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ABSTRACT: Fully hydrated unsaturated diacylglycerol-phosphatidylcholine mixtures are found to adopt an
inverse face-centered cubic phase, of crystallographic cubic aspect 15. The same behavior is observed for
either the 1,2- or 1,3-isomer of the diacylglycerol. This Q,s cubic phase, of probable space group Fd3m
(Q*"), occurs between an inverse hexagonal (Hy;) phase and an inverse micellar (L,) solution, with increasing
diacylglycerol concentration, which implies that the mean curvature of the interface is more negative than
that of the Hy, phase. This behavior is quite different from that of the more usual bicontinuous inverse
cubic phases Pn3m (Q**), Im3m (Q*°), and Ia3d (Q*"), which normally occur between the lamellar L,
and the Hy; phases. One possible structure for the Fd3m cubic phase has recently been proposed (Mariani,
P., Luzzati, V., & Delacroix, H. (1988) J. Mol. Biol. 204, 165-189), consisting of tetrahedrally arranged
clusters of inverse micelles surrounded by a continuous cage of tetrahedrally connected water/lipid (inverse)

channels.

’I:ne effect of diacylglycerols (DG)! on membrane structure
is currently a topic of great interest because of their role in
signal transduction in cells. In response to stimulation of
various membrane receptors, diacylglycerols are formed from
phosphatidylinositols, and they then activate the membrane-
bound enzyme protein kinase C (Berridge, 1984; Berridge &
Irvine, 1984; Nishizuka, 1983, 1986). In addition, diacyl-
glycerols enhance the hydrolysis by phospholipases C and A,
of phospholipids such as PC (Dawson et al., 1983). This was

t This work was supported in part by Grant GR/C/95428 from the
Science and Engineering Research Council, U.K.

found to be correlated with the appearance of an isotropic
component in the 3P NMR spectrum, which appeared when
the amount of incorporated DG exceeded 15 mol % (Dawson
et al., 1984). Further addition of DG caused the appearance
of a hexagonal-type line shape, and by 50 mol % DG the

! Abbreviations: PC, phosphatidylcholine; egg PC, phosphatidyl-
choline from egg yolk; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine;
DG, 1,2- or 1,3-diacylglycerol; egg DG, 1,2-diacylglycerol derived from
egg PC; 1,2-DOG, 1,2-dioleoylglycerol; 1,3-DOG, 1,3-dioleoylglycerol;
cpog, Weight fraction of dioleoylglycerol; L,, normal micellar solution;
L,, inverse micellar solution; L,, fluid lamellar (bilayer) phase; Hy,
inverse hexagonal phase; Fd3m (Q%7), cubic phase of crystallographic
space group number 227,

0006-2960/90/0429-7997802.50/0 © 1990 American Chemical Society



7998 Biochemistry, Vol. 29, No. 34, 1990

mixtures were in a pure inverse hexagonal H;; phase. This
was associated with a total loss of enzyme activity. It thus
seems that the activity of the phospholipases is correlated with
structural perturbations of the membrane.

Monolayer studies have indicated that both 1,2- and 1,3-
dioleoylglycerol (1,2-DOG and 1,3-DOG) form stable com-
plexes with I-palmitoyl-2-oleoylphosphatidylcholine (POPC)
at a mole fraction of DOG of 0.25 (Smaby & Brockman,
1985). A calorimetric study of dispersions of mixtures of
1,3-DOG with 1-stearoyl-2-oleoylphosphatidylcholine (SOPC)
also found evidence for this stoichiometry, showing that com-
plex formation is not restricted to monolayers (Cunningham
et al., 1989). The transition temperature of the complex was
determined to be 9.4 °C, the increase compared to the value
of 5.3 °C for pure SOPC being attributed to a stabilizing effect
on the membrane structure due to the complex formation.
Evidence was presented to show that metastable effects occur
for larger mole fractions of DOG. These authors found that
the bilayer morphology was maintained until a DOG mole
fraction of 0.8 was reached, when a nonlamellar phase appears.
Freeze-fracture electron microscopy of this phase showed
aggregates with a surface having an irregular, nonplanar
hexagonal array. The aggregates appeared to consist of small
particles, possibly arranged as dodecahedra, with diameters
in the range 270-1200 A, the majority being 360 A.

An X-ray diffraction study of fully hydrated egg PC-egg
DG mixtures found a region of coexisting lamellar phases,
before a pure Hy; phase appeared at DG contents greater than
30 wt % (Das & Rand, 1984, 1986). Additional unidentified
phases were observed in this region of the pseudobinary (i.e.,
with a large excess of water—taken to be a constant
amount—also present) phase diagram. For DG contents be-
tween 30 and 70 wt %, a pure H,; phase was found, with a
repeat spacing of d;, = 61.5 A, which value, surprisingly, was
constant over this entire range of composition. Between 70
and 75 wt % DG, a transition to a cubic phase occurred, which
was identified as being space group Prn3m (0%, with a lattice
parameter of 114.4 A (Das & Rand, 1986).

There are four principal locations in the phase diagram
where lyotropic cubic phases may be found [for recent reviews,
see Lindblom and Rilfors (1989), Larsson (1989), Fontell
(1990), and Seddon (1990)]. Normal topology (oil-in-water)
cubic phases may be found either adjacent to the micellar
solution (often between the normal micellar solution (L,) and
the hexagonal Hy phases) or between the H; phase and the
lamellar L, phase. In the former case the structures probably
consist of anisotropic micellar aggregates (Fontell et al., 1985;
Eriksson et al., 1985; Charvolin & Sadoc, 1988). In the latter
case the structures appear invariably to be bicontinuous. Cubic
phases may also be found between the L, and Hy; phases. In
this case, the structures are inverse (water-in-oil) and are also
invariably bicontinuous. Most of our knowledge about the
structures of bicontinuous cubic phases stems from the pio-
neering X-ray diffraction studies of Luzzati and co-workers
(Luzzati, 1968; Mariani et al., 1988). Cubic phases occurring
in the fourth likely location of the phase diagram, namely,
between the H;; phase and the inverse micellar solution (L,),
have so far never been clearly identified (Lindblom & Rilfors,
1989; Fontell, 1990).

The fact that the sequence of phases observed for PC-DG
mixtures with increasing DG concentration was lamellar—
Hj—cubic (Das & Rand, 1986) suggests that this cubic phase
is not in the normal location expected for an inverse bicon-
tinuous cubic phase and casts doubt on the identification of
the space group as Pn3m.

Seddon

MATERIALS AND METHODS

Chemicals. All lipids used were 99% purity. DOPC and
egg PC were obtained from Lipid Products (South Nutfield,
Surrey, U.K.). 1,2-DOG and 1,3-DOG were obtained from
Larodan Fine Chemicals, Malmo, Sweden. Identical results
were obtained by using 1,3-DOG, substantially free of 1,2-
isomer, obtained from Sigma Chemical Co., Poole, Dorset,
U.K. The purity of the lipids was checked before and after
the X-ray measurements by thin-layer chromatography in a
solvent system of CHCl;/CH;0OH/33% NH, (65/35/5 v/v),
with staining for phosphate groups by molybdenum blue,
followed by sulfuric acid charring. In addition, a solvent
system of petroleum ether/diethyl ether (70/30 v/v) was used
to check the isomeric purity of the diacylglycerols. For the
single-isomer samples, any contamination by the other isomer
was estimated to be less than 2%. The water was triply dis-
tilled.

Polarizing Microscopy. Optical observations were carried
out by using a Nikon Labophot polarizing microscope equipped
with a Linkam heating stage.

X-ray Diffraction. Diffraction patterns were obtained by
using either a Guinier camera (R. Huber, 8211 Rimsting, West
Germany) fitted with a quartz crystal monochromator, set to
isolate the Cu Ka; (A = 1.5405 A) radiation, or with a Franks
camera, with Ni-filtered Cu Ko radiation (A = 1.5418 A) from
the point-focus window of an Elliott GX 20 rotating-anode
generator fitted with a 0.1-mm focus cup (Marconi Avionics,
Borehamwood, U.K.). The Guinier camera, which was op-
erated in vacuum in order to reduce air scatter, has a fixed
sample—film distance of 114.6 mm; the Franks camera has a
variable sample—film distance between 35 and 160 mm, de-
pending on the settings of the mirrors. The diffraction patterns
were recorded on stacks of up to six sheets of Kodak DEF 392
X-ray film, to ensure that both the strongest and the weakest
peaks could be measured, and subsequently scanned with a
Joyce-Loebl Mark ITIC microdensitometer. Exposure times
were typically in the range 1-24 h. Temperature regulation
of the sample (£1 °C) was by electrical heating, employing
an electronic controller, the temperature probe being embedded
in the brass sample mounting block in the X-ray camera, as
close as practicable to the sample (within 1 cm).

Weighed amounts of the lipids were codissolved in chloro-
form/methanol, the solvent was blown off under a stream of
nitrogen, and the lipids were then stored overnight in a vacuum
desiccator (pressure <100 Pa) over phosphorus pentoxide. The
samples were then mixed with water, employing a fine spatula,
and the stiff lipid pellets sealed with excess water in pur-
pose-built metal X-ray holders with thin mica windows. The
samples were then equilibrated at room temperature for up
to 5 days, the uniformity/homogeneity being assessed by
monitoring the diffraction patterns.

RESULTS

A sample of DOPC-1,3-DOG (cpog = 0.70) was examined
at 25 °C by polarizing microscopy before and after hydration
with an excess water phase. Before hydration, the sample was
an optically isotropic liquid, presumably an inverse micellar
solution (L, phase). Following hydration, the sample trans-
formed into a viscous, optically isotropic mesophase.

The X-ray diffraction pattern obtained from this mixture
in excess water at 30 °C, obtained by using a point-focus
Franks camera, is shown in Figure 1. The spottiness of the
pattern indicates the presence of relatively large (>1 um)
monodomains of the (cubic) phase in the sample (Lipson &
Steeple, 1970). The broader reflection, third from the center,
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FIGURE 1: Diffraction pattern obtained with a point-focus Franks
camera from a DOPC-1,3-DOG mixture (cpog = 0.70) in excess water
at 30 °C. The sample-film distance was 120 mm. The lattice
parameter of the Fd3m cubic phase is a = 153 £ 2 A,

is actually a closely spaced doublet. This is clearly seen in
the X-ray diffraction patterns obtained from the same sample
by using a line-focus Guinier camera, shown in Figure 2. A
total of 11 Bragg peaks are observed, which index as the 111,
220, 311, 222, 400, 331, 422, 511/333, 440, 533, and 711/551
reflections of a cubic phase of cubic aspect 15 (Hahn, 1983).
This cubic aspect is characterized by Bragg reflections whose
reciprocal d spacings are in the ratios (v/3, V8, V11, V12,
V16, V19, v/24, v/27, v/32, V35, /36, V40, V43, /44,
/48, v/51, /56, ... There are only two space groups possible
for this cubic aspect, namely, Fd3m (Q*?") and Fd3 (Q*3).
In accordance with the suggestion of Luzzati and co-workers
(Mariani et al., 1988), we assume that the more symmetrical
space group, Fd3m (Q??), is the correct one. The difference
between Fd3m and Fd3 is that for a reflection with h = k
# I, I(hkl) and I(khl) are equal for the former space group
but different for the latter one. In order to measure these
intensities separately, it would be necessary to have an aligned
sample of the cubic phase. However, none of the observed
reflections actually fit the criterion of h s k > I, and so even
if a monodomain sample were available, it would only permit
the discrimination to be made if further reflections such as
531, 620, or 642 could be detected.

Densitometer scans of the diffraction patterns of parts a and
b of Figure 2 are shown in parts b and a of Figure 3, re-
spectively. The indexing of the diffraction data was assessed
by plotting the reciprocal d spacings (1/d},,) of the 11 observed
reflections versus m = (h® + k? + [)!/2. For a cubic phase,
such a plot should pass through the origin and be linear with
a slope of 1/a, where a is the cubic unit cell lattice parameter.
The data index perfectly (plot not shown) as cubic aspect 15
(space group Fd3m or Fd3) with a lattice parameter of a =
153 =2 A, with no unobserved reflections below hkl = 531.

By diffraction, the Fd3m cubic phase was observed to be
stable between 25 and 40 °C; however, examination by po-
larizing microscopy indicated that a viscous isotropic phase
(presumably, but not necessarily, the Fd3m cubic phase over
the entire temperature range) was stable up to at least 90 °C.
For a DOPC-1,3-DOG mixture (cpog = 0.65), which formed
the Fd3m cubic phase with a lattice parameter of 130 A in
excess water, a sample that was probably not fully hydrated
was found to give rise to sharp peaks whose reciprocal spacings
were in the ratios v/10, v/12, v/14, and +/17. This suggests
that another phase—conceivably a different cubic phase—might
be formed at low hydration for certain mixtures.

In order to see whether the formation of the Fd3m cubic
phase was dependent on the isomeric form (1,3 or 1,2) of the
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FIGURE 2: Diffraction patterns obtained from the same sample as
in Figure 1 but with a line-focus Guinier camera, with continuous
sample rotation around the incident beam. The temperature was (a)
30, (b) 33, and (c) 40 °C. The exposure time was greatest for the
pattern shown in (b). The 311 and 222 reflections are clearly resolved
in patterns (a) and (c).

diacylglycerol, mixtures of DOPC with 1,2-DOG were also
studied. For a mixture with a composition ¢cpog = 0.77, the
same Fd3m cubic phase was observed in excess water at 30
°C, with a lattice parameter of a = 131 A (data not shown).

To establish that the Fd3m cubic phase was not specific to
DOPC, mixtures of 1,3-DOG with egg PC were also studied.
A mixture with a composition of cpog = 0.64 formed the Fd3m
cubic phase in excess water at 25 °C, with a lattice parameter
of a = 159 A (data not shown).

A fully hydrated mixture of egg PC-1,3-DOG with a lower
diacylglycerol content of cpog = 0.47 was observed to form
a birefringent phase, found by diffraction to be predominantly
an Hy, phase, with a d spacing of 58 A (lattice parameter of
67 A). This is in agreement with previous results for egg
PC-egg DG mixtures, in this range of composition (Das &
Rand, 1986).

DiscussioN

There are three quite independent arguments against the
identification as Pn3m (Q®*) and in favor of Fd3m (Q*") of
the cubic phase observed in fully hydrated PC-DG mixtures
at high DG contents (greater than approximately 60 wt %
DG). First, the location of this phase in the pseudobinary
phase diagram (in the presence of an excess aqueous phase)
does not appear to lie between L, and Hy;, which to date
appears to be the usual location for the Pn3m cubic phase (it
has so far only been found with an inverse, type-II topology).
Rather, the evidence is that the PC-DG cubic phase has a
location between the Hj, phase and an inverse micellar solution
(Ly): X-ray diffraction of pure DG in water shows a diffuse
maximum in the region of 1/d = 28 A1 (Das & Rand, 1986),
indicative of micellar aggregates, undoubtedly of inverse to-
pology. A strong argument in support of this view is that the
effect of incorporating the weakly amphiphilic DG into the
strongly amphiphilic PC should be to reduce the effective
hydrophilicity of the lipid headgroup region and hence to tend
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to reduce the hydration. Reducing hydration will tend to drive
the phase equilibrium toward inverse phases of increasingly
negative interfacial mean curvature (i.e., curvature of the
interface toward the aqueous region). The fact that the cubic
phase appears for Aigher concentrations of the weakly am-
phiphilic component than the Hy, phase implies that the av-
erage interfacial mean curvature of the cubic phase must be
more negative than that of the H; phase and must therefore
lie “beyond” the Hy; phase, rather than between the lamellar
and the H,; phases.

Second, the indexing of the diffraction data as Pn3m (Das
& Rand, 1986) is not convincing. Although the indexing given
as 110, 211, 220, 221, 222, 321, 411/330, 420, 422, 441 /522
by Das and Rand is indeed reasonably consistent with their
observed spacings, reflections 111, 200, 310, 311, 400, 322,
331, 421, 332, 510/431, 511/333, 432, 521, and 440 would
all have to be unobserved, although permitted by the space
group. When the fact that (in particular) the second and third
allowed reflections would both have to have zero intensity is
taken into account, the indexing as Pn3m becomes most un-
likely. However, indexing the reflections as Fd3m accounts
perfectly for all of the observed reflections up to the ninth one,
with all permitted reflections of this space group being observed
up to 440. The tenth reflection is probably 533 (although we
cannot completely rule out the 622 reflection, which is very
close in spacing), with reflections 531, 442, and 620 being too
weak to be observed (it should be emphasized that, for lig-
uid-crystalline phases, the Bragg reflections always tend to
become very weak for high hk/ indices, because of the
short-range disorder inherent in fluid phases). The last ob-
served reflection corresponds to 711/551, with (622) and 444
being unobserved.

A third argument against the indexing as Pn3m, and in favor
of the indexing as Fd3m, is the distribution of intensity among
the various Bragg reflections (i.e., the structure factors). An
obvious yet important principle of structural analysis of lipid
phases is that if two similar lipid systems of comparable
electron density distributions form the same cubic phase, with
comparable water contents, then the intensity distribution of
the various Bragg reflections must be qualitatively similar. The
first four observed reflections from the PC-DG cubic phase
have intensities that are relatively weak, strong, very strong,
and medium (see Figure 3). This distribution, if assigned to
the 110, 211, 220, and 221 reflections of Pn3m, is quite unlike
that observed in a variety of lipid systems forming cubic phases
of this space group (Longley & Mclntosh, 1983; Mariani et
al., 1988; J. M. Seddon, unpublished data). On the other hand,
such an intensity distribution, assigned to reflections 111, 220,
311, and 222 of Fd3m, is quite similar to that observed from
other systems forming the cubic phase Fd3m (Mariani et al.,
1988, 1990).

1t may be concluded that the observed reflections, taken
together, unambiguously identify the lattice type as face-
centered cubic, with cubic aspect number 15; only two space
groups have this aspect: Fd3 (No. 203) and Fd3m (No. 227).
In accordance with the suggestion of Luzzati and co-workers
(Mariani et al., 1988), it can be assumed that the more sym-
metrical space group is the correct one (in fact, it would
probably not greatly alter the structure if the other possibility
was considered). This novel cubic phase was first discovered
in a lipid extract from Pseudomonas fluorescens (Tardieu,
1972). Only recently, however, has a structure been proposed,
on the basis of a crystallographic analysis (Mariani et al., 1988,
1990). Two further examples of this phase have been found:
in hydrated monoolein/oleic acid mixtures (Mariani et al.,
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FIGURE 3: (a) Densitometer trace of the diffraction pattern of Figure
2b. For the overexposed 220, 311, and 222 peaks, the tracing was
measured from the second film (attenuation factor of approximately
3). (b) Densitometer trace of the diffraction pattern of Figure 2a,
with the 311 and 222 reflections resolved.

1988) and in oleic acid buffered to pH 7 (J. M. Seddon,
unpublished data). The system PC-DG is thus the fourth
known example of this phase and there is every reason to
believe that it will be found in the future in other systems.

A noteworthy feature of this Fd3m cubic phase is that, like
the inverse bicontinuous cubic phases Pn3m and Im3m, it can
coexist with an excess aqueous phase and thus may be of more
direct relevance to biological systems than those cubic phases
that have a normal (type I, oil-in-water) topology and are not
normally stable in the presence of an excess aqueous phase.

It is interesting to note that diacylglycerol-phosphatidyl-
choline mixtures represent the first system found to adopt the
Fd3m cubic phase without a free fatty acid component being
present. It seems likely that the requirement to form this phase
is for an amphiphilic component that is weakly hydrophilic
yet is able to interact (probably via hydrogen-bonding) with
the phospholipid headgroups, effectively reducing their hy-
dration.

Structure of the Cubic Phase Fd3m (Q%*"). A structure has
recently been proposed for the Fd3m cubic phase by Luzzati
and co-workers, based upon a crystallographic analysis
(Mariani et al., 1988, 1990). This structure is derived from
that of the bicontinuous inverse cubic phase Pn3m (Q%*),
which consists of a double-diamond arrangement of water
channels, the two independent networks being separated by
a continuous lipid bilayer. In the Fd3m structure, one of the



Lecithin—Diacylglycerol Cubic Phase

tetrahedral networks of water channels is replaced by inverse
micelles at positions halfway along each water channel segment
(inverse water/lipid rod). A tetrahedral cluster of four inverse
micelles is thus embedded within a surrounding cage of 12
(nearest-neighbour) tetrahedrally connected water channel
segments, there being 16 inverse micelles per unit cell. If the
continuous tetrahedral network had the same dimensions as
each of the two networks in the cubic phase Pn3m, this would
lead to an effective doubling of the lattice parameter; in
practice, the lattice parameters for Fd3m seem to be of the
order of 1.6 times those of comparable Pn3m cubic phases.
Symmetry requirements mean that the shape of the inverse
micelles could be oblate or prolate, as well as spherical, as long
as the symmetry axes of the micelles are aligned along the
3-fold axes. However, space-filling considerations suggest that
the first possibility is unlikely.

It has been suggested by Luzzati and co-workers that the
lyotropic cubic phases can be divided into two families. One
of these is based upon a bilayer interfacial film; the biconti-
nuous cubic phases Prn3m (Q**), Im3m (Q™), and Ia3d (Q#)
are examples of this family. They can be either normal, type
I (oil in water), or inverse, type II (water in oil). The second
family of cubic phases is proposed to be based upon a mon-
olayer interfacial film, normally in conjunction with closed
micellar or globular aggregates. A type I example of this is
supposed to be the cubic phase Pm3n (Q*?%), altough this view
has been disputed (Fontell et al., 1985; Eriksson et al., 1987).
The cubic phase Fd3m (Q%?7) is suggested to be an example
of an inverse (type II) member of this second family. In fact,
Luzzati and co-workers have identified a further type II
member of this family, of space group P4;32 (Q?'2), which
is the first chiral lyotropic cubic phase to be discovered
(Mariani et al., 1988).

Although the crystallographic evidence for the
“monolayer/inverse micelle” structure proposed for Fd3m
(Q®7) by Luzzati and co-workers is quite compelling for the
particular systems they studied, it should be pointed out that
different lipid systems could conceivably adopt cubic phases
having this same space group yet with entirely different
structures.

The most plausible such alternative structure for 9?7 is a
cubic packing of anisotropic inverse micelles. Such a structure
has been implicitly considered in a topological /geometrical
study of the possible structures formed by periodic systems
of frustrated fluid films (Charvolin & Sadoc, 1988). When
the films are constrained to meet so that the dihedral and edge
angles stay close to 120° and 109°28’, which are the optimal
values to balance the film tensions, then only two space-filling
solutions are found that have cubic symmetry. These two
structures are analogous to those of the water clathrates,
consisting of close-packed assemblies of two types of slightly
distorted polyhedra. One has space group Pm3n (Q*3), and
the other has space group Fd3m (Q**"). A type I (oil-in-water)
version of a Pm3n ((Q??3) cubic phase has in fact been observed
in the region of the binary phase diagram adjacent to the
normal micellar solution, in systems such as lyso-
phosphatidylcholine (Tardieu & Luzzati, 1970; Eriksson et
al., 1985, 1987). In the geometrical view of Charvolin and
Sadoc, the “frustrated interfacial film” in this case would
correspond to the locus of midpoints of the aqueous regions
separating two sets of nonequivalent micelles (two of one type
and six of the other) within the cubic unit cell (Charvolin &
Sadoc, 1988). It is very interesting that the other possibility
has space group Fd3m: this suggests a possible structure for
an Fd3m cubic phase, made up entirely from two sets of
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nonequivalent aggregates (8 of one type and 16 of the other).
Preliminary results of a crystallographic analysis indicate that
the Fd3m cubic phase of diacylglycerol-phosphatidylcholine
mixtures may have a structure analogous to this, consisting
purely of inverse micelles (V. Luzzati and J. M. Seddon,
unpublished results). It is interesting to note that the fact (as
discussed in the Introduction) that freeze-fracture electron
microscopy of stearoyloleoylphosphatidylcholine~dioleoyl-
glycerol mixtures with a DOG mole fraction of 0.8 shows
aggregates of very small particles (Cunningham et al., 1989)
could be consistent with an Fd3m cubic phase structure con-
sisting purely of closed (inverse micellar) aggregates.

The findings presented here emphasize the peculiar problems
associated with structural studies of lyotropic cubic phases,
which can very easily lead to misinterpretation of the dif-
fraction patterns. The most significant problems may be
reiterated as follows:

1. Usually rather few lines are detected, due to the liquidlike
short-range order characteristic of liquid-crystalline phases.

2. Certain of the diffraction lines may be quite close to-
gether, so a moderately high resolution X-ray apparatus is
required to resolve them adequately.

3. It is common for the patterns to be intermediate between
“powder” and “single-crystal” ones, due to the tendency for
growth of large monodomains (see Figure 1). This creates
severe problems when line-focus cameras are employed and
requires various procedures, such as continuous sample rota-
tion, to overcome them.

4. Some of the diffraction lines, although permitted by the
space group, may nontheless be too weak to be observed, due
to the underlying continuous transform of the structure being
close to zero at the position of the reflection.

5. Pronounced metastable effects are frequently encoun-
tered with cubic phases, which means that the sample may
not be at equilibrium, leading to spurious lines due to the
residual presence of other phases. If any doubt exists, it is
necessary to explore over a range of water contents, to ensure
that the spacings of all of the lines shift consistently with each
other.

6. Cubic phases in excess water frequently exhibit large
temperature dependences of the lattice parameters (Seddon
et al., 1984; Caffrey, 1987), presumably mainly due to strongly
changing limiting hydrations with temperature. This can lead
to a broadening of the diffraction lines, if the temperature of
the sample is not carefully regulated during the diffraction
experiment.
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