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Phase Diagram of Soybean Phosphatidylcholine-Diacylglycerol-Water
Studied by X-Ray Diffraction and 3'P- and Pulsed Field Gradient 'H-NMR:
Evidence for Reversed Micelles in the Cubic Phase
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ABSTRACT The phase equilibria of the system soybean phosphatidylcholine, diacylgiycerol, and water has been determined
using a combination of classical methods together with x-ray diffraction and NMR techniques. In particular, the extent of the
phase regions of the lamellar, the reversed hexagonal, and the cubic phases have been determined. By pulsed field gradient
'H-NMR, the diffusion coefficients of all three components in a cubic phase composed of soybean phosphatidylcholine, di-
acylglycerol, and heavy water have been determined at 25 and 59°C and also for the corresponding cubic phase composed
of the chemically more well defined synthetic components 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dioleoylglycerol (DOG), and heavy water. The extension of the phase region of the cubic phase did not seem to change
appreciably for the two ternary systems studied. The translational diffusion coefficient of DOPC in this cubic phase is more than
an order of magnitude smaller (3 x 10-'® m? s, 59°C) than the lateral diffusion coefficient of DOPC in an oriented lipid bilayer
(5 X 1072 m? s, 35°C), whereas the diffusion coefficients of water and DOG were found to be about two orders of magnitude
targer than of DOPC at 59°C. It is concluded that the cubic phase is built up of closed reversed micelles in accordance with

the suggestion from previous x-ray diffraction studies.

INTRODUCTION

In signal transductions over biological membranes, 1,2-sn-
diacylglycerol (DAG) serves as a second messenger by ac-
tivating the membrane-interacting, Ca®*-dependent, regula-
tory enzyme protein kinase C (Berridge, 1987; Newton,
1993). DAG is formed by enzymatic degradation of phos-
phatidylinositol-bisphosphate. There are at least 10 protein
kinase C isozymes, all of which are activated by DAG and
phosphatidylserine; however, only four isozymes are regu-
lated by Ca** (Newton, 1993). It is assumed that because the
relatively hydrophobic DAG molecule is produced in bio-
logical membranes, this molecule will remain solubilized in
the lipid bilayer. The role of DAG as a membrane-bound
second messenger, besides specifically binding to protein
kinase C, may be to affect the physicochemical properties
of the lipid bilayer. Several investigations have shown
that DAG may cause structural changes in phospholipid
bilayers (Das and Rand, 1986; Goldberg et al., 1994; Siegel
et al., 1989a, 1989b), even where the proportion of DAG
is relatively low (<2 mol%, similar to physiological
concentrations).

A narrow symmetric signal has been observed in >'P-NMR
spectra upon addition of DAG up to about 15 mol% to a
phospholipid bilayer, which was associated with an en-
hanced hydrolysis by phospholipase C (Dawson et al., 1984).
Nonbilayer lipid phases induced by DAG have been dem-
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onstrated previously in various DAG/phospholipid systems
(Das and Rand, 1986; De Boeck and Zidovetzki, 1989; Ep-
and, 1985; Siegel et al., 1989a, 1989b). At high DAG con-
centrations in phospholipids, a reversed hexagonal (Hj)
phase forms (De Boeck and Zidovetzki, 1989; Goldberg et
al., 1994). Furthermore, dipalmitoyl-DAG increases the cur-
vature of the cylindrical aggregates in the H; phases formed
by lipids with oleoyl acyl chains (Siegel et al., 1989b).

The structures of the normal hexagonal (H;), the lamellar
(L,), and the H;; phases are well established (Fontell, 1990;
Lindblom and Rilfors, 1989; Seddon, 1990b), but the struc-
tures of the many intermediate phases, which may be found
between every other phase in the phase diagram, are much
less well known. A majority of these intermediate phases are
cubic phases. Several cubic lipid phases belonging to dif-
ferent space groups have been identified in a wide variety of
amphiphile/water systems (Lindblom and Rilfors, 1989;
Seddon, 1990b). There are mainly four possible locations in
the phase diagram where cubic phases may occur: i) the cubic
(I) phase located between the micellar solution (L,) phase
and the H, phase; ii) the cubic phase located between the H,
and the L, phases; iii) the phase located between the L, and
the Hy, phases; and iv) the cubic phase located between the
Hy, and the reversed micellar solution (L,) phases. The I,
cubic phases are usually composed of closed anisometric
lipid aggregates like micelles (Eriksson et al., 1985a, 1987;
Lindblom and Rilfors, 1989), and the cubic phases under ii
and iii are normal and reversed bicontinuous cubic phases,
respectively (Lindblom and Rilfors, 1989). There are rather
few observations of cubic phases in the location iv. One may
expect that a cubic structure in this location would be a
complementary mirror structure to that occurring between
the L, and the H; phases.
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Previously, it has been reported that a cubic liquid crys-
talline phase forms in a fully hydrated mixture of egg phos-
phatidylcholine and egg DAG (Das and Rand, 1984; 1986).
Stenius and co-workers (Stenius et al., 1984) found a cubic
phase at the location iv in the system sodium oleate/oleic
acid/water (with 0.25 M NaCl). It has been suggested from
x-ray diffraction that this cubic phase belongs to the space
group Fd3m (Q*") and that the structure is composed of
reversed micellar aggregates (Seddon et al., 1990). However,
x-ray diffraction, the traditional technique for structural in-
vestigations of lyotropic liquid crystalline phases, does not
alone provide data of sufficient distinction to determine con-
clusively the structure of a cubic phase or what type of lipid
aggregates it is composed of (Fontell, 1990; Mariani et al.,
1988). An excellent complementary method for such inves-
tigations is provided by the pulsed field gradient (PFG) NMR
diffusion method (Lindblom and Oriddd, 1994; Lindblom and
Rilfors, 1989). With this technique, it is possible to discrimi-
nate conclusively between cubic phases built up of closed
micelles and bicontinuous structures (Lindblom and Oridd,
1994; Lindblom and Wennerstréom, 1977).

The method is based on a comparison of lateral diffusion
coefficients obtained from the lipids in different liquid crys-
talline phases. It is possible to determine whether the lipid
lateral diffusion is subjected to restricted diffusional motion
in the lipid aggregate structure (Lindblom and Orédd, 1994).
This is feasible, because in a typical NMR diffusion experi-
ment the time during which diffusion is observed is varied
between 100 and 500 ms. This means that the average dis-
placement of a freely diffusing molecule is in the order of 1
pm, which is much larger than the dimensions of the cubic
unit cell. Thus, the measured diffusion coefficient of lipid
molecules in a cubic phase built up of closed micelles will
be that of an aggregate rather than of the lipid molecule itself,
because the lipids can only move within the small volume of
the closed micelle. On the other hand, the lipid translational
diffusion in a bicontinuous cubic phase will be unrestricted
over macroscopical distances. It is found that the lipid dif-
fusion coefficient in a bicontinuous cubic phase is of about
the same magnitude as the lateral diffusion coefficient in the
corresponding lamellar phase, with which it is in equilibrium
(Lindblom et al., 1981; Lindblom and Oridd, 1994; Lind-
blom and Wennerstrém, 1977).

Note that the comparison between diffusion coefficients
has to be performed between lipid diffusion coefficients. It
is not advisable to compare, for example, water diffusion
coefficients, because these might be affected by a number of
different interactions like hydrogen bonding and chemical
exchange. Furthermore, it is well known that water diffusion
usually is not restricted appreciably in lipid aggregates as
measured by pulsed field gradient NMR. In a recent study of
the transmembrane transport of water and various alcohol
molecules incorporated in lipid bilayer vesicles, no restric-
tion in the water diffusion was observed using the NMR
diffusion method (G. Oradd and G. Lindblom, unpublished
data).
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The purpose of this investigation is twofold. First, a ter-
nary phase diagram of a phospholipid system containing
DAG and water is determined. Detailed knowledge of the
phase equilibria of a lipid system provides an important clue
to the macroscopic appearance of the system and offers a link
with the molecular interactions occurring in the membrane
bilayer (Guldbrand et al., 1982; Ulmius et al.,, 1977). A
proper understanding of this connection signifies that the
phase behavior can be controlled by changing interactions at
the molecular level, or that interaggregate interactions can be
studied. Therefore, it is crucial that one knows the detailed
phase behavior of the system. Second, the structure of the
cubic phase in the phospholipid/DAG/water system is de-
termined. The present study also provides us with some miss-
ing information about cubic phase structures and should be
welcomed by theoreticians working with amphiphile self-
assembly. It should be noted that this cubic phase structure
was thought not to form in membrane lipid systems (Kirk et
al., 1984; Lindblom and Rilfors, 1989).

MATERIALS AND METHODS
Materials

In this study, we have used technical substances of both the phospholipid
and the DAG components, namely, the soya phosphatidylcholine (SPC) and
DAG from sunflower oil. One of the reasons for doing so is that for the
determination of a phase diagram, ~150-200 samples have to be prepared
that, if synthetic lipids had been used, would result in unwarranted high
costs, because these substances are very expensive. Another reason is that
we would like to use natural lipids, because the system studied might be
useful in pharmaceutical applications. However, a number of samples were
also prepared with synthetic dioleoylphosphatidylcholine (DOPC) and di-
oleoylglycerol (DOG), in particular, in the cubic phase region of the phase
diagram, and these samples were found to be in remarkably good agreement
with the phase behavior, structure, and lipid diffusion of the natural lipids.

For the determination of the phase diagram, we used the following tech-
nical phosphatidylcholine (PC) and diacylglycerol substances. The PC is a
lipid extract of high quality from soya beans, called Epikuron 200, and was
purchased from Lucas Meyer (Hamburg, Germany). It is a purified SPC with
a linoleic acid content of more than 60% of the total fatty acid content, and
the rest of the acyl chains are mainly palmitoyl and oleoyl chains. SPC is
semicrystalline and contains 1-2 moles of crystal water.

The DAG used is an extract from sunflower oil and was obtained as a
gift from Grindstedt Products (Brabrand, Denmark). It contains 81% of
diacylglycerols (a racemic mixture), 15% monoacylglycerols, 3% triacyl-
glycerols, and 1% free fatty acids. The sunflower oil has a high content of
unsaturated fatty acids, 80% oleic acid, about 10% linoleic acid, and the
remainder being mainly saturated acids. The supplied product is opaque at
room temperature and becomes clear at a temperature above 40°C. By first
melting the sample to an isotropic fluid and then centrifuging for about 40
min (4000 rpm) in an ordinary desk centrifuge at room temperature, a clear
supernatant reduced in saturated chains was obtained. This lipid mixture was
separated by thin layer chromatography (TLC) on 0.25 mm precoated plates
of silica-gel 60 H (Merck, Darmstadt, Germany) developed with petroleum
ether (40-60°C)/diethylether/acetic acid, 80:20:1. As judged from TLC, the
purified lipid mixture now contained about 88% DAG, 10% monoacylg-
lycerol, and 2% triacylglycerol (no free fatty acids were detected). The
purified lipid mixture was used in the preparation of the samples for the
determination of the phase diagram in Fig. 2. This purification procedure
was necessary to avoid precipitation of saturated acyl chains otherwise
present. Saturated fatty acids gave rise to small solid crystals clearly ob-
served in the cubic phase samples examined by polarizing microscope.

Heavy water, from Dr. Glaser, AG (Basel, Switzerland), was used for two
reasons. First, it was used to increase the density differences between the
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phases to physically separate them by centrifugation. This was done to locate
the phase borders. Second, the *H-NMR diffusion studies are performed
preferably on such samples (Lindblom and Wennerstrom, 1977).

The components of the samples were weighed in glass ampules that were
flame-sealed. Typically, a sample contained between 100 and 200 mg of the
phospholipid. Equilibrium was obtained by thermal treatment, shaking, and
centrifuging back and forth at 40-60°C. The samples were stored at 25°C
for at least 2 weeks before any measurements were made. The phase be-
havior and the phase diagrams were determined as described, e.g., in Gut-
man et al. (1984). All samples were studied within 4 months.

The NMR diffusion studies were performed on cubic phases containing
either compounds extracted from the natural products described above
(SPC and DAG) or the synthetic substances 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-sn-dioleoylglycerol (DOG). These syn-
thetic lipids were obtained from Larodan Fine Chemicals (Malmé, Sweden).

X-ray diffraction

The low angle x-ray diffractograms were obtained using a pin-hole camera
of the Kiessig-design. The specimen-to-film distance was 200 or 500 mm,
and copper K, nickel-filtered radiation (A = 1.542 A) was used. The samples
were held in thin walled, flame-sealed glass capillaries with a diameter of
0.7 mm. All samples were investigated at 25°C, except for some of the cubic
phases, which were studied at both 25 and at 59°C.

NMR diffusion

The 'H diffusion studies were performed on a Bruker ACP-250 spectrometer
equipped with an HR-50 high resolution VT diffusion probe for 5 mm
samples (Cryomagnet Systems, Inc., Indianapolis, IN). The gradient pulses,
controlled by the spectrometer, were generated by a home-built gradient unit
driven by a Kenwood PD35-20D power supply. Two different pulse se-
quences were used in the diffusion experiments, namely, the Hahn-echo
sequence (SE) (Carr and Purcell, 1954) and a modification of the stimulated
spin-echo sequence (LED) (Gibbs and Johnson, 1991). The two pulse se-
quences are illustrated in Fig. 1. In both sequences, two gradient pulses of
strength g and duration & were applied during the defocusing and refocusing
periods, respectively. A is the time between the gradient pulses. The at-
tenuation of the signal, S(¢), is described by Eq. 1, where v is the magne-
togyric ratio and R is the attenuation due to relaxation.

S(t) = S(0)e~&PD& - G-k M

5 B

FIGURE 1 The pulse sequences used in
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For the SE experiment R = 2%/T, and for the LED experiment R =
@7J/T) + (v, - 7, + T)/T,, where 7, 1,, 7,, and T are defined in Fig. 1. In
the diffusion experiments, all parameters except the gradient pulse width is
kept constant so that the second exponent in Eq. 1 is constant during
the experiment. Note that because of different relaxation times, T, and
T,, the attenuation caused by spin relaxation will be different for each
NMR peak and the intensity of the peaks, therefore, cannot be compared
directly. It is also important to note that the weight factors for DOG and
DOPC obtained in the biexponential fits of the overlapping peaks at 0.7 and
1.1 ppm will be influenced by the spin relaxation. Therefore, these factors
are not necessarily the same as the mole fractions of the components in the
sample. ’

The peak height of the signals in the spectrum were fit to Eq. 1 using the
curve-fitting feature in SigmaPlot (Jandel Scientific, Erkrath, Germany),
from which the diffusion coefficients were obtained. Several experiments
were made with different settings on 7 (100-500 ms) and A (100-500 ms),
whereas & were varied typically over 20 different values (usually 1-20 ms).
g was kept constant at 0.5734 Tm™! according to calibrations performed on
H,0/"H,0, dodecane, and oleic acid. The experiments were preceded by
three gradient pulses to create steady-state residual gradient conditions be-
fore acquisition (Gibbs and Johnson, 1991). The error in the measured dif-
fusion coefficients was usually less than 3%.

From measurements of the phospholipid diffusion in the L, and the cubic
liquid crystalline phases, it is possible to discriminate between the two
fundamentally different cubic phase structures, namely, those built up of
closed aggregates and those having continuous hydrocarbon regions (Lind-
blom and Orédd (1994), and Lindblom and Rilfors (1989) and references
therein). The simple idea behind the method is based on the fact that for a
cubic phase consisting of reversed micelles, the phospholipid molecules will
be restricted to diffuse within the micelle and, therefore, the phospholipid
can only move a very short distance, whereas a lipid molecule in a bicon-
tinuous phase can perform translational diffusion over macroscopical dis-
tances.

The temperature, which was monitored by a thermocouple placed close
to the sample, was kept constant to within 1°C by a heated airstream passing
over the sample.

3'p.NMR measurements

3P-NMR measurements were made at 101.26 MHz on a Bruker ACP-250
NMR spectrometer, using the phase-cycled Hahn echo pulse sequence
(Rance and Byrd, 1983). From the chemical shift anisotropies obtained for

I

the NMR diffusion experiments. The radio

frequency pulses are shown as filled ver-

tical rectangles with the flip angles de- 0
noted above each pulse. The magnetic
field gradient pulses are shown as hatched

rectangles, and the data acquisition is in-
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the different samples, the phase equilibria could be determined as described,
e.g., in Eriksson et al. (1985b).

RESULTS

The phase behavior at 25°C of the system SPC/DAG/*H,0
is shown in Fig. 2. SPC incorporates 25 wt% DAG, but the
phase structure in this “nonaqueous” region has not been
studied in detail here. In the binary system SPC/?H,0, an L
phase is obtained at water contents between 8 and 35 wt%
(Gutman et al., 1984). This phase has a rather small capa-
bility (~5 wt%) to incorporate DAG without losing the la-
mellar structure. This low incorporation of DAG in lipid
bilayers has also been observed previously in connection
with investigations of membrane fusion (Siegel et al.,
1989a). At higher DAG contents, there is, after a two-phase
region, an H;; phase. At still higher amounts of DAG, a cubic
I; phase forms, which occupies a narrow region around the
composition of 30:60:10 in wt% of SPC/DAG/°H,0. The
cubic phase is in turn in equilibrium, with an L, solution
phase of DAG containing some water and SPC. This se-
quence of the occurrence of the different phases in the dia-
gram is the same as that reported for other DAG-PC-water
systems (Das and Rand, 1984, 1986). Note that all of the
liquid crystalline phases may be in equilibrium with excess
water (Fig. 2).

The samples containing a cubic phase are isotropic (dark)
between crossed polarizers, and they are transparent and stiff.
A cubic phase composed of either SPC/DAG/*H,0 or DOPC/
DOG/*H,0 showed the same behavior as studied by either
x ray or NMR. The x-ray pin-hole diffraction patterns are
spotty (a very common feature observed in diffractograms of
cubic phases from lipid/water systems), a fact that indicates
the occurrence of rather large monodomains. Our pin-hole
diffraction patterns are also very similar in appearance to that
published by Seddon (Fig. 1 in Seddon, 1990a). For samples
of the cubic phase with the composition in wt% of DOPC/
DOG/*H,0 equal to 26.33:60.87:12.80 and of SPC/DAG/
*H,0 equal to 29.9:59.7:10.4, we have obtained nine and
eight separate reflections, respectively, which have been in-
dexed according to the space group Fd3m (Table 1). The
indexing of the diffraction data was assessed as shown in Fig.
3 by aplot of 1/d,,, vs. (h* + k* + [*)'2. For the correct choice
of space group, this plot gives a straight line passing through
the origin and having a slope of 1/a,, where a, is the unit cell
lattice parameter. The reflections listed in Table 1 gives a,
= 158.0 A for the SPC/DAG/’H,0 system and a, = 130 A
for the DOPC/DOG/*H,0O system.

Cubic Phase with Reversed Micelles 1859
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FIGURE 2 The phase diagram of the system soya phosphatidylcholine
(SPC), diacyiglycerol (DAG), and 2H,O at 25°C. The various phase regions
are denoted by: L,, reversed micellar solution phase; I;;, cubic liquid crys-
talline phase; Hy,, reversed hexagonal phase; and L, lamellar liquid crys-
talline phase. The number of phases are indicated in the various two- and
three-phase regions by 2¢ and 3¢, respectively.

In the diffusion experiments, five different peaks in the
'H-NMR spectrum were used, namely, those with chemical
shifts of 0.7, 1.1, 3.1, 4.6, and 5.2 ppm. These five NMR
peaks had T, relaxation times sufficiently long for a suc-
cessful application of the NMR diffusion method. The as-
signments of the NMR signals arising from the lipid peaks
are: 0.7 ppm, the terminal methyl groups of the hydrocarbon
chains of PC and DAG; 1.1 ppm, the methylene groups of
the hydrocarbon chains of PC and DAG; 3.1 ppm, the meth-
yls of the choline headgroup of PC; and 5.2 ppm, the hy-
droxyl group of DAG. The '"H-NMR peak at 4.6 ppm at 25°C
was observed to move continuously toward lower chemical
shift with increasing temperature, which is a typical behavior
when chemical exchange occurs in the system. The diffusion
coefficient measured from this peak was also found to be
larger than that obtained from the other NMR signals. There-
fore, the signal at 4.6 ppm was assigned to water.

The diffusion experiments were practiced on several
samples embodying a cubic phase from either of the systems
SPC/DAG/’H,0 or DOPC/DOG/?H,0. A summary of typi-
cal results of both systems at similar compositions and at
different temperatures is shown in Table 2.

TABLE 1 Data from x-ray diffraction studies of cubic phase samples

dyi (A)
a) 46.3 399 379 32.9 29.8 26.3 25.2 23.0 19.8
b) 46.3 399 38.4 334 299 26.4 25.2 23.1 19.8
c) 55.1 46.7 39.0 35.7 32.1 30.2 275 23.7
hkl 220 311 222 400 331 422 511/333 440 622

Composition in wt% of a) DOPC/DOG/*H,0 equal to 26.33/60.87/12.80 at 25°C, b) at 59°C, and c) of SPC/DAG/H,0 equal to 29.9/59.7/10.4 at 25°C.
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FIGURE 3 Plot of 1/d,, vs. (h* + K + I%)'® of the reflections obtained
(a) for the cubic sample of composition SPC/DAG/H,0 = 29.9/59.7/10.4
wt% at 25°C (), and (b) for the cubic sample of composition DOPC/
DOG/*H,0 = 26.33/60.87/12.80 wt% at 59°C (O). The unit cell lattice
parameters obtained arc 158 and 130 A, respectively.

DOPC/DOG/2H,0

The diffusion coefficients for all five NMR signals were
measured between 25 and 59°C. The choline peak of DOPC
was rather broad at low temperature but gradually narrowed
with increasing temperature. Fig. 4 shows a stacked plot of
the spectra recorded in a typical NMR diffusion experiment
at 59°C, and Fig. 5 shows the fit to Eq. 1 of the experimental
data obtained from the 'H-NMR peaks of the lipids. The
water diffusion coefficient was higher than that of the lipid
at all temperatures, and at 59°C it was equal to 3 X 107! m?
s71. In particular, it has been observed that the lipid lateral
diffusion coefficient of a typical phospholipid at about 60°C
is about 107! m? s! in bilayers and in bicontinuous cubic
phases (Lindblom and Oridd, 1994), which should be com-
pared with 1072 to 107"* m? s! determined for DOPC in the
cubic phase studied here.
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SPC/DAGAH,0

For the SPC/DAG/’H,0 system, the protons of the choline
group at 25°C were not observable. However, at 30°C a wide
peak appears at 3.1 ppm, and this peak narrows with in-
creasing temperature. In the spin-echo signal, this component
shows up at 35°C and then grows with increasing tempera-
ture, reflecting an increase in the T, relaxation time with
increasing temperature. The diffusion coefficient measured
of the choline peak could only be obtained with sufficient
accuracy at temperatures above 40°C (Table 2). The water
signal was not observed at any temperature for this system.
This is probably due to the inhomogeneity in the lipids of this
system, resulting in a possible broadening of the water peak.
The high resolution NMR spectra exhibited rather broad sig-
nals at low temperatures, which made it impossible to apply
the NMR diffusion method to all of the different molecular
residues, as was possible for the DOPC/DOG/?H,0 system.

The 3P-NMR spectra of the cubic phases at 25°C exhibit
a symmetrical and narrow signal, typically observed for iso-
tropic solutions and cubic liquid crystalline phases, and the
linewidth at half-height was found to be Ay, ~ 1.5 ppm.
Thus, the 3'P-NMR lineshape of this reversed cubic phase
differs from the lineshape obtained for the cubic I, phase of
lysopalmitoylphosphatidylcholine, where a strong asym-
metrical >’P-NMR peak with a chemical shift anisotropy of
-3.6 ppm was observed (Eriksson et al., 1985a). In the latter
cubic phase, such a lineshape is due to anisometric micelles,
a geometrical shape that most probably does not pertain to
the reversed micelles in the cubic phase studied in this work.
Finally, the linewidth was found to decrease with increasing
temperature to Ay, =~ 0.3 ppm at 60°C.

DISCUSSION

Already for reasons of symmetry, one would expect (Fontell,
1990; Lindblom and Rilfors, 1989; Seddon, 1990b; Tiddy,

TABLE 2 Diffusion coefficients (10-'> m?s™') at different temperatures for two samples of cubic phases built up of reversed

micellar aggregates

DOPC/DOG/H,0 26.5/61.3/12.3 wt%

Acyl chains* DOPC choline group Water DOG hydroxyl
Temp (°C) (0.7 and 1.1 ppm) (3.1 ppm) (4.6 ppm) (5.2 ppm)
25 2.8 0.5 43 2.8
30 4.2/0.4 0.4 6.1 39
42 8.7/0.9 0.5 8.8 6.1
59 15/0.3 03 30 15
SPC/DAG/H,0 25.4/59.6/15.0 wt%
Acyl chains* SPC choline group Water DAG hydroxyl
Temp (°C) (0.7 and 1.1 ppm) (3.1 ppm) (4.6 ppm) (5.2 ppm)
25 2.2/0.7 i 1.7
30 3.1/0.7 i 34
42 7.2/0.8 0.5 f 59
59 9.4/1.7 1.6 i 8.8/1.6

The diffusion coefficient from five different peaks in the NMR spectrum have been measured. Note that the measurements for the peaks at 0.7 and 1.1 ppm
are made on overlapping signals from both DAG and PC, and a biexponential decay of the signal is observed with diffusion coefficients corresponding to
each lipid. For the biexponential decays obtained from the peaks of the acyl chain, two diffusion coefficients are calculated. These are separated by a slash.
*The diffusion coefficients of the acyl chains of the lipids were measured both of the terminal methyl groups at 0.7 ppm and of the methylene groups at

1.1 ppm.
}Not observed.
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FIGURE 4 Stacked plot from a SE "H-NMR diffusion experiment of a
cubic phase of the DOPC/DOG/’H,0 system at 59°C. The 'H-NMR peaks
in the spectrum are from the left to the right: (@) DOG hydroxyl group (5.2
ppm); (b) water (4.6 ppm); (¢) DOPC choline head group (3.1 ppm); (d)
acyl chain methylenes of DOPC and DOG (1.1 ppm); and (e) the terminal
methyl groups of the hydrocarbon chains of DOPC and DOG (0.7 ppm). The
following settings were used: * = A = 300 ms, g = 0.5734 Tm™' and § =
1 ms for the spectrum at the bottom in the figure, and 5 is then increased
by 1 ms between successive NMR spectra from the bottom to the top.

1980) the occurrence of a cubic phase in the region between
the H;; and L, phases in the phase diagram. The occurrence
of cubic phases with that location in a number of lipid sys-
tems has been confirmed recently (Luzzati et al., 1992). One
would expect the structure of this cubic phase to mirror the
structure of that occurring between the L, and H; phases. The
structure of such a cubic phase has been determined con-
clusively (Eriksson et al., 1985a, 1987; Fontell et al., 1985;
Lindblom et al., 1992) to consist of small, rod-like, micellar
aggregates. The cubic phases studied in this work for the
DOPC/DOG/water and SPC/DAG/water systems should be
composed, therefore, of closed reversed aggregates with the
polar headgroups of the phospholipids located at the interface
of separate water globules, residing in a continuous matrix
of hydrocarbon.

As mentioned in the introduction, the traditional method
for structural studies of cubic liquid crystalline phases is
x-ray diffraction, but this technique may sometimes give am-
biguous results. One reason for this is that the x-ray diffrac-
tion patterns of cubic phases quite often are not so distinctive
to determine the space group and the structure (Lindblom and
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FIGURE 5 Fit of the intensities of the peaks in the NMR spectra shown
in Fig. 4. The amplitudes of the different peaks have been arbitrarily chosen.
The results obtained from the fits are: 5.2 ppm, D = 1.5 X 107 m?*s7}; 3.1
ppm, D = 3 X 10"® m? s%; and 0.7 ppm, D, = 1.5 X 107" m? 5! (90%);
and D, = 3 X 107* m? 5™ (10%).

Rilfors, 1989; Seddon et al., 1990). As an example of the
difficulties, we mention the attempt made by one of the lead-
ing groups in the field to solve the structure for the cubic
phase obtained from a lipid extract from Pseudomonas fluo-
rescens (Mariani et al., 1988). It was suggested that the space
group was either Fd3m or Fd3, and it was assumed for sym-
metry reasons that Fd3m was the correct one. The structure
was proposed to be a composite one consisting of a three-
dimensional network of rods, tetrahedrally joined 4 by 4 and
organized in a diamond lattice, and a system of disjointed
micelles. However, the view was changed later, and now a
structure consisting of two types of disjointed reversed mi-
celles embedded in a three-dimensional hydrocarbon matrix
is the prevailing one (Luzzati et al., 1992).

Seddon and co-workers (Seddon et al., 1990) have adopted
the view that the Fd3m structure is common in low water
systems of fatty acids or DAG together with lipids such as
phosphatidylcholine, phosphatidylethanolamine, mono-
oleoylglycerol, or sodium oleate. Seddon et al. have also
mentioned that they occasionally have observed another
x-ray diffraction pattern for cubic samples with somewhat
decreased water content from the fully hydrated condition
that they have studied.

The x-ray diffraction patterns of the cubic phase with the
location between the Hj; and the L,-phases in the systems
DOPC/DOG/’H,0 and SPC/DAG/*H,0 investigated in the
present work are in excellent agreement with a Fd3m or Fd3
structure (Table 1; Fig. 3). As discussed above, it is necessary
to complement this information with NMR diffusion studies
to obtain an unambiguous structure of the cubic phase (Lind-
blom et al., 1992; Lindblom and Oridd, 1995; Lindblom and
Rilfors, 1989).

For the DOPC/DOG/water system, five peaks, including
the the methyl groups of the choline headgroup of DOPC, are
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observed in the NMR spectrum (Table 2). All of these peaks
can be used in the diffusion experiments. As can be inferred
in Table 2 and Fig. 5, the translational diffusion coefficients
obtained at 59°C for the choline headgroup of DOPC (and
of SPC at higher temperatures) is more than an order of
magnitude smaller than for the diffusion coefficient of DOG
or water. The slow diffusion coefficient of the phospholipid
could be determined accurately at 25°C for the system with
synthetic lipids only. However, at higher temperatures
(>40°C) the cubic phase in the SPC/DAG/water system
could also be investigated by the NMR diffusion method.
Because the x-ray diffraction pattern did not change in the
temperature interval studied, it can safely be concluded that
the structure of the cubic phase stayed intact within the actual
temperature interval.

In the NMR measurement of the diffusion of the meth-
ylene groups of the acyl chains, two components of diffu-
sional motion were observed, and these differed by about an
order of magnitude (Table 2; Fig. 5). Note that the difference
between the rapid and slow components of the measured
diffusion coefficients increase with increasing temperature.
The component with the rapid diffusion is comparable with
the translational diffusion coefficients obtained in lipid bi-
layers (Lindblom et al., 1979; Lindblom and Oridd, 1995;
Lindblom and Rilfors, 1989; Lindblom and Wennerstrom,
1977). The much slower diffusional motion is compatible
with that measured for the cubic phase consisting of closed
micellar aggregates of lysophospholipids (Eriksson et al.,
1987; Lindblom and Oradd, 1994). Therefore, the small dif-
fusion coefficients of the DOPC molecules in the cubic phase
are attributed conclusively to restricted lipid translational
motion caused by closed lipid aggregates.

It can be concluded, based on the NMR diffusion and x-ray
investigations presented here, that the cubic phases located
between the H;; and L, phases in the PC/DAG/water systems
are built up of reversed micelles of mainly PC, surrounded
by a continuous matrix of mainly DAG.

We are grateful to Mrs. Eva Vikstrom for drawing the figure and help with
sample preparation, and to Dr. Leif Rilfors for enlightening discussions
about the biochemistry of protein kinase C. We thank Dr. Niels Krog for
kindly providing us with the diacylglycerol from sunflower oil and Mr.
Johan Engblom for performing x-ray diffraction measurements at 25 and
59°C on the cubic phase composed of the synthetic lipids.

This work was supported by grants from the Swedish Natural Science Re-
search Council and Knut och Alice Wallenberg Foundation.

REFERENCES

Berridge, M. 1987. Inositol-triphosphate and diacylglycerol: two interacting
second messengers. Annu. Rev. Biochem. 56:159-193.

Carr, H. Y., and E. M. Purcell. 1954. Effects of diffusion on free precession
in NMR experiments. Phys. Rev. 94:630-638.

Das, S., and R. P. Rand. 1984. Diacylglycerol causes major structural tran-
sitions in phospholipid bilayer membranes. Biochem. Biophys. Res. Com-
mun. 124:491-496. ]

Das, S., and R. P. Rand. 1986. Modification by diacylglycerol of the struc-
ture and interaction of various phospholipid bilayer membranes. Bio-
chemistry. 25:2882-2889.

Volume 68 May 1995

Dawson, R. M. C,, R. F. Irvine, J. Bray, and P. J. Quinn. 1984. Long-chain
unsaturated diacylglycerols cause a perturbation in the structure of phos-
pholipid bilayers rendering them susceptible to phospholipase attack. Bio-
chem. Biophys. Res. Commun. 125:836-842.

De Boeck, H., and R. Zidovetzki. 1989. Effects of diacylglycerols on the
structure of phosphatidylcholine bilayers: a ?H and *'P NMR study. Bio-
chemistry. 28:7439-7446.

Epand, R. M. 1985. Diacylglycerols, lysolecithin, or hydrocarbons markedly
alter the bilayer to hexagonal phase transition temperature of phosphati-
dylethanolamines. Biochemistry. 24:7092-7095.

Eriksson, P.-O., G. Lindblom, and G. Arvidson. 1985a. NMR studies of
1-palmitoyllysophosphatidylcholine in a cubic liquid crystal with a novel
structure. J. Phys. Chem. 89:1050-1053.

Eriksson, P.-O., L. Rilfors, G. Lindblom, and G. Arvidson. 1985b. Multi-
component spectra from 'P NMR studies of the phase equilibria in the
system dioleoylphosphatidylcholine-dioleoylphosphatidylethanolamine-
water. Chem. Phys. Lipids. 37:357-371.

Eriksson, P. O., G. Lindblom, and G. Arvidson. 1987. NMR studies of
micellar aggregates in 1-acyl-sn-glycerophosphocholine systems.
The formation of a cubic liquid crystalline phase. J. Phys. Chem. 91:
846-853.

Fontell, K. 1990. Cubic phases in surfactant and surfactant-like lipid sys-
tems. Colloid Polymer Sci. 268:264-285.

Fontell, K., K. K. Fox, and E. Hansson. 1985. On the structure of the
cubic phase I, in some lipid-water systems. Mol. Cryst. Liquid Cryst.
1:9-17.

Gibbs, S.J.,and C. S. Johnson, Jr. 1991. A pfg NMR experiment for accurate
diffusion and flow studies in the presence of eddy currents. J. Magn.
Reson. 93:395-402.

Goldberg, E. M., D. S. Lester, D. B. Borchardt, and R. Zidovetski. 1994,
Effects of diacylglycerols and Ca®* on the structure of phospha-
tidylcholine/phosphatidylserine bilayers. Biophys. J. 66:382-393,

Guldbrand, L., B. Jonsson, and H. Wennerstrém. 1982. Hydration forces and
phase equilibria in the dipalmitoylphosphatidylcholine-water system.
J. Colloid Interface Sci. 89:532-541.

Gutman, H., G. Arvidson, K. Fontell, and G. Lindblom. 1984. 3'P and
’H NMR studies of phase equilibria in the three component system:
monoolein-dioleoylphosphatidylcholine. In Surfactants in Solutions, Vol.
1. K. L. Mittal and B. Lindman, editors. Plenum Press, New York. 143—
152.

Kirk, G. L., S. M. Gruner, and D. L. Stein. 1984. A thermodynamic model
of the lamellar to inverse hexagonal phase transition of lipid membrane-
water systems. Biochemistry. 23:1093-1102.

Lindblom, G., L. B.-A. Johansson, and G. Arvidson. 1981. Effect of cho-
lesterol in membranes. Pulsed nuclear magnetic resonance measurements
of lipid lateral diffusion. Biochemistry. 20:2204-2207.

Lindblom, G., L. B.-A. Johansson, G. Wikander, P.-O. Eriksson, and G.
Atrvidson. 1992. Further evidence for closed, nonspherical aggregates in
the cubic I,-phase of lysolecithin and water. Biophys. J. 63:723-729.

Lindblom, G., K. Larsson, L. Johansson, K. Fontell, and S. Forsén. 1979,
The cubic phase of monoglyceride-water systems. Arguments for a struc-
ture based upon lamellar bilayer units. J. Am. Chem. Soc. 101:5465-5470.

Lindblom, G., and G. Oridd. 1994. NMR studies of translational diffusion
in lyotropic liquid crystals and lipid membranes. Progr. Nucl. Magn.
Reson. Spectrosc. 26:483-516.

Lindblom, G., and G. Oridd. 1995. Liquid crystalline samples: measurement
of diffusion. In Encyclopedia of NMR, Vol. D. M. Grant and R. K. Harris,
editors. John Wiley & Son, Ltd., Chichester. In press.

Lindblom, G., and L. Rilfors. 1989. Cubic phases and isotropic structures
formed by membrane lipids—possible biological relevance. Biochim.
Biophys. Acta. 988:221-256.

Lindblom, G., and H. Wennerstrom. 1977. Amphiphile diffusion in model
membrane systems studied by pulsed NMR. Biophys. Chem. 6:167-171.

Luzzati, V., R. Vargas, A. Gulik, P. Mariani, J. Seddon, and E. Rivas. 1992.
Lipid polymorphism: a correction. The structure of the cubic phase of
extinction symbol Fd— - consists of two types of disjointed reverse mi-
celles embedded in a 3D hydrocarbon matrix. Biochemistry. 31:279-285.

Mariani, P., V. Luzzati, and H. Delacroix. 1988. Cubic phases of lipid-
containing systems. Structure analysis and biological implications.
J. Mol. Biol. 204:165-189.

Newton, A. C. 1993. Interaction of proteins with lipid headgroups: lessons
from protein kinase C. Annu. Rev. Biophys. Biomol. Struct. 22:1-25.



Oradd et al.

Rance, M., and R. A. Byrd. 1983. Obtaining high-fidelity spin-1/2 powder
spectra in anisotropic media: phase-cycled Hahn echo spectroscopy.
J. Magn. Reson. 52:221-240.

Seddon, J. M. 1990a. An inverse face-centered cubic phase formed by
diacylglycerol-phosphatidylcholine mixtures. Biochemistry. 29:7997-
8002.

Seddon, J. M. 1990b. Structure of the inverted hexagonal (H;,) phase, and
non-lamellar transition temperatures of lipids. Biochim. Biophys. Acta.
1031:1-69.

Seddon, J. M., E. A. Bartle, and J. Mingins. 1990. Inverse cubic liquid-
crystalline phases of phospholipids and related lyotropic systems. J. Phys.
Condens. Matter. 2:285-290.

Siegel, D. P., J. Banschbach, D. Alford, H. Ellens, L. J. Lis, and P. J. Quinn.
1989a. Physiological levels of diacylglycerols in phospholipid mem-

Cubic Phase with Reversed Micelles

1863

branes induce membrane fusion and stabilize inverted phases. Biochem-
istry. 28:3703-3709.

Siegel, D. P., J. Banschbach, and P. L. Yeagle. 1989b. Stabilization of Hy,
phases by low levels of diglycerides and alkanes: an NMR, calorimetric,
and x-ray diffraction study. Biochemistry. 28:5010-5019.

Stenius, P., H. Palonen, G. Strom, and L. Odberg. 1984. Micelle formation
and phase equilibria of surface active components of wood. In Surfactant
in Solution, Vol. 1. K. L. Mittal and B. Lindman, editors. Plenum Press,
New York. 153-173.

Tiddy, G. J. T. 1980. Surfactant-water liquid crystal phases. Phys. Rep.
57:1-46.
Ulmius, J., H. Wennerstrém, G. Lindblom, and G. Arvidson. 1977. Deuteron

NMR studies of phase equilibria in a lecithin-water system. Biochemistry.
16:5742-5745.



