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ABSTRACT: The X-ray scattering study of a cubic phase of extinction symbol Fd- -, recently performed on
a lipid extract (PFL) from Pseudomonas fluorescens [Mariani et al. (1990) Biochemistry 29, 6799-6810]
has been extended to several other systems, all consisting of mixtures of water-miscible (MO, PC, PE, oleate)
and of water-immiscible (FA, DG) lipids, plus water. In all of these systems the cubic phase was observed
in the presence of excess water. Some inconsistencies observed between PFL and the other systems, the
fact that in PFL one of the reflections of the cubic phase happened to coincide with the strongest reflection
of the hexagonal phase, and the finding, in one of the original cubic samples of PFL kept in the cold for
more than 3 years, that the intensity of one of the reflections had decreased dramatically all indicated that
a nonnegligible amount of a hexagonal impurity was in fact present in the samples of PFL originally thought
to contain a pure cubic phase. The intensities were corrected for that impurity and analyzed again using
a pattern recognition approach based upon the axiom that the histogram of the electron density maps is
invariant with respect to physical structure, when different phases are compared whose chemical composition
is the same. The hexagonal phase provided the reference phase for the comparison. The moments ((Ap)*)
were used to compare the histograms. All the phase combinations (the ¢-sets) compatible with the data
were generated and were screened using the distance between the points of the cubic and the hexagonal
phases in the 6D space of the moments ([{(Ap)*)]/™), with n = 3-8. The result of the analysis is a structure
formed by two types of disjointed micelles of type II (water-in-oil), quasi-spherical in shape: eight (per
F-centered cubic cell), of symmetry 43m, are centered at positions a, and 16, of symmetry 3m, are centered
at positions d [according to the International Tables (1952)]. This structure has previously been proposed
by Charvolin and Sadoc (1988) on the basis of formal geometric arguments. The study of the cubic phase
of the other lipid systems is hindered by the lack of a reference phase; the structure was analyzed by reference
to the cubic phase of PFL and found to be the same in all the systems. This cubic phase is the first example,
among lipid-containing phases, of a 3D periodically ordered micellar organization of type II.

A face-centered cubic phase of extinction symbol Fd--
(cubic aspect 15; phase Q,s, according to our notation) was
discovered by Tardieu (1972) in a lipid extract from Pseu-
domonas fluorescens, provided by E. Rivas. For a long time
no other example of that phase was reported in any lipid-
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containing system. Quite recently, a renewed interest in cubic
phases has stimulated a more systematic search that has un-
covered several additional examples of that phase: MO-OA-
water! (Mariani et al., 1988, 1990), DOPC-DOG-water
(Seddon, 1990), NaO-OA-water (Seddon et al., 1990a),
PE-DOG (Gulik and Vargas, unpublished work), some ill-

! Abbreviations: PFL, lipid extract from Pseudomonas fluorescens
(Mariani et al., 1990); MO, monoolein; FA, fatty acid; OA, oleic acid;
MA, myristic acid; NaO, sodium oleate; PC, phosphatidylcholine (lec-
ithin); PE, phosphatidylethanolamine; DOPC, dioleoylphosphatidyl-
choline; DMPC, dimyristoylphosphatidylcholine; DG, diacylglycerol;
DOG, dioleoylglycerol. The lipids are arranged in two classes: water-
miscible are those (PFL, MO, NaO, PC, PE, DOPC, DMPC) that dis-
play water-containing phases, and water-immiscible are the others (FA,
OA, MA, DG, DOG).

© 1992 American Chemical Society
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Table I: Experimental Data Relevant to Phase Q¢

MO- MO- MO- DOPC- NaO- DMPC- PE-
lipid: PFL PFL PFL OA OA OA DOG OA MA DOG
expt no.: 1 2 3 4 5 6 7 8 9 10
¢ 091 0.86 0.71 0.60 0.85
C,pol 0.25 0.29 0.36 0.47
T (°C) 60 60 60 25 20 40 33 30 54 42
a (&) 125.8 129.6 146.2 134.0 139.8 166.9 156.4 155.0 170.1 134.3
BR+ik+p normalized intensity values (1,.)
3 20 3 8 3 7 13 5 9 S 17 20 10
8 215 77 194 75 178 150 209 63 133 162 144 149
11 561 285 539 275 512 490 362 248 419 457 499 406
12 162 (586) 157 (583) 148 146 188 (255) 77 102 203 180
16 23 15 38 18 43 42 58 36 50 45 60 47
19 18 10 24 11 24 29 44 49 54 54 73 53
24 3 7 3 7 24 29 40 65 35 26
27 6 16 9 21 40 35 59 82 50 41
32 4 11 7 17 32 29 71 66 38 45
35 0 0 4 9 0 0 0 0 0 0
36 0 0 2 5 0 4 59 0 0 0
40 2 6 5 12 11 1 0 0 0 13
43 3 7 0 4 0 0
44 3 9 24 17 43 } 4 } 30 28
48 74)

“¢, weight concentration (lipid/sample); ¢, ., volume concentration of the polar moiety; 7, temperature; a, lattice parameter of the cubic cell; I,
normalized intensity (3" ,los (h) = 1000) of the Debye—Scherrer ring of spacing (h* + k2 + ?)!/2/a. PFL: experiment 1, this work (see text);
experiments 2 and 3, Mariani et al. (1990) (note that the exposure time of experiment 2 happened to be much shorter than that of experiment 3 and
that, as a consequence, the weakest reflections were not observed). MO-OA: experiment 4, this work; experiments 5 and 6, experiments 9 and 10
of Mariani et al. (1988). DOPC-DOG: experiment 7, Seddon (1990). NaO—OA: experiment 8, Seddon et al. (1990a). DMPC-MA and PE-DOG:
experiments 9 and 10, this work. Empty cases and figures in italics correspond respectively to missing and to inaccurate (or obsolete) data. In
parentheses are intensities originally ascribed to the cubic phase which contain, in fact, a substantial contribution from a hexagonal phase (see text).

defined cosmetic preparations (Gulik-Krzywicki, unpublished
work), a mixture of phosphatidylcholine, phosphatidyl-
ethanolamine, diacylglycerol, cholesterol, and water (Nieva,
unpublished work). At present Q,s appears to be a most
common phase in systems containing FA or DG, in addition
to water-miscible lipids (PC, PE, MO, oleate). In all the
examples known so far, the water content of the phase is small
(Table I); as a rule, moreover, and with the conspicuous ex-
ception of PFL, the cubic phase is observed in equilibrium with
excess water. We have tackled recently (Mariani et al., 1990)
the structure analysis of that phase.

The fact must be stressed that the structure analysis of lipid
phases is a peculiar game whose rules are not quite the same
as those that prevail in ordinary crystallographic analyses
(Mariani et al., 1988). The data are the space group (or a
small number of possible space groups), the dimensions of the
unit cell, the chemical composition of the phase, its position
in the phase diagram, and the intensity of the reflections. The
number of observed reflections is intrinsically small (usually
less than 20) because of the presence of short-range disorder.
Standard crystallographic techniques are of little help to de-
termine the structure of these phases: heavy-atom derivatives
are rarely available, and the possibility of calculating the
structure factors is severely restricted by the complex shapes
of the structure elements. More useful criteria are the
analogies with other phases of the same (or of a similar)
system: the electron density maps must make good chemical
sense, the dimensions of the structure elements must be com-
patible with the chemical nature of the system, etc. In some
cases, moreover, additional information is provided by electron
microscopy and spectroscopic experiments. In order to cir-
cumvent some of the problems, we have resorted to a pattern
recognition technique based upon the axiom that the histogram
of the electron density map is far more sensitive to the chemical
composition of the phase (namely, the nature of the lipid and
the amount of water) than to its physical structure (Luzzati
et al., 1988; Mariani et al., 1988). More precisely, we have

assumed that in phases of different structure and equal
chemical composition the parameter ((Ap)*) (see eq 1), which
is a function of the histogram of the map, is invariant.

From the practical viewpoint, we operate on the moduli of
the structure factors |F(h)|. After scale and shape normali-
zations and after setting F(0) = 0, we generate all the phase
combinations—the ¢-sets—compatible with the data and
compute the corresponding values of {(Ap)*). If another lipid
phase of known structure is available whose chemical com-
position is the same as that of the unknown phase, then we
seek the ¢-set (or sets) whose parameter ((Ap)*) is close to
that of the reference phase.

The technique has been used successfully in the study of
a variety of lipid systems (Mariani et al., 1988). PFL-water
seemed to be a highly favorable case since the phase Qs is
observed over a narrow concentration range, straddled by a
hexagonal phase (Mariani et al., 1990). An obvious pitfall,
intrinsic to chemical complexity, is that more than one phase
may be present in any one sample. We tried to evade the
danger by carefully exploring the regions of the phase diagram
ascribed to each of the phases [see Figure 1 in Mariani et al.
(1990)]. A better alternative would be to concentrate one’s
effort on systems of simpler chemical composition (see Table
I); yet the absence of other phase(s) of known structure and
of composition close to that of Q,s, and thus the lack of a
reference value of ((Ap)*), have so far precluded that ap-
proach,

The result of the analysis was a structure of space group
Fd3m (Q* in our notation), formed by a 3D network of rods,
tetrahedrally joined 4 by 4 according to a diamond lattice, and
of a family of quasi-spherical disjointed micelles centered at
positions d (International Tables, 1952). Rods and micelles
were supposed to be filled by the polar medium (structure of
type IT). That structure, which was in excellent agreement
with the crystallographic data available at that time, was also
found to fulfill several chemical criteria that are not involved
in the crystallographic analysis: the volume of the structure
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FIGURE 1: Hexagonal (H) and cubic (Q**") phases of PFL: spacings
of the observed reflections as a function of concentration. Note that
the observed spacing of the reflection (222) of phase Q*? is very near
to the interpolated spacings of the reflection (10) of phase H (full
line). Note also [see Table III in Mariani et al. (1990)] that over
the concentration range of phase Q??" the reflection (10) is much
stronger than all the other reflections of phase H.

elements is consistent with the volume occupied by the polar
moiety, the area per chain at the polar—apolar interface agrees
with other systems, and the dimensions of the apolar regions
are compatible with the length of the hydrocarbon chains.
All of the evidence regarding phase Q5 of PFL thus seemed
to agree with the rod-and-micelle model. On the other hand,
nevertheless, the crystallographic data relevant to the phase
Q5 of other systems were difficult to fit to that model (Mariani
et al., 1988). One of us (Seddon, 1990) discussed the problem
in the case of PC-DG and suggested that the structure might,
in that case, agree with a proposal put forward by Charvolin
and Sadoc (1988) (see below). Since the relative intensity of
the reflections is quite similar in the different systems (with
the exception of PFL; see Table I), we decided to undertake
in the case of experiment 7 the tedious task of generating all
the ¢-sets and of screening the electron density maps, in a
search for a structure similar to that adopted for PFL. Much
to our surprise, none of the ¢-sets within the half with the
smallest values of {({Ap)*) was found to yield a map consistent
with the rod-and-micelle model. There were two possible
explanations: either cubic phases with the same extinction
symbol can have different structures in different systems, or
the structure originally proposed for PFL is incorrect.
Apparently (see Table I), the discrepancy is focused on the
reflection (222), which is much stronger in PFL than in all
the other systems. Besides, the position of the first reflection
of the hexagonal phase of PFL, extrapolated to the concen-
tration of the cubic phase, happens to fall almost exactly on
top of the reflection (222) of the phase Q,s (Figure 1). The
suspicion thus arose that the samples of PFL originally di-
agnosed as “cubic” might in fact contain a nonnegligible
amount of hexagonal phase (the fact that the hexagonal phase
had escaped the polarizing microscope inspection could be
explained by the deep color and the turbidity of PFL prepa-
rations). By a fortunate accident, a few sample holders con-
taining the original cubic phase samples of PLF had been
preserved in the cold (at approximately ~15 °C) for more than
3 years.2 We tested those samples by X-ray scattering
techniques; in one we observed, at 60 °C, the spectrum of
phase Q,s, with a = 125.8 A. Besides, the relative intensity
of the reflection (222) had become much weaker than in the
original experiments. An inspection of the data of Table I
also shows that in one of the samples of the system MO-

2 Although the state of water in the sample under the conditions of
storage was not tested experimentally, the fact that, upon raising of the
temperature to 60 °C, the system quickly reached equilibrium suggests
that the water did not freeze out.
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OA-water (no. 6), originally ascribed to phase Qs [experiment
10 in Mariani et al. (1988)], the intensity of the reflections
(222), (442), and (444) is abnormally high with respect to the
same reflections of other systems. Since the spacing ratios
of those reflections are 1/4/3/2, that observation corroborated
the suspicion that a hexagonal phase, epitaxially related to the
cubic phase, might also be present in that sample.

The conclusion could not be escaped that something was
wrong with the originzl data of PFL and MO—OA [experiment
10 in Mariani et al. (1988)] that we had ascribed to phase Q;s.
More precisely, a nonnegligible amount of hexagonal phase
seemed to be present in the samples. Fortunately, it was
possible in PFL to eliminate the contribution of that spurious
phase from the data and to undertake anew the structure
analysis. We used for that purpose an improved version of
the previous approach. Moreover, we thought it advisable to
carry out in parallel the analysis of all the examples of phase
Q)5 whose crystallographic data were available to us (Table

D).
METHODS

The chemical procedures, the X-ray scattering techniques,
the crystallographic methods, and the notation are those de-
scribed by Mariani et al. (1990). A few improvements have
been introduced in the mathematical analysis.

(a) Analysis of the Histograms. The procedure is based
upon the comparison of the histograms of the maps Ap(r)
relevant respectively to the phase X under investigation and
to a reference phase A whose structure is known; the two
phases, moreover, have the same chemical composition. The
comparison involves the moments of the histogram:

J_ 8oy () d(80) = (1/7) f (80" do = ((8p)")

(1)
Since the moments of order 1 and 2 are fixed beforehand
({(Ap)) = F(0) = 0; {(Ap)?) = 1), only the moments of order
n 2 3 are involved in the analysis. The previous applications
(Luzzati et al., 1988; Mariani et al., 1988, 1990) were re-
stricted to the moment of order 4 (which is also related to the
“entropy” of the map). We use here a more sensitive test,
namely, the distance Ry, between the points X and A in the

(n - 3)D space {((Ap)*)'/3, ((Ap)*)/4, ..., ((Ap)")V/"):
Ry = (X n=3[((Apa)™) ™ = ((Apx)™) /™32 (2)

with n = 8. This choice and other technical aspects of the
computation of ((Ap)") will be discussed elsewhere.

(b) An Index of Local Sphericity. Given a 3D electron
density map p(r), we wish to estimate how close to spherical
symmetry is the portion of the map contained inside a sphere
of radius R, centered at the point r, We introduce the fol-
lowing “index of local sphericity”:

®(r,R) =

R R

1= f R =12 dR/ f R - 1)) dR

()

where ({f{r —1;))) is the average of the function f{r) over the

surface of a sphere of radius R =r - r;, centered at the point

T
(o(r—17))) = (1/V)L,F(h) exp(-2wir;s,)

((exp(-2miRsy))) =
1/ Z,F(h) cos (27r;sy) sin (2wRsy) /(27Rsy) (4)

((p*r~r1))) =
(1/V)*Z,F(h) cos (271;8,) sin (27Rsy)/(27Rsy) (5)
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The determination of ®(r;,R;) is straightforward when the
amplitudes and phases of F(h) are known. The limiting values
of ®(r;) are 0 for perfect symmetry ({({p(r—r;)))* = ({p*(r
-1;)))) and 1 for total lack of symmetry ({({p(r —r))) =
(p(r)) = 0).

Equations 3-5 will be applied to the points a and d of
coordinates {'/s,'/s,'/s} and {1/,,0,0} [International Tables
(1952) with origin at point 3m], which, as discussed below,
coincide with the centers of the globular micelles. The limits
of integration in eq 3 correspond to the radii of the spheres
centered at the points a and d which are in contact with each
other, namely, R, = 0.2165a, and Ry = 0.1767a.

RESULTS

Lipid Samples and Data Collection

Q5 seems to be one of the most common phases in hydrated
systems containing FA or DG, in addition to water-miscible
lipids (PC, PE, MO, oleate). As a rule, this cubic phase is
observed in the presence of excess water; however, the amount
of water within the phase is generally small (Table I). Re-
producing the experimental conditions is not as easy with this
phase as with other lipid phases: the phase diagrams some-
times behave in an erratic way, the approach to equilibrium
is abnormally slow, and strong diffuse scattering is sometimes
observed in the X-ray spectra. These phenomena may well
be due to the narrow range of chemical composition required
for the stability of the phase. Metastability could also be
invoked, a phenomenon not unusual in lipid systems when
cubic phases are involved (Gulik et al., 1985; Shyamsunder
et al., 1988; Caffrey, 1989).

The crystallographic analysis was carried out on a variety
of lipid systems.

PFL. We were reluctant to undertake a new extraction since
we knew from previous experience that the chemical compo-
sition, and thus the phase properties of the lipid extract, are
not always reproducible. Besides, we were hesitant to rely upon
the concentration determined on the unique sample recovered
after 3 years in a refrigerator (experiment 1). Therefore, we
decided to use the new experiment (no. 1) to correct the in-
tensity of the reflection (222) of the old data (experiments 2
and 3). We assumed, for that purpose, that in experiments
2 and 3 no other reflection, besides (222), is affected by the
hexagonal impurity and that the ratio Iy5,/(Ir50 + I3, + Iigo
+ I;3) takes the same value in experiments 1, 2, and 3. These
assumptions are justified by the observations that in experi-
ments 1, 2, and 3, and more generally in all the experiments
of Table I, the intensity ratios of the first (and strongest)
reflections (220}, (311), (400), and (331) are very close to each
other and that over the concentration range of the cubic phase
the reflections of the hexagonal phase, except (10), are all very
weak [Table III of Mariani et al. (1990)]. The sets of cor-
rected intensities are reported in Table I. We also assumed
that the water content of the cubic phase is not significantly
different from that of the whole sample (see Figure 1).

MO-0A. A careful study of MO—-OA mixtures in various
proportions and at different pH values led us to confirm ex-
periment 9 of Mariani et al. (1990) (labeled no. 5 here) and
to question experiment 10 of the former work (see above). A
new sample of phase Q,; is labeled no. 4 in this work.

DOPC-DOG. The phase Q; of this system in excess water
has been studied by Seddon (1990). The intensities used in
this work (experiment 7) were measured from his data.

DMPC-MA. This system has been studied by Heimburg
et al. (1990), although the phase Qs was not identified by
those authors nor by a neutron scattering study (Seddon et

Luzzati et al.

al., 1990b). We obtained this phase (experiment 9) at fixed
temperature within a very narrow temperature range (around
54 °C), using the same lipid mixture as reported by those
authors. This system clearly requires further characterization
as a function of fatty acid mole fraction and of hydration to
resolve these discrepancies.

PE-DOG. In this system the phase Qs was observed in
excess water and with a variable proportion of DOG, over a
temperature range dependent upon the DOG content (Gulik
and Vargas, unpublished work) (experiment 10).

Miscellanea. Phase Q5 was observed by Seddon (Seddon
et al,, 1990a) in a fully hydrated NaO-OA mixture (exper-
iment 8), by T. Gulik-Krzywicki in an ill-defined cosmetic
preparation (private communication) and by J. L. Nieva in
a PC-PE-DOG-cholesterol mixture (unpublished observa-
tion).

Structure Analysis

Two space groups, Fd3 and Fd3m, are compatible with
extinction symbol Fd-- (International Tables, 1952). For
reasons discussed elsewhere (Mariani et al., 1988) we adopt
the space group of highest symmetry (Q?%" in our notation).

The procedure used to screen the ¢-sets of each of the cubic
samples is based upon a comparison with the virtual hexagonal
phase (namely, the phase H extrapolated to the concentration
of the cubic phase; Mariani et al., 1990). The comparison was
carried out on the most accurate of the two experiments, at
¢ = 0.86 (no. 3). The intensities of phase H were apodized
as described in Table II of Mariani et al. (1990); for phase
Q%7 the values of the parameter 28% is given in Table II.
Moreover, the intensity ratio of the pair of reflections (511)
and (333)—which merge in the Debye-Scherrer ring (A% +
k* + I = 27)—was chosen as discussed by Mariani et al.
(1990).

As for the cubic phase, once the (apodized) moduli of the
structure factors are known the ¢-sets can be generated and
the corresponding values of the ((Ap)")q determined, for 3
2 n = 8. Since the signs of the reflections of phase H are
known (Mariani et al., 1990), the values of the {(Ap)")y can
also be determined. Therefore, the “distance” Ry (eq 2) of
the points corresponding to each of the ¢-sets of the cubic phase
to the unique point of the hexagonal phase can be computed.
The results are presented in Figure 2. Clearly, the parameter
Ry is far more sensitive than {(Ap)*) to select the ¢-set of
the cubic phase; indeed, although the minimum of Ry falls
in the region where the values of {((Ap)?) are the closest, the
values of Ry 3 are widely scattered within a narrow range of
((Ap)*). We thus decided to adopt as “best” the ¢-set whose
Rpu g is minimum. Also reported in the figure are the values
of the indices of local sphericity ®; and &, (eq 3) as a function
of Ry g, showing that all, or most of, the maps corresponding
to a small value of Ry g display a high degree of local sphericity
around the points a and d. Similar results were obtained with
experiment 2 of PFL (results not shown).

The crystallographic data relevant to the phase Q?’ of other
systems are reported in Tables I and II. Those data were
analyzed adopting the same ratio 7(333)/1(511) as for PFL,
without apodization. The fact that the reflections (220), (311),
(222), (400), and (331) are all fairly strong and that their
intensity ratios are almost the same in all the systems (Table
I) led us to assume that their signs are the same as for ex-
periment 3 of PFL. Among the ¢-sets compatible with that
hypothesis we chose those whose {(Ap)*) is minimum (with
the exception of experiment 4, where we adopted the second
best, on the ground that the indices of local sphericity are
slightly small; the difference bears on the weakest reflection
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FIGURE 2: Search for the ¢-set of phase Q*” whose histogram H(Ap)
best fits the histogram of phase H. The apodized, extrapolated data
of Table II were used. Ry and ®; are, respectively, the “distance”
and the index of local sphericity as defined by eqs 2 and 3. The vertical
arrow points at the value of {(Ap)*) for phase H. PFL, experiment
3. Upper panel: plot of Ry5 vs ((Ap)*) (every 10th pomi) Inset:

same plot, expanded to dlsp]ay all the ¢-sets whose ((Ap)?) is close
to phase H. Lower panel: plot of Ry5 vs ®; at the points a (solid
symbols) and ¢ (open symbols). The points correspondmg to the “best”

¢-set are marked by small arrows.

(620) whose sign has but a tiny influence on the map).

The maps corresponding to the six experiments are reported
in Figure 3. The most striking feature is the presence, in all
the maps, of two types of disjointed micelles, quasi-spherical
in shape.

DiscussioN AND CONCLUSIONS

From a formal crystallographic viewpoint, the structure can
be described in terms of two types of disjointed globular ele-
ments (Figure 4). Eight (per F-centered cubic cell), of
symmetry 43m, are centered at positions a, and 16, of sym-
metry 3m, are centered at positions d (International Tables,
1952). As discussed by Mariani et al. (1990), the structure
is of type II: the interior of the globules is filled by the polar
moiety (water and polar headgroups of the lipid molecules),
and the hydrocarbon chains form a continuous 3D matrix. The
values of the indices ¢, and ®, (Table II) indicate that the
two types of globular elements display a high degree of
spherical symmetry.> It can be noted in the maps (Figure
3) that the diameter of the globules a is larger than that of

3 The indices ®, and &, relevant to the points b and ¢, which are
crystallographically distinct from but have the same symmetry as the
points a and d (International Tables 1952), take values close to 1 (results
not shown).
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FIGURE 3: Electron density maps Ap(x,y,z); (110) sections through
the center of symmetry for six of the experiments of Table I. The
maps correspond to the structure factors of Table II. The separation
of the equidensity lines is 0.5; the negative levels are dotted. Note
the presence of two types of disjointed micelles, centered respectively
at the points a (open triangles) and d (solid dots). A cross marks
the position of a center of symmetry.

the globules d and also that the electron density has a mini-
mum at the center of globules a, whose depth increases with
the amount of water. This and other points of chemical in-
terest will be discussed more thoroughly elsewhere.

Q* is the first 3D periodically ordered micellar organization
of type II reported in lipid-containing systems. A micellar
organization of type I has been proposed for another cubic
phase [Q??, Eriksson et al. (1987); a controversy regarding
that phase is reviewed in Mariani et al. (1988)]. The four
other cubic phases known so far are all bicontinuous; one (Q*'%)
contains, moreover, micelles of type IT (Mariani et al., 1988).
As a result of a formal geometric analysis of the assemblies
of frustrated films, Charvolin and Sadoc (1988) have put
forward, with remarkable insight, a description of the structure
of phase Q*?" in terms of a space-filling packing of quasi-
regular 12- and 16-hedra. This description is consistent with
the structure put forward in this work.

As in other recent publications from our laboratory (Luzzati
et al., 1988; Mariani et al., 1988, 1990), the crystallographic
procedure is based upon the axiom that the histogram of the
electron density map is invariant with respect to physical
structure but strongly dependent upon chemical composition.
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Table II: Crystallographic Data Used in the Computation of the Maps®

lipid: PFL PFL MO-0A MO-0A DOPG-DOG NaO-0A

expt no.: 2 3 4 5 7 8
a(A) 129.6 146.2 134.0 139.8 156.4 155.0
F(111) +32 +30 -40 -25 -26 -47
F(220) -127 -122 -112 -133 -108 -119
F(311) -150 -146 -143 -124 -135 -141
F(222) +140 +136 +135 +154 +101 +115
F(400) +80 +85 +84 +99 +94 +88
F(331) -32 -32 -35 -43 -49 -48
F(422) -17 -17 -32 -35 -54 -39
F(511) -18 =21 -29 -27 -42 -33
F(333) -32 -36 -50 -47 -73 -57
F(440) -30 -38 -52 -49 -76 -57
F(531) 0 +14 0 0
F(442) 0 +14 0 -13
F(620) -16 =22 =21 +6
F(533) +17 0 +13
F(622) -19 -32 -27
262 (AY) 0 0 0 0 0 0
-pf”(0) (107 A% 9.12 7.98 10.10 9.13 8.10 7.27
¥/T 13/512 9/8192 4/1024 12/4096 1/256 3/256
((Ap)*) 2.826 2.236 2.051 2,015 1.958 2.074
d, 0.012 0.024 0.060 0.079 0.148 0.106
®, 0.021 0.031 0.011 0.031 0.111 0.069

Apodized Data

28% (A% -929 -490
—pB”(0) (107 &Y 10.5 8.88
¥/T 9/512 6/8192
{(Ap)*) 2.423 2.103
@, 0.035 0.040
®, 0.035 0.047
Ry (1072 15 6

aThe amplitudes of the structure factors correspond to the intensities reported in Table I, normalized to 3_,|F(h)|> = 10°. The intensity of the
Debye—Scherrer ring h* + k* + I* = 27 was shared between the reflections (511) and (333) as in Mariani et al. (1990). pg” (0) is the curvature of
the autocorrelation function at » = 0, I" is the total number of ¢-sets, 7 is the rank of the g-set in the list sorted according to increasing ((Ap)*), and
@, and &, are the indices of local sphericity (see eq 3). The signs of the reflections are those of the maps of Figure 3 (see text). For experiments 2
and 3 the values of the parameters 28%, ((Ap)*), &y, ®, and Ryy corresponding to the apodized data are also reported.

FIGURE 4: Schematic representation of the structure of the cubic phase.
The space group is Fd3m [no. 227 (International Tables, 1952)]. The
cube represents one face-centered cubic cell with origin choice 1 (note
that the maps of Figure 3 are drawn with the origin choice 2). The
structure consists of eight globules of symmetry 43m (light grey),
centered at positions a, and of 16 globules (dark grey) of symmetry
3m, centered at positions d. The full and the broken lines trace the
two 3D lattices of phase Q*%*, mutually intertwined and unconnected.
Note that globules a are centered at the tetrahedral junctions of one
of the networks of phase Q?*, and globules d are centered in the middle
of the rods of the other network.

The implementation requires that two phases be observed, with
the same chemical composition: one is the reference phase,
whose structure is known, and the other is the unknown of the
problem. In the case of phase Q*, only PFL, of the numerous
systems in which the phase was observed, fulfills that condition.
It is worthwhile to stress that, in the absence of a reference

phase, hardly any crystallographic criterion would be
available to sustain the structure analysis of the cubic phase.

This paper rectifies a mistake: some lessons should be drawn
from both the mistake and its correction. This is not the first
time, in lipid literature, that errors are pointed out. Larsson
(1983), for example, has discussed a case of a phase mixture
wrongly interpreted as a single phase; another example of
incorrect indexing is the cubic phase mentioned by Das and
Rand (1986), which we now believe to be Q**’. We could draw
other examples of incorrect indexing out of our own experience.
In all those cases, nevertheless, and whenever the structure
analysis was pursued using the incorrect data, the results could
not be interpreted in terms of any chemically sensible structure.
In the case of PFL, two unlikely circumstances concurred to
make the error particularly difficult to spot. On the one hand,
the cubic and the hexagonal phases are epitaxially related to
each other; this is now known to be a highly significant event,
related to the mechanisms of phase-transition processes
(Rangon & Charvolin, 1987; Clerc et al., 1991). One the other
hand, in the case of PFL the incorrect set of intensities yielded
a map that prima facie seemed to make good chemical sense.
In retrospect, we should have been more attentive to the
anomalies reported by Mariani et al. (1990) hinting that some
of the data might be at variance with the model.

This paper is sharply focused on the crystallographic aspects
of the structure analysis. Other considerations of chemical,
physical, and biological interest will be developed elsewhere.
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ABSTRACT: The N-glycans of purified recombinant middle surface protein (preS2+S) from hepatitis B virus,
a candidate vaccine antigen expressed in a mnn9 mutant strain of Saccharomyces cerevisiae, have been
characterized structurally. The glycans were released by N-glycanase treatment, isolated by size-exclusion
chromatography on Sephadex G-50 and Bio-Gel P-4 columns, and analyzed by 500-MHz 'H NMR
spectroscopy and fast atom bombardment mass spectrometry. The mixture of oligosaccharides was frac-
tionated by HPLC, the major subfractions were isolated, and their carbohydrate compositions were determined
by high-pH anion-exchange chromatography with pulsed amperometric detection. The combined results
suggest that high-mannose oligosaccharides account for all the N-glycans released from preS2+S: structures
include Man,GIcNAc,, MangGlcNAc,, and ManyGlcNAc, isomers in the ratios of 3:6:1. Approximately
80% of the oligosaccharides contain the C2,C6-branched trimannosyl structural element typical of yeast
high-mannose oligosaccharides but not usually found in high-mannose oligosaccharides in animal glycoproteins.

Hepatitis B is a major disease chronically afflicting more
than 300 million people worldwide (Blumberg & London,
1982; Stephenne, 1990). The disease is caused by a hepato-
tropic DNA virus designated hepatitis B virus (HBV)! (Chisari
et al., 1989). Disease manifestations range from asymptomatic
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infection to chronic severe and progressive liver disease asso-
ciated with high morbidity and mortality (Blumberg & Lon-
don, 1982; Stephenne, 1990). Prolonged hepatitis B infection
over many years can lead to cirrhosis and a significantly in-
creased risk (200-fold) of developing hepatocellular carcinoma

! Abbreviations: DSS, sodium 4,4-dimethyl-4-silapentane-1-sulfonate;
FABMS, fast atom bombardment mass spectrometry; HBsAg, hepatitis
B surface antigen; HBV, hepatitis B virus; HPAEC, high-pH anion-ex-
change chromatography; HPLC, high-performance liquid chromatogra-
phy; ORF, open reading frame; PAD, pulsed amperometric detection;
PAGE, polyacrylamide gel electrophoresis; PEG, poly(ethylene glycol);
SDS, sodium dodecyl sulfate; SEC, size-exclusion chromatography; TFA,
trifluoroacetic acid; WEFT, water elimination Fourier transform.
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