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ABSTRACT: The phase behavior of mixtures of cholesterol or epicholesterol with phosphatidylethanolamine 
was studied by differential scanning calorimetry and by X-ray diffraction. Discrete domains of cholesterol 
are detected by X-ray diffraction in the L, phase of phosphatidylethanolamine from egg yolk and synthetic 
dielaidoylphosphatidylethanolamine beginning at  mole fractions of 0.35-0.4 cholesterol. Separate domains 
of crystalline epicholesterol can also be detected in the L, phase of dielaidoylphosphatidylethanolamine by 
X-ray diffraction a t  as little as 0.16 mole fraction of epicholesterol. This is a result of poor miscibility of 
the epicholesterol with dielaidoylphosphatidylethanolamine. Epicholesterol does not alter the L, - L, 
transition or bilayer spacing. Epicholesterol also has little effect on the diameter of the cylinders in the 
hexagonal phase. Formation of the inverted hexagonal phase is facilitated by addition of small amounts 
of cholesterol (mole fraction less than 0.2) in both egg phosphatidylethanolamine and dielaidoyl- 
phosphatidylethanolamine. However, a t  higher mole fractions of cholesterol, the stability of the liquid- 
crystalline phase is found to increase markedly for dielaidoylphosphatidylethanolamine but not for egg 
phosphatidylethanolamine, indicating the importance of the structure of the acyl chains in controlling the 
relative stability of the lamellar and nonlamellar phases in these systems. In contrast to cholesterol, 
epicholesterol markedly lowers the L, - HII phase transition temperature a t  low mole fraction of sterol. 
This result demonstrates the importance of the orientation and motional properties of an additive in de- 
termining the L, - HII transition temperature. 

A l t h o u g h  many phospholipids in aqueous dispersion spon- 
taneously form bilayers, it has long been recognized that some 
of the major lipid components of biological membranes, e.g., 
phosphatidylethanolamine (PE),' spontaneously form nonbi- 
layer phases in purified form and that nonbilayer structures 
may be important intermediates in membrane function (Cullis 

& De Kruijff, 1979; Cullis et al., 1980; Hui et al., 1981; 
Verkleij, 1984; De Kruijff, 1987). The polymorphism of 
natural and synthetic PE has been reported, and the phase 
diagrams are well characterized (Shipley, 1973; Seddon et al., 
1983; Harlo & Eibl, 1980, 1981; Boggs et ai., 1981). Extensive 
calorimetric studies of the interaction of sterols with synthetic 
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forms of PE have also been made (Epand & Bottega, 1987; 
Blume, 1980). However, similar data on natural PE are 
lacking. The importance of nonbilayer phases to biological 
systems is suggested by the observation that the microorganism 
Acholeplasma ladilawii adjusts the lipid composition of its 
surface membrane to maintain a balance between bilayer and 
nonbilayer phase formation (Wieslander et al., 1986) although 
not all strains of this microorganism exhibit this behavior 
(Bhakoo & McElhaney, 1988). It has also been shown that 
the activities of certain membrane-bound enzymes, including 
protein kinase C (Epand et al., 1988), Ca*+-ATPase (Navarro 
et al., 1984), and dolichylphosphomannose synthase (Jensen 
& Schutzbach, 1988), are modulated in opposite directions 
by substances which favor bilayer vs nonbilayer phases in 
model systems. 

The temperature of the phase transition between the bilayer 
(L,) and inverted hexagonal phase (HI[) is particularly sen- 
sitive to the presence of certain additives in the membrane 
(Epand, 1985). A description of the molecular features which 
determine the position of the L, - HII equilibrium is being 
developed. An algorithm based on a qualitative concept of 
"molecular shape" has been proposed by Israelachvili et al. 
(1980). More recently, Gruner (1985) has attempted to de- 
velop a more quantitative theory which includes the intrinsic 
radius of curvature, hydrocarbon packing constraints, and 
hydration. This theory still requires the use of empirically 
determined parameters. In the present work, we demonstrate 
the importance of the stereochemistry of an additive on its 
modulation of the L, - HII transition. In contrast to cho- 
lesterol which has little effect on the L, - HII transition 
temperature, epicholesterol greatly favors formation of the HII 
phase (Gallay & De Kruijff, 1982). Epicholesterol differs 
from cholesterol only in the epimerization of the hydroxyl 
group at position 3. We also examine the separation of a pure 
sterol phase in these mixed lipid systems. Cholesterol has 
previously been found to be only partially soluble in phos- 
pholipid bilayers, the extent of solubility depending on the 
species of phospholipid present (Yeagle, 1985; Bach, 1984; 
Wachtel & Bach, 1987; Bach & Wachtel, 1989). 

MATERIALS AND METHODS 
Materials. L-a-Dielaidoylphosphatidylethanolamine 

(DEPE) was obtained from Avanti Polar Lipids Inc., Bir- 
mingham, AL, egg yolk phosphatidylethanolamine (EYPE) 
was from Lipid Products, South Nutfield, U.K. (grade I), and 
epicholesterol was from Steraloids Inc., Wilton, NH. Cho- 
lesterol was the extrapure grade from Merck and was further 
purified by recrystallization from ethanol. 

Sample Preparation. Phospholipid and sterol were dissolved 
in solutions of chloroform/methanol, 2/ 1. Appropriate vol- 
umes of phospholipid and sterol solutions were mixed to obtain 
a suitable range of concentrations. The solvent was evaporated 
with a stream of dry nitrogen gas, depositing the lipids as a 
film on the walls of a glass test tube. Samples were then kept 
for at least 3 h under 0.1 torr to remove any residual traces 
of solvent. The dried lipid film was suspended by vigorous 
vortexing at  about 45 "C in either 20 mM PIPES, 150 mM 
NaC1, 0.02 mg/mL NaN,, and 1 mM EDTA buffer at  pH 
7.40 [for differential scanning calorimetry (DSC) studies] or 
10 mM Tris-HC1 and 150 mM NaCl at  pH 7.5 (for X-ray 
studies). 

Differential Scanning Calorimetry. Lipid suspension ( 5  
mg/mL) and buffer were degassed under vacuum and then 
loaded into the sample and reference cells, respectively, of a 
MC-2 high-sensitivity scanning calorimeter (Microcal Co., 
Amherst, MA). A heating scan rate of 39 K/h was employed, 
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and transition temperatures and enthalpies were calculated 
by fitting the observed transitions to a single van't Hoff com- 
ponent. Repeated scans of the same sample showed good 
reproducibility. 

X-ray Diffraction. The lipid dispersion (=lo mg/mL) was 
incubated with frequent vortexing for 0.5 h at 45 "C for DEPE 
and at 4 "C for EYPE. This was followed by centrifugation 
for 10 min in an Eppendorf centrifuge. The precipitate in 
excess buffer was then loaded into the funnel of a 1.5" 
quartz X-ray capillary and centrifuged at 1000 rpm for 5 min. 
The capillary was then flamed-sealed or, in some cases, simply 
closed with parafilm. A modified Rigaku-Denki low-angle 
X-ray camera was used in conjunction with a one-dimensional 
position-sensitive detector of the delay line type (Reich et al., 
1982). Copper radiation was obtained from a sealed-tube 
Philipis generator operating at 40 kV, 34 mA, and mono- 
chromated by a nickel filter and a single Franks mirror. 
Experiment times varied from 5 min to 16 h. Temperature 
control of the brass sample holder was provided by a circu- 
lating water/alcohol bath; the temperature was monitored by 
an iron/constantan thermocouple. Control was good to f l  
"C. Spacings of the X-ray reflections were measured directly 
from the histogrammed output of the detector and calibrated 
against the reflections of anhydrous cholesterol. Resolution 
was limited by the channel width to 0.0005 A-I. In the case 
of the gel (L,) to liquid-crystalline (L,) transition, the tem- 
perature of the midpoint was estimated from the plots of d 
spacing vs temperature, i.e., the temperature at which the 
transition-related compression of the bilayers reaches half its 
total value. This compression derives from the fact that in 
the L, phase the acyl chains are well-ordered and extended 
and in the L, phase they become more fluidlike and conse- 
quently are less extended (Engleman, 1970). In the case of 
the L, to the hexagonal (HII) transition, the presence of an 
extended biphasic region necessitated a different procedure. 
We used measurements of the peak height of the (1 1) re- 
flection of the HI, lattice as a function of temperature in the 
biphasic region to obtain an estimate of the midpoint, TM. The 
(1 1) reflection is strong, with apparently constant line width, 
and we assume it samples nearly the same molecular transform 
over the temperature range of interest. In this case, TM is 
defined as the temperature at which the intensity is half the 
value it attains after completion of the phase transition. 

In samples with large molar fractions of sterol, where the 
34-A reflection interferes with this measurement, we used 
instead the decrease in intensity of the I = 1 reflection of the 
La phase, and the measurements were made in the analogous 
way. This second procedure was tested on samples with less 
sterol, and the results for the two types of measurement were 
consistent within 2 "C of one another. 

RESULTS 
Low-angle X-ray diffraction patterns were used to make 

phase assignments. In the case of the pure phospholipids, three 
phases were observed. They have previously been described 
as the gel (L,) phase, the liquid-crystalline (L,) phase, and 
the inverted hexagonal (HII) phase (Shipley, 1973). Addition 
of increasing amounts of cholesterol broadened the L, - L, 
transition region to the extent that the L, phase could not be 
identified. 

The characteristic low-angle X-ray diffraction patterns from 
EYPE-cholesterol in the L, (Figure 1A) and the HII (Figure 
1B) phases are presented. The d spacings measured from a 
set of diffraction patterns are plotted as a function of tem- 
perature (Figure 2). The transition from the L, to the L, 
phase, resulting in a decrease of approximaaely 8 8, in the 
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FIGURE 1 : Characteristic low-angle X-ray diffraction patterns from 
the EYPE-cholesterol mixture, X(cho1) = 0.45 at 22 "C (A) and at 
41 OC (B). Depending on the phase, the numbers indicate either the 
order of the bilayer spacing or the Miller indexes of the two-di- 
mensional hexagonal lattice, and the arrows indicate the reflections 
due to the presence of a separated cholesterol phase. The hatched 
region at the center of the pattern denotes the position of the beam 
stop. 
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FIGURE 2: Temperature dependence of the d spacings of the low-angle 
X-ray reflections of the EYPE-cholesterol mixture with X(cho1) = 
0.44. The letter C marks the cholesterol reflections. 

interbilayer spacing of pure EYPE, is not clearly observed for 
the EYPE-cholesterol mixture (Figure 2). The interbilayer 
spacing in La is larger by about 2 A than for EYPE alone. 
Characteristic reflections of crystalline cholesterol (marked 
C) are observed throughout the temperature range of La. Such 
reflections are apparent for specimens with X(cho1) approx- 
imately 0.40 and greater. The appearance of the cholesterol 
reflections was not a function of time and was reproducible 
in replicate experiments. Because of interference from the (1 1) 
and (20) reflections in the HII phase, it is not clear if phase 
separation persists into HII for low molar fractions of chole- 
sterol. For X(cho1) approximately 0.6 and above, phase sep- 
aration does clearly persist in the HII phase as characteristic 
reflections of crystalline cholesterol are readily observed. 

Patterns very similar to those obtained with EYPE were also 
obtained for DEPE (Figure 3A). Addition of cholesterol at 
X(cho1) = 0.35 and above produced reflections characteristic 
of a separate cholesterol phase (Figure 3B). However, when 
DEPE is mixed with epicholesterol, phase separation of epi- 
cholesterol is detected by X-ray diffraction beginning at a mole 

" 
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CHANNEL No 
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FIGURE 3: Characteristic low-angle X-ray diffraction patterns from 
(A) DEPE at 45 OC, (B) the DEPE-cholesterol mixture with X(cho1) 
= 0.40 at 40 "C, and (C) the DEPE-epicholesterol mixture with X(epi) 
= 0.3 1 at 44 O C .  E marks the epicholesterol reflections. Other details 
as in Figure 1 .  

fraction of epicholesterol X(epi) = 0.16 and higher (Figure 
3C). The epicholesterol reflections (the first two reflections 
of epicholesterol appear at 34 and 17 A; E. Wachtel, unpub- 
lished result) are much more prominent than the corresponding 
reflections of cholesterol (Figure 3B vs Figure 3C). The 
relative intensities of these reflections in the L, phase, where 
they are unambiguously resolved from reflections of the 
phospholipid structures, are independent of temperature. The 
temperature dependence of the d spacings for DEPE-cho- 
lesterol at X(cho1) = 0.40 (Figure 4A) and DEPE-epichole- 
sterol at X(epi) = 0.31 (Figure 4B) is shown. Only in the case 
of epicholesterol (Figure 4B) can the L, - La phase transition 
still be observed by X-ray diffraction. In the L, phase of 
epicholesterol-DEPE, the second order of the bilayer spacing 
approximately coincides with the first epicholesterol reflection 
and the fourth order with the second epicholesterol reflection, 
respectively. This overlapping of reflections limits the detection 
of phase separation in the L, phase. However, since separated 
epicholesterol is observed in the La phase, it is reasonable to 
conclude that such phase separation exists in the L, phase as 
well. Also, in the hexagonal HII phase (within the temperature 
range examined), the (20) reflection is approximately coin- 
cident with the second epicholesterol reflection (Figure 4B). 
However, monitoring intensity as a function of temperature 
as the hexagonal phase develops indicates that phase-separated 
material persists into the hexagonal phase. 

The dependence of the L, - HII phase transitions on the 
mole fraction of sterol was determined. Representative DSC 
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FIGURE 4: Temperature dependence of the measured d spacings for 
(A) the DEPE-cholesterol mixture with X(cho1) = 0.40 and (E) the 
DEPE-epicholesterol mixture with X(epi) = 0.31. The letter C 
indicates reflections associated with cholesterol and the letter E those 
associated with epicholesterol. 
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FIGURE 5: Representative DSC scans of the L, - HII transition of 
DEPE with various mole fractions of epicholesterol. The epicholesterol 
molefractionsare0.000,0.026,0.051,0.118,0.211,0.348,and0.516. 

scans of mixtures containing DEPE and various mole fractions 
of epicholesterol are presented (Figure 5 ) .  In the parallel 
X-ray experiments, estimates of the transition temperatures 
were made as described under the Materials and Methods. 
The results of this analysis for mixtures of cholesterol with 
DEPE or with EYPE are shown in Figure 6. The temperature 
of this transition for DEPE-cholesterol mixtures as determined 
by DSC is in good agreement with the results from X-ray 
diffraction (Figure 6). Epicholesterol is a much better hex- 
agonal phase promoter than is cholesterol (Figure 6). 

Cholesterol affects the structure of the hexagonal phase of 
the two phosphatidylethanolamines to a different extent. The 
lattice constant, d, of the HI, phase at 69 OC for DEPE and 
at 40 OC for EYPE (Figure 7) is shown as a function of molar 
fraction of cholesterol. The temperatures were chosen in each 
case as being common to the HI, phases of all the samples of 
a given lipid studied. For DEPE, the lattice constant, Q, 

decreases from 76 A in the absence of cholesterol to about 7 1 
A at X(chol) = 0.64. On the other hand, similar behavior is 
not observed for EYPE, where only a small decrease in lattice 

80 1 I 

I * \  I 

b= 

'Y 

0.0 0.2 0.4 0.6 

FIGURE 6: Dependence of the L, - HII transition temperature on 
the mole fraction of sterol. DEPE-cholesterol (0, O), DEPE-epi- 
cholesterol (O) ,  and EYPE-cholesterol (A) as determined by X-ray 
diffraction (0, A) and by DSC (0, 0). 

M a l  Fraction Sterol 

0.0 0.2 0.4 0.6 
X (Cholesteroll 

FIGURE 7: Lattice constant, d,  of the HII phase for (0) DEPE at 69 
OC and (0) EYPE at 40 OC as a function of the molar fraction of 
cholesterol, X(cho1). The error bars indicate the uncertainty derived 
from the channel width. 

i.0 0.2 0.4 0.6 
Mol Fraction Sterol 

FIGURE 8: Transition enthalpy of DEPE with various mole fractions 
of epicholesterol (0,O) or cholesterol (B, 0) for the L, - L, transition 
(0, 0) and the La - HI, transition (M, 0).  

constant may be discerned up to X(cho1) = 0.67. However, 
the temperature in the case of EYPE is almost 30 OC lower 
than in the case of DEPE, and this may play a role in de- 
termining the structural stability. Structural changes in the 
HII phase due to the presence of epicholesterol could not be 
detected by X-ray. 

Epicholesterol increases the enthalpy of the L, - HII 
transition of DEPE but achieves a maximum at about 0.23 
mole fraction of sterol (Figure 8). The epicholesterol slightly 
broadens the transition at lower concentrations but at higher 
mole fractions (>0.20) it sharpens it dramatically, corre- 
sponding to an increased cooperativity of the transition. The 
cause of this increase of cooperativity is not known but may 
involve complex formation between DEPE and epicholesterol 
in the HI, phase. In comparison, cholesterol increases the 
enthalpy of the La - HII transition of DEPE while decreasing 
the cooperativity as evidenced by a broadening of the tran- 
sition. This effect continues up to the highest mole fraction 



8932 Biochemistry, Vol. 28, No. 22, 1989 Cheetham et al. 

3 
Y 

LO 
20' ' ' ' ' ' 
0 0  0 1  0 2  0 3  0 4  0 5  0 6  

M o l  F r a c t i o n  Sterol 
FIGURE 9: Phase diagrams for epicholesterol with DEPE, constructed 
from the onset and completion temperatures from DSC data (e). Also 
shown are the midpoints of the transitions as determined by X-ray 
diffraction (A). 

of cholesterol tested (Figure 8). Epicholesterol does not sig- 
nificantly affect the enthalpy of the gel to liquid-crystalline 
transition of DEPE (Figure 8). However, cholesterol sub- 
stantially lowers the enthalpy of this transition (Figure 8), 
similar to its well-known effects on phosphatidylcholine. 

As is apparent from the phase diagram (Figure 9), the most 
striking effect of the addition of epicholesterol is the reduction 
of the range of stability of the La phase. This is accomplished 
by the downward shift of the onset of the HII phase. The 
temperatures of the upper transition determined by X-ray 
diffraction are close to those measured by DSC; in the case 
of the lower transition, the temperatures tend to follow the 
liquidus line as determined by DSC. This latter effect may 
be related to the asymmetry of the melting peak. 

DISCUSSION 
X-ray diffraction studies of the phase behavior of EYPE 

have been reported previously (Laggner, 1984), but no defi- 
nitive structural assignments were made. We find that pure 
EYPE undergoes the L, - La transition at  approximately 8 
OC and the La - HII transition at 35 OC. The decrease of 
30 "C in the La - HII transition temperature with respect 
to DEPE may be attributed to the increased unsaturated 
character of the natural lipids (Cullis & De Kruijff, 1979) 
and/or to the distribution of chain lengths (Cullis & De 
Kruijff, 1978). Both of these tend to favor increased acyl chain 
disorder and therefore promote formation of HII. These two 
phosphatidylethanolamines differ considerably in the character 
of the hydrocarbon chains. DEPE has two equal C18 chains, 
each with a trans double bond at position 9, whereas the 
natural PE is a mixture of chain lengths from 16 to 22 carbons 
with varying amounts of cis double bonds. The most obvious 
difference between the two species of PE is apparent in the 
dependence of the La - HII transition on the molar fraction 
of cholesterol (Figure 6). Whereas with DEPE the La phase 
is first destabilized by the addition of cholesterol and then 
strongly stabilized by further addition of the sterol, in EYPE 
there is only a weak destabilization of La. T,.,, decreases about 
3 OC for X(cho1) = 0.1, and addition of more cholesterol has 
no further effect. Stabilization of the La phase at  high cho- 
lesterol content is also much less pronounced in the case of 
POPE-cholesterol mixtures (Epand & Bottega, 1987). This 
fact lends some strength to the idea that there is a specific 
DEPE-cholesterol interaction which is promoted by the trans 
configuration of the double bond at the middle of each acyl 
chain. It has been suggested that the two angular methyl 
groups of a cholesterol molecule at C10 and C13 can be ac- 
commodated by unsaturated acyl chains in a hydrophobic 
pocket generated by a trans-gauche kink adjacent to a double 
bond at position 9 (Huang, 1977). Ayanoglu et al. (1988) have 

postulated that the cholesterol nucleus should fit between the 
carbonyl group of the acyl chain and this kink. The particular 
trans-gauche isomerism promoted by the double bond would 
thus determine how well cholesterol could f i t  into the bilayer. 

The interbilayer spacing decreases from 64 A in the L, 
phase to 56 A in the La phase. This decrease in spacing is 
thought to reflect the decrease in the order parameter of the 
hydrocarbon chains and the accompanying increased chain 
flexibility (Engleman, 1970). Upon addition of cholesterol, 
the L, phase is no longer clearly observed, and the interbilayer 
spacing of the La phase increases as is also observed in the case 
of DEPE. We cannot separate the contributions of the water 
and the lipids to this parameter, but the additional 2 A ob- 
served for the layer thickness of the La phase in the presence 
of cholesterol may be due to the restraining influence of the 
sterol on the conformational freedom of the PE molecule. This 
is in contrast to epicholesterol, which does not greatly modify 
the structural parameters of DEPE. The presence of phase- 
separated epicholesterol crystals in the La phase suggests that 
the solubility of epicholesterol in DEPE is very limited and 
is less than that of cholesterol. Cholesterol is more effective 
than epicholesterol in reducing the enthalpy of the L, - La 
transition of DEPE (Figure 8) as well as phosphatidylcholines 
(De Kruijff et al., 1972; Davis et al., 1986). 

Despite the effects of cholesterol on the L, - L, transition, 
cholesterol shows limited solubility in PE, with the onset of 
formation of cholesterol domains occurring at X(cho1) = 
0.35-0.4 for both phosphatidylethanolamines studied. As 
phase separation of cholesterol above X(cho1) = 0.2 may be 
indicated by the invariant region for EYPE-cholesterol mix- 
tures, it is possible that the true solubility limit in both cases 
is lower. The phase diagrams of cholesterol mixtures with 
DEPE (Epand & Bottega, 1987) show that the liquidus of the 
L, - La transition becomes invariant at X(cho1) = 0.2. 
Because of the difficulty of resolving the cholesterol reflections 
in the HI, phase, we cannot say whether there is a change in 
solubility at temperatures above the La - HII transition. In 
previous X-ray studies, it was found that the zwitterionic 
phosphatidylcholine (PC) can solubilize cholesterol until a mole 
fraction X(cho1) of approximately 0.5 (Yeagle, 1985). In the 
case of phosphatidylserine (PS), which bears one negative 
charge at neutral pH, the solubility is reduced, and a separate 
cholesterol phase is observed both by DSC and by X-ray 
diffraction already at X(cho1) = 0.3 (Bach, 1984; Wachtel & 
Bach, 1987; Bach & Wachtel, 1989). It has recently been 
shown by the inverse contrast variation method in neutron 
scattering (Knoll et al., 1985) that X(cho1) = 0.45 is the upper 
limit of cholesterol solubility in synthetic phosphatidylcholine 
bilayers. If we compare X-ray diffraction and DSC results 
on EYPE and DEPE with those on natural PS and PC, we 
find that the solubilizing capacity of the phosphatidyl- 
ethanolamines is intermediate between the values found for 
these other lipids. Browning and Seelig (1980) have reported 
that PS has a more rigid headgroup than either PC or PE. In 
addition, PS bilayers are stabilized by intermolecular bonds, 
as indicated by the high temperature of melting. PE head- 
groups also form hydrogen bonds, and following Blume (1 980), 
we may suggest that this fact is responsible for placing the 
solubility of cholesterol in PE bilayers midway between that 
in PS and PC. 

Epicholesterol markedly depresses the L, - HII transition 
temperature at low mole fractions. In this regard, it is more 
effective than cholesterol. The greater changes observed with 
epicholesterol can be explained in terms of the orientation and 
motion of the sterol in the lipid bilayer. There is no direct 
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experimental evidence for hydrogen bonding between the 
3P-OH of cholesterol and phospholipid headgroups (De Kruijff 
et al., 1973). Instead, the cholesterol hydroxyl is thought to 
be hydrated at the surface of the bilayer (Demel et al., 1972; 
Murari et al., 1986). The hydration of the OH serves to orient 
the cholesterol molecule perpendicular to the bilayer surface 
and maximize favorable van der Waals interactions between 
the hydrocarbon region of cholesterol and the acyl chains of 
the phospholipids (Murari et al., 1986; Dufourc et al., 1984). 
The requirement for the rigid ring structure and tail regions 
of cholesterol for its characteristic condensing effect further 
emphasizes the importance of hydrophobic interactions be- 
tween the phospholipid acyl chains and cholesterol (Yeagle, 
1985; Demel et al., 1972). Epicholesterol may also be hydrated 
at the bilayer surface, but to achieve this, it must tilt its 
hydrocarbon region with respect to the normal to the surface 
of the bilayer (Murari et al., 1986; Dufourc et al., 1984). 
Deuterium NMR has shown that at physiological tempera- 
tures, cholesterol is oriented with its long axis perpendicular 
to the plane of the bilayer while epicholesterol is tilted with 
respect to the bilayer surface (Murari et al., 1986; Dufourc 
et al., 1984). The tilted orientation of the epicholesterol may 
also lead to unfavorable steric interactions in the hydrocarbon 
portion of the bilayer, thus increasing the effective hydrocarbon 
volume (Demel et al., 1972; Murari et al., 1986). This tilted 
orientation may lead to a more favorable packing arrangement 
with phospholipid in the HI, phase because both the phos- 
pholipid and the sterol would have a similar intrinsic radius 
of curvature. The fact that increasing amounts of epichole- 
sterol appear to increase the cooperativity of the L, - HII 
transition is rather unusual, and X-ray experiments at high 
angles to characterize the packing order of the acyl chains at 
temperatures just below the L, - HII transition will be carried 
out. Addition of epicholesterol does not change the structure 
of the HI1 phase. The center to center spacing of the rods in 
the HI, phase, which is determined by the length of two DEPE 
molecules and the water in the cylinder core, at a given tem- 
perature is roughly constant between X(epi) = 0.1-0.5. This 
is unlike the observation with DEPE-cholesterol mixtures 
where the center to center spacing at a given temperature 
decreases markedly with sterol content. The lattice constant 
in the hexagonal phase of DEPE decreases from 76 A in the 
absence of cholesterol to about 71 A for X(cho1) = 0.64. In 
view of the straightening effect of cholesterol on fatty acid 
chains, such behavior has been attributed to progressive de- 
pletion of the water core with increasing cholesterol content 
(Gasset et al., 1988). However, this is not a general effect 
of cholesterol as the lattice constant in the hexagonal phase 
of EYPE is much less sensitive to the presence of cholesterol. 
This again suggests that epicholesterol and DEPE pack to- 
gether in a stable arrangement in the hexagonal phase. This 
likely arises not just from the shape of the molecule but also 
from the motional properties of epicholesterol in the phos- 
pholipid environment. 

The relative stability of the bilayer and hexagonal phases 
in the presence of additives has been considered in terms of 
the intrinsic radius of curvature, hydration, and hydrocarbon 
packing constraints (Kirk et al., 1984; Gruner, 1985). The 
present results show that simple epimerization of the hydroxyl 
group of cholesterol, through its influence on molecular ori- 
entation and motion, can affect bilayer stability. Thus, even 
though cholesterol and epicholesterol have exactly the same 
balance of polar and nonpolar groups, they produce markedly 
different changes in bilayer stability. The molecular properties 
of sterols have evolved to produce cholesterol, which despite 
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its hydrophobic nature is not a potent hexagonal phase pro- 
moter in PE. The ability of epicholesterol to strongly promote 
hexagonal phase formation may partially explain its absence 
from biological membranes. 

ACKNOWLEDGMENTS 
The DSC work was supported by a grant from the Medical 

Research Council of Canada. We are grateful to Victor Epand 
for writing the graphics progra’m used to produce Figure 1. 
E.W. and D.B. thank Reuven de Roos for expert technical 
assistance with X-ray instrumentation. 

Registry No. DEPE, 16777-83-6; cholesterol, 57-88-5; epichole- 
sterol, 474-77-1. 

REFERENCES 
Ayanoglu, E., Li, H., Djerassi, C., & Duzgunes, N. (1988) 

Bach, D. (1984) Chem. Phys. Lipids 35, 385-392. 
Bach, D., & Wachtel, E. (1989) Biochim. Biophys. Acta 979, 

Bhakoo, M., & McElhaney, R. N. (1988) Biochim. Biophys. 

Blume, A. (1980) Biochemistry 19, 4908-491 3. 
Boggs, J. M., Stamp, D., Hughes, D. W., & Deber, C. M. 

Browning, J. L., & Seelig, J. (1980) Biochemistry 19, 

Cullis, P. R., & De Kruijff, B. (1978) Biochim. Biophys. Acta 

Cullis, P. R., & De Kruijff, B. (1979) Biochim. Biophys. Acta 

Cullis, P. R., De Kruijff, B., Hope, M., Nayar, R., & Schmid, 

Davis, P. J., Kariel, N., & Keough, K. M. W. (1986) Biochim. 

De Kruijff, B. (1987) Nature 329, 587-588. 
De Kruijff, B., Demel, R. A., & Van Deenen, L. L. M. (1 972) 

Biochim. Biophys. Acta 255, 331-347. 
De Kruijff, B., Demel, R. A., Slotboom, A. J., Van Deenen, 

L. L. M., & Rosenthal, A. F. (1973) Biochim. Biophys. 
Acta 307, 1-19. 

Demel, R. A., Bruckdorfer, K. R., & Van Deenen, L. L. M. 
(1972) Biochim. Biophys. Acta 255, 31 1-320. 

Dufourc, E. J., Parish, E. J., Chitrakorn, S., & Smith, I. C. 
P. (1984) Biochemistry 23, 6062-607 1. 

Engleman, D. M. (1970) J .  Mol. Biol. 47, 115-1 17. 
Epand, R. M. (1985) Biochemistry 24, 7092-7095. 
Epand, R. M., & Bottega, R. (1987) Biochemistry 26, 

Epand, R. M., Stafford, A. R., Cheetham, J. J., Bottega, R., 

Gallay, J., & De Kruijff, B. (1982) FEBS Lett. 143, 133-136. 
Gasset, M., Killian, J. A., Tournois, H., & De Kruijff, B. 

Gruner, S .  M. (1985) Proc. Natl. Acad. Sci. U.S.A. 82, 

Harlos, K., & Eibl, H. (1980) Biochim. Biophys. Acta 601, 

Harlos, K., & Eibl, H. (198 1) Biochemistry 20, 2888-2892. 
Huang, C. M. (1977) Lipids 12, 348-353. 
Hui, S .  W., Stewart, T. P., Yeagle, P., & Albert, A. D. (1981) 

Arch. Biochem. Biophys. 207, 227-240. 
Israelachvili, J. N., Marcelja, S . ,  & Horn, R. G. (1980) Q. 

Rev. Biophys. 13, 121-200. 
Jensen, J. W., & Schutzbach, J. S. (1988) Biochemistry 27, 

Chem. Phys. Lipids 47, 165-175. 

11-19. 

Acta 945, 307-314. 

(1981) Biochemistry 20, 5728-5735. 

1962- 1970. 

507, 207-218. 

559, 399-420. 

S .  L. (1980) Can. J .  Biochem. 58, 1091-1100. 

Biophys. Acta 856, 395-398. 

1820-1825. 

& Ball, E. H. (1988) Biosci. Rep. 8, 49-54. 

(1988) Biochim. Biophys. Acta 939, 79-88. 

3665-3669. 

11 3-122. 

63 15-6320. 



8934 Biochemistry 1989, 28, 8934-8939 

Kirk, G. L., Gruner, S .  M., & Stein, D. L. (1984) Biochem- 
istry 23, 1093-1102. 

Knoll, W., Schmidt, G., Ibel, K., & Sackmann, E. (1985) 
Biochemistry 24, 5240-5246. 

Laggner, P. (1984) in Structural Biological Applications of 
X-ray Absorption, Scattering and Diffraction (Chance, B., 
& Bartunik, H. D., Eds.) pp 171-182, Academic Press, 
London. 

Murari, R., Murari, M. P., & Baumann, W. J. (1986) Bio- 
chemistry 25, 1062-1067. 

Navarro, J.,  Toivio-Kinnucon, M., & Racker, E. (1984) 
Biochemistry 23, 130-1 3 5 .  

Reich, M. K., Kam, Z., & Eisenberg, H. (1982) Biochemistry 
21, 5189-5195. 

Seddon, J. M., Cevc, G., & Marsh, D. (1983) Biochemistry 

Shipley, G. G. (1973) in Biological Membranes (Chapman, 
D., & Wallach, D. F. M., Eds.) Vol. 2, pp 1-89, Academic 
Press, London. 

Valtersson, C., van Duyn, G., Verkleij, A. J., Chojnachi, T., 
De Kruijff, B., & Dallner, G. (1985) J .  Biol. Chem. 260, 

Verkleij, A. J. (1984) Biochim. Biophys. Acta 779, 43-63. 
Wachtel, E., & Bach, D. (1987) Biochim. Biophys. Acta 922, 

Wieslander, A., Rilfors, L., & Lindblom, G. (1986) Bio- 

Yeagle, P. L. (1985) Biochim. Biophys. Acta 822,267-287. 

22, 1280-1 289. 

2742-275 1. 

234-23 8. 

chemistry 25, 751 1-7517. 

Quantitative Determination of Conformational Disorder in the Acyl Chains of 
Phospholipid Bilayers by Infrared Spectroscopy+ 

R. Mendelsohn,*J M.  A. Davies,$ J. W. Brauner,l H. F. Schuster,t and R.  A. Dluhy*,g 
Department of Chemistry, Rutgers University, 73 Warren Street, Newark, New Jersey 07102, and National Center for 

Biomedical Infrared Spectroscopy, Battelle Memorial Institute, 505 King Avenue, Columbus, Ohio 43201 
Received May 18, 1989; Revised Manuscript Received June 30, I989 

ABSTRACT: A method is proposed and demonstrated for the direct determination of conformational disorder 
(trans-gauche isomerization) as a function of acyl-chain position in phospholipid bilayer membranes. Three 
specifically deuterated derivatives of dipalmitoylphosphatidylcholine (DPPC), namely 4,4,4’,4’-d4-DPPC 
(4-d4-DPPC), 6,6,6’,6’-d4-DPPC (6-d4-DPPC), and 10,10,10’, 10’-d4-DPPC ( 10-d4-DPPC), have been 
synthesized. The CD2 rocking modes in the Fourier transform infrared (FT-IR) spectrum have been 
monitored as a function of temperature for each derivative. A method originally applied by Snyder and 
Poore [(1973) Macromolecules 6,708-7151 as a specific probe of hydrocarbon chain conformation in alkanes 
has been used to analyze the data. The rocking modes appear a t  622 cm-* for a CD2 segment surrounded 
by a trans C-C-C skeleton and between 645 and 655 cm-’ for segments surrounded by particular gauche 
conformers. The integrated band intensities of these modes have been used to monitor trans-gauche 
isomerization in the acyl chains at particular depths in the bilayer. At 48 OC, above the gel-liquid-crystal 
phase transition, the percentage of gauche rotamers present is 20.7 f 4.2, 32.3 f 2.3, and 19.7 f 0.8 for 
4-d4-DPPC, 6-d4-DPPC, and 10-d4-DPPC, respectively. The gel phase of the latter two molecules is highly 
ordered. In contrast, a substantial population of gauche rotamers was observed for the 4-d4-DPPC. The 
conformational analysis yields a range of 3.6-4.2 gauche rotamers/acyl chain of DPPC above the phase 
transition. This range is in excellent accord with the dilatometric data of Nagle and Wilkinson [(1978) 
Biophys. J. 23, 159-1751, The significant advantages of the FT-IR approach are  discussed. 

Determina t ion  of the structure and dynamics of phospho- 
lipids, and the relationship of these quantities to the function 
of membrane proteins, is a long-sought goal of membrane 
biophysics. Toward this end, the arsenal of modern spectro- 
scopic technology has been brought to bear. Each technique 
contributes information on its own time scale to a composite 
picture of phospholipid organization. Yet a quantitative 
picture of the contribution of any single motion to phospholipid 
dynamics is elusive. The reason for this is not difficult to 
understand. For example, the most powerful technique 
brought to bear on this problem to date is probably *H NMR 
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spectroscopy [for a recent review, see Seelig and MacDonald 
(1987)l. The order parameters derived from this experiment 
incorporate all motions faster than about 10-5-106 s, the 
characteristic time scale for the NMR measurement (Seelig 
& Seelig, 1974; Petersen & Chan, 1977). Thus, the contri- 
bution from any one of the possible motions (trans-gauche 
isomerization, acyl-chain librations, rigid body motions, etc.) 
to the spectrum is difficult to determine. Other commonly 
used spectroscopies, primarily fluorescence and ESR, are ex- 
quisitely sensitive, but in general require the use of probe 
molecules. These at best present difficulties in transferring 
the measured spectral properties of the probe to the physical 
properties of the phospholipid and at worst have the potential 
to perturb the order and dynamics of the system under in- 
vestigation (Taylor & Smith, 1980). 

Infrared and Raman spectroscopies, in principle, operate 
on a time scale that has the potential to sample directly the 
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