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ABSTRACT: Several lipid—water mixtures form phases that give rise to freeze-fracture replicas exhibiting
three-dimensional regular arrays of closely packed globular elements, often called “lipidic particles”. These
phases have often been poorly classified with respect to long-range organization and symmetry and have
in most cases been asserted to be built up by closed lipid aggregates, such as reversed micelles. However,
studies of phases giving rise to the above-mentioned freeze—fracture replicas, with X-ray diffraction and
the nuclear magnetic resonance pulsed field gradient diffusion technique, have revealed that they are (1)
cubic liquid-crystalline phases and (2) with one exception bicontinuous phases, i.e., cubic phases in which
both the hydrocarbon and the water regions are continuous. Up to now the only known exception is a cubic
phase composed of closed rod-shaped micelles of the normal type. Thus it is not possible to decide from
a freeze—fracture image of a cubic phase, showing three-dimensional arrays of “lipidic particles”, if the phase
is bicontinuous or composed of closed lipid aggregates. Hitherto, it has not been shown that a biological
membrane lipid-water system is able to form a cubic liquid-crystalline phase consisting of reversed micelles.
The existence of such a phase is also improbable considering the location in the phase diagrams of cubic

phases formed by biological membrane lipid—water systems.

’I;-e occurrence of “lipidic particles” in freeze—fracture rep-
licas of liposome suspensions was first reported 7 years ago
(Verkleij et al., 1979). Subsequent studies of this phenomenon
have revealed that “lipidic particles” can be organized in several
ways (Verkleij, 1984): randomly arranged single particles,
rows of particles, and two-dimensional or three-dimensional
arrays of particles. The formation of “lipidic particles” in
lipid-water mixtures has attracted much attention, since these
structures have been proposed to be involved in processes such
as membrane fusion and transport of proteins, lipids, and polar
solutes across membranes (De Kruijff et al., 1985).

A three-dimensional regular array of “lipidic particles” is
formed by several lipid—water mixtures: (1) mixtures of one
lipid and water, such as monoglyceride~water and egg lyso-
phosphatidylcholine (LPC)-water! (Gulik-Krzywicki et al.,
1984); (2) mixtures of two lipids and water, such as mono-
galactosyldiacylglycerol (MGalDG)~digalactosyldiacylglycerol
(DGalDG)-water (Sen et al.,, 1981, 1982; Sprague &
Staehelin, 1984), phosphatidylcholine (PC)—phosphatidyl-
ethanolamine (PE)—water (Hui & Boni, 1982; Hui et al., 1983;
Boni & Hui, 1983), and monoglucosyldiacylglycerol
(MGIluDG)-diglucosyldiacylglycerol (DGluDG)-water
(Verkleij, 1984); and (3) mixtures of one or two lipids, water,
and cholesterol, a divalent cation, or a local anesthetic; ex-
amples of these mixtures are PC~cholesterol-water (Dekker
et al,, 1983), egg PC—diphosphatidylglycerol (DPG)-Ca?*-
water (Van Venetié & Verkleij, 1981), DPG~-dibucaine-water
(Cullis et al., 1978), and phosphatidic acid~chlorpromazine-
water (Verkleij et al., 1982). It should also be mentioned that
freeze—fracture replicas with three-dimensional arrays of
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“lipidic particles” have been obtained from lipid-water mix-
tures both below (Gulik-Krzywicki et al., 1984) and above [for
example, Sen et al. (1982) and Hui et al. (1983)] maximum
hydration of the lipids and at temperatures from 0 (Cullis et
al., 1978) to 80 °C (Dekker et al., 1983).

Freeze-fracture electron micrographs showing three-di-
mensional arrays of “lipidic particles” have been interpreted
to represent (1) a cubic phase built up of reversed spherical
micelles (Boni & Hui, 1983), (2) quasi-crystalline or crystallike
arrangements of reversed micelles (Sen et al., 1981, 1982;
Verkleij, 1984), (3) conglomerates or agglomerates of reversed
micelles (Van Venetié & Verkleij, 1981; Verkleij et al., 1982),
or (4) “regions of short reversed hexagonal phase” (Cullis et
al., 1978). Consequently, the lipid—water phases yielding the
above-mentioned freeze—fracture images have often been
poorly classified with respect to long-range organization and
symmetry (descriptions 2, 3, and 4). However, a!/l these de-
scriptions of the phase structures have one feature in common:
the phase structures are asserted to be built up of closed lipid
aggregates of the reversed type, i.e., structures with discon-
tinuous water regions and with continuous hydrocarbon re-
gions. By X-ray diffraction studies the monoglyceride—water
phase (Lindblom et al., 1979; Longley & Mclntosh, 1983;
Larsson, 1983; Gulik-Krzywicki et al., 1984) and the

! Abbreviations: PC, phosphatidylcholine; POPC, 1-palmitoyl-2-
oleoylphosphatidylcholine; DOPC, dioleoylphosphatidylcholine; LPC,
lysophosphatidylcholine; LaLPC, 1-lauroyl-sa-glycero-3-phosphocholine;
OILPC, 1-oleoyl-sn-glycero-3-phosphocholine; PE, phosphatidyl-
ethanolamine; DOPE, dioleoylphosphatidylethanolamine; DLiPE, di-
linoleoylphosphatidylethanolamine; DPG, diphosphatidylglycerol;
MGalDG, monogalactosyldiacylglycerol; DGalDG, digalactosyldiacyl-
glycerol; MGluDG, monoglucosyldiacylglycerol; DGluDG, diglucosyl-
diacylglycerol; C,,;TAC], dodecyltrimethylammonium chloride; FT,
Fourier transform; NMR, nuclear magnetic resonance; Hj, normal hex-
agonal phase; Hjj, reversed hexagonal phase; Tris, tris(hydroxy-
methyl)aminomethane; EDTA, ethylenediaminetetraacetic acid.
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MGalDG-DGalDG-water phase (Rivas & Luzzati, 1969;
Brentel et al., 1985) have been classified as cubic liquid-
crystalline phases according to the established classification
applied to lyotropic liquid-crystalline systems (Luzzati &
Tardieu, 1974). Moreover, with the nuclear magnetic reso-
nance (NMR) pulsed field gradient diffusion technique, it has
been shown that these cubic phases are bicontinuous (Lind-
blom et al., 1979; Brentel et al., 1985). In such a cubic phase
the lipid aggregates building up the phase are connected to
each other, i.e., both the hydrocarbon and the water regions
are continuous. Freeze—etching electron microscopy investi-
gations of the monoglyceride-water system have given support
for a bicontinuous structure of this cubic phase (Gulik-
Krzywicki et al., 1984).

In this work we show with the NMR diffusion technique
that two lipid—water mixtures, giving rise to freeze—fracture
replicas with three-dimensional arrays of “lipidic particles”,
form bicontinuous cubic liquid-crystalline phases. The
structures of cubic phases previously obtained with biological
membrane lipids, as well as the structures of cubic phases with
different locations in the phase diagrams of lipid—water mix-
tures, are discussed.

BACKGROUND

It has long been known that translational diffusion in lip-
id—water systems can be studied with the NMR pulsed field
gradient technique [see, for example, Charvolin & Rigny
(1971), Bull & Lindman (1974), Roeder et al. (1976),
Lindblom & Wennerstréom (1977), Kuo & Wade (1979),
Stilbs et al. (1984), and Stilbs (1986)]. The main advantage
of this method is that the diffusion coefficient can be measured
directly; i.e., no probe molecule has to be used, and no mod-
el-dependent assumptions have to be made. Furthermore, one
is able to vary the time during which the diffusion is measured,
and in this work the chosen diffusion times correspond to
molecular root-mean-square displacements of ~1 and ~10 um
for lipids and water, respectively. Thus one measures mo-
lecular displacements over distances much larger than the
dimension of a single micelle (Figure 1).

From a comparison of lipid translational diffusion coeffi-
cients in cubic and lamellar liquid-crystalline phases and of
the diffusion coefficients of water in cubic phases and in pure
water, it is possible to distinguish between two fundamentally
different types of cubic phases (Lindblom & Wennerstrom,
1977; P.-O. Eriksson, G. Lindblom, and G. Arvidson, sub-
mitted for publication): (1) structures with continuous regions
of both water and hydrocarbon chains (Luzzati et al., 1968;
Scriven, 1976; Lindblom et al., 1979); (2) structures, either
with discontinuous hydrocarbon regions but with continuous
water regions (“oil-in-water” structure) (Bull & Lindman,
1974; Eriksson et al., 1982; Eriksson et al., submitted for
publication) or with discontinuous water regions but with
continuous hydrocarbon regions (“water-in-0il” structure).

In bicontinuous cubic phases, diffusion of lipid molecules
can occur over macroscopical distances without polar groups
passing through hydrocarbon regions or without hydrocarbon
chains passing through water regions (Figure 1). The mea-
sured lipid diffusion coefficient for such phases is therefore
of the same order of magnitude as that obtained for the
corresponding lamellar phase (Lindblom et al., 1979). Ex-
amples of this are given in Table I with the systems
monoolein—water and 1-oleoyl-sn-glycero-3-phosphocholine
(OILPC)-water. Likewise, if the measured diffusion coeffi-
cient of water in a cubic phase is comparable to that of free
water, the water regions are continuous (see Results and
Discussion).

A

t

FIGURE 1: Illustration of the lipid translational diffusion in lipid-water
phases of different structures during a time of milliseconds. (A)
Lamellar phase. The lipids move freely in the aggregate plane and
are able to transverse over large distances. The diffusion coefficient
measured in the NMR experiment is the lateral diffusion coefficient
D™, (B) A hypothetical cubic phase built up of reversed micelles.
The lipids move freely within the aggregates, whereas interaggregate
motion is hindered by hydrophobic interaction. The diffusion coef-
ficient measured by NMR is considerably smaller than the lateral
diffusion coefficient. The same reasoning is valid for a cubic phase
built up of normal micelles. (C) Bicontinuous cubic phase built up
of rod-shaped aggregates according to Luzzati et al. (1968). The lipids
move freely along the aggregates, which are connected to each other.
Therefore, the diffusion coefficient measured by NMR (D) is of
the same order of magnitude as the lateral diffusion coefficient. For
clarity the rods are here drawn thinner than in the actual structure,
where the length of the rods barely exceeds their diameter.

For cubic phases composed of closed aggregates, the lipid
molecules can move freely within the aggregates, but it is very
unlikely that they exchange between adjacent aggregates
(Lindblom & Wennerstrom, 1977). Although the /local mo-
lecular diffusion might be the same as in a lamellar aggregate,
the measured diffusion coefficient is between 1 and 2 orders
of magnitude lower (Figure 1) for such cubic phases than for
the corresponding lamellar phase (Lindblom & Wennerstrom,
1977; Eriksson et al., submitted for publication). This is
exemplified in Table I with the systems OILPC-water (84 wt
% OILPC) and sodium octanoate—decanol-water on the one
hand and the systems 1-lauroyl-sn-glycero-3-phosphocholine
(LaLPC)-water and sodium octanoate—octane—water on the
other hand, of which the latter systems form cubic phases
consisting of closed aggregates of the normal type (“oil-in-
water”) (Lindblom & Wennerstrom, 1977; Eriksson et al.,
submitted for publication).

A comparison of the lipid translational diffusion coefficients
in cubic phases consisting of closed aggregates and biconti-
nuous cubic phases is also shown in Table I. The cubic phases
obtained with the sodium octanoate—octane—water system, the
LaLPC-water system, and the dodecyltrimethylammonium
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Table I: Measured and Calculated Values for the Lipid Translational Diffusion Coefficient in Surfactant—-Water and Biological Lipid—Water

Systems*?
Dlam X Dcub X DL]:_ub X D‘Cub X
1012 1012 ]012 1‘012
sample compn (wt %) phase temp (°C) (m?s71) (m2s™) (m%s7!) (m2s)
surfactants
sodium octanoate? 22 lamellar 24 210
decanol 40
H,0 38
sodium octanoate? 394 cubic 24 1
octane 4.3
H,0 56.3
potassium octanoate? 65.0 cubic 24 88 130 260
H,0 35.0
C,,TACK 50.1 cubic 29 0.5
H,0 49.9
C,,TACI 84.0 cubic 29 5 7.5 15
H,0 16.0
biological lipids
monoolein? 88 lamellar 43 23¢
°H,0 12
monoolein? 88 cubic 43 15 23 45
H,0 12
LaLPC/ 40 cubic 29 0.06
24,0 60
OILPCf 84 lamellar 26 6
’H,0 16
OILPC/ 80 cubic 29 1.6 2.4 4.8
H,0 20
DOPCs# 80 lamellar 20 2.8
H,0 20 40 7.5

aplam the measured lipid lateral diffusion coefficient in a lamellar phase; D®®, the measured lipid translational diffusion coefficient in a cubic
phase; Df** and DS, the calculated lipid translational diffusion coefficient in a bicontinuous cubic phase consisting of lamellar aggregates and rodlike
aggregates, respectively. For explanation of the calculated diffusion coefficients, see Lindblom and Wennerstrdom (1977) and Lindblom et al. (1979).
®From Lindblom and Wennerstrém (1977). ¢From Bull and Lindman (1974). 4 From Lindblom et al. (1979). ¢Extrapolated from measurements
in the lamellar phase formed at temperatures lower than 43 °C. /From P.-O. Eriksson, G. Lindblom, and G. Arvidson, submitted for publication.

¢From Lindblom et al. (1981). The value at 20 °C is extrapolated.

chloride (C,,TACI)—-water system at high water content are
composed of closed lipid aggregates; the cubic phases formed
by potassium octanoate-water, OILPC-water, and the
C,, TACl-water mixture at low water content are bicontinuous
(Bull & Lindman, 1974; Lindblom & Wennerstrom, 1977;
Eriksson et al., 1982, submitted for publication). This com-
parison demonstrates that the measured lipid diffusion coef-
ficients in the bicontinuous cubic phases are between 1 and
2 orders of magnitude higher than in the cubic phases con-
sisting of closed lipid aggregates.

MATERIALS AND METHODS

Sample Preparation. Dioleoylphosphatidylcholine (DOPC)
and 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) were
prepared according to the method of Gupta et al. (1977).
Dioleoylphosphatidylethanolamine (DOPE) was obtained from
DOPC by phospholipase D catalyzed transphosphatidylation
essentially as described by Comfurius and Zwaal (1977). A
commercial preparation of phospholipase D (Sigma Chemical
Co., St. Louis, MO) was used as enzyme source. The lipids
were purified by column chromatography on silicic acid fol-
lowed by treatment with decolorizing charcoal. Only trace
amounts of contaminants could be detected by thin-layer
chromatography analysis of the lipids. Dilinoleoyl-
phosphatidylethanolamine (DLiPE) was purchased from
Avanti Polar Lipids (Birmingham, AL), and bovine heart DPG
(sodium salt) and dibucaine hydrochloride were purchased
from Sigma. The purity of DLiPE and DPG was 299% as
judged by thin-layer chromatography analysis, and they were

used without further purification. Monoolein, technical grade
(98% monoglyceride), was obtained from Grindsted Products,
Brabrand, Denmark.

Lipid-water samples intended for investigations of the phase
equilibria were prepared according to earlier descriptions
(Eriksson et al., 1985a). For preparation of the DPG~-dibu-
caine-’H,0 samples heavy water containing 50 mM Tris—
acetic acid (p*H 7.2), 100 mM NaCl, and 2 mM EDTA was
used (Cullis et al., 1978), and for preparation of the DLiPE~
POPC-?H,0 samples heavy water containing 100 mM NaCl
was used (Boni & Hui, 1983). In the samples prepared for
measurements of the lipid translational diffusion coefficient,
the exchangeable protons in the amphiphilic molecules were
removed by freeze-drying the samples after suspending the
molecules in 2H,O. This process was repeated 3 times. After
the last freeze-drying procedure the final amount of 2H,0O was
added and mixed thoroughly with the lipids. After NMR
spectroscopy the samples were reanalyzed by thin-layer
chromatography. About 2-3% of the lipids were found to be
degraded in the DOPC-DOPE-?H,0 samples, which had been
heated to 80-90 °C, while no decompcsition was noted in the
DPG—dibucaine—*H,0 samples. About 5-7% of the lipids were
degraded in the DLiPE-POPC-?H,0 samples.

NMR Measurements. *'P NMR spectra were obtained
either with a Bruker WM 250 or with a Bruker MSL 100 FT
NMR spectrometer operating at 101.3 and 40.5 MHz, re-
spectively. Inverse-gated high-power broad-band proton de-
coupling was applied, and an exponential multiplication cor-
responding to a 10-Hz line broadening was applied to the free
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induction decays before Fourier transformation.

Translational diffusion coefficients were measured with the
NMR pulsed magnetic field gradient technique (Stejskal &
Tanner, 1965; Lindblom & Wennerstrdm, 1977; Stilbs, 1986),
using either a Bruker 322s NMR spectrometer equipped with
an iron-core magnet operating at 60 MHz for protons or a
Bruker MSL 100 FT NMR spectrometer equipped with a
2.35-T superconducting magnet. A pair of identical gradient
pulses of constant magnitude g and separation A and varying
width & was applied at each side of the 180° radio-frequency
pulse in a 90°-7-180° Hahn spin-echo sequence.

The echo amplitude E at time 27 is a weighted sum of
contributions from all proton-bearing components in the
system. For a sample containing only one proton-bearing
component the echo amplitude at time 27 is attenuated ac-
cording to

E/E, = exp[-(v£8)*(A - 6/3)D] M

where v is the magnetogyric ratio and D is the diffusion
coefficient (Stejskal & Tanner, 1965). A fit of eq 1 to the
echo amplitude as a function of § gives the diffusion coefficient,
provided that the value of g is known. For a sample with
several proton-bearing diffusing components, the individual
diffusion coefficients may be obtained after Fourier trans-
formation of one-half of the spin echo followed by a fit of eq
1 to the signal amplitudes in the frequency domain spectra
as functions of § (Stilbs, 1986). For a system with species
differing greatly in the magnitude of D, the diffusion coefficient
of the most slowly diffusing component can be obtained from
a fit of eq 1 to the latter part of the echo attenuation curve
in the time domain.

Thus, in cubic-phase samples of PE and PC treated with
heavy water to remove exchangeable protons, the lipid diffusion
coefficient was obtained from the time domain echo amplitude
as a function of 6. Equation 1 was well fitted to the echo
attenuation curve, which indicated that the diffusion coeffi-
cients of PE and PC are of very similar magnitude. The water
diffusion coefficient in cubic-phase samples was obtained from
the amplitude of the water peak in the frequency domain
NMR spectra as a function of 6. The lipid diffusion coefficient
in the DPG-dibucaine-Tris-HA¢-EDTA-NaCl-*H,0 sam-
ples was obtained from the last part of the echo attenuation
curve.

With the Bruker 322s system, the echo amplitude was
measured from an oscilloscope display of single scans, while
with the Bruker MSL 100 system a multiple of four scans was
accumulated in quadrature mode, followed either by Fourier
transformation of one-half of the echo or by digital phase
correction for maximum echo amplitude in the time domain.

The magnetic field gradients were generated with a
home-built fully digitized pulsed magnetic field gradient unit
or with a slightly modified Bruker B-Z 18 B gradient unit for
the Bruker 322s and the Bruker MSL 100 systems, respec-
tively. The magnitude of the field gradient pulses were de-
termined by measurements on doubly distilled water or on
water-free glycerol, whose diffusion coefficients are known
from the literature (Mills, 1973; Tomlinson, 1973). For water
diffusion measurements g was 0.18 Tm™!, and for lipid dif-
fusion measurements g was 1.50 Tm™' (Bruker 322 s) and 1.24
Tm™ (Bruker MSL 100). A typical setting for 7 was between
18 and 50 ms. Separation, A, was set to 1.3 times 7 and § was
varied from 1 ms to at most 14 ms, depending on the value
of the diffusion coefficient. Generally, the echo amplitude was
followed through one decade of attenuation.

X-ray Diffraction. X-ray diffraction studies of the cubic
liquid-crystalline phases were performed in the manner pre-

Table II: Measured Values for the Water Translational Diffusion
Coefficient in Bicontinuous Cubic Lipid-Water Phases?

temp (°C) D X 10° (m>s™") Dy,o/D

sample compn (wt %)

monoolein 73 20 0.44 47
H,0 27 26 0.50 4.7
32 0.58 4.7
POPC? 6.4 7 0.26 43
DLiPE 56.3 13 0.35 39
H,0 37.3
POPC? 6.0 20 0.40 4.2
DLiPE 53.0 26 0.59 3.4
H,0 41.0 32 0.71 3.2
DPG* 42 7 0.22 5.0
dibucaine 17 13 0.30 4.6
H,0 41

“D, the diffusion of 'H,O in the cubic phase; Dy,o/D, the ratio be-
tween the diffusion of 'H,0 in pure water and in the cubic phase. In
the samples prepared with 2H,O the diffusion of trace amounts of
'H,0 in ?H,0 was measured. When calculating Dy,o/D in these cases
it was taken into account that the diffusion of trace amounts of 'H,0
in 2H,0 is slower than in 'H,0 (Mills, 1973). No excess water was
present in the lipid—water mixtures studied. The water diffusion coef-
ficients thus represent diffusion of water molecules within the cubic-
phase structure. ®2H,0 contained 100 mM NaCl. ¢2H,O contained
50 mM Tris-HAc (p?H 7.2), 100 mM NaCl, and 2 mM EDTA.

viously reported (Lindblom et al., 1979; Arvidson et al., 1985).

RESULTS

Water Diffusion in a Cubic Phase of Monoolein—Water.
Monoolein forms a bicontinuous cubic phase together with
water (for references, see the introduction). The water dif-
fusion coefficient in a sample with 27% (w/w) 'H,O was found
to be approximately a factor of 5 smaller than in pure water
at the same temperature (Table IT). A reduction of the water
diffusion coefficient, as compared to pure water, is to be ex-
pected in a cubic phase with a continuous water region: first,
the water molecules are confined to move within the water
channels formed by the lipid aggregates, and second, the ob-
served water diffusion is slowed down by the association of
water molecules to the polar head groups.

Cubic Phases with DOPC-DOPE-*H,0 and POPC-
DLiPE-*H,0. Some lipid—water mixtures giving freeze—
fracture replicas with three-dimensional regular arrays of
“lipidic particles” contain one lipid forming a lamellar phase
and one lipid forming a reversed hexagonal (H;;) phase, when
mixed alone with water. Examples of such a system are
mixtures containing PC and PE with unsaturated acyl chains
(Hui & Boni, 1982; Hui et al., 1983; Boni & Hui, 1983). In
this study POPC, DOPC, DOPE, and DLiPE were used; the
PC species form a lamellar phase and the PE species form an
Hj, phase in excess water, respectively (Boni & Hui, 1983;
Gutman et al., 1984; Cullis & De Kruijff, 1978).

The phase equilibria in some DOPC-DOPE—-*H,O mixtures
have been investigated (Eriksson et al., 1985a). Mixtures with
50, 63, and 73 mol % DOPC, and with 10% H,O (w/w), form
a cubic liquid-crystalline phase at temperatures above 65, 75,
and 85 °C, respectively. At lower temperatures these mixtures
form a lamellar phase. The cubic phase was optically isotropic
when viewed between two crossed polarizers [according to
Rosevear (1954)] and gave very narrow, isotropic peaks in the
NMR spectra. The 3P NMR spectra each consisted of two
peaks (Figure 2), since the phosphorus nuclei in DOPC and
DOPE have different chemical shifts (Eriksson et al., 1985a).

For determination of the lateral diffusion coefficient in a
lamellar phase, the lipid~water mixture has to be macro-
scopically aligned between glass plates and put at the so-called
“magic angle” in the magnetic field (Lindblom &
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Table 111: Measured and Calculated Values for the Lipid Translational Diffusion Coefficient in Bicontinuous Cubic Lipid-Water Systems?

Dlam X Dcub X D%lb X DﬁUb X
1012 1012 1012 ]012
sample compn (wt %) phase temp (°C) (m2s7) (m2s™h) (m2s™h (m2s™)
DOPC 46.2 lamellar 36 3.0
DOPE 43.8 46 34
’H,0 10.0 56° 5.8
cubic 66 37 5.6 11.2
73 5.0 7.5 14.9
83 6.4 9.6 19.2
90 7.8 11.8 23.5
DOPC 57.9 cubic 94 7.2 10.8 21.6
DOPE 321
’H,0 10.0
DOPC 66.2 cubic 98 7.4 11.1 22.2
DOPE 238
’H,0 10.0
POPC* 7.3 cubic 20 1.6 2.4 4.8
DLiPE 63.9
’H,0 28.8
POPCe 9.6 cubic 20 1.8 2.7 5.4
DLiPE 53.1
’H,0 373
POPCe 6.4 cubic 20 1.9 2.9 5.7
DLIiPE 56.3
H,0 373
POPC* 6.0 cubic 23 2.6 39 7.8
DLiPE 53.0 27 31 4.7 9.3
H,0 41.0 33 44 6.6 13.2
40 5.8 8.7 17.4
46 7.4 11.1 222
DPG“ 42 cubic 19 0.6 0.9 1.8
dibucaine 17
H,0 41

@For explanation of D™, D%t DH® and Df*®, see footnotes to Table 1. ®The presence of an Hy; phase in the sample does not influence the
measured lateral diffusion coefficient in the lamellar phase. ¢?H,O contained 100 mM NaCl. 42H,0 contained 50 mM Tris-HAc (p?H 7.2), 100

mM NaCl, and 2 mM EDTA.

10 ppm

FIGURE 2: 101.3-MHz *'P NMR spectra of the cubic phase formed
by different DOPC-DOPE mixtures at constant 2H,O content (10%
w/w): (A) molar ratio DOPC/DOPE = 73/27, 90 °C; (B) molar
ratio DOPC/DOPE = 63/37, 90 °C; and (C) molar ratio DOPC/
DOPE = 50/50, 80 °C. The difference in isotropic chemical shift
between DOPC and DOPE is 0.73 ppm.

Wennerstrom, 1977). The sample containing 50 mol % DOPC
was treated in this way, and the lipid diffusion was measured
in both the lamellar phase and the cubic phase (Table III;
Figure 3). The measured diffusion coefficient (filled symbols)
increases with temperature, and it is of the same order of
magnitude in both phases. There is a small decrease in the
diffusion coefficient at the transition between the lamellar
phase and the cubic phase, but this decrease can be explained

T T T L T
=~ 20 cubic 4
Nlh
E |
~ |
e I
a 10+ 4
I lamellar
Q |
|'
st | ]
\\ |
.
3r () -
1 1 1 1 1
28 30 32
10°/7 (K"

FIGURE 3: Lipid translational diffusion coefficients in the lamellar
(@) and cubic (W) phases formed by a sample with a DOPC/DOPE
molar ratio of 1.0 and with 10% *H,0 (w/w). Filled symbols refer
to the measured diffusion coefficients and open symbols to the cal-
culated Jocal diffusion coefficients (LLindblom & Wennerstrom, 1977;
Lindblom et al., 1979) in a bicontinuous cubic phase consisting of
lamellar units (Lindblom et al., 1979) (¢) and rod-shaped units
(Luzzati et al., 1968) (0), respectively.

by the confinement of the lipid molecules to the three-di-
mensionally folded surfaces in a bicontinuous cubic phase
(Lindblom & Wennerstrom, 1977; Lindblom et al., 1979). A
cubic phase composed of closed aggregates, like reversed
spherical micelles, would give a measured lipid diffusion
coefficient at least 1 order of magnitude lower than the one
observed (Table I). In the samples with 63 and 73 mol %
DOPC the diffusion was measured only in the cubic phase
(Table III); the coefficients are almost the same as those
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FIGURE 4: Stacked-plot representation of !H NMR spectra obtained from a Fourier transform of the second half of the spin echo in an NMR
diffusion experiment (see Materials and Methods). The length of the gradient pulse (§) was increased from 1t0 12 ms. 7 = 30 ms, A = 40
ms, and g = 0.18 Tm™'. The sample was a cubic phase of POPC-DLiPE-?H,0 with a molar ratio POPC/DLIiPE = 10/90 and with 37.3%
(w/w) 2H,O containing 100 mM NaCl and trace amounts of 'H,O. The spectra were recorded at 7 °C. Due to the fast diffusion of water
in the cubic phase, the water peak amplitude decreased strongly with increasing values of §, whereas the peaks from the slower diffusing lipids
decreased very weakly. A fit of eq 1 to the water peak amplitudes gives D = 2.6 X 107'° m%s™! (Table II).

obtained with the sample containing 50 mol % DOPC. These
results show that both the hydrocarbon and the water regions
in the cubic phase of DOPC-DOPE~?H,0 are continuous; i.c.,
the cubic phase is bicontinuous.

No freeze—fracture electron micrographs are available from
the cubic phase of DOPC-DOPE-*H,0. However, such
micrographs exist from the cubic phases formed by the systems
egg PC-DLIiPE-H,0 and POPC-DLIiPE-H,0 (Hui et al,,
1983; Boni & Hui, 1983). In this study the lipid and water
diffusion coefficients were determined in four different
POPC-DLiPE-?H,0 mixtures forming a cubic phase. The
measured lipid diffusion coefficient in a sample containing 41
wt % *H,O varied from 2.6 X 10712 m%s! at 23 °C to 7.4 X
10712 m2s7! at 46 °C (Table III). These values are somewhat
higher than those obtained for the lamellar phase of DOPC-
DOPE-?H,0 with 50 mol % DOPC (Table III) and slightly
lower than those obtained for the Jamellar phase of DOPC-
ZH,0 (Table I). The lipid diffusion coefficient is slightly raised
when the water content in the cubic phase of POPC-DLiPE-
2H,0 is increased (Table III). The diffusion coefficient of
water in this cubic phase is about 3—4 times slower than in
pure water (Table II; Figure 4). Thus, the water diffusion
is retarded to about the same extent .in the cubic phase of
POPC-DLIiPE-*H,0 and in the bicontinuous cubic phase of
monoolein-water, as compared to pure water.

Freeze—fracture electron micrographs from the cubic phases
of egg PC-DLIiPE-H,0 and POPC-DLIiPE-H,0 exhibit
three-dimensional arrays of “lipidic particles” (Figure 5a,b;
Hui et al., 1983; Boni & Hui, 1983). Hui and colleagues
concluded that these cubic phases are built up of reversed
micelles with “possible interconnections”. However, the results
obtained in this study demonstrate that the cubic phases
formed by the systems DOPC-DOPE-?H,0 and POPC-

DLiPE-?H,0 do not consist of closed lipid aggregates, such
as reversed micelles; the hydrocarbon regions as well as the
water regions must be continuous, since both the lipid and the
water molecules are able to diffuse over macroscopical dis-
tances.

Cubic Phase with DPG-Dibucaine-*H,0. This system
belongs to group 3 mentioned in the introduction and is able
to form three-dimensional arrays of “lipidic particles” (Figure
Sc; Cullis et al., 1978).

DPG-?H,0 mixtures containing 35 and 50 wt % *H,O gave
3P NMR spectra with a low-field shoulder and a high-field
peak (Figure 6a); such spectra are characteristic for a lamellar
liquid-crystalline phase (McLaughlin et al.,, 1975). The
chemical shift anisotropy was approximately —34 ppm, which
is in agreement with the values reported earlier (Cullis et al.,
1978; De Kruijff et al., 1982).

Addition of the local anesthetic dibucaine to the DPG—?H,0
system induces the formation of nonlamellar phases (Cullis
et al., 1978). A DPG-dibucaine—?H,0 mixture with a dibu-
caine/DPG ratio of 1.5 and with 41 wt % ?H,O containing
buffer components, NaCl and EDTA (see Materials and
Methods), formed an isotropic liquid-crystalline phase at
temperatures between 0 and 20 °C. The phase was optically
isotropic when viewed between two crossed polarizers [ac-
cording to Rosevear (1954)], and 3'P NMR spectra exhibited
narrow symmetrical peaks (Figure 6b—d). The isotropic phase
was also studied with X-ray diffraction at 4 °C (Table IV).
The reflections were somewhat diffuse, and it was not possible
to unambiguously determine the space group. However, the
reflections can be indexed in a primitive cubic lattice with a
unit cell dimension of approximately 146 A. The isotropic
phase formed by the above-mentioned DPG—dibucaine—*H,0
mixture is thus a cubic liquid-crystalline phase. This phase
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FIGURE 5: Freeze-fracture electron micrographs of different lipid—
water mixtures exhibiting three-dimensional regular arrays of “lipidic
particles” (a—e) and parallel striations (f). (a) DLiPE-egg PC (molar
ratio 85/15) dispersed in a water solution containing buffer, NaCl,
and histidine. The sample was quenched from 22 °C after being heated
t0 40 °C. Reprinted from Hui et al. (1983). (b) DLiPE-POPC (molar
ratio 95/5) dispersed in a water solution containing buffer, NaCl,
EDTA, and histidine. The sample was quenched from 20 °C. Re-
printed from Boni and Hui (1983). (c) DPG—dibucaine (molar ratio
1/1.5) dispersed in a heavy-water solution containing buffer, NaCl,
and EDTA. The sample was quenched from 0 °C. Reprinted from
Cullis et al. (1978). (d) MGalDG-DGalDG (2:1 w/w) dispersed in
a water solution containing NaCl. The sample was quenched from
50 °C. Reprinted from Sprague and Stachelin (1984). (e) Dioleo-
yl-MGluDG-dioleoyl-DGluDG-?*H,0 with a molar ratio
MGIuDG/DGIuDG of 3.0 and with excess >H,0. The sample was
quenched from 50 °C. From A. Wieslander, unpublished results. (f)
Dioleoyl-MGIuDG-?H,0 with 9 wt % *H,0. The sample was
quenched from 20 °C. Reprinted from Lindblom et al. (1986). White
bars represent 100 nm.

Table 1V: X-ray Diffraction Results for the Cubic Phase in the
System DPG-Dibucaine—2H,0 (See Text) at 4 °C

mm R+ 2+ P d® (A) a® (A)
10.5 6 60.1 147.2
12.0 8 52.6 148.7
15.5 13 40.7 146.8
16.5 14 38.2 143.1
18.5 18 34.1 144.7
19.5 21 323 148.3

b

2d is the Bragg spacing. ®a is the cubic unit cell dimension.

gradually transformed into a hexagonal phase (probably Hy,)
above 20 °C, as judged by the *'P NMR spectra exhibiting
a low-field peak and a high-field shoulder (McLaughlin et al.,
1975); the value of the chemical shift anisotropy was about
one-half the value obtained from the lamellar phase of DPG—
2H,0 (Figure 6e,f).

The lipid translational diffusion coefficient in the cubic
liquid-crystalline phase was measured to be 0.6 X 1072 m2s~!
at 19 °C (Table I11). When this value is corrected for geo-
metrical factors (Lindblom & Wennerstrom, 1977; Lindblom
et al., 1979), a translational diffusion coefficient of 0.9 X 1071
or 1.8 X 1072 m%s™! is obtained. The sample forming the cubic
phase does not form a lamellar phase above 0 °C (Figure 6),
and it is thus impossible to determine the lipid lateral diffusion
coefficient in a lamellar phase with the above-mentioned
composition. However, the diffusion coefficient in the cubic
phase can instead be compared to the lipid lateral diffusion
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FIGURE 6: 40.5-MHz *'P NMR spectra of (a) a DPG-*H,0 mixture
with 50 wt % 2H,0 and (b-f) a DPG—dibucaine-zHio mixture with
a molar ratio dibucaine/DPG of 1.5 and with 41 wt % “H,0O containing
buffer, NaCl, and EDTA (see Materials and Methods).

coefficient of DOPC in the lamellar phase, which is 2.8 X 1072
m%s~' at 20 °C (Table I; Lindblom et al., 1981). It should
be noted that the diffusion coefficient in the cubic phase of
DPG-dibucaine—>H,O shall be compared to the diffusion
coefficient in a lamellar phase formed by a biological mem-
brane lipid, with two acyl chains and a large polar head group,
and not to the diffusion coefficient in a lamellar phase formed
by a surfactant molecule, with one acyl chain and a small polar
head group (Table I). Accordingly, the lipid diffusion in the
cubic phase of DPG-dibucaine—*H,0 is found to be very close
to that in a lamellar phase formed by a biological membrane
lipid. Moreover, the measured lipid translational diffusion at
19 °C in the cubic phase of DPG—dibucaine-*H,O is 10 times
faster than the lipid translational diffusion at 29 °C in the
cubic phase of LaLPC—?H,0 (Tables I and III), which is built
up by closed lipid aggregates.

The water diffusion coefficient in the cubic phase of DPG-
dibucaine—*H,0 was measured at 7 and 13 °C (Table II). The
reduction in the coefficient as compared to pure water is nearly
the same as in the bicontinuous cubic phases of POPC-
DLiPE-?H,0 and monoolein-water. Thus, the water mole-
cules are not confined to closed compartments. All the
above-mentioned results lead to the conclusion that the cubic
phase of DPG-dibucaine->H,0 is bicontinuous. This phase
has previously been classified as an intermediate phase built
up by “regions of short hexagonal (Hy;) phase” (Cullis et al.,
1978). This classification implies that the phase consists of
closed lipid aggregates. However, it is shown here that, first,
the intermediate phase is a cubic liquid-crystalline phase and,
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second, the cubic phase is bicontinuous.

DISCUSSION

In this study the lipid and water translational diffusion
coefficients were determined in the cubic phases formed by
the three systems DOPC-DOPE-*H,0, POPC-DLiPE-?H,0,
and DPG—dibucaine-*H,0. Freeze—fracture electron micro-
graphs showing three-dimensional arrays of “lipidic particles”
have been obtained from the two latter systems. From our
results we conclude that, in these cubic phases, both the lipid
and the water molecules can diffuse over macroscopical dis-
tances. Thus, both the hydrocarbon and the water regions are
continuous; i.e., the cubic phases are bicontinuous.

The lipid translational diffusion coefficient has been de-
termined for several cubic phases formed by biological lipids,
and some of these phases have also been studied with
freeze—fracture electron microscopy.

Galactolipid—water mixtures with a molar ratio
MGalDG/DGalDG between 0.7 and 2.0 have yielded
freeze—fracture images with three-dimensional arrays of
“lipidic particles” (Figure 5d; Sen et al., 1982; Sprague &
Staehelin, 1984). Sen et al. (1982) proposed that these
electron micrographs show quasi-crystalline or crystallike
arrangements of particles corresponding to reversed lipid
micelles. Sprague and Staehelin (1984) discovered central
holes in some of the particles and discussed the possibility that
these holes may reflect regions of contact between (1) reversed
micelles in adjacent planes or (2) bilayer vesicles joined to-
gether as in a prolamellar body. However, these interpretations
were judged as unlikely, and the “lipidic particles” were finally
proposed to represent pure reversed micelles (Sprague &
Staehelin, 1984). X-ray diffraction studies have revealed that
galactolipid-water mixtures with the above-mentioned
MGalDG/DGalDG ratios can form a reversed cubic liquid-
crystalline phase belonging to the space group /a34 (Rivas &
Luzzati, 1969; Brentel et al., 1985). From measurements of
the lipid translational diffusion coefficient in the cubic phase,
it was concluded that this phase is bicontinuous (Brentel et
al., 1985). This conclusion is given some support by the ob-
servation of central holes in the “lipidic particles” (Sprague
& Staehelin, 1984).

Mixtures of dioleoyl-MGIuDG, dioleoyl-DGluDG, and
2H,0 are able to form a reversed cubic liquid-crystalline phase
(Wieslander et al., 1981; Khan et al., 1981). Freeze-fracture
electron micrographs of this phase exhibit a three-dimensional
array of “lipidic particles” (Figure Se; A. Wieslander, un-
published results), and from measurements of the lipid dif-
fusion coefficient in the lamellar and the cubic phases, the
conclusion was drawn that the cubic phase is bicontinuous
(Wieslander et al., 1981; Lindblom et al., 1986).

A cubic phase is located between the lamellar and Hy, phases
in the phase diagrams of many monoglyceride-water systems
(Lutton, 1965; Lindblom et al., 1979; Longley & Mclntosh,
1983; Larsson, 1983; Hyde et al., 1984). An NMR diffusion
experiment, like the one shown in Figure 3, with the cubic
phase of monoolein-water clearly demonstrated that the lipids
can diffuse over macroscopical distances (Table I; Lindblom
et al., 1979). Freeze—fracture images of a cubic phase formed
by sunflower oil monoglyceride-water mixtures show a
three-dimensional array of globular e¢lements arranged in a
body-centered lattice, if the phase structure is stabilized by
cytochrome ¢ dissolved in the water (Gulik-Kryzwicki et al.,
1984).

A cubic phase formed by egg LPC and water, located be-
tween the isotropic micellar solution and the normal hexagonal
(H)) phase, has been investigated with the freeze—fracture

technique (Gulik-Krzywicki et al., 1984). The electron mi-
crographs reveal three-dimensional arrays of globular elements
that display square symmetry. A novel phase structure for
cubic phases with this location in the phase diagram was
recently presented (Fontell et al., 1985): rod-shaped micelles
of the normal type, with an axial ratio around 2, occupy two
nonequivalent positions in the cubic unit cell (Fontell et al.,
1985; Eriksson et al., 1985b). The cubic phases at this location
in the phase diagram in the systems C,,TACl-water and
LaLPC—water are also proposed to have this structure (Fontell
et al., 1985; Eriksson et al., submitted for publication).
Measurement of the lipid translational diffusion coefficient
showed that these phases are composed of closed lipid ag-
gregates (Table I; Bull & Lindman, 1974; Eriksson et al., 1982,
submitted for publication). Moreover, the water diffusion in
the cubic phase of LaLPC-*H,0 was found to be only a factor
of 2.7 slower than in pure water (Eriksson et al., submitted
for publication). Thus, the diffusion data are in agreement
with the proposed structure of these cubic phases. In this case
regular arrays of “lipidic particles” are obtained from a cubic
liquid-crystalline phase composed of closed lipid aggregates
of the normal type.

A dioleoyl-MGIluDG—?H,0 mixture can form a cubic lig-
uid-crystalline phase which belongs to the space group Ia3d
(Lindblom et al., 1986). The lipid translational diffusion
coefficient has been determined for this phase, and it shows
that the phase is bicontinuous (Lindblom et al., 1986).
However, the freeze—fracture image of this phase differs from
the above-mentioned images and instead exhibits parallel
striations where the individual “lipidic particles” are indicated
but not clearly resolved (Figure 5f; Lindblom et al., 1986).
Similar freeze—fracture replicas have been obtained from the
cubic phase formed by the system egg PC-water (Gulik-
Krzywicki et al., 1984) and sometimes also from MGalDG-
DGalDG-water mixtures (Sen et al., 1982); replicas from the
latter system were described to have a “herringbone” pattern.

CONCLUSIONS

Freeze—fracture replicas of several lipid-water mixtures
show three-dimensional regular arrays of “lipidic particles”.
Many of the phases yielding such replicas have been poorly
classified with respect to long-range organization and sym-
metry and have been suggested to be built up by closely packed
reversed micelles. However, it has been shown in many cases
that these phases in reality are cubic liquid-crystalline phases,
according to the established classification of lyotropic liquid-
crystalline phases. Among the cubic phases giving three-di-
mensional arrays of “lipidic particles”, and whose phase
structures are known, all phases except one are bicontinuous;
i.e., both the hydrocarbon and the water regions are contin-
uous. The exception is a cubic phase composed of closed
rod-shaped micelles of the normal type. Hence, it is not
possible to decide from freeze—fracture replicas of a cubic
phase, showing three-dimensional arrays of “lipidic particles”,
if the phase is bicontinuous or built up by closed lipid ag-
gregates. In addition, some bicontinuous cubic phases exhibit
freeze—fracture images that differ from the above-mentioned
images; the alternative structures are described as parallel
striations or “herringbone” patterns, in which the individual
“lipidic particles” are indicated but not distinctly resolved.

From the results discussed in this paper we conclude that,
hitherto, it has not been demonstrated that a biological
membrane lipid-water system is able to form a cubic liquid-
crystalline phase consisting of reversed micelles. This state-
ment is comprehensible, considering the location in the phase
diagrams of the cubic phases formed by biological membrane
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lipids. Cubic phases may in principle have the following lo-
cations in a binary lipid—water phase diagram (Fontell, 1981):
(1) between the isotropic micellar solution and the H, phase;
(2) between the H; and lamellar phases; (3) between the
lamellar and H;; phases; and (4) between the H;; phase and
the reversed micellar phase. In the phase diagrams of
three-component systems, like some of the systems described
above, there are still more locations that are possible. It has
also been asserted that the structure of the aggregates building
up the various cubic phases must be in a logical relation to
the aggregate structures of the neighboring phases (Fontell,
1981). Thus, cubic phases with location 1 are composed of
closed aggregates of the normal type; examples of such phases
are C;,TACl-water with 50 wt % water and LaLPC-water
(Table I). In contrast, cubic phases located between the H,
and the lamellar phases are bicontinuous. NMR diffusion
measurements indicate that these phases (for example sodium
diethylhexylsulfosuccinate-water, C;,TACl-water with 16 wt
% water, and OILPC—water) are built up by rod-shaped or
lamellar aggregates (Table I; Lindblom et al., 1979). If we
then turn to the cubic phases of the reversed type, the phases
with location 3 should, for symmetry reasons, be bicontinuous
and consist of rod-shaped or lamellar aggregates. The cubic
phases formed by biological membrane lipid-water systems
seem to have this location in the phase diagrams (Rilfors et
al., 1984), and the phase structures proposed for these phases
are in fact built up by rod-shaped or lamellar aggregates
(Luzzati et al., 1968; Lindblom et al., 1979; Gulik et al., 1985).
According to this line of reasoning, cubic phases consisting
of reversed micelles should be located between the Hy; phase
and the reversed micellar phase. However, the existence of
cubic phases that with certainty have location 4 in phase
diagrams has not been demonstrated in any lipid—water system
(Fontell, 1981). In the light of the above-mentioned consid-
erations, the suggestion put forward by Verkleij (1984), that
the transition between a lamellar and an H;; phase proceeds
via, firstly, a bicontinuous cubic phase composed of lamellar
aggregates and, secondly, a cubic phase built up by reversed
micelles, therefore seems improbable.

Finally, theoretical calculations of the phase equilibria in
PE—-phosphatidylserine~water systems have been presented
(Kirk et al., 1984). Three phase structures were considered:
a lamellar phase, a cubic phase composed of closely packed
reversed spherical micelles, and an Hy, phase. The phospha-
tidylserine content was varied from 0% to 60%, and the phase
transitions as a function of the water content in the systems
were calculated. The cubic phase was never predicted to have
the lowest total free energy. Thus a cubic phase consisting
of reversed spherical micelles was not found to be a stable
structure in these lipid-water systems.
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ABSTRACT: Nonhydrolyzable matrices of ether-linked phosphatidylcholines (PCs) and sphingomyelin have
been used to study the mechanism of action of lipolytic enzymes. Since ether PCs, sphingomyelin, and ester
PCs vary in the number of hydrogen bond donors and acceptors in the carbonyl region of the bilayer, we
have examined several physical properties of ether PCs and sphingomyelin in model systems to validate
their suitability as nonhydrolyzable lipid matrices. The intermolecular interactions of ether PCs with ester
PCs, sphingomyelin, and cholesterol were investigated by differential scanning calorimetry. Phase diagrams
constructed from the temperature dependence of the gel to liquid-crystalline phase transition of 1,2-O-
dihexadecyl-sn-glycero-3-phosphocholine (DPPC-ether) and 1,2-O-ditetradecyl-sn-glycero- 3-phosphocholine
(DMPC-ether) with both 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) demonstrated complete lipid miscibility in the gel and liquid-crystalline
phases. Additionally, phase diagrams of egg yolk sphingomyelin (EYSM) with DMPC or DMPC-ether
and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) or 1,2-O-dioctadecyl-sn-glycero-3-phosphocholine
(DSPC-ether) demonstrated no major differences in miscibility of EYSM in ester and ether PCs. The effect
of 10 mol % cholesterol on the thermal transitions of mixtures of ester and ether PCs also indicates little
preference of cholesterol for either lipid. The fusion of small single bilayer vesicles of DMPC, DMPC-ether,
DPPC, and DPPC-ether to larger aggregates as determined by gel filtration indicated that the ester PC
vesicles were somewhat more stable. The rate of association of apolipoprotein A-I with DMPC or
DMPC-ether multilamellar liposomes was compared. The rate was fastest at the gel — liquid-crystalline
transition temperature (7,) of either lipid and was consistent with the insertion of the protein into lattice
defects in the lipid matrix. Ether PCs interact with ester PCs, sphingomyelin, cholesterol, and apolipoproteins
in a manner similar to ester PCs. The interaction between these lipids appears to be dominated by hydrocarbon
chain interactions instead of the hydrogen bonding groups in the carbonyl region. Thus, ether PCs appear
to be suitable analogues of the ester PCs for the elucidation of structural-functional mechanisms of lipolysis.

Lipolytic enzymes play an essential role in the metabolism
of biological membranes and plasma lipoproteins. Kinetic
studies on lipolytic enzymes are difficult to interpret because
(a) the processes occur in a heterogeneous medium at a lip-
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id—water interface, (b) the composition and physical properties
of the interface are continuously altered by the hydrolysis of
the substrate, and (c) the accumulation of lipolytic products
can produce subdomains that may have different physical
properties (Scanu et al., 1982; Brockman, 1984). To maintain
a constant physical state of the lipid—water interface in model
substrate systems, nonhydrolyzable lipid matrices of sphin-
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