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Abstract

It is postulated that biological membrane lipids are heterogeneously distributed into lipid microdomains. Recent evidence
indicates that docosahexaenoic acid-containing phospholipids may be involved in biologically important lipid phase
separations. Here we investigate the elastic and thermal properties of a model plasma membrane composed of egg
sphingomyelin (SM), cholesterol and 1-stearoyl-2-docosahexaenoyl-sn-glycerophosphoethanolamine (SDPE). Two techni-
ques are employed, pressure—area isotherms on monolayers to examine condensation and interfacial elasticity behavior, and
differential scanning calorimetry (DSC) on bilayers to evaluate phase separations. Significant levels of condensation are
observed for mixtures of SM and cholesterol. Surface elasticity measurements indicate that cholesterol decreases and SDPE
increases the in-plane elasticity of SM monolayers. At Xsppg = 0.15 in SM, a more horizontal region emerges in the pressure—
area isotherms indicating ‘squeeze out’ of SDPE from the monolayers. Addition of cholesterol to equimolar amounts of SM
and SDPE further increases the amount of ‘squeeze out’, supporting the concept of phase separation into a cholesterol- and
SM-rich liquid ordered phase and a SDPE-rich liquid disordered phase. This conclusion is corroborated by DSC studies
where as little as Xcpo =0.0025 induces a phase separation between the two lipids. © 2001 Published by Elsevier Science
B.V.
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1. Introduction geneous dispersions of phospholipids and proteins
existing in dissimilar regions of the membrane re-
ferred to as domains [1,2]. Domains have been shown
to exist as macrodomains that are protein-driven and

microdomains that are to a large extent lipid-driven.

Biological membranes appear to consist of hetero-
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uli; DHA, docosahexaenoic acid; DPPC, dipalmitoylphosphati-
dylcholine; DRM, detergent resistant membrane; DSC, differen-
tial scanning calorimetry; DSM, detergent soluble membrane;
MLV, multilamellar vesicle; PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; SDPC, 1-stearoyl-2-docosahexaenoyl-sn-
glycerophosphocholine; SDPE, 1-stearoyl-2-docosahexaenoyl-sn-
glycerophosphoethanolamine; SM, sphingomyelin; T,, transition
temperature
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Protein-based macrodomains are known to be stable
and are often well characterized entities while little is
known about lipid microdomain composition, stabil-
ity and size. Much of the evidence for the existence
of lipid microdomains comes mainly from indirect
biophysical measurements and from membrane frac-
tions that are insoluble in cold Triton X-100 (deter-
gent resistant membranes, DRMs) [3]. DRMs are
composed primarily of sphingolipids and cholesterol
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in a liquid ordered state. The DRM microdomains
are believed to affect the function of some proteins,
thereby influencing signaling within the cell [3]. His-
torically the best documented examples of lipid mi-
crodomains come from phase separations in liquid
crystalline and gel state bilayers in phospholipid
model membranes [1]. Although there have been nu-
merous reports of liquid crystalline and gel state
phase separations, they have limited biological rele-
vance since few gel state lipids actually exist in sig-
nificant quantities in most biological membranes.

It has been suggested that lipid microdomains may
range from as little as 20 molecules up to tens of
square microns in size and range in stability from
nanoseconds up to the lifetime of a cell [4,5]. The
effect of lipids on microdomain size and stability
must reflect both phospholipid head group structure,
size and charge as well as the composition (chain
length and degree of unsaturation) of the acyl chains.
Lipid microdomains are therefore largely the result
of lipid-lipid interactions. The liquid ordered phase
found in DRMs, for example, demonstrates a high
affinity between sphingomyelin (SM) and cholesterol
(Chol). If there are patches of the membrane that are
cholesterol- and SM-rich (i.e. DRMs) then there
must also be regions or domains in the membrane
that are cholesterol- and SM-poor. It can be pre-
dicted that these domains would exist in the liquid
disordered phase and would be detergent soluble (de-
tergent soluble membranes, DSMs). DSMs should be
enriched in lipid components that have a low affinity
for both SM and cholesterol.

It is possible, perhaps likely, that biological mem-
branes are largely composed of a patchwork of lipid
microdomains formed as a result of fluid—fluid phase
separations. Here we model a mammalian plasma
membrane using a three-lipid component monolayer
and bilayer system. The lipids chosen are cholesterol,
SM and a phosphatidylethanolamine (PE) with stea-
ric acid as the sn-1 chain and docosahexaenoic acid
(DHA) as the sn-2 chain. Lipids comprising the
mammalian plasma membrane can be categorized
into three principal types: phospholipids, sphingolip-
ids, and cholesterol [6]. Phospholipids are found as
the major polar lipid component whereas sphingolip-
ids can comprise 10-20 mol% of the plasma mem-
brane [7]. Cholesterol, the third major component,
can comprise up to 50 mol% of the total plasma

membrane lipids [8]. DHA, an -3 fatty acid, is the
longest and most unsaturated fatty acid commonly
found in membranes [9]. DHA is found in high quan-
tities in neural membranes, rod outer segments of the
eye and sperm plasma membranes [10] and has been
linked in a positive way to a wide variety of human
afflictions including heart disease, cancer, autoim-
mune diseases, abnormal brain development and vis-
ual problems. Cholesterol exhibits a high affinity for
SM but a poor affinity for PE [11,12] and DHA-
containing phospholipids [13-15]. Although sphingo-
myelin is a gel state lipid at room temperature, it
exists in a liquid ordered fluid state in the presence
of cholesterol [6]. We therefore predict that our
three-component model membrane will phase sepa-
rate into a cholesterol-rich, SM-rich, DHA-PE-poor
liquid ordered phase and a cholesterol-poor, SM-
poor, DHA-PE-rich liquid disordered phase, mim-
icking DRM and DSM fractions, respectively. Here
we employ pressure—area isotherms and differential
scanning calorimetry to follow a biologically relevant
phase separation in this model membrane.

2. Materials and methods
2.1. Materials

Egg SM and 1-stearoyl-2-docosahexaenoyl-sn-glyc-
ero-3-phosphoethanolamine (SDPE) were purchased
from Avanti Polar Lipids (Alabaster, AL). Choles-
terol was acquired from Sigma Chemical (St. Louis,
MO). Lipid purity was assessed by thin-layer chro-
matography. Lipid and cholesterol concentrations
were quantified using phosphate analysis and dry
weight analysis, respectively. Hexane and 2-propanol
(HPLC grade) used in the monolayer studies, were
purchased from Aldrich Chemical (Milwaukee, WI).
Water for the monolayer studies was deionized,
glass-distilled and run through a Milli-Q Plus Water
Purification System (Millipore, Milford, MA).

2.2. Lipid monolayer studies

Pressure—area isotherms (7—A4) were obtained using
a Mini LB Trough (KSV Instruments, Helsinki, Fin-
land) and a Wilhelmy plate. All equipment was
rinsed with ethanol twice and five times with distilled



S.R. Shaikh et al. | Biochimica et Biophysica Acta 1512 (2001) 317-328 319

water before use. Lipid monolayers composed of
phospholipids, SM, cholesterol, or combinations
thereof, were spread onto a deionized water subphase
using hexane/2-propanol (3:2) at 23°C. The carrying
solvent was allowed to evaporate for 5 min and com-
pression rates were set at 1 mN/m per minute. All
combinations of lipids/cholesterol were run a mini-
mum of three times to ensure reproducibility.

2.3. Analysis of pressure—area isotherms

Lipid area/molecule was calculated by linear ex-
trapolation from the target pressure of 30 mN/m.
The ideal mean molecular area (A;) of two-compo-
nent mixed monolayers was calculated at a constant
surface pressure () by:

Az = X1(A41)z + (1=X1)(42)z (1)

where X is the mol fraction of component 1 and A4,
and A4, are the mean molecular areas of pure com-
ponents 1 and 2 at identical surface pressures [16].

The percent condensation was calculated at a con-
stant surface pressure using the following equation
[17]:

% Condensation = [(Aideal_Aobs)/Aideal} X 100 (2)

where A;4e.; 18 the ideal mean molecular area and
Aops 1s the experimentally obtained mean molecular
area.

The A data were also used to determine the sur-
face elasticity moduli C;!' [18]:

C;' = (—A)(dr/dA) (3)

where A is the area per molecule of the lipid compo-
nent at the indicated surface pressure . Elasticity
values are often fitted to an osmotic-based mono-
layer equation of state in order to improve data at
high surface pressures (>30-35 mN/m) [18]. Since
we evaluated our data at a surface pressure of
30 mN/m, we did not fit our data to such an equa-
tion. The mA data allowed the estimation of the
number of molecules lost (percent ‘squeeze out’) in
the flat portions of the 74 isotherms [19]:

L =1—(A4c/Ap) X100 (4)
where L is the percentage of molecules lost, A, and

A, are the beginning and end, respectively, of the
surface area of the near-horizontal (‘plateau’) regions

[19]. The values for Ay, and A. were determined by
drawing tangents on each side of the plateau region.
The tangents were then extrapolated and points of
intersection determined the plateau region. Estima-
tion of A, and A. had some uncertainty and thus
percentage of molecular loss is simply an estimate.

2.4. Differential scanning calorimetry (DSC) studies

Lipids dissolved in chloroform were dried under
nitrogen for 30 min followed by 12 h under vacuum
to remove traces of organic solvents. Multilamellar
vesicles (MLVs) were made by hydrating overnight
the appropriate phospholipids at 10 mg/ml in 10 mM
sodium phosphate, pH 7.0 and then oxygen was re-
moved by purging the solution with nitrogen. MLVs
were frozen in liquid nitrogen and thawed three times
in a 50°C water bath. The MLV solutions (500 ul)
were added to each of the three chambers of a Hart
Scientific differential scanning calorimeter (Provo,
UT) with the 4th chamber containing 500 ul of the
buffer. Heating and cooling scans were made at
5°C/h. Only the cooling scans are presented although
both scans appeared nearly identical.

3. Results

3.1. Do SM and cholesterol have an ‘affinity’ for one
another?

In order to understand phase separation in a three-
component system, we first assessed the affinity be-
tween two of the components, SM and cholesterol.
Fig. 1 shows the 74 isotherms for SM with increas-
ing mol fractions of cholesterol (Xcpo1). SM, by itself
(curve a), exists in the liquid-expanded state at low
surface pressures and undergoes a transition to a
more condensed state at about 15 mN/m, similar to
values reported by others [16,20]. Increasing the
amount of cholesterol obliterates the liquid-expanded
state at low surface pressures and lowers the area per
molecule of SM. At 30 mN/m, the area per molecule
of SM was found to be 50.6 A? and 35.2 A? for pure
cholesterol (Table 1). Cholesterol, with its series of
rigid planar rings, occupies almost the same area per
molecule at both low and high lateral pressures with
less than a 2% change observed from 5 mN/m to



320 S.R. Shaikh et al. | Biochimica et Biophysica Acta 1512 (2001) 317-328

60

50 |

40}

30

20F

Surface Pressure (mN/m)

10

30 40 50 60 , 70 80 90
Molecular Area (A/molecule)

Fig. 1. Pressure—area isotherms for SM/cholesterol mixed mono-
layers. Mol fraction of cholesterol in SM: (a) 0; (b) 0.05; (c)
0.10; (d) 0.20; (e) 0.30; (f) 0.40; (g) 0.50; (h) 0.60; (i) 1.0.

30 mN/m (Fig. 1). Thus, it is concluded that any
condensation found between SM and cholesterol
must be conferred by SM.

Condensation values for Xcpo=0.05 and 0.60
range from 7.3% to 14.0%, respectively (Table 1).
Condensation values varied inversely as a function
of surface pressure (lower surface pressures demon-
strated higher condensations, data not shown). Fig. 2
presents the mean molecular area of egg SM/choles-
terol as a function of Xcpo. The solid line indicates
ideal additivity (Eq. 1), while the closed squares de-
note the experimentally obtained values.

For these same monolayers, upon the addition of
cholesterol to SM we observed an increase in the
surface elasticity moduli (a decrease in elasticity) (Ta-

Table 1
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Fig. 2. Mean molecular area as a function of mol fraction cho-
lesterol (Xcho1)- Solid squares represent experimental results and
ideal additivity is represented by the solid line. Data were ob-
tained from the pressure-area isotherms of SM and cholesterol
at 30 mN/m reported in Fig. 1.

ble 1). The elasticity value at 30 mN/m for pure SM
was 154.4 mN/m and for pure cholesterol was 2484
mN/m, a value indicating little or no compressibility.
This again demonstrates that any measured change
in area per molecule in the mixed lipid monolayers
must be conferred by the compressibility of SM and
not cholesterol.

To demonstrate an ‘affinity’ between SM and cho-
lesterol in bilayers, we next examined the change in
phase behavior of SM upon the addition of choles-
terol using DSC (Fig. 3). As little as Xcpo =0.01
significantly lowers the SM phase transition and by
Xchot =0.1 the SM phase transition is shifted to a
lower melting temperature and is nearly obliterated.
The 74 isotherm and DSC data both indicate that

Area per molecule, condensation, and interfacial surface elasticity modulus values for varying mol fractions of cholesterol with SM at

a surface pressure of 30 mN/m

Mol fraction cholesterol Area/molecule (A?) (experimental) Percent condensation C;! (mN/m)
0 50.6 - 154.4
0.05 46.2 7.3 137.7
0.10 44.9 8.5 129.4
0.20 42.7 10.1 242.6
0.30 42.4 7.8 234.9
0.40 38.8 12.7 365.6
0.50 39.2 8.6 457.3
0.60 35.6 14.0 416.8
1.0 352 - 2484.1

Values were obtained from pressure-area isotherms in Fig. 1.
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Fig. 3. DSC cooling scans of MLVs composed of (a) 0, (b)
0.01, (¢) 0.03, (d) 0.05 and (e) 0.1 mol fraction cholesterol
(Xcnot) in SM. (Note cooling scans are exothermic and so the
values are plotted as a negative excess heat capacity.)

SM and cholesterol have a high ‘affinity’ for one
another, a finding consistent with the reports of
others [16,20,21].

3.2. Do SM and SDPE have an ‘affinity’ for one
another?

Interactions between SM and SDPE were assessed
by evaluation of 7—A4 isotherms as seen in Fig. 4. For
simplicity, only a few of the 7—A isotherms obtained
are shown. At surface pressures of approx. 35 mN/m
and below, increasing mol fractions of SDPE (Xsppg)
in SM results in an increase in the combined area per

Table 2
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Fig. 4. Pressure-area isotherms of SM/SDPE mixed mono-
layers. Mol fraction of SDPE (Xsppg) in SM: (a) 0; (b) 0.15;
(c) 0.30; (d) 0.40; (e) 1.0.

molecule of SM/SDPE. At higher surface pressures
(>35 mN/m), increasing Xsppg in SM decreases the
combined area per molecule of SM/SDPE. The 74
isotherm for pure SDPE interestingly shows a very
large plateau region at 32 mN/m (Fig. 4) that con-
tinues until the barriers touch. The distinct near hor-
izontal region of the 74 isotherms emerges at
Xsppe =0.15 and increases with increasing amounts
of SDPE.

Table 2 reports the area/molecule, percent conden-
sation, percent ‘squeeze out’ and the elasticity mod-
ulus at a surface pressure of 30 mN/m for SM/SDPE
mixed monolayers. The values were obtained from
the mA isotherms, some of which are reported in

Area/molecule, percent condensation, percent ‘squeeze out’, and interfacial elasticity modulus values for varying mol fractions SDPE

in SM at a surface pressure of 30 mN/m

Mol fraction SDPE in SM  Area/molecule (A?) experimental Percent condensation  Percent ‘squeeze out” C;! (mN/m)
0.10 54.0 9.4 0.0 79.6
0.15 53.6 4.1 0.0 76.0
0.20 60.6 -2 5.1 86.8
0.30 55.9 8.6 31.4 52.9
0.40 58.1 10.2 48.9 45.8
0.50 63.6 6.0 62.2 49.8
0.60 71.7 -2 81.3 54.3
1.0 84.6 - 92.6 66.4

Values were calculated from pressure—area isotherms shown in Fig. 4.
aThese values are not indicated because no percent condensation was found.
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Fig. 5. Surface elasticity moduli (C;') versus lateral surface
pressure (mN/m) of mixed SM/SDPE monolayers. C;! (mN/m)
was calculated using data obtained from pressure-area iso-
therms in Fig. 4. Mol fraction of SDPE (Xsppg) in SM: (a) 0;
(b) 0.10; (c) 0.20; (d) 0.30; (e) 0.40.
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Fig. 6. DSC cooling scans of MLVs made from mixtures of
SM and SDPE. Mol fraction of SDPE (Xsppe) in SM: (a) 0;
(b) 0.10; (c) 0.25; (d) 0.40; (e) 0.50; (f) 0.60; (g) 0.75; (h) 0.90;
(1) 1.0. (Note cooling scans are exothermic and so the values
are plotted as a negative excess heat capacity.)

Fig. 4. Percent condensation varies from 4.1% to
10.2% for Xsppe=0.15 and 0.40, respectively.
‘Squeeze out’ was calculated by measuring the per-
centage of molecular loss (Eq. 4). At biologically
significant high lateral pressures (e.g. 7 =30 mN/m)
the elasticity modulus decreases upon addition of
SDPE to SM (Fig. 5), while at a low pressures (e.g.
7 =10 mN/m), the elasticity modulus remains rela-
tively constant.

The DSC scans for MLVs made from SM and
SDPE are presented in Fig. 6. In the absence of
SDPE, SM undergoes a phase transition at 39°C.
With Xsppg =0.1 mixed with SM, the melting tem-
perature of SM is lowered and the transition enthal-
py, AH, is also decreased (Table 3). With the addi-
tion of Xsppg =0.25, phase separation is observed
with the observation of SM-dependent and SDPE-
dependent peaks. By Xsppg =0.60, the phase transi-
tion of the SM-dependent peak is nearly obliterated.

3.3. Do cholesterol and SDPE have an ‘affinity’ for
one another?

There appears to be little or no ‘affinity’ between
SDPE and cholesterol. With Xcpo =0.10 in SDPE,
7—A isotherms of the two components increase with
lateral pressure up to 10 mN/m and then collapse
(data not shown), indicating the formation of an

60
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Fig. 7. Pressure—area isotherms for SM/SDPE/cholesterol mono-

layers. Monolayers were composed of SM/SDPE to which an

additional 0.05 mol fraction cholesterol was added. Mol frac-

tion SDPE (Xsppg) in SM are: (a) 0.10; (b) 0.20; (c) 0.30;

(d) 0.40.
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Table 3

Enthalpy values (cal/mol) for varying mol fractions of SDPE with SM and SDPE

Mol Fraction SDPE

SDPE low melting component

SM high melting component

T (°C) AH (cal/mol) T (°C) AH (cal/mol)

0.00 nd nd 394 4068
0.10 nd nd 353 3413
0.25 17.2 212 33.1 2778
0.40 144 1034 29.1 1029
0.50 9.8 1485 26.6 786
0.60 6.5 1262 25.2 415
0.75 9.8 2418 nd nd

0.90 9.5 2777 nd nd

1.00 6.6 4513 nd nd

Data were obtained by integrating the area under the DSC curves from Fig. 6. nd, not determined.

unstable monolayer. Many years ago Demel et al.
[13] reported very little cholesterol-induced conden-
sation with docosahexaenoic acid-containing phos-
phatidylcholines (PCs), even though PC has a higher
affinity for cholesterol than does PE [22]. Thus, our
results with SDPE and cholesterol were not surpris-
ing.

3.4. Phase separation with the three-component
system

We next obtained m—A4 isotherms for mixtures of
SM and SDPE in varying mol fractions with increas-
ing amounts of cholesterol. For clarity, only a few of

90

ab
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50 F //
40 /.
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10 F,

0.1 0.2 0.3 0.4 0.5

XSDPE

Fig. 8. Percent ‘squeeze out’ of SM/SDPE monolayers with ei-
ther 0 mol fraction (curve a) or 0.2 mol fraction (curve b) addi-
tional cholesterol. Values were calculated from pressure-area
isotherms like those shown in Fig. 7.

Percent Squeeze Out

the m—A isotherms obtained (those with Xcpoi =0.05)
are presented (Fig. 7). Once again, a near horizontal
region was observed in the 74 isotherms, indicating
molecular loss or ‘squeeze out’. In Fig. 8 we present
the percent ‘squeeze out’ at 30 mN/m as a function
of Xsppe in SM with either zero or 0.20 mol fraction
additional cholesterol. Although only the 0 and 0.20
mol fraction cholesterol curves are presented in Fig.
8, several other cholesterol concentrations were
tested and for each mol fraction of SDPE in SM,
the percent ‘squeeze out’ from the ‘plateau’ region
increased with the mol fraction of cholesterol.

To corroborate our monolayer results using bi-
layers, we next ran DSC cooling scans on MLVs
made from SM/SDPE (1:1, mol/mol) to which in-
creasing mol fractions of cholesterol were added
(Fig. 9). Equimolar mixtures of SM and SDPE result
in a low melting, SDPE-dependent peak and a high
melting SM-dependent peak with transition temper-
ature (7p,) values of 9.8°C and 26.6°C, respectively.
Upon the addition of as little as Xcpo =0.0025-0.01,
a decrease in the enthalpy of SM is observed (Fig. 9,
upper panel), while at these same levels of cholesterol
no significant effect on the phase transition of
SDPE is seen. The enthalpy values of the SDPE
low melting component remain relatively constant
at 0.00 = Xc¢po = 0.0075, ranging from 1485 to 2094
cal/mol, respectively; in addition, the transition tem-
perature also remains constant for Xcpo from 0.00 to
0.0075 (Table 4). It is not until the Xc¢p levels reach
0.03-0.05 that large alterations in the transition tem-
perature and enthalpy of the SDPE transition can be
noticed (Fig. 9, lower panel, Table 4). Thus, in the
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Fig. 9. (Top panel) DSC cooling scans of MLVs made from
equimolar mixtures of SM/SDPE with (a) 0, (b) 0.0025,
(c) 0.0050, (d) 0.0075 and (e) 0.01 mol fraction additional cho-
lesterol. (Bottom panel) DSC cooling scans of MLVs made
from equimolar mixtures of SM/SDPE with (a) 0, (f) 0.03,
(g) 0.05, (h) 0.10, and (i) 0.20 mol fraction additional cholester-
ol. (Note cooling scans are exothermic and so the values are
plotted as a negative excess heat capacity.)

Table 4

presence of SM, there appears to be little or no in-
teraction between SDPE and cholesterol at low levels
of cholesterol. Only at much higher amounts of cho-
lesterol is the phase transition of SDPE affected. In
agreement with the DSC data, the 7—A4 experiments
support the notion that the SDPE-rich phase is sep-
arated from the SM/cholesterol-rich phase.

4. Discussion

Lipid domain formation in the plasma membrane
is postulated to be a result of interactions between
lipids as well as between lipids and proteins. The best
proof of the existence of lipid microdomains has
come from studies of DRMs or lipid rafts in biolog-
ical membranes as well as from model membranes
with co-existing liquid crystalline and gel state lipids.
In the present study, we investigate a three-compo-
nent model membrane system that accurately paral-
lels the composition of mammalian plasma mem-
branes. The model membrane is composed of a
phospholipid (SDPE), a sphingolipid (egg SM) and
cholesterol. In addition we have included in the
phospholipid DHA, the longest and most unsaturat-
ed fatty acid commonly found in the plasma mem-
brane. We [23] and others [15,24] have suggested that
an important part of DHA’s function in membranes
is in affecting lipid microdomain formation. Specifi-
cally, it appears that DHA can induce phase separa-
tions in some model membranes [23] and possibly in
vivo [24].

We chose to emphasize our 74 isotherm data at a

Enthalpy values (cal/mol) for varying mol fractions of cholesterol with SM and SDPE (1:1 mol/mol)

Mol fraction cholesterol

SDPE low melting component

SM high melting component

Tm (°C) AH (cal/mol) T (°C) AH (cal/mol)
0.00 9.8 1485 26.6 786
0.0025 9.2 2010 26.5 692
0.0050 9.0 1484 26.6 654
0.0075 9.4 2094 26.6 501
0.01 7.8 1712 26.4 316
0.03 6.2 1216 nd nd
0.05 5.2 1163 nd nd
0.1 34 591 nd nd
0.2 5.7 209 nd nd

Data were obtained by integrating the area under the DSC curves from Fig. 9. nd, not determined.
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lateral pressure of 30 mN/m, a pressure believed to
be similar to that of biological membranes [25]. The
condensation and elasticity data indicate an ‘affinity’
between SM and cholesterol, a finding that would be
consistent with the existence of liquid ordered phase
found in DRMs [3]. The extent of condensation at 30
mN/m of surface pressure can be seen with the mean
molecular area versus composition plot (Fig. 2).
Condensation can be attributed to area changes
within SM when this lipid is mixed with cholesterol,
since cholesterol is a rigid molecule whose area does
not significantly change as a function of surface pres-
sure (Fig. 1). The ‘affinity’ is probably due primarily
to van der Waals forces between the rigid rings of
cholesterol and the saturated hydrocarbon chains of
SM [26]. Also contributing to the interaction is hy-
drogen bonding between the 3-OH of cholesterol and
the amide bond of SM [3,26].

Using condensation or elasticity data in mono-
layers alone as a means of estimating lipid-lipid ‘af-
finity’ has been questioned [21]. Therefore, support-
ing DSC experiments with bilayers were run (Fig. 3).
Addition of cholesterol resulted in a decrease in en-
thalpy and a shift in the phase transition temperature
of the SM peak, reflecting a high amount of misci-
bility between these two lipids.

Dipalmitoylphosphatidylcholine  (DPPC)  has
sometimes been used to replace SM in model mem-
brane studies in evaluating interactions with choles-
terol. Similar results have been reported for both
lipids [27]. DPPC has a similar phase transition to
SM (T, =41°C for DPPC and 40°C for SM), its gel
state resembles the SM liquid ordered state, it phase
separates from 1-stearoyl-2-docosahexaenoyl-sn-glyc-
erophosphocholine (SDPC) [23] and its phase sepa-
ration resembles that of SM [3]. The head group of
SM is structurally analogous to that of DPPC.
DPPC has both acyl chains saturated while the egg
SM used in these studies have predominantly satu-
rated acyl chains as well (77.7% palmitate (16:0),
7.4% stearate (18:0), 1.9% arachidate (20:0), 4.0%
behenate (22:0), 2.8% docosahexanoate (22:6) and
4.3% nervonate (24:1)) [28]. With DPPC it has
been shown that below the Ty,, there appears to be
phase separation between solid ordered and liquid
ordered phases at Xcpo from 0.08 to 0.3. Above
Xchot =0.3, there is formation of a liquid ordered
phase alone. In our 7—A isotherms, the experimental

temperature (23°C) was below that of the SM T,
and thus, it can be proposed that the monolayers
may exhibit coexisting solid and liquid ordered
phases at cholesterol concentrations similar to those
reported for DPPC [3].

We also evaluated the role of cholesterol with our
phospholipid component SDPE (data not shown).
Although we were not able to run successful 74
isotherms of SDPE/cholesterol, much is known
about the interactions between PEs and cholesterol.
Earlier studies indicate that cholesterol has a desta-
bilizing effect upon the structure of PE model mem-
branes [29]. It has also been reported numerous times
that cholesterol has little affinity for PEs when com-
pared to other phospholipids including PCs and SMs
[11,12]. Still, recently it has been demonstrated with
NMR and IR techniques that cholesterol and 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
can form a liquid ordered phase [30]. Cooling scans
from high sensitivity DSC studies of dipalmitoyl-
phosphatidylethanolamine alone show two peaks
that may indicate a mixture of domains that differ
in their thermal behavior [31]. The effect of choles-
terol on these domains remains to be studied. Simul-
taneous X-ray diffraction and DSC studies of dielai-
doylphosphatidylethanolamine  (DEPE)/cholesterol
mixtures point to the formation of DEPE-rich and
cholesterol-rich domains [32]. It is possible then that
in the absence of SMs or PCs there may even be PE
or PE/cholesterol domains, although the evidence re-
mains inconclusive [31,32].

In order to investigate the ability of DHA to in-
duce phase separations, we evaluated the interactions
between SM/SDPE and between SM/SDPE/Chol.
Pressure—area isotherms for SM/SDPE monolayers
show that mixtures containing Xsppg =0.15 exhibit
near horizontal plateau regions in the curves (Fig. 4).
We previously observed with DPPC/SDPC mono-
layers the onset of a similar plateau region at
Xsppc = 0.20 [23]. The SM/SDPE data were first an-
alyzed as mean molecular area as a function of
Xsppe as described by Smaby et al. [16]. This analysis
did not result in any clear indication of miscibility.
We then quantified the number of molecules lost in
the plateau regions (Table 2). The mol fraction of
SDPE ‘squeezed out’ above Xgsppg =0.30 in these
plateau regions is greater than the Xsppg that formed
the initial monolayer. Clearly, the lipids being elim-
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inated from the monolayer (Xsppg =0.30) are pre-
dominantly SDPE with a lesser amount of SM. It
can bee seen (Fig. 4) that for the mixtures of SM/
SDPE (except for the pure SDPE component), after
the SDPE is ‘squeezed out’, the pressure continues to
rise indicating a monolayer that is primarily SM.
Thus, it can be concluded that the plateau regions
of the mA isotherms are not simple monolayer
collapse, but rather a preferential ‘squeeze out’ of
SDPE or SDPE/SM. The concept of ‘squeeze out’
has been reported by others [19,33]. Bangham et al.
[33] have reported ‘squeeze out’ of egg phosphatidyl-
glycerol (egg PG) from mixtures of egg PG/DPPC.
‘Squeeze out’ has also been reported with the lung
surfactant proteins (SP-B and SP-C) from mono-
layers composed of DPPC/dipalmitoylphosphatidyl-
glycerol [34].

In Fig. 5 it is demonstrated that increasing the
Xsppe in SM lowers the C; ! therefore increasing
the in-plane elasticity. Changes in the elasticity
curves are indicative of changes in slope of the 74
isotherms (Fig. 4) and may reflect a redistribution of
lipids within the monolayer [35]. The curves with
SM/SDPE are similar to what has been observed
with DPPC/SDPC monolayers [23]. The C;! value
for SM alone (154.4 mN/m) is higher than that of
SDPE (66.6 mN/m). Thus, the changes in elasticity
observed with SM/SDPE mixtures can be attributed
primarily to the PE component, but further studies
are needed to evaluate whether the changes in elas-
ticity are conferred by the head group or hydrocar-
bon structure. It is well established that acyl chain
unsaturation plays a role in affecting interfacial elas-
ticity. Smaby et al. [18] demonstrated that the in-
plane elasticity of PCs is dependent upon the hydro-
carbon structure in mixtures of PC/cholesterol. These
workers reported that in-plane elasticity decreases
due to cholesterol in their PC/cholesterol mixtures
when both of the PC acyl chains were saturated.
However, a much smaller effect was noted when
the sn-1 chain was saturated and the sn-2 chain
was polyunsaturated [18]. In the DSC studies of
SM/SDPE (Fig. 6) as little as Xsppg =0.25 in SM
shows phase separation (Table 3), consistent with
the conclusions made from the 74 isotherms (Fig.
4). Still, the two peaks observed with DSC are not
pure SM and SDPE; rather, there appears to be
some miscibility between the two lipids suggesting

the formation of SM-rich, SDPE-poor and SM-
poor, SDPE-rich domains.

We attempted to assess miscibility from our 74
data using Crisp’s approach [36] of collapse pressure
versus composition (data not shown). The collapse
pressures of the SM/Chol mixtures (Fig. 1) or SM/
SDPE mixtures (Fig. 4) did not provide a clear in-
dication of miscibility. Hence, utilization of the col-
lapse pressure versus composition as a means of as-
sessing miscibility appeared very limited in our
model system. Perhaps this is the result of kinetic
limitations on mixing between SM and SDPE or
cholesterol. Similar problems have been reported
with galactosylceramides and cholesterol [17] and
with sphingomyelins or phosphatidylcholines and
cholesterol [16]. In addition, Crisp’s classical ap-
proach of assessing miscibility by collapse pressure
was intended for binary lipid systems and apparently
could not readily be used for analysis of our three-
component model [36].

Our results indicate that some lateral phase sepa-
ration occurs between SM and SDPE and is en-
hanced upon the addition of cholesterol. With in-
creasing cholesterol, the plateau regions indicate a
greater ‘squeeze out’ as seen in Fig. 8. We attempted
to assess miscibility in our three-component system
using mean molecular area versus composition dia-
grams. Results from these plots were again inconclu-
sive. Phase separation of the three components is
more clearly evident in the DSC curves. At
Xchol = 0.01, mixed with equimolar SM and SDPE,
the enthalpy of the higher melting, SM-rich peak
decreases whereas the lower melting, SDPE-rich
peak is almost unaffected (Fig. 9, top panel, Table
4). Cholesterol therefore first reduces and eventually
obliterates the SM-rich peak before affecting the
SDPE-rich peak. It appears that at Xcpo = 0.03, cho-
lesterol interacts preferentially with SM reflecting the
strong association between these two lipids, and at
higher levels also interacts with SDPE. These results
are in agreement with prior reports indicating that
cholesterol prefers PCs over PEs [11,29]. It has also
been shown that cholesterol prefers SMs over PCs
[12]. Using m—A isotherms as well as fluorescence mi-
croscopy of monolayers, Mattjus et al. [37] showed
that cholesterol interacts more favorably with SMs
than PCs.

In summary, SM and cholesterol have a strong
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affinity for one another, consistent with these lipids
forming the core of liquid ordered phase DRMs. In
addition, the liquid ordered phase separates from the
liquid disordered SDPE phase that would be a com-
ponent of the detergent soluble membrane fraction.
Since bilayers made from these three lipids are a
good approximation of the plasma membrane [6], it
can be concluded that DHA may be involved in af-
fecting the formation of lipid microdomains within
the plasma membrane. Saturated acyl chain-rich
DRMs are known to be involved in accumulation
of GPI-anchored and other cell signaling proteins
[38]. No related set of activities have yet been pro-
posed for the DHA-rich, detergent soluble mem-
brane fraction, however.

Acknowledgements

This work was supported by Grant RO1CAS57212
from the National Institutes of Health and funds
from the Phi Beta Psi Sorority.

References

[1] M. Eddidin, Patches and fences: probing for plasma mem-
brane domains, J. Cell Sci. 17 (1993) 165-169.

[2] M. Glaser, Lipid domains in biological membranes, Curr.
Opin. Struct. Biol. 3 (1993) 475-481.

[3] D.A. Brown, E. London, Structure and origin of ordered
lipid domains in biological membranes, J. Membr. Biol.
164 (1998) 103-114.

[4] L.O. Bergelson, K. Gawrisch, J.A. Ferretti, R.E. Blumen-
thal, Special issue on domain organization in biological
membranes, Mol. Membr. Biol. 12 (1995) 1-162.

[5] R. Welti, M. Glaser, Lipid domains in model and biological
membranes, Chem. Phys. Lipids 73 (1994) 121-137.

[6] S.N. Ahmed, D.A. Brown, E. London, On the origin of
sphingomyelin/cholesterol-rich detergent-insoluble cell mem-
branes: physiological concentrations of cholesterol and
sphingolipid induce formation of a detergent-insoluble, lig-
uid ordered lipid phase in model membranes, Biochemistry
36 (1997) 10944-10953.

[7]1 M. Koval, R.E. Pagano, Intracellular transport and metab-
olism of sphingomyelin, Biochim. Biophys. Acta 1082 (1991)
113-125.

[8] M. Straume, B. Litman, Influence of cholesterol on equilib-
rium and dynamic bilayer structure of unsaturated acyl
chain phosphatidylcholine vesicles as determined from high-

er order analysis of fluorescence anisotropy decay, Biochem-
istry 26 (1987) 5121-5126.

[9] L.A. Whitting, C.C. Harvey, B. Century, M.K. Worwitt,
Polyunsaturated lipids and o-tocopherol requirements,
J. Lipid Res. 2 (1961) 412-418.

[10] W.E. Connor, Importance of n-3 fatty acids in health and
disease, Am. J. Clin. Nutr. 71 (2000) 171S-175S.

[11] P.W.M. Van Dijck, B.B. De Kruijff, L.L.M. Van Deenen, J.
De Gier, R.A. Demel, The preference of cholesterol for
phosphatidylcholine in mixed phosphatidylcholine-phospha-
tidylethanolamine bilayers, Biochim. Biophys. Acta 455
(1976) 576-587.

[12] P.W.M. Van Dijck, Negatively charged phospholipids and
their position in the cholesterol affinity sequence, Biochim.
Biophys. Acta 555 (1979) 89-101.

[13] R.A. Demel, W.S.M. Geurts van Kessel, L.L.M. Van Dee-
nen, The properties of polyunsaturated lecithins in mono-
layer and liposomes and the interactions of these lecithins
with cholesterol, Biochim. Biophys. Acta 266 (1972) 26-40.

[14] D. Ghosh, M.A. Williams, J. Tinoco, The influence of lec-
ithin structure on their monolayer behavior and interactions
with cholesterol, Biochim. Biophys. Acta 291 (1973) 351-
362.

[15] D. Huster, K. Arnold, K. Gawrisch, Influence of docosahex-
aenoic acid and cholesterol on lateral lipid organization in
phospholipid mixtures, Biochemistry 37 (1998) 17299-17308.

[16] J.M. Smaby, H.L. Brockman, R.E. Brown, Cholesterol’s in-
terfacial interactions with sphingomyelins and phosphatidyl-
cholines: hydrocarbon chain structure determines the mag-
nitude of condensation, Biochemistry 33 (1994) 9135-
9142.

[17] S. Ali, J.M. Smaby, H.L. Brockman, R.E. Brown, Choles-
terol’s interfacial interactions with galactosylceramides, Bio-
chemistry 33 (1994) 2900-2906.

[18] J.M. Smaby, M.M. Momsen, H.L. Brockman, R.E. Brown,
Phosphatidylcholine acyl unsaturation modulates the de-
crease in interfacial elasticity induced by cholesterol, Bio-
phys. J. 73 (1997) 1492-1505.

[19] A. Boonman, F.H.J. Machiels, A.F.M. Snik, J. Egberts,
Squeeze-out from mixed monolayers of dipalmitoylphospha-
tidylcholine and egg phosphatidylglycerol, J. Colloid Inter-
face Sci. 120 (1987) 456-468.

[20] S. Lund-Katz, H.M. Laboda, L.R. McLean, M.C. Phillips,
Influence of molecular packing and phospholipid type on
rates of cholesterol exchange, Biochemistry 27 (1988) 3416—
3423.

[21] J.M. Smaby, M. Momsen, V.S. Kulkarni, R.E. Brown, Cho-
lesterol-induced interfacial area condensations of galactosyl-
ceramides and sphingomyelins with identical acyl chains,
Biochemistry 35 (1996) 5696-5704.

[22] M. Zerouga, L.J. Jenski, W. Stillwell, Comparison of phos-
phatidylcholines containing one or two docosahexaenoic acyl
chains on properties of phospholipid monolayers and bi-
layers, Biochim. Biophys. Acta 1236 (1995) 266-272.

[23] A.C. Dumaual, L.J. Jenski, W. Stillwell, Liquid crystalline/
gel state phase separation in docosahexaenoic acid-contain-



328 S.R. Shaikh et al. | Biochimica et Biophysica Acta 1512 (2001) 317-328

ing bilayers and monolayers, Biochim. Biophys. Acta 1463
(1999) 395-406.

[24] B.J. Litman, D.C. Mitchell, A role for phospholipid poly-
unsaturation in modulating membrane protein function, Lip-
ids 31 (1996) 193-197.

[25] M.C. Phililips, M. C, D. Chapman, Monolayer character-
istics of saturated 1,2-diacyl phosphatidylcholines (lecithins)
and phosphatidylethanolamines at the air-water interface,
Biochim. Biophys. Acta 163 (1968) 301-313.

[26] R. Brown, Sphingolipid organization in biomembranes:
what physical studies of model membranes reveal, J. Cell
Sci. 111 (1998) 1-9.

[27] J.R. Silvius, D. del Giudice, M. Lafleur, Cholesterol at dif-
ferent bilayer concentrations can promote or antagonize lat-
eral segregation of phospholipids of differing acyl chain
length, Biochemistry 35 (1996) 15198-15208.

[28] Avanti Polar Lipids, Inc., Alabaster, AL, 1993.

[29] P.R. Cullis, P.W.M. Van dijck, B. De Kruijff, J. De Gier,
Effects of cholesterol on the properties of equimolar mix-
tures of synthetic phosphatidylethanolamine and phosphati-
dylcholine, Biochim. Biophys. Acta 513 (1978) 21-30.

[30] C. Pare, M. Lafleur, Polymorphism of POPE/cholesterol sys-
tem: a >H nuclear magnetic resonance and infrared spectro-
scopic investigation, Biophys. J. 74 (1998) 899-909.

[31] H. Yao, I. Hatta, R. Koynova, B. Tenchov, Time-resolved
X-ray diffraction and calorimetric studies at low scan rates.

On the fine structure of the phase transitions in hydrated
dipalmitoylphosphatidylethanolamine, Biophys. J. 61 (1992)
683-693.

[32] H. Takahashi, K. Sinoda, I. Hatta, Effects of cholesterol on
the lamellar and the inverted hexagonal phases of dielaidoyl-
phosphatidylethanolamine, Biochim. Biophys. Acta 1289
(1996) 209-216.

[33] A.D. Bangham, C.J. Morley, M.C. Phillips, The physical
properties of an effective lung surfactant, Biochim. Biophys.
Acta 573 (1979) 552-556.

[34] S. Taneva, K.M.W. Keough, Pulmonary surfactant proteins
SP-B and SP-C in spread monolayers at the air-water inter-
face, Biophys. J. 66 (1994) 1137-1166.

[35] J. Egberts, H. Sloot, A. Mazure, Minimal surface tension,
squeeze-out and transition temperatures of binary mixtures
of dipalmitoylphosphatidylcholine and unsaturated phos-
pholipids, Biochim. Biophys. Acta 1002 (1989) 109-113.

[36] D.J. Crisp, Surface Chemistry, Butterworths, London, 1949,
pp. 23-33.

[37] P. Mattjus, J.P. Slotte, Does cholesterol discriminate be-
tween sphingomyelin and phosphatidylcholine in mixed
monolayers containing both phospholipids, Chem. Phys.
Lipids 81 (1996) 69-80.

[38] D.A. Brown, E. London, Structure and function of sphingo-
lipid- and cholesterol-rich membrane rafts, J. Biol. Chem.
275 (2000) 17221-17224.



