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Red Blood Cell Lipids Form Immiscible Liquids
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Monolayers at the air-water interface were prepared from lipids extracted from human red blood
cells. Epifluorescence microscopy was used to show that monolayers simulating the inner and outer
leaflets of the red cell membrane form immiscible liquid phases with critical points at surface pressures
of 21 and 29 dyyicm. At these pressures the monolayer lipid density is comparable to that in the
red cell membrane. This suggests that lipid bilayers of a red blood cell are near a miscibility
critical point, which should significantly affect the biophysical properties of the red cell membrane.
[S0031-9007(98)07922-8]

PACS numbers: 87.15.—v, 64.75.+g, 87.22.Bt, 87.64.—t

Epifluorescence microscope studies have shown thdathus, all of the red cell’s major lipid components can
mixtures of cholesterol and phospholipids form immis-potentially contribute to the observed immiscibility. This
cible liquid phases in monolayers at the air-water interfacéeads to the question of how binary properties manifest
[1-4]. There is indirect evidence that immiscibility also themselves in a multicomponent mixture. Consider the
occurs in bilayers of these lipids [5—7]. These results raissimplest possible thermodynamic model for the Gibbs free
the question of whether immiscible liquid domains exist inenergyG of a multicomponent lipid mixture exhibiting a
biological membranes. To this end, we extracted the lipidéiquid-liquid critical point:
from membranes of human red blood cells (erythrocytes).

Red blood cell membranes contain over 250 lipid species G = D (u'X; + kTX; In X;) + Z 2kTiXiX; . (1)

[8], most of which are arranged asymmetrically across the i i#]

membrane [9]. The major headgroup classes of the exdere X; is the mole fraction of componerit 7;; is the
tracted erythrocyte lipids were separated by thin layer chrogritical temperature of anj pair, u} is the chemical
matography, then reconstituted with 50 mol % cholesteropotential of a pure componerit T is temperature, and
so as to mimic compositions of the inner and outer eryy is the Boltzmann constant. The critical temperatures

throcyte membrane leaflets. MonOIayer.S of t.he.SG I|p|dS aTl] depend on the monolayer pressmmnd contraction
the air-water interface are found to form immiscible liquid parametersy;;.

phases. .

Figures 1 and 2 show epifluorescence micrographs of Tij(m) =T + ajlm — mc(ij)]/2k . 2)
monolayers of reconstituted lipids simulating the inner In experiments on binary mixtures at room temperature
and outer leaflets. Contrast between phases is achiev@d the surface pressure is changed until a critical pressure
by 0.2 mol% of a fluorescent probe that is preferentiallys.(ij) is reached. The change in molecular area due
excluded from the cholesterol-rich phase [4]. Two immis-to nonideal mixing ofi and j is taken to bea;;X;X;.
cible liquid phases coexist to surface pressures greater th&xperimental values ofy;; for cholesterol-phospholipid
20 dyn/cm. Domain shapes characteristic of proximity topairs are large, of magnitude-10 to —40 A% [12].

a critical point are observed at 21 giam in the simu- This corresponds to a large effect of surface pressure
lated inner leaflet [Fig. 1(b)] and at 29 djem in the outer on monolayer critical temperature, for example5 to
leaflet [Figs. 2(c) and 2(d)]. The fingering of the domains—10 °C/dyn/cm [13].

in Fig. 2(f) indicates the monolayer is close to the criti- The same method is used in the present study of a multi-
cal composition. “Fingered” domains are circular domainscomponent mixture. At the putative critical composition,
from which stripes emanate. At higher pressures théhe pressure is changed until the critical pressugeis
monolayers are homogeneous as in Figs. 1(c) and 2(efpound. Conducting experiments at physiological tempera-
The domain shape changes are reversible. ture (37°C) rather than room temperature (X3 is ex-

It is helpful to consider these results in terms of a simplepected to lower the critical pressure by only 1-3 dym,
thermodynamic model. Mixtures of phospholipids aloneassuming the average values of the are similar [10,14].
have not generally been found to exhibit liquid-liquid im-  Figure 3(a) gives a schematic ternary phase diagram for
miscibility in monolayers. However, immiscibility is seen two ideally mixing phospholipids (components 1 and 2)
in binary mixtures of cholesterol with the phospholipids and cholesterol (component 3). Two liquid phases coex-
phosphatidylcholine [1-4], phosphatidylethanolamineist within the broad range of compositions and tempera-
[10], or phosphatidylserine [11]. Cholesterol and eggtures beneath the surface drawn in Fig. 3(a). The binary
sphingomyelin also exhibit immiscibility (data not shown). mixture of components 1 and 3 is assumed to have the
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TABLE I. Molar lipid compositions were mixed to approxi-
mate the compositions of the inner and outer leaflets of the red
blood cell membrane. Concentrations are given for cholesterol
(Chal), the four other major lipid species [sphingomyelin
(SM), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and phosphatidylserine (PS)], glycolipids (Gly), and
the fluorescent probe Texas Red-DMPE (dimyristoylphos-
phatidylethanolamine). (See Ref. [15].) Experiments 1, 2,
3, and 4 displayed critical pressures, (dyn/cm or mN/m)

as in Figs.1 and 2. Of these, experiments 1 and 4 were
best estimates of the inner and outer red blood cell leaflet
compositions. Experiments 2 and 3 were variations on the
inner leaflet 1. Experiments 5 through 10 were variations
on the outer leaflet 4. These six exhibited immiscible liquid
phases and a transition at high press(r€0 dyn/cm) to a
homogeneous liquid, but no fingering or stripe phase (No).
Lipids extracted [16] from the red blood cell membrane but
not yet separated by headgroup contained the sum of all the
cholesterol and the four major lipid species of the inner and
outer leaflets, with no glycolipids. Monolayers of this “total”

DouR T T ] . L . L Y o
[ % . Inner Monolayer mixture also exhibited immiscible liquid phases and a transition
[ ; ] at high pressuré>15 dyn/cm) to a homogeneous liquid, but
,é..zo - ~----~’.-. ----- BEG E'_IOOd f:e“-_ no critical behavior.
-0 S A D R T B Expt Chol SM PC PE PS Gly TR 7
%15 _ ...‘ Inner red blood cell leaflet
= L ol i : 1 46.2 5.3 74 284 125 O 0.2 22
S1of T S S 2 409 58 81 312 138 0 02 25
2 | TS S 3 515 48 67 256 112 0 02 23
c% sk i FANUIN S S Outer red blood cell leaflet
A 4 434 225 234 63 0 42 02 29
wbsactooohovedseetoe b 5 453 257 267 21 0 O 02 No
o %00 50 44D 480 180 B0 6 404 280 291 23 0 0 02 No
Area/Lipid Molecule () 7 361 299 312 26 0 0 02 No
8 329 319 332 1.8 0 0 0.2 No
FIG. 1. Top: Epifluorescence micrographs of a monolayer 9 253 352 365 28 0 O 02 No
simulating the erythrocyte membrane inner leaflet (Tablel, 10 821 46 48 04 O 79 0.2 No

expt 1) as it is laterally compressed at an air-water inter=
face at room temperature (23). At surface pressures be-

Isor:/gvin()i}ln{a\csmth(grmn;l:]yorln%,/egraiz %ggng?g;ge%h?jﬁﬁe??nﬁﬁis(gi%ﬁecritical behavior is sensitive to cholesterol concentration

liquid phases appear. (a) 18.5 ggm: 5-10um circular do- and relatively insensitive to substantial variations in
mains of dark, liquid phase within a bright, liquid phase. phospholipid composition (cf. Table I).

Domains exhibit Brownian motion. (b) 20.8 dfem: finger- Figure 3(b) gives a theoretical phase diagram for a
ing characteristic of critical point behavior. (c) 21.9 dgm: binary mixture of components 1,3 or 2,3. Superimposed

homogeneous liquid. (d) 13.2 dyom: circular domains reap- . .
pear as the surface pressure decreases. Bottom: the pressQfe tis phase diagram are the superstructure phAses

vs areg@molecule isotherm is similar to those of cholesterol-and S. The hexagonal {) and stripe §) phases have
phospholipid lipid monolayers [3]. Argaolecule errors are length scaled set by a competition between long-range

estimated to be less than a factor of 2. Errors in pressuregitermolecular dipolar repulsions and interdomain line
are=1 dyn/cm throughout. Experiments are standard [14] andiansiona

concluded within~10 min to minimize air oxidation. Because ' )

of this time constraint, it is virtually impossible to observe an D =~ deM™. (3)
inflection point in the isotherm near the critical point (point b). . . . . oo

Even under ideal conditions, the inflection point is difficult to Here m is the difference in dipole density in the two
detect [3]. phases and! is of the order of a nearest neighbor in-

termolecular distance. Near the critical point the widths
of the stripes are equal tde(w/2)e*™ [4]. The line
same critical pressurg; as the binary mixture of 2 and tensionA and the dipole energy difference term are
3, 3. Joining these binary critical points is a calculatedrelated to the pressure differenée — 7.) by critical
line of critical points. Thus critical properties hold for exponentsu = 1 and 8 = 0.25, respectively [14,17,18].
substantial variation in lipid composition along this criti- Hence, asr approachesr., D decreases.D is the stripe
cal line. A lipid mixture ofn > 3 components with in- width or circular domain radius. Indeed, in a binary mix-
teractions described by Eqg. (1) has/anr- 1 dimensional ture of cholesterol and phosphatidylcholine, we have ob-
surface of critical points. In this theoretical scenario,served that the stripe width approaches zero as the surface
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a.

A

FIG. 2. Epifluorescence micrographs of a lipid monolayerb.
simulating the erythrocyte membrane outer leaflet (Table I,
expt 4). The phases and isotherm are similar to Fig.1 T
(@) 12.1 dyrcm (or mN/m): circular liquid domains<10 wm.
(b) 26.1 dyn'cm: coalescence of domains. (c) 28.4 ggm:
fingering characteristic of critical point behavior. (d) 29.1 dyn
cm: critical point. (e) 34.5 dyfcm: homogeneous liquid. : R »
(f) 28.8 dyrycm: immiscible liquid phases reappear as pressure e i e =
decreases. The domains exhibit fingering characteristic o. Compoiition %) Composition.(X)
proximity to a critical point. At lower pressures, the domains g 3. (a) Schematic ternary phase diagram with mole frac-
are circular. tions X;, X,, and X5, where X; + X, + X; = 1. Compo-

nents 1 and 2 are phospholipids and 3 is cholesterol. At

. . . pressuresrt < a3 = 3, two immiscible liquid phasef¢)
pressure is raised to the critical pressure. As the CrItIcoexist under the surface shown. Above this surface, there

cal pressure is approached from below, preexisting Ciris’ one homogeneous liquid phages). In this model, all
cular domains show fingering and then transform to thure components are assumed to have equal chemical poten-
stripe phase when the composition is close to the criticatials !, and surface areas, with area contraction parameters
composition (data not shown). At low monolayer pres-ais = ax,ap = 0. Binary phase diagrams for 1,3 and 2,3
suresA ~ 1.8 X 1077 dyn andm? ~ 1078 cgsesu and 2appear above th&; and X, axes. Both pairs are assumed

. . S to have equal critical pressures; = ;. A line of critical
D is extremely large [18]. Theoretically, at equilibrium points connects the two binary critical points. (b) Schematic

a stripe phase should appear over a large region of th@eoretical phase diagram of cholesterol-phospholipid binary
phase diagram [Fig. 3(b)]. In contrast, stripe phases armixture. Below the critical pressure and within the two phase

experimentally observed only within 1-2 dfam of the  region three superstructure morphologies are expected, two

it ; ; i i hexagonal phasesH( and H') and a stripe phaseSY) [31].
critical point [Fig. 3(c)] [19]. This is related to the fact The boundary between the stripe phase and the hexagonal

tha_lt the rate of domaln_ size eqwhbraﬁm_n is _slow and thabhase is adapted from [32]. Coexistence regions of adjacent
stripes produced experimentally are limited in length [20].phases are in grey. The equilibrium widths of the stripes
In our experience, these conclusions apply equally well tand the radii of circles depend on the proximity to the criti-

multicomponent mixtures. Figure 3(c) illustrates the ex-cal point, as sketched. (c) Schematic experimental phase

; ; ; ; ; infliagram of cholesterol-phospholipid binary mixture. Stripes are
gerlmgntal rzl?rtllon? .betwr(]een circular domains, flngerm%bserved only within a few dyfem of the critical point [19].
omains, an € stripe phase. At lower surface pressures, domains are primarily black circles

The erythrocyte lipid bilayer may be near a critical on a white background or reversed. Fingering is observed in
point since stripe phase fingering is observed in erythe grey region, at the transition between circular domains and

throcyte lipid monolayers at comparable molecular denstripes.
sities. We observe critical behavior at molecular areas
of ~60 A? for the simulated erythrocyte outer leaflet and
~100 A? for the inner leaflet. (A transition from two lig- on lipid monolayers at various pressures. They concluded
uid phases to one liquid phase is found~at0 A? for the  that a monolayer pressure between 31 and 34.§ayn
total lipid mixture.) Uncertainties in these areas due toyields a susceptibility to this lipase activity equivalent
the chemical assay used [21] are estimated to be less thém the susceptibility of erythrocyte membranes to lipase
a factor of 2. The average area of a lipid in an erythrocyteactivity. This surface pressure is slightly higher than
membrane of a phospholipid bilayer is comparabld)  the pressure at which we observe critical behavior in the
or ~60 AZ, respectively [22,23]. simulated inner and outer red blood cell leaflets.
Additional comparison between monolayers and the The proximity of red blood cell lipids to a liquid-
erythrocyte membrane is provided by the work of Demelliquid immiscibility critical point should play a significant
et al. [24]. These investigators compared the activity ofrole in the cellular physical properties. For example,
phospholipases on erythrocyte membranes to their activittheoretically, membrane lipid composition and curvature
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are coupled near a critical point, influencing cell shape
and deformability [25—-27]. Since the compressibility
of liquids diverges at critical points [17], the lateral
compressibility of membranes should be large. Indeed,
the response of erythrocyte lipids to membrane receptor
ligands such as prostaglandins [28] and acetylcholine
[29] suggests a protein-mediated lateral compression or
extension of the erythrocyte bilayer. The major role of
proteins on the lipid phase behavior is likely to be through
their effect on two-dimensional lipid density [30].
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