OC, (A) 40 OC. 

13C NMR results by extrapolation of the temperature and 
composition curves to the& = 1 points. In the region LGII 
we observe superpositions of gel and fluid-like components by 
13C NMR. The ZH NMR spectra also seem to indicate two 
different compofients, although the superposition of sharp Pake 
pattern and rounded gel-type line shape is not as obvious. The 

(A) 
2000] DPPC 

0 10 20 30 40 50 60 
Temperature ( C) 

FIGURE 10: Exchange rate constant, k,,, between LB and La-like 
components as a function of temperature. Results were obtained 
from computer simulation of the 13C NMR spectra in Figure 7 (panel 
B) and data not shown (panel A). Values for k,. are listed in Tables 
I and 11. (A) 2-[1-13C]DPPC/CHOL: (0) 0 mol % CHOL, (A) 10 
mol % CHOL, (0) 15 mol % CHOL, (0) 20 mol % CHOL, (A) 30 
mol 5% CHOL, (a) 50 mol 5% CHOL. (B) 2-[1-13C]DSPC/CHOL 
(0) 0 mol % CHOL, (A) 10 mol % CHOL, (0) 18 mol 95 CHOL, 
(0) 24 mol % CHOL, (A) 30 mol % CHOL (W) 50 mol % CHOL. 

(A) 
2ooo1 DPPC 

0 10 20 30 40 50 60 
Mole O h  Cholesterol 

0 
Mole % Cholesterol 

FIGURE 11: Exchange rate constant, k,,, between LB and La-like 
components as a function of CHOL concentration. Results were 
obtained from computer simulation of the 13C NMR spectra in Figure 
7 (panel B-F) and data not shown (panel A). Values for k, are 
listed in Tables I and 11. (A) 2-[1-13C]DPPC/CHOL (0) -5 O C ,  
(A) 0 OC, (0) 5 OC, (0) 10 '(2, (A) 20 OC, (W) 30 OC. (B) 
2-[1-"C]DSPC/CHOL: (0) 10 OC, (A) 15 OC, (0) 20 OC, (0) 30 
OC, (A) 40 OC, (D) 50 OC. 

significance of these different regions will be discussed in the 
next section. 

DISCUSSION 

Differential Scanning Calorimetry. DSC has been one of 
the most widely used methods for studying lipid/CHOL 
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lead to a single peak of different shape than the two-state 
model. The onset and end temperatures of the narrow and 
broad components thus depend on the transition model used 
for the simulations. As there is no justification for the simple 
two-state model, only the onset and end temperatures for the 
total transition might be meaningful. We will discuss these 
below. 

The phospholipid chain length dependence of the CHOL 
effect can be explained by the difference in molecular length 
between CHOL and the fatty acyl chain of the phospholipid. 
If the side chain is fully extended and the OH group on the 
sterol ring is excluded, CHOL has a length of - 18.4 A. This 
can be contrasted with a chain of 16 Cs, which has a length 
of -20 A. The disparity is even greater for longer chain 
lengths, such as those in DAPC, where the difference in 
molecular length is 6.5 when compared to CHOL. Since 
CHOL acts as a spacer between phospholipid molecules, this 
molecular length difference creates a freevolumein themiddle 
of the bilayer which is energetically unfavorable. There is 
low-angle X-ray scattering evidence (McIntosh, 1978) that 
the ends of the chain probably tilt to maximize the van der 
Waals interactions. This can also be deduced from changes 
in the bilayer thickness as determined from monolayer and 
densitometry experiments (Blume, to be published), Addi- 
tionally, the chain ends may have a kink to fill the void volume 
created by the shorter CHOL molecule. Indeed, McIntosh 
also reported the existence of a broad 4.2-A reflection and 
attributed this to the hydrocarbon tails being in a different 
state from the normal liquid crystalline one. These residual 
interactions between the hydrocarbon tails are probably 
responsible for the observation of a broad endothermic 
transition for high [CHOL] in the longer chain PCs. Recently, 
Singer and Finegold (1990) reported DSC studies of PC/ 
CHOL mixtures for PCs with different chain lengths ranging 
from C12 to CZO. Their results are at variance with our and 
those of previously published work, as they report vanishing 
DSC peaks at 26.5 mol 7% CHOL for DPPC, 32.3 mol 7% for 
DSPC, and 43.3 mol 7% for DAPC. In our experiments we 
still observed a broad transition for all three lipids at higher 
CHOL content, in agreement with the results of other groups. 
The percentages reported by Singer and Finegold seem to 
coincide more closely with those CHOL mole fractions where 
the narrow component vanishes and the 13C spectra show only 
a sharp line. 

The differences in the DSC curves observed for PCs as a 
function of chain length highlighted the necessity of performing 
a chain lenth-dependent NMRstudy of thePC/CHOLsystem. 
Examination of just one lipid species, such as DPPC, is 
insufficient and a variety of PCs must be sampled to determine 
the overall trends. Hence, the NMR portion of this study 
consists of a systematic examination of two lipid species, DSPC 
and DPPC. DAPC was not studied and will remain as a 
future extension of this work. 

Deuterium NMR Spectra of PCICHOL Mixtures. The 
2H spectra of DPPC/CHOL and DSPC/CHOL mixtures 
are similar to those of the PE/CHOL system previously studied 
(Blume & Griffin, 1982) in that they do not exhibit the 
dramatic changes associated with the 13C spectra. None- 
theless, they are informative and complement the I3C results, 
since the 2H spectra provideinformation in temperature ranges 
where the corresponding 13C spectra have collapsed to a narrow 
line. In these studies we employed the discontinuity in A U Q ~  
to delineate the boundary between the gel and liquid crystalline 
phases. This was especially useful for high CHOL concen- 
trations where the first-order DSC transition disappears and 
13C spectrum shows only the sharp line. 

0 10 20 30 40 50 60 
Mole Yo Cholesterol 

FIGURE 12: Temperature composition diagram for the DPPC/CHOL 
system. (0 )  Data points from *H NMR. (0) Data points from I3C 
NMR. 

DSPC 

0 10 20 30 -40 sb 60 

Mole % Cholesterol 

FIGURE 13: Temperature composition diagram for the DSPC/CHOL 
system. (0) Data points from 2H NMR. (0) Data points from I3C 
NMR. 

interactions (Ladbrooke et al., 1968; Estep et al., 1978; Mabrey 
et al., 1978; Blume, 1980; Davis & Keough, 1983; Vist & 
Davis, 1990). In a number of lipid/CHOL systems the DSC 
traces show the appearance of two overlapping peaks of 
different width, commonly referred to as the sharp and broad 
components. While these two components are quite obvious 
in DMPC/CHOL and DPPC/CHOL mixtures, their presence 
is less evident in other mixtures, although a decomposition 
into two components was possible for mixed-chain PCs and 
DSPC/CHOL (Davis & Keough, 1983). As is shown in 
Figures 1-3, the transition enthalpy does not go to zero in 
mixtures of DSPC and DAPC with 50 mol 7% CHOL, as is 
the case for phospholipids with shorter chain lengths such as 
DPPC. 

The decomposition of the DSC peaks using a two-state 
transition model with different van’t Hoff transition enthalpies 
is possible in principle. The DSC results for DPPC/CHOL 
show that even at 30 mol 7% CHOL the endotherm can be 
decomposed into two components. This differs from previous 
results, where the disappearance of the narrow component 
was described as occurring around 20 mol 7% CHOL. However, 
there exist considerable difficulties in establishing a correct 
interpretation of the DSC results because the transitions are 
extremely broad, covering a temperature range of almost 90 
OC. Only with a DSC instrument with a highly reproducible 
base line, such as the DASM-1M used in these investigations, 
is it possible to detect and analyze these broad transitions 
following subtraction of the base line due to the buffer. Thus, 
as shown in this study, the broad transition covers a much 
wider temperature range than previously reported using other 
DSC instruments. The interpretation of these two components 
appearing in the DSC traces in terms of a phase diagram, 
with the phase boundaries being determined by the onset and 
end temperatures of the two peaks, is ambiguous for the 
following reason. For the decomposition shown in Figure 2, 
a simple two-state transition with the cooperativity entering 
as a variable parameter was used. Certainly, this model is an 
oversimplification of the real situation, but with this approach 
the DSC curves can be described as consisting of at least two 
peaks. Any other more complicated transition model could 
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The DPPE/CHOL study by Blume and Griffin (1982) 
revealed that CHOL condenses or orders PE in the L, phase. 
In the gel phase the 2H spectra of DPPE are N 120 kHz full 
width, and addition of CHOL does not result in significantly 
narrower spectra-i.e., a more disordered phase. However, 
the sterol does induce rapid axial diffusion which results in 
an axially symmetric line shape. The PC/CHOL spectra 
reported here show similar effects. The size of A V Q ~  for the 
Pake doublet increases for increasing [CHOL] , indicating 
increased order for the hydrocarbon chains. Also, the 
appearance of the Pake doublet at progressively lower 
temperatures in the gel phase results from the ability of CHOL 
to induce axial diffusion in the gel phase. 

A deficiency in the 2H experiment was highlighted in the 
investigation by Blume and Griffin. Specifically, the spectra 
do not exhibit clearly separable components which can be 
attributed to gel or La phase; hence, the interpretation of the 
results is complicated by the need to deconvolute and dissect 
multiple effects. These *H spectra must be interpreted in 
conjunction with 13C measurements; then a successful sim- 
ulation of the line shapes and echo intensities is possible, as 
shown previously for DPPE/CHOL mixtures (Blume & 
Griffin, 1982). 

13CNMR Spectra of PCICHOL Mixtures. The dramatic 
narrowing of the I3C NMR spectra of the sn-2 carbonyl 
position has been observed for a variety of phospholipid 
systems, including pure PC and PE (Wittebort et al., 1981, 
1982), DPPE/CHOLmixtures (Blume &Griffin, 1982), and 
DPPC/DPPE mixtures (Blume et al., 1982). The narrowing 
is attributed to a conformational change of the sn-2 carbonyl, 
possibly from a change in the glycerol backbone conformation. 
For DPPC in the Lp phase, 8, the orientation of the unique 
axis of the 13C=0 tensor, ranges from 26O f 2O at room 
temperature to 32O * 2O at high temperatures and CHOL 
concentration (corresponding values for DSPC are 27O f 2’ 
and35O f2°,respectively). Thus,forAu E OandB= 54.74O, 
there must be a conformational change of - 30° in the tensor 
orientation on passing through the gel - liquid crystal phase 
transition. 

Several interesting features can be observed in the 13C 
results. First, the addition of a high amount of CHOL results 
in the collapse of the broad Lp or Lrlike powder pattern to 
the sharp Lp-like line at temperatures well below the main 
gel - liquid crystal phase transition tempertaure of the pure 
lipid. Second, at intermediate CHOL concentrations and 
lower temperatures we observe two-component spectra, i.e., 
superpositions of L,-like lines and a gel-type spectrum. At 
higher CHOL concentrations and/or temperature the La- 
like component is broadened such that the spectrum assumes 
a ‘triangular” shape. This observation indicates a dynamic 
equilibrium between the two spectral components with 
exchange rates in the intermediate exchange regime of the 
13C NMR experiment. All line shapes could be successfully 
simulated by varying the exchange rates and the fractions of 
the two components. 

The results of these simulations lead to the following 
conclusions. First, the fractions of the two components vary 
with CHOL content and temperature. Second, the angle B 
for the orientation of the unique axis of the 1 3 C 4  tensor for 
the gel-like component increases with CHOL content. This 
is different compared to the DPPE/CHOL system, where all 
spectra could be simulated with the same angle B of ~ 2 8 ~ .  
Apparently, the change in B on CHOL incorporation into 
DPPC or DSPC reflects the change in tilt of the hydrocarbon 
chains going from an Lgt to an Lg phase. The fact that CHOL 
removes the chain tilt is known from X-ray investigations 
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(McIntosh, 1978). Third, the broadening of the L,-like 
component also varies with CHOL concentration and tem- 
perature. The simulated spectra reflect this trend, since k,, 
must be increased to obtain satisfactory fits with the exper- 
imental data. As shown in Figures 10 and 11, kex increased 
with increasing temperature and [CHOL], with the most 
dramatic increases occurring for CHOL concentrations above 
20 mol 7%. 

Since k,  is a measure of the translational diffusion between 
the two lipid domains, it can be used to estimate the distance 
separating the two domains, Le., the gel-like and the “liquid- 
gelatin” domain. The area of a domain can be roughly 
estimated from the mean square displacement (Saffman & 
Delbriick, 1975; Blume & Griffin, 1982) according to the 
equation 

x2 = 4DTt (2) 
where & is the diffusion coefficient and t is the exchange 
lifetime. For a CHOL concentration of 30 mol ’36 with a fluid 
fraction fL, = 0.5, an exchange rate of -500 s-l was 
extrapolated for both DPPC and DSPC. This yields an 
exchange lifetime value of 2.0 ms. Taking a value of 1 X 
10-lo cm2 s-1 for & (Rubenstein et al., 1979), this results in 
a mean square displacement value of 8 X lo3 A2. This area 
corresponds to a cluster of -100 lipid molecules, a result 
which is similar to that reported for DPPE/CHOL (Blume 
& Griffin, 1982). However, these estimations have to be 
viewed with caution. In the fluorescence photobleaching 
recovery (FPR) experiment the lateral diffusion coefficient 
& is measured over distances of the order of micrometers 
(Vaz et al., 1982). This is in contrast to experiments with 
excimer probes, where the distances are of the order of 10 A. 
In this case, one measures essentially the exchange between 
neighboring molecules (Galla et al., 1979; Sassaroli et al., 
1990). The & values obtained with excimer probes for gel- 
state DMPC bilayers are at least 2 orders of magnitude higher 
than those determined by FPR (Sassaroli et al., 1990). 
Therefore, for long-range diffusion the bilayer behaves more 
like a solid in the Lg’ and the Pgt phase, while a relatively high 
“fluidity” is observed locally. Surely, this also applies to PC/ 
CHOL systems, which complicates the interpretation of the 
ke, values in terms of domain sizes. 

Monte Carlo simulations of PC/CHOL bilayers (Snyder 
& Freire, 1980; Cruzeiro-Hansson et al., 1989; Ipsen et al., 
1989) show that in these systems clustering of “gel-like” and 
‘fluid-like” moleculesoccurs. The clusters are relatively small 
in size, the number of molecules in a cluster increasing as the 
midpoint of the transition is approached. In all cases, the 
clusters are small, comprising less than 50 molecules (Cruzeire 
Hansson et al., 1989). A further important finding of these 
calculations is that cholesterol does not seem to be distributed 
randomly in the plane of the bilayer but tends to be 
concentrated at domain boundaries. This was previously 
suggested on the basis of neutron scattering results on DMPC/ 
CHOL mixtures, although an even more organized lateral 
distribution of cholesterol molecules was suggested (Mortensen 
et al., 1988). This cholesterol clustering at domain boundaries 
could also have an effect on the lipid exchange between 
different domains, since it could act as a diffusion barrier. In 
any case, the observed exchange rates and estimated domain 
sizes are consistent with the picture of a cluster organization 
of the PC/CHOL membrane in the region LGII. The 
temperature dependence of the k,, values does not give a 
straight line in an Arrhenius plot, indicating that the underlying 
exchange is not a simple activated process. Cooperative 
phenomena and/or changes in connectivity of the domains 
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are probably responsible for this behavior. 
PC/CHOL Temperature Composition Diagram. Consid- 

ering the microscopic structure of PC/CHOL bilayers, it seems 
problematic to discuss the properties determined by *H and 
13C NMR in terms of a phase diagram. Nevertheless, we 
observe changes in lipid mobility and conformation as a 
function of temperature and CHOL concentration. A tem- 
perature/composition diagram can be constructed with dif- 
ferent regions in which the PC molecules show different 
mobility and conformation. We have labeled these different 
regions Lb, (Lp), La, LGI, and LGII, depending on the NMR 
spectral parameters. These “phase diagrams” look similar 
for DPPC/CHOL and DSPC/CHOL. However, there are 
subtle differences. The Pp region for DSPC is slightly smaller 
than that for DPPC as the pretransition and the main transition 
are closer together. The position of the line separating region 
LG11 from LGI is dependent on the chain length of the PC. 
For DSPC this line is shifted toward higher CHOL concen- 
trations compared to DPPC. This agrees with previous 
experiments on DMPC/CHOL (Wittebort et al., 1982), where 
for all temperatures above 0 OC only a sharp La-like line was 
observed when the CHOL content exceeded 25 mol %. In 
addition, a headgroup influence on the position of this line 
appears to exist, as in the DPPE/CHOL system it is 
intermediate between DPPC/CHOL and DSPC/CHOL 
(Blume & Griffin, 1982). The LGII region is clearly 
characterized by two-component 13C and probably also 2H 
NMR spectra, while in the LGI region only one-component 
spectra are observed. The temperatures delineating the 
boundary between the Lp and LGII region were determined 
from the 13C NMR spectra. The appearance of the narrow 
component in the 13C NMR line shapes coincides roughly 
with the beginning of the broad DSC peak, as shown in Figures 
1 and 2. Thus, the 13C NMR spectra are very sensitive to the 
beginning of “melting”, a phenomenon which has been observed 
before for other systems (Blume et al., 1982; Blume & Griffin, 
1982). The onset and end tempertures for the narrower 
components of the DSC peaks for the DPPC and DSPC 
systems follow more or less the boundaries between the LGII 
and LGI and the LGI and La regions, respectively. However, 
the onset temperatures for the broad components are always 
lower than the boundary line between LGII and LGI as 
determined by NMR (see Figure 2). 

With the assumption that the LGII region is indeed a two- 
phase region with equilibrium between Lp(L,j) and a “liquid- 
gel” component, we can compare our “phase diagram” with 
those reported earlier using other methods. Only certain 
sections of our phase diagrams agree with previous studies 
(Recktenwald et al., 1979; Lentz et al., 1980; Mortensen et 
al., 1988; Vist & Davis, 1989). Our results indicate a 
horizontal line between the gel and La phases for CHOL 
concentrations <20 mol %. For higher [CHOL] our 2H NMR 
results delineate an upward curve in this phase boundary, as 
was observed in the earlier studies. As for the rest of the 
phase diagram, there are distinct differences between our 
results and those listed above. 

One major difference between the previously published 
results and this study lies in the delineation of the LGI and 
LGII phase boundary. Most published phase diagrams denote 
this boundary by a vertical line at a concentration of 20 mol 
9% CHOL [for example, see Shimshick and McConnell 
(1973b), Recktenwald et al. (1973), Gershfeld (1978), Lentz 
et al. (1980),Randet al. (1980),andMortensenet al. (1988)l. 
This is clearly not the case as determined from the I3C NMR 
spectra in this study. If this boundary were vertical, then the 
sharp La-like line would be the sole component of the 13C 
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spectrum for CHOL concentrations >20 mol % at any given 
temperature in the gel phase, and this would be reflected by 
a discontinuity in the curves shown for Figure 9. In particular, 
one would expect that fLol would approach 1.0 at the 
discontinuity and this should occur at 20 mol %. Instead, the 
fLa versus [CHOL] isotherms appear sigmoidal or linear, and 
there is not discernible discontinuity. Hence, the LGI/LGII 
phase boundary in Figures 12 and 13 are nonlinear and far 
from vertical as previously reported. The recent publication 
of Vist and Davis (1990) considered a limited temperature/ 
concentration range in this region of the phase diagram and, 
as mentioned in their paper, the errors in their measurements 
for this particular region were large. Thus, they were not 
able to elucidate the position of the LGI/LGII boundary with 
precision. 

Recent theoretical work on the DPPC/CHOL system by 
Ipsen et al. (1989) using a mean field approximation shows 
a phase diagram in which the line separating the two-phase 
from the one-phase regions is not vertical but slopes toward 
higher CHOL concentrations. This is exactly what we observe 
by I3C NMR. However, these mean field calculations were 
performed by neglecting effects due to inhomogeneous lateral 
distributions of CHOL and domain formation. As shown by 
the same group of workers (Cruzeiro-Hansson et al., 1989), 
these phenomena do indeed occur. According to Ipsen et al., 
this would not affect the general form of the phase diagram, 
but of course lateral inhomogeneity and domain formation 
would affect our 13C spectra, so that the agreement between 
our results and the theoretical calculations has to be viewed 
with caution. Nevertheless, the regions we label LGI and 
LGII do correspond to the regions denoted 1 o and so-1 0, 

respectively, by Ipsen et al. (1987, 1989). 
Recently published experimental results (Vist & Davis, 

1990) and the theoretical work mentioned above (Ipsen et al., 
1987, 1989) report an additional two-phase region between 
La phase and the LGI region with a critical point at higher 
temperature. In the experiments of Vist and Davis the phase 
boundaries were determined from the end of melting of the 
broad component in the DSC peaks and from the sharpening 
of the 2H NMR spectra. Our temperatures for the end of 
melting do not agree with those reported by Vist and Davis 
but are considerably higher, even after correction for the effect 
of perdeuteration of the chains. Specifically, the end tem- 
perature for the broad component in the DPPC/CHOL 
mixtures is ca. 55 OC at 15 mol %, 60 OC at 20 mol %, and 
more than 80 OC at 30 mol 5% CHOL (see Figure 2). As the 
broad DSC peak is probably caused by multiple effects, i.e., 
noncooperative changes of the heat capacity and/or broad 
second-order transition, the interpretation of the end tem- 
peratures of the broad DSC peaks is difficult. In addition, 
measurements of the specific volume of DPPC/CHOL systems 
(Melchior et al., 1980) show that the differences in specific 
volume between DPPC/CHOL bilayers of low and high 
CHOL content are very small at temperatures above 40 OC, 
so that a larger difference in the enthalpies which gives rise 
to an enthalpic effect in the DSC experiment is unexpected. 
The line separating the two-phase region from the “liquid- 
gelatin” phase cannot be determined from our NMR exper- 
iments, since all spectra indicate fast exchange. (A notable 
sharpening of the 2H NMR resonances, as reported by Vist 
and Davis, could not be observed.) If this detail is excluded, 
then the 13C NMR “phase diagram” agrees well with the 
theoretical phase diagram reported by Ipsen et al. (1989). 

CONCLUSIONS 
This calorimetric and NMR study of PC/CHOL mixtures 

revealed rather complex phase behavior for this simple, binary 
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system. DSC of these mixtures showed a gradual disappear- 
ance of the first-order gel - liquid crystalline transition as 
the CHOL content increased, indicating a loss of cooperativity 
at high CHOL concentrations. The CHOL content at which 
the sharp component in the DSC curve vanishes depends on 
the lipid chain length increasing in the order DPPC, DSPC, 
and DAPC. The NMR spectra (both 2H and 13C) continued 
to show spectroscopic changes, even after all cooperativity 
was lost. Analysis of the NMR spectra resulted in charac- 
terization of a new phase which we have termed “liquid-gel”. 
This “liquid-gel” phase shows increased fluidity compared to 
the Lg’ or Lg phase of the pure phospholipid bilayer. 
Specifically, this “phase” is characterized by an almost all- 
trans conformation of the lipid acyl chains and fast axial 
diffusion of the whole molecule. In the two-phase region 
between the Lp(Lg) and the “liquid-gel” phase we observed 
two-component 13C spectra, which indicate fast exchange 
between domains of different state and composition. Esti- 
mations on the basis of reported values of the lateral diffusion 
coefficients lead to theconclusion that thesedomains are small, 
in agreement with electron and neutron scattering results and 
theoretical calculations. In addition, it seems probable that 
a heterogeneous distribution of CHOL in these domains exists. 
Partial “phase diagrams” were presented for DPPC/CHOL 
and DSPC/CHOL mixtures. These “phase diagrams” agree 
qualitatively with some previous studies and show consistent 
trends between lipid species of differing chain lengths. 
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