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Mechanism of the Lamellar/Inverse Hexagonal Phase
Transition Examined by High Resolution X-Ray Diffraction
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ABSTRACT For the first time the electron density of the lamellar liquid crystalline as well as of the inverted hexagonal phase
could be retrieved at the transition temperature. A reliable decomposition of the d-spacings into hydrophobic and hydrophilic
structure elements could be performed owing to the presence of a sufficient number of reflections. While the hydrocarbon chain
length, dc, in the lamellar phase with a value of 14.5 A lies within the extreme limits of the estimated chain length of the inverse
hexagonal phase 10 A < ds < 16 A, the changes in the hydrophilic region vary strongly. During the lamellar-to-inverse
hexagonal phase transition the area per lipid molecule reduces by ~25%, and the number of water molecules per lipid
increases from 14 to 18. On the basis of the analysis of the structural components of each phase, the interface between the
coexisting mesophases between 66 and 84°C has been examined in detail, and a model for the formation of the first rods in the
matrix of the lamellar phospholipid stack is discussed. Judging from the structural relations between the inverse hexagonal and
the lamellar phase, we suggest a cooperative chain reaction of rod formation at the transition midpoint, which is mainly driven by

minimizing the interstitial region.

INTRODUCTION

In the framework of our research, liposomes serve as mem-
brane systems mimicking either the cytoplasmic membrane
of bacteria or erythrocyte membranes, which differ markedly
in their membrane architecture and lipid composition (Lohner
et al., 1997; Lohner and Prenner, 1999). A wealth of in-
formation exists concerning the phospholipid composition
of individual Gram-negative and Gram-positive bacteria.
Besides anionic phospholipids, they contain phosphatidyl-
ethanolamine (PE), e.g., 82% of the inner membrane of
Escherichia coli. Antimicrobial peptides are primarily
thought to kill bacteria by permeation of their cytoplasmic
membrane (Lohner, 2001). One remarkable feature is that
antimicrobial peptides induce the formation of cubic phases
in lipid extracts of E. coli (Staudegger et al., 2000) and in PE
model membranes (Hickel and Lohner, 2001), which seems
to be most pronounced near the liquid crystalline lamellar/
inverse hexagonal phase transition (L,—H7y). In pure PE lipid
systems, such as dioleoyl-PE (DOPE), cubic phases do not
form instantaneously, but instead, it can take days of
equilibration until the evolution of a bicontinuous cubic
lattice is accomplished (So et al., 1993). Alternatively, cubic
phases can be induced by temperature cycling of several
hundred or thousand times through the lamellar/inverse
hexagonal phase transition (Shyamsunder et al., 1988; Erbes
et al., 1994). Further, it has been shown that several sodium
salts and the disaccharides sucrose and trehalose strongly
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accelerate the formation of the cubic phase in PE dispersions
upon cycling through the L, <= Hy; phase transition (Tenchov
et al., 1998). Hence, there is evidence that the formation of
cubic phases in PE is strongly connected to the lamellar/
inverse hexagonal phase region. However, even though the
inverse hexagonal phase possesses the simplest topology of
all nonlamellar lipid structures, little agreement could be
achieved about the molecular details of the formation of this
phase (for reviews see Seddon, 1990; Siegel, 1999). Thus, in
this work we revisit the topic of the inverse hexagonal phase
formation, with the aim to serve on-going investigations on
the role of antimicrobial peptides to strongly destabilize the
lamellar phase of PEs in the lamellar/inverse hexagonal
coexistence region.

Furthermore, over the past 20 years, many scientists have
concentrated their attention on the lamellar/inverse hex-
agonal phase transition, because of its importance for un-
derstanding membrane fusion (Jahn and Grubmiiller, 2002).
Fusion of biological membranes is governed by physical
principles, and in recent years many model calculations on
low-energy intermediates have been published (Siegel, 1993;
Kuzmin et al., 2001). However, it still remains a great puzzle
whether the transition states are primarily determined by
lipid physics or by protein-lipid interactions (Chernomordik,
1996; Bradshaw et al., 2000; Epand, 2000). Inverted hexag-
onal lipid phases have also regained some special attraction
in the scientific community, because they can form complexes
with DNA, which mimic natural viruses in their ability to
act as synthetic carriers of extracellular DNA across the outer
cell membranes for gene delivery (Koltover, et al., 1998).

The liquid crystalline L,—Hy phase transition is mainly
apparent for lipids with small, weakly hydrated headgroups.
Increasing temperature expands the interfacial area. This
leads to energetically unfavorable contact between the
aqueous and hydrophobic regions, resulting in the formation
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of an inverse hexagonal phase, where such lipids can adopt
inverse curvature at the interface, allowing the chains to
splay and at the same time reduce the headgroup area at
the interface (Seddon et al., 2000). Since the topologies of
the involved phases are quite different, there exist some
energetic barriers for the L,—Hy; phase transition. First, there
is a high cost of exposing the acyl chain region of the lipid to
water as the interface geometry changes. Second, the initial
radial growth of the Hyy rods is accompanied by the uptake of
water (the lamellar and inverse hexagonal phase have dif-
ferent fractional hydration volumes) and third, the hydro-
carbon chains are forced to assume a variety of lengths to fill
out the hexagon in the Hy phase (Tate et al., 1992; Turner
and Gruner, 1992). So far, several models have been pro-
posed for structures mediating this transition. But it seems
still valid today that ‘‘many more experiments are necessary
to sort out the important factors of the transition,’” as stated
10 years ago by Tate and colleagues (Tate et al., 1992).
Using mainly freeze-fracture electron microscopy, ‘‘lip-
idic particles’ (LIPs) have been discovered in various lipid
mixtures. Since on some replicas the strings of LIPs could
be seen to be co-linear with the adjacent Hy phase, these
particles have been assigned to play an important role to
mediate the formation of the inverse hexagonal phase as
intrabilayer inverted micelles (Verkleij et al., 1978, 1979;
Verkleij, 1984). This view has been contradicted by other
groups (Miller, 1980; Hui and Stewart, 1981), who sug-
gested that LIPs represent intermembrane attachment sites of
two opposing bilayers rather then intrabilayer micelles. First-
sketches published by Hui et al. (1982) to explain the mo-
lecular rearrangement and the involved topological elements
during the membrane fusion and also pore formation are still
widespread concepts. Only today, the technical terms have
changed a bit: after adhesion of two opposing bilayers an in-
termembrane attachments site can form (stalklike topology),
which can either directly induce a pore (interlamellar
attachment) or convert into an extended area of intermem-
brane contact (transmonolayer contact, or hemifusion). The
latter intermediate may also convert into a pore. On the basis
of either conical intermembrane connection sites (stalklike
topology) or spherical intermembrane connection sites
—Ilikely containing inverted micelles—a detailed model for
the L,—Hj phase transition has been published (Hui et al.,
1983). In any case, the starting point for the formation of the
inverse hexagonal phase are believed to be line defects, due
to string formation of conical or spherical LIPs, which
convert either into walls or tubes, respectively. In 1986,
Siegel pointed out that inverted micellar intermediates may
seed line defects as an alternative to their coalescing into
tubes directly. In another model it was proposed (Caffrey,
1985), that rod formation begins at a region of the bilayer,
which has folded back on itself. This topology causes high
internal stress, and local dimpling inward to the planar region
of the membrane eventually pinching off an isolated cylinder
of water. Note that each of the pictures given above involves
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structures forming between bilayers, and it has been very com-
mon to believe that Hy; tubes can only form being commen-
surate with the L, lattice, i.e., that the lamellar d-spacing
matches the repeat distance in the [1,0] direction of the in-
verse hexagonal phase. However, direct experimental evi-
dence is poor that in an early step of transition the lamellar
and inverse hexagonal lattice could match in a co-planar
fashion (Tate et al., 1992). Even under fastest heating con-
ditions with a laser-induced temperature jump, the coexist-
ing lamellar and inverse hexagonal lattices are never
commensurate (Laggner et al., 1991). These authors describe
the transition plane in such a way, that no loss of long-range
order occurs, but without fixing the inclination angle be-
tween the lamellar and inverse hexagonal lattice to the com-
mensurate value of 60°. We like to stress that all-above models
are based on line defects for the formation of the first rods,
but recently, a completely different mechanism has been
presented (Siegel and Epand, 1997; Siegel, 1999). Here, in
a quite complex manner the aggregation of transmonolayer
contacts (hemifusion contacts) into a body-centered cubic
or primitive tetragonal phase is described. This phase is
believed to serve as a precursor for the formation of the Hy
phase.

Apart from diverging ideas of how to explain the co-
operative and relatively fast L,—Hy; phase transition in PEs,
several of the proposed models suffer from incorrect geomet-
rical dimensions, e.g., too thick water layers are shown. The
most common reason for this lies in the lack of detailed
structural information. This was one impetus, to carry out X-
ray diffraction experiments in the lamellar/inverse hexagonal
phase region of PEs using a high brilliance Synchrotron
source. For the first time we could retrieve the electron density
of the lamellar liquid crystalline as well as of the inverse
hexagonal phase at the transition midpoint, and this with
a reliable decomposition of the lattice spacings into hydro-
phobic and hydrophilic structure elements. Not only is the
interface region between the two phases now presented in
arealistic manner, but also a hypothesis for the mechanism of
this phase transition will be discussed that hopefully will
stimulate new discussions on the molecular mechanism of the
formation of the inverse hexagonal phase.

MATERIALS AND METHODS
Sample preparation

1-Palmitoyl-2-oleoyl-sn-phosphatidylethanolamine (POPE) was purchased
from Avanti Polar Lipids, Alabaster, AL (purity >99% with not more than
5% acyl migration in the chain; information by Avanti Polar Lipids), and
used without further purification. For x-ray diffraction measurements
multilamellar liposomes were prepared by dispersing 20 wt% of lipid in
quartz bi-distilled and deionized water. To ensure complete hydration, the
lipid dispersions were shock-frozen in liquid nitrogen, thereafter thawed
for 15 min, reaching a final temperature of 50°C (~26°C above the main
transition), and finally vigorously vortexed for 2 min. For further annealing
of the liposomes the above procedure was repeated six times. This method of
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liposome preparation was also used for DSC experiments, which resulted in
fully reproducible excess heat capacity curves upon rescans displaying
a narrow, cooperative chain-melting transition.

Before and after all experiments the purity of the phospholipid was
checked by thin layer chromatography using CHCI;/CH3OH/NH; cone.
(75:25:6 v/v) as solvent. Aluminum sheets, silica gel 60, purchased from
Merck (Darmstadt, Germany) were used as stationary phase. All
phospholipid samples showed only a single spot before and after the
measurements.

Small angle x-ray diffraction

Diffraction patterns were recorded on the Austrian SAXS beamline at
ELETTRA, Trieste (Amenitsch et al., 1998; Bernstorff et al., 1998) using
a one-dimensional position sensitive detector (Petrascu et al., 1998) covering
the corresponding s-range (s = 27 sin(6)/A) of interest from ~1/450 A 'to
1/12 A", The angular calibration of the detector was performed with silver-
behenate (CH3(CH;),0—COOAg): d-spacing 58.38 A (Huang et al., 1993).
The lipid dispersions were measured in a thin-walled, 1-mm diameter quartz
capillary in a steel cuvette (Anton Paar, Graz, Austria), which was inserted
into a brass block. This sample holder block was in thermal contact with a
water circuit, i.e., it was connected to a water bath with a freely pro-
grammable control unit (Unistat CC, Huber, Offenburg, Germany). To avoid
air convection at the capillary, the entrance and exit windows of the block
have been covered with a thin polymer film. The temperature was measured
in the vicinity of the capillary in the sample holder block with a Pt-element
(100 Q). Before exposure, the sample was equilibrated for a period of 10 min
for a given temperature. To prevent radiation damage, the capillaries were
translated horizontally by 1 mm to an unexposed portion of the sample after
every second measurement. Exposure times were typically 300 s.

Differential scanning calorimetry (DSC)

Calorimetric experiments were performed with the Microcal VP-DSC high-
sensitivity differential scanning calorimeter (Microcal, Northampton, MA).
A scan rate of 0.5°C/min was used, and scans were performed between 10
and 90°C. Experiments were repeated at least twice to ensure reproducibility.
The total lipid concentration used for the DSC scans was 2.0 mg ml~". Data
acquisition and analysis was done using Microcal’s Origin software
(Microcal). The enthalpy change of the phase transition, AH, was obtained
from the area under the peak and the mass of phospholipid. To calculate the
area under the peak, the baseline was formed by connecting the linear
segments of the heat capacity curve between the start and endpoint of the
transition. Using a cubic polynomial connection—that also takes into
account the slope of the linear segments—gave identical results. The phase
transition temperature was defined as the temperature at the peak maximum.

X-ray diffraction data analysis

The electron density maps of the phospholipid samples in the L, and Hy
phases, respectively, were derived from the small-angle x-ray diffractograms
by standard procedures (for example see Harper et al., 2001). After the raw
data had been corrected for detector efficiency, and the background scat-
tering both from water and the sample cell had been subtracted, all Bragg
peaks were fitted by Lorentzian distributions. The fittings were carried out
with the software package Origin 5.0 (Microcal Software, Northampton,
MA). For the inverse hexagonal phase the intensities were also calibrated for
the multiplicity, i.e., by dividing the intensity of the (2,1) peak by 2 (Turner
and Gruner, 1992). Thereafter, a Lorentz correction was applied by
multiplying each peak intensity (peak area) by its corresponding wave vector
§2 (for discussion, see Warren, 1969). The square root of the corrected peak
intensity was finally used to determine the form factor F of each respective
reflection. The electron density profile relative to the constant electron
density profile of the water was calculated by the Fourier synthesis
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where Fy,  is the amplitude of the peak at the position s(4,k) and &,k are the
indices of each reflection. The phase information for each diffraction order is
either positive or negative for a centrosymmetric electron density profile
such as occurs for both lipid phases. In the temperature region between 30°C
and 85°C, a maximum of four orders could be resolved for the L, phase, and
in the inverse hexagonal phase, the (1,0), (1,1), (2,0), (2,1), and (3,0)
reflections were recorded. The best phasing choice for the lamellar liquid
crystalline (— — + —) as well as for the inverted hexagonal phase (+ — — +
+) were taken from Harper et al. (2001), who have studied seven different
diacyl phosphatidylethanolamines. We also checked all other phase com-
bination for the lamellar phase, but only the presented phasing resulted in
electron density profiles (see Fig. 4 A) that show: 1) a good similarity in the
hydrocarbon chains region to, for example, the very well-studied L, phase
of dipalmitoylphosphatidylethanolamine (DPPE) (Pabst et al., 2000a); and
2) display the proper headgroup size, dy; (Fig. 4 A), of ~8 A (Katsaras et al.,
1993). All other phase combinations lead to improper structural features
such as a too big hydrocarbon core, missing methyl trough, and a too small
headgroup size, just to mention some of the most important failures. For the
inverse hexagonal phasing, we checked only the phase of the (2,1) reflection,
inasmuch as it had been reported by Turner and Gruner (1992) that it
changes its sign at very high temperature. Nevertheless, choosing the phase
of the (2,1) reflection negative resulted in a nonuniform electron density for
the water region and too strong a radial fluctuation of the water core radius.
Thus, it is not surprising that our system (POPE) has the same phasing as, for
example, DOPE at 20°C.

The decomposition of the lamellar d-spacing, d, into structural com-
ponents such as bilayer, d, and water layer thickness, dy, is not trivial, and
their errors lie typically in the range of 1-2 A (Pabst et al., 2000a). Apply-
ing gravimetric methods, the errors might be even higher (Nagle and
Tristram-Nagle, 2000). Therefore, we favor keeping the decomposition
as simple as possible. Space-filling molecular models show that the PE
headgroup size, d; (Fig. 4 A), should be ~8 A in the L, phase (headgroup
volume = 252 A3; Mclntosh and Simon, 1986a)). Thus, we can define the
steric lipid bilayer thickness simply as

dy = dp + 8 A, )

in which d,,;, is defined as the phosphate-to-phosphate group distance. This
approach is taken from Mclntosh and Simon, 1986b) (see also Fig. 4 A).
Consequently, the water layer thickness, dy, is then given by

dw - d - d]_, (3)

where d is the repeat distance of the lamellar lattice.
Corresponding structural parameters are given for the inverse hexagonal
lattice,

d. =a—2Ry and “4)
2Rw = 2Ry — 11 A, 5)

where a is the unit cell parameter of the inverse hexagonal cell, and R, is the
mean water core radius, defined as the mean distance from the center of the
rod to the phosphate groups (see Fig. 5 A). Also, for the inverse hexagonal
phase, the lipid headgroup extension is fixed. The value of 11 A is taken
from cylindrical model fittings to highly resolved electron density maps of
DOPE at 50 and 80°C, respectively (Turner and Gruner, 1992).

While the steric distances are of special importance for the investigation
of interbilayer interactions (Rand and Parsegian, 1989; Petrache et al.,
1998), the Luzzati method dividing the lipid/water aggregate into two
compartments only (see Luzzati, 1968; and for a review, see Nagle and
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Tristram-Nagle, 2000), is useful to derive the lateral area per lipid. The
interface between hydrophobic and hydrophilic regions, respectively, is
roughly determined by the position of the headgroup center (see dpp and Rp
in Figs. 4 A and 5 A, respectively). The area, A, per lipid at the lipid/water
interface is calculated as

Ay =2 VL/dPP and (6)
Apex = VL(27R/(a” c0s 30° — 7R?), (7)

where V| is the lipid volume. The estimation of the volume of the POPE lipid
was carried out according to a method described elsewhere (Harper et al.,
2001) and relies on experimental data of DOPE from Tate and Gruner (1989).

Finally, some remarks on the reliability of the decomposition have to be
discussed briefly. The most useful quantitative information from the electron
density profiles of the lamellar phase is the phosphate-to-phosphate distance,
dpp (Fig. 4 A), in the bilayer, which can be generally obtained within a few A
provided that at least four diffraction orders are resolved (Nagle and Tristram-
Nagle; 2000; Pabst et al., 2000a). Therefore, we do not give any value for dpp
above 74°C, where we could only record three or less orders (see Table 1).
Recalling the precision of gravimetric and x-ray diffraction methods, it is
generally accepted to set the headgroup-to-headgroup distance equal to the
Luzzati bilayer thickness (see Eq. 6; see also Fig. 4 A).

In the inverse hexagonal lattice for DOPE it was found that the water core
radius is circular within 5% (Turner and Gruner, 1992), and the mean value of
the water core radius, Rp, compares well to the measured averaged water core
radius with gravimetric methods (Tate and Gruner, 1989). Thus, again, the
position of the phosphorus group can be interpreted as the location of the
Luzzati interface. But how reliable is it to define the position of the phos-
phorus group through the maximum of the electron density map? Highly
resolved diffraction data on 1-stearoyl-2-oleoyl-phosphatidylethanolamine,
SOPE (data not shown) and on DOPE (Turner and Gruner, 1992) have dem-
onstrated, that the five-, seven-, and 10-peak reconstruction of the electron
density map results in mean values of R,,, which agree with the Luzzati radius
within 1 A. However, the maximum peak position of the electron density

TABLE 1 Basic parameters given for the lamellar phase of
POPE between 30 and 80°C: amplitudes of the first four-order
reflections, d-spacing, phosphate-to-phosphate group
distance dp, and volume of the lipid molecule, V,

T (°C) Amplitudes 1, 2, 3, 4 dd) dyp @R VLA
30 1.0 013 024 034 536 400 1175
35 1.0 014 022 032 529 395 1180
40 10 017 023 029 525 390 1185
45 1.0 016 025 031 520 386 1190
50 10 015 023 030 515 @ 384 1190
54 1.0 017 025 031 512 380 1195
58 1.0 016 024 028 509 3738 1200
60 1.0 015 023 031 508 379 1200
62 10 015 022 027 507 378 1200
64 L0 016 021 031 505 @ 377 1205
66 1.0 014 023 025 504 375 1205
67 L0 014 025 025 503 374 1205
68 10 015 023 032 503 374 1205
69 1.0 016 026 026 502 373 1205
70 1.0 014 023 026 501 373 1210
71 L0 016 024 031 500 372 1210
72 1.0 015 025 030 500  37.0 1210
73 L0 016 023 025 499 371 1210
74 1.0 013 022 035 499 374 1210
75 1.0 012 026 - 49.8 - 1210
76 L0 025 - - 49.9 - 1215
78 1.0 - - - 49.7 - 1215
80 1.0 - - - 49.6 - 1215
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shifts significantly, if only the first three or four reflections are taken into
account to reconstruct the electron density map. Thus, if at least the first five
peaks of the inverse hexagonal phase are recorded, the decomposition of
the lipid/water aggregate into hydrophobic and hydrophilic compartments
can be obtained within a few A of precision. Very low resolution data may
also be used to estimate Rp, if only (1,0), (1,1), and (2,0) reflections are
detected. In the temperature range from 74 to 84°C, we compared the results
obtained for Rp by three- and five-peak density reconstruction, respectively.
We found that the Rp value is systematically underestimated in the three-peak
analysis, showing an astonishingly stable scaling factor of 1.12 = 0.02.
Therefore, we also included in this work the values from three-peak analysis
in the temperature range between 68 and 73°C, taking into account the above-
mentioned scaling factor (see Table 2; see also Fig. 5 B and Fig. 6). All basic
parameters (d, a, dpp, Rp, and V) which have been used for the decomposition
(Egs. 2-5) are summarized in Tables 1 and 2.

RESULTS

The L,—Hy phase transition is expected to be first-order due
to symmetry considerations, and therefore, should occur at
ambient pressure at a well-defined temperature Ty (Toombes
etal., 2002). Fig. 1 A shows the excess heat capacity curve of
aqueous dispersions of POPE in the L,—Hj phase transition
region, while SAX diffraction patterns obtained from POPE
in the pure phases and at the phase transition temperature are
given in Fig. 2. At a scan rate of 0.5°C/min the transition
temperature has been recorded at 74.8°C with a width at half-
height of 2.5°C and a transition enthalpy, AHy, of 2.0 kJ/
mol. This compares to a value of 21.7 kJ/mol for the main
transition enthalpy (data not shown). The measured transi-
tion enthalpies are in excellent agreement with values in
literature, which, for example, rank for AHy from 1.7 to 2.0
kJ/mol (see database LIPIDAT; Caffrey, 1993).

The fractional conversion of the inverse hexagonal phase,
Jfuu, was obtained by expressing the peak area of the (1,0)
reflection of the inverse hexagonal phase as a function of

TABLE 2 Basic parameters given for the inverse hexagonal
phase of POPE between 66 and 84°C: amplitudes of the
reflections (1,0), (1,1), (2,0), (2,1), and (3,0); the unit cell
spacing a; the distance from the center of the rod to the
phosphate group Rp; and volume of the lipid molecule, V.

T (°C) Amplitudes 1,0; 1,1; 2,0; 2,1; 3,0 a@®) Rp (A VL (AY
66 1.0 0.68 - - - 736 - 1205
67 1.0 111 - - - 734 - 1205
68 1.0 082 099 - - 731 20.6% 1205
69 1.0 109 097 - - 729 2L.1% 1205
70 1.0 123 084 - - 727 212% 1210
71 1.0 100 068 - - 725 206% 1210
72 1.0 096 083 - - 723 204% 1210
73 1.0 095 074 - - 724 204*% 1210
74 1.0 098 076 029 030 724 212 1210
75 1.0 097 076 0.4 020 723 199 1210
76 1.0 098 076 018 027 721 205 1215
78 1.0 097 075 014 032 718 202 1215
80 1.0 096 074 013 018 714 195 1215
84 1.0 098 075 019 026 706 199 1220

*Values have been scaled up as described in the data analysis section.
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FIGURE 1 (A) Excess heat capacity curve of the L,—Hy; phase transition

region of POPE. The scan rate was 0.5°C/min. (B) Fraction of the Hy; phase
as derived from the x-ray data. For details, see text.

temperature (Fig. 1 B). The intensity is normalized relative
to the signal, when 100% of the sample is in the inverse
hexagonal phase, i.e., the intensity at 84°C is set to unity. This
parameter is proportional to the volume fraction giving rise
to the diffraction pattern. However, it is only an approximate
measure of the relative fraction, since the unit cell changes,
and hence the structure factor may also alter (Rappolt and
Rapp, 1996). The transition temperature, Ty, derived from
the x-ray data, lies at ~74°C in reasonable agreement with
our DSC data. Already at 66°C, traces of the inverse hex-
agonal phase are visible (fan ~2%), which is close to the
onset of the phase transition as seen in the excess heat
capacity curve. The lamellar phase is resistant up to ~80°C,
in agreement with the microcalorimetric measurements.

A closer look to the coexistence range is given in Fig. 3, in
which the cell parameters of both phases (d and a) are shown.
The coexistence range spans over a range of at least 14°C,
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FIGURE 2 Small-angle x-ray diffractograms of aqueous dispersions of
POPE in the L, phase at 30°C (A), in the Hy; phase at 84°C (B), and at the
transition midpoint of both phases at 74°C (C). All diffraction patterns show
nonsmoothed data. Additionally, best fits to the weakest reflections are given
at the transition midpoint. Two arrows mark the positions of the (2,2) and
(3,1) reflections of the hexagonal phase.

i.e., from 66 to 80°C. Over the complete coexistence range
the lattices of the two phases are clearly not commensurate.
The condition for commensurate lattices (Tate et al., 1992),

a=2d/V3, 8)

is never fulfilled. The Hy; cell parameter, a, would have to be
as small as ~60 A to be commensurate with the initial L,
phase.

To get better insight into the structural details in the co-
existence range, it is necessary to be able to decompose
the lipid/water aggregates into their hydrophobic and hy-
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FIGURE 3 Cell parameters of POPE. The lamellar d-spacing (m)
decreases almost linearly in the temperature range from 30 to 80°C. The
dotted line demonstrates which value the unit cell parameter of the inverse
hexagonal phase, a, (®) should possess, so that its lattice is commensurate
with the lamellar lattice.

drophilic components. As described in detail in the Data
Analysis section, this can be achieved for the lamellar phase
with realistic proportions, if at least the first four orders are
resolved. The same accounts for the decomposition of the
electron density map in the inverse hexagonal phase, if at
least the first five reflections could be recorded.

In Fig. 4 A the relative electron density profile of the L,
phase of POPE at 30°C is shown. Four different regions
can easily be distinguished, viewing from left to right: a thin
water layer with a medium electron density (0.334 ¢/A%), the
headgroup region around the density maximum (0.54 ¢/A%),
again a medium density for the hydrocarbon chain region
(0.30 e/A%) and the lowest for the methyl trough (0.16 e/A3).
The above-given absolute values for the electron densities
have been taken from Harper et al., 2001. In Fig. 4 B the
steric bilayer thickness, di, and the water layer thickness,
dw, are given as a function of temperature. In contrast to the
Luzzati definition of the water layer thickness (dw ruzzati =
d — dpp, see also the Data Analysis section), the steric defi-
nition of the water layer thickness describes only the free
liquid space between adjacent bilayers. As can be judged
from Fig. 4 B, both the lipid bilayer thickness and the free
water spacing decline monotonously with temperature.
This means that adjacent bilayers continuously approach
each other. This is just the opposite effect as seen in the
behavior of phosphatidylcholines, e.g., 1-palmitoyl-2-oleo-
yl-sn-phosphatidylcholine. While upon increase of temper-
ature the bilayer thickness monotonously decreases and the
area per lipid increases, the free fluid space between the lipid
bilayers swells from 17 to 22 A, most probably due to
increasing undulations of the membranes (Pabst et al.,
2000b).

For the inverse hexagonal phase corresponding structural
parameters have been defined in Fig. 5 A (right-hand side).
The decomposition of the water/lipid organization along the
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FIGURE 4 (A) Electron density profile of the L, phase of POPE at 30°C
(refers to Fig. 2 A). The decomposition of the bilayer is defined in the upper
scheme. The steric bilayer thickness, dy, and water layer thickness, dy, are
given according to the Egs. 2 and 3. The distance between the two electron
density maxima defines the phosphate-to-phosphate group distance, dpp.
The headgroup size, dy, is fixed to a value of 8 A (for details, see the Data
Analysis section). (B) The steric bilayer thickness, di, (m), and water layer
thickness, dy (O), as function temperature in the range of 30-74°C are
shown.

unit cell axis (origin set to the midpoint of the water core)
shall be compared to the proportions of the structural ele-
ments of the lamellar phase. Only in the direction, where the
phosphate to phosphate distance, dpp, is minimal, the lipid
arrangement is similar to the lamellar bilayer motif shown
in Fig. 4 A. Thus, the inverse hexagonal bilayer thickness,
dy, is defined according to Eq. 4, and is displayed in Fig. 5 B
together with the corresponding bilayer thickness of the la-
mellar phase (dashed line) between 66 and 84°C.

Whereas the free water core diameter, 2 Ry, is much
larger than the bilayer separation in the L,, phase (30 A > 5
A), the difference in the bilayer thicknesses is only ~3 A
(Fig. 5 B). Comparing the chain lengths, dc, of the phos-
pholipids at the transition midpoint shows that the hydropho-
bic regions of both phases match quite well. At 74°C the
hydrocarbon chain length in the lamellar phase is 14.5 A
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FIGURE 5 (A) Electron density map of POPE at 84°C (left, refers to Fig. 2
B). The organization of the lipid molecules is schematically demonstrated on
the right-hand side: Rp is the phosphate to the center of the water core
distance, and Ryy is the radius of the water core (see also Eq. 5). The Wigner-
Seitz cell is defined by the dashed line, i.e., the origin is set to the center of
the water core, and dy is defined as the lipid layer thickness along the
direction of the unit cell vector (compare Eq. 4). (B) The minimum bilayer
thickness, d; (m), and the water core diameter, 2 Ry (O), as a function
temperature in the range of 68—84°C, are shown. Data points, which have
been determined from three-peak reconstructions, are kept in gray (for
details, see Data Analysis). The dashed line displays the corresponding steric
bilayer thickness of the lamellar phase.

(dc =dJ2 — dw/2 — dy, Fig. 4 A) and lies within the extreme
limits of the estimated chain length in the inverse hexagonal
phase: 10 A < dc < 16 A. The minimum chain length of the
lipid in the inverse hexagonal phase is given by

demin = di.J2 — 11 A, )

where the minimum bilayer distance, dy , is defined in Fig. 5 A
and 11 A is the estimated dimension of the radial head-
group extension (see Data Analysis). The lipid chains are
most extended in the interstitial regions. These regions of
minimum electron density are nicely seen at the corners of the
Wigner-Seitz cell in Fig. 5 A (left-hand side), or by
imagining a superimposed clock face; then the interstitial
regions lie at 12, 2, 4, 6, 8, and 10 o’clock, respectively.
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FIGURE 6 Area per lipid molecule in the L,-phase (A) and in the Hy-
phase (V) at the Luzzati interface. Data points, which have been determined
from three-peak reconstructions, are kept in gray (for details, see Data
Analysis).

Considering the geometry of the inverse hexagonal lattice
(e.g., see Tate and Gruner, 1989), we estimate the maximum
acyl chain length in the inverse hexagonal phase,

demas = a/V/3 — Ry — 5.5 A. (10)

To calculate the values of dcpi, and demax Of the inverse
hexagonal phase the values in Table 2 were used.

In Fig. 6 we compare the area per lipid molecule at the
Luzzati interface (Eqgs. 6 and 7). Since the Luzzati interface
roughly intersects the center of the headgroups, the mo-
lecular area per lipid may be considered as the headgroup
area. The headgroup area at this water/lipid interface shows
that the molecular areas are considerably larger (~25%) in
the L, phase and increase more rapidly with an increase in
temperature than in the Hy phase (see also Harper et al.,
2001). However, so far analyzable (from 66 up to 74°C), the
variation of Ay, in the coexistence region is, with values
between 63.3 and 64.3 A2, relatively small (Fig. 6), and may
practically be considered as constant.

Finally, we estimated the number of waters per lipid from
the area per lipid. Recalling the short argument in the Data
Analysis section, the volume fraction of water, @y, need not
necessarily be measured with the gravimetric method, but
can be determined geometrically (Luzzati, 1968):

Dy = dWLuzzati/d = (d - dpp)/d, and (11
Dy, = 7R/ (a” cos 30°). (12)

Note that Eq. 12 simply expresses the effective water area
per unit cell area. Combining Eqgs. 6 and 7 with Egs. 11 and
12 lead to the useful expressions

VWIam = A]am dWLu7zati/2 = A]am (d - dPP)/27 and (13)
VWhex = Ahex RP/27 (14)
where Vyy is the effective water volume per single molecule

in the respective phases. Assuming the water volume of
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a single water molecule to be 30 A3 , we find, at the transition
midpoint, 14 waters per lipid in the L, phase and 18 waters
per lipid in the Hyr phase.

These values compare well to the hydration properties of
DOPE at 10°C, which is ~6°C above Ty. From gravimetric
measurements Tate and Gruner (1989) determined @y« to
have a value of 0.31, which is identical to the hydration limit
of the inverse hexagonal phase in POPE estimated from our
values at 74°C. In a recent study, extrapolated structural data
derived from x-ray diffraction experiments were given for
DOPE at 10°C (Harper et al., 2001). Applying the formulas
from Egs. 13 and 14 to their data result in 13 waters per lipid
in the L, phase and 18 waters per lipid in the inverse
hexagonal phase, which is in excellent agreement with our
data. All parameters, which characterize the hydration state
of the lamellar and inverse hexagonal phase in POPE, are
summarized in Table 3.

DISCUSSION

As mentioned already in the Introduction, the L,—Hy phase
transition may be accompanied by the formation of the
bicontinuous cubic phase, Oy (Erbes at al., 1994). However,
the formation of Qy phases in diacyl-PEs is slow, and our
chosen temperature protocol avoided any formation of the
latter (see Materials and Methods). The first traces of the Hy;
phase are detected between 66 and 72°C (Fig. 1 B). The
estimated volume fraction is only ~2%, and does not change

TABLE 3 Comparison of the headgroup area, A; the water
volume per lipid Vyy; and the number of waters per lipid ny
given for the lamellar and inverse hexagonal phase in POPE

T (OC) Alam (AZ) Ahex (AZ) VWlam (AB) VWhex (AS) Nwlam

NMWhex
30 59 - 400 - 135 -
35 60 - 400 - 13.5 -
40 61 - 410 - 135 -
45 62 - 410 - 13.5 -
50 62 - 405 - 135 -
54 63 - 415 - 14.0 -
58 63 - 415 - 14.0 -
60 63 - 410 - 13.5 -
62 64 - 410 - 135 -
64 64 - 410 - 13.5 -
66 64 - 415 - 14.0 -
67 65 - 415 - 14.0 -
68 65 48 415 490 14.0 17
69 65 50 420 530 14.0 18
70 65 51 415 540 135 18
71 65 49 415 510 14.0 17
72 65 49 420 490 14.0 17
73 65 48 420 490 14.0 17
74 65 52 405 550 135 18
75 - 47 - 460 - 16
76 - 49 - 500 - 17
78 - 49 - 490 - 17
80 - 47 - 450 - 15
84 - 50 - 500 - 17
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in this temperature interval. From the natural sequence of
lyotropic liquid crystalline phases, which is governed by the
average mean interfacial curvature (Seddon et al., 2000), the
series of L,—QOp—Hy phases can be expected with increasing
temperature. Therefore, this temperature region is destined
for the formation of cubic phases.

From a topological point of view, the Hyj phase is the most
simple nonlamellar lipid phase. However, the relation be-
tween the lamellar and inverse hexagonal cell parameters
measured near equilibrium (Fig. 3) is not commensurate, i.e.,
diam does not equal d(1,0),.x (epitaxial relationship). Thus,
there is significant evidence for nonequilibrium states be-
tween the lamellar and hexagonal phases as the transition pro-
ceeds. Therefore, extensive investigations have been carried
out on the kinetics of the L,—Hy; transition (for a review,
see Laggner and Kriechbaum, 1995). Caffrey and co-workers
have used several heating techniques (Caffrey, 1985; Caffrey
et al., 1990), but with heating rates in the order of 30°C/s the
initial Hyy lattice spacing was always well above a commen-
surate spacing for the lamellar phase. Transition times for
dihexadecyl-PE were found to be <3 s. Somewhat faster
heating rates were achieved by Tate and co-workers (Tate
et al., 1992) with electrical heating pulses of 50 ms length,
whereby the initial lattice dimension in the Hy; phase of DOPE
samples were clearly smaller than equilibrium values. Thus
the authors believed the inverse hexagonal lattice to be com-
mensurate with the L, spacing (Eq. 8). However, all data
points were measured slightly above the commensurate value
of 2d/+/3. Even under extreme heating conditions, using an
infrared laser allowing heating rates of 5000°C/s (Rapp and
Goody, 1991), the coexisting lamellar and inverse hexagonal
lattices of SOPE never fulfilled an epitaxial relationship
(Kriechbaum et al., 1989; Laggner and Kriechbaum, 1991;
Laggner et al., 1991).

For SOPE the T-jump initially induced a rapid thinning
of the lamellar phase from 54 to 51 A. Here our measure-
ments for POPE suggest, that the “‘thin L, phase’’ reflects a
nonequilibrium state. The thinning of the d-spacing of ~3 A/
10°C, is about three times the rate one would expect from
equilibrium data (compare Fig. 3 and Table 1). The constant
number of waters per lipid, 7ywam, (Table 3) observed over
the whole temperature range suggests that the formation of
the thin L, phase is not water-diffusion limited. This is in
contrast to the findings for the liquid lamellar crystalline
phase of PCs, where the rapid formation of an anomalous,
thin L, phase is mainly caused by a water deficit directly
after the temperature perturbation (Rappolt et al., 2000;
Pabst et al., 2000b). Moreover, this excited thin L, phase
in PEs is not only seen in the L,—Hy phase transition, but
in temperature jumps carried out in the pure L, phase region
(Laggner et al., 1998). Therefore, it must be assumed that
the thin L, phase forms due to a rearrangement of the
interbilayer water. Although the fraction of the thin L,
phase immediately starts to decrease strongly, the first, weak
sign of the hexagonal phase formation becomes detectable
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only after a lag time period of ~20-30 ms, i.e., in this time
window a cooperative formation of the Hy; phase with long-
range order is suppressed. At the beginning the lattice spac-
ings amount to 68 A and increase with time to 73 A. The
swelling of the lattice is completed within a few seconds
(half-time 0.1 s), and it is instructive to estimate the water
fraction @y of the initial hexagonal phase. If we assume
the hydrocarbon chain region unaltered (the temperature
after the laser pulse is nearly constant for the first second),
then the change in the unit cell parameter can be assigned
completely to changes in the water core, i.e.,

2 2
q)W'hex initial / (I)Whex equilibrium — ainilial/ aequilibl‘ium' (15 )

Further, one can expect ®whex equitibrium for SOPE to be
nearly equal to the measured value of POPE (Harper et al.,
2001). Inserting the given values in Eq. 15, ®Pwpex inital
results in 0.27, which is very close to the value one would
expect for the lamellar phase (Eq. 11, Table 1). Thus, we can
conclude that the first formation of the inverse hexagonal
phase with long-range order appears at constant ®v;, while
the last step is water-diffusion limited, since the timescale of
water diffusion in the inverse hexagonal phase compares
well to water-diffusion rates in multilamellar vesicles studied
in the pure L, phase region (Pabst et al., 2000b).

In Fig. 7 A we have illustrated a realistic view of the in-
terface region between the lamellar and inverse hexagonal
phase at the transition midpoint. Please note that, for clarity,
the interface region has been displayed over four repeat dis-
tances only, and that adjacent monolayers, as well as further
membrane stacks, have been omitted. The calculated electron
density maps of both phases as determined from our experi-
mental data (parameters given in Tables 1 and 2) have been
inclined in such a manner that the lattices fulfill the condition

d/a = sina. (16)

In this way, the path lengths of lipid molecules to rearrange
in the interface region is minimized (Laggner and Kriech-
baum, 1991). Moreover, in the coexistence range the in-
clination angle is nearly constant (Fig. 7 B). This means that
the geometrical relationship between the two phases remains
the same between 66 and 80°C, and thus the constraints for
the formation of the inverse hexagonal phase do not alter
much.

As shown schematically in Fig. 7 A, the interface region
between the two phases is occupied ideally by the lipid
molecules, if each two monolayers of adjacent membranes
fuse and create a water core (*) at the interface (Fig. 7 A, left-
hand side). Tt is important to assert that this kind of
backfolded monolayer might be energetically unfavorable
because of inherent positive curvature regions (see arrows in
Fig. 7 A). On the other hand, extreme negative curvature,
avoiding the formation of a water core, and thus suppressing
energetically unfavorable positive curvature regions, would
lead to large interstitial regions (A) (see Fig. 7 A, right-hand
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FIGURE 7 (A) Sketch of the interface between the L, and Hy phases at
the transition midpoint (Ty = 74°C). For both phases, the electron density
maps have been calculated using the amplitudes given in Tables 1 and 2,
respectively (refer to Fig. 2 C). Since the two lattices are not commensurate,
the inclination, «, between them differs clearly from 60°. On the left-hand
side, the interface region has been filled with lipid molecules in such a way
that the interstitial regions are minimized. Creation of water cores is
indicated by asterisks. On the right-hand side, the lipid molecules are
restricted to permit only negative curvature at the polar interface, but
automatically the interstitial regions enlarge (A). (B) Inclination angle (®)
plotted as a function of temperature.

side). Since formation of voids in the hydrophobic core is
also energetically unfavorable (Lohner, 1996, and references
therein), it is obvious that the interface region has to balance
a delicate interplay between minimizing the volume of the
interstitial region and keeping free bending energies low.
Indeed, Kozlov et al. (1994) have shown with model cal-
culations that the differences in free energy per lipid mole-
cule can be separated in four different contributions. For
conditions of excess water, they ascertain that the bending
energy and the interstitial energy compete, whereas the roles
of hydration and van der Waals interactions are relatively
small. Finally, pinching off an isolated cylinder of water
from the lamellar stack at the interface would lower the free
bending energy of the lipids. In this case, all of them could
accommodate their natural tendency to fill a wedge-shaped
volume. However, some lipids would have to expose their
chains to interbilayer water of the L, phase during this step,
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which is—as discussed above—a critical barrier for the
formation of the inverse hexagonal phase.

As already mentioned in the Introduction, there are
several pathways possible for the formation of a line defect
such as tight junction between two bilayers, including a pair
of intramembrane cylinders (Kachar and Reese, 1982),
fusion of interbilayer contact points into wall defects (Hui
et al.,, 1983), or line defects seeded by inverted micellar
intermediates (Siegel, 1986). In Fig. 8 A, for instance, we
have depicted a water core as a possible line defect for the
creation of the first rods within the lamellar lipid bilayer
stack. So far, we have not considered point defects to be the
leitmotif for the lamellar/inverse hexagonal phase transition.
Siegel and Epand (1997) proposed a modified stalk
mechanism for this transition, and suggested the existence
of three-dimensional transmonolayer contact aggregates
(Siegel, 1999). Such structures were not detected in our
samples. However, in contrast to our experiments on
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FIGURE 8 Hypothesis of the growth mechanism of the first few rods.
Note that the molecular dimensions of the lamellar phase and the lipid rod
are realistic, because they are deduced from the electron density maps at the
transition temperature Ty = 74°C. (A) Creation of a line defect, e.g., a water
core (*) may form spontaneously. The circle marks an unfavorable positive
curvature region. (B) Formation of the first rod; the minimization of the
volume of the interstitial region induces the formation of new water cores (*,
left and right of the rod). Two not-yet-filled void regions are marked with an
upper triangle (A). (C) The interstitial regions (A) of B are now filled, but
consequently inducing two more water cores (*) below the first rod.
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multilamellar vesicles, they used large unilamellar vesicle
systems, which might explain the absence of the three-
dimensional precursor phase in our samples.

In Fig. 8 B the formation of a first rod is shown. Its relative
dimension is deduced from the electron density map of the
inverse hexagonal phase at 74°C (see Tables 1 and 2, Fig. 7).
Since it is very likely that the first formation of isolated
cylinders of water appear at constant @y, (see above dis-
cussion of the laser-induced transition), we reduced the water
core diameter slightly according to Eq. 15. But the diameter
of the first tube is still relatively large, and a rather stress-free
formation in the lamellar matrix is, therefore, more likely to
appear in the outer leaflets of the liposome. Once a tube has
formed, the minimization of the volume of the interstitial
region induces new sites for the creation of water cores (¥,
left and right of the rod). Two not-yet-filled void regions,
marked with an upper triangle (A) in Fig. 8 B, demonstrate
the consecutive induction of two more water cores below the
first rod (Fig. 8 C). Thus, only filling up interstitial regions
of the first rod given creates new line defects for the for-
mation of further rods, triggering the formation of adjacent
cylinders, and so on throughout the bulk of the lipid matrix
(compare also Caffrey, 1985).

The L.—Hy phase transition is accompanied by the high
cost of exposing the hydrocarbon chains to water. However,
a cooperative transition mechanism can overcome this lim-
itation (Fig. 8). Also, there is evidence that the water fraction
difference between the initial lamellar and the final inverse
hexagonal phase is not the first rate-limiting step. We have
presented a realistic model for the interface region between
the two phases allowing a cooperative turnover (Fig. 7).
Although the lattices do not fulfill an epitaxial relation, a tran-
sition mechanism without loss of long-range order is pos-
sible, if the lattices are inclined to each other by ~44° (see
also Laggner and Kriechbaum, 1991). Additionally, the geo-
metrical details of the rod formation are discussed above,
which are mainly governed by the contribution of voids in
the bending and interstitial interactions (Kozlov et al., 1994).
In any case, it seems indispensable for the cooperative forma-
tion of the inverse hexagonal phase, that the domain growth
takes place in the multilamellar matrix of liposomes with
a rather reduced hydration. Only in a water-poor system (in
the L, phase the free water volume per lipid is only ~150
A®), the unavoidable cost of exposing hydrocarbon chains
to water regions can be kept as small as possible. This has
also been demonstrated for POPE bilayer stacks at a relative
humidity just below 100%, where in the Lg gel phase they
can undergo a lamellar-to-inverse hexagonal transition only
after one-third of free water has been removed (Katsaras
et al., 1993).
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