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Cubic Phases in Phosphatidylcholine-Cholesterol Mixtures: Cholesterol
as Membrane ‘“Fusogen”
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ABSTRACT X-ray diffraction reveals that mixtures of some unsaturated phosphatidylcholines (PCs) with cholesterol (Chol)
readily form inverted bicontinuous cubic phases that are stable under physiological conditions. This effect was studied in most
detail for dioleoyl PC/Chol mixtures with molar ratios of 1:1 and 3:7. Facile formation of Im3m and Pn3m phases with lattice
constants of 30-50 nm and 25-30 nm, respectively, took place in phosphate-buffered saline, in sucrose solution, and in water
near the temperature of the L,—H, transition of the mixtures, as well as during cooling of the H;, phase. Once formed, the cubic
phases displayed an ability to supercool and replace the initial L, phase over a broad range of physiological temperatures.
Conversion into stable cubic phases was also observed for mixtures of Chol with dilinoleoyl PC but not for mixtures with
palmitoyl-linoleoyl PC or palmitoyl-oleoyl PC, for which only transient cubic traces were recorded at elevated temperatures. A
saturated, branched-chain PC, diphytanoyl PC, also displayed a cubic phase in mixture with Chol. Unlike the PEs, the
membrane PCs are intrinsically nonfusogenic lipids: in excess water they only form lamellar phases and not any of the inverted
phases on their own. Thus, the finding that Chol induces cubic phases in mixtures with unsaturated PCs may have important
implications for its role in fusion. In ternary mixtures, saturated PCs and sphingomyelin are known to separate into liquid-ordered
domains along with Chol. Our results thus suggest that unsaturated PCs, which are excluded from these domains, could form
fusogenic domains with Chol. Such a dual role of Chol may explain the seemingly paradoxical ability of cell membranes to

simultaneously form rigid, low-curvature raft-like patches while still being able to undergo facile membrane fusion.

INTRODUCTION

Because cholesterol (Chol) is a major component of animal
cell membranes, the structure and phase behavior of a variety
of Chol-phospholipid mixtures have been subject of keen
interest and numerous studies in the past 40 years (1-4). It is
generally believed that Chol plays key role in the membrane
lateral organization. Chol is known to interact preferentially
with other membrane lipid components, specifically, the
phosphatidylcholines (PC) and sphingomyelin (SM), thereby
increasing the degree of chain order and promoting forma-
tion of domains of so called liquid-ordered phase (L), in
which lipid diffusion is slower than in the liquid-crystalline
L, phase. It has been demonstrated for ternary mixtures of
Chol with PCs and SM that PCs with saturated chains and
SM tend to associate with Chol in domains of L, phase,
whereas PCs with unsaturated chains tend to be excluded and
to form liquid-disordered phase (Ly) (5—10). On basis of
studies on model systems and on detergent-resistant domains
in biomembrane extracts, it has been suggested that domains
of the L, phase may also form in the membranes of
eukaryotic cells. Such domains, referred to as *‘rafts’’, may
serve as sites for specific lipid-protein interactions regulating
the activities of certain membrane proteins (see, e.g., various
reviews (11-13)).
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Studies on enveloped viruses (Semliki Forest virus, Sindbis
virus, HIV, influenza virus) have established that their fusion
with cells requires or is accelerated by the presence of Chol
and sphingolipids in the host or viral membranes (14-26).
Notably, Chol is also necessary for rapid and efficient
membrane fusion in the sea urchin cortical granule/plasma
membrane system (27). As noted above, the latter lipids can
form liquid-ordered domains in the presence of PCs; how-
ever, no evidence has been found that such domains (rafts)
play any role in the process of virus entry (16,24,28). On the
other hand, it is known that Chol also serves as a source of
negative curvature in the lipid bilayers (29). Studies by
Epand et al. (30-32) have shown that mixtures of unsaturated
PCs with Chol are capable of forming an inverted hexagonal
phase, Hyy, at elevated temperatures. Isotropic >'P NMR pat-
terns have also been observed; however, no x-ray diffraction
patterns indicating formation of inverted cubic phases have
been found (30-32).

In this work, we used x-ray diffraction to demonstrate that
mixtures of Chol with some unsaturated PCs can readily
form inverted bicontinuous cubic phases, which are stable
under physiological conditions. The properties of the cubic
phases in PC/Chol mixtures closely resemble those observed
earlier for cubic phases induced in phosphatidylethanol-
amine (PE) dispersions (33). These results suggest that un-
saturated PCs, which are excluded from the liquid-ordered
domains, could form fusogenic domains with Chol. Such a
dual effect of Chol may explain the seemingly paradoxi-
cal ability of cell membranes to simultaneously form rigid,
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low-curvature raft-like patches while still being able to un-
dergo facile membrane fusion. A preliminary account of this
work has appeared elsewhere (34).

MATERIALS AND METHODS
Sample preparation

The phospholipids, DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), palmitoyl-linoleoyl
PC (1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine), and dilinoleoyl
PC (1,2-linoleoyl-sn-glycero-3-phosphocholine) (Avanti Polar Lipids, Al-
abaster, AL) were checked for purity by mass spectroscopy (DOPC only)
and TLC and found to contain no detectable admixtures. Cholesterol (Sigma,
standard for chromatography) was >99% pure. Appropriate PC and Chol
amounts were codissolved in chloroform, the chloroform was removed with
a stream of argon, and the mixtures were subjected to high vacuum for
18-24 h. Lipid dispersions were prepared by hydrating and vortexing at
room temperature, followed by five freeze-thaw cycles between dry ice and
room temperature, accompanied by vortexing during the thawing steps.
Most measurements were carried out on dispersions with lipid contents of
10% (w/v). Dispersions with lipid contents of 30% and 50% (w/v) were also
used, as indicated under Results. The dispersion media used were 320 mM
sucrose, PBS and X 10 PBS solutions, and also water. The X 10 PBS buffer
(pH 6.7-6.9) was Dulbecco’s Phosphate-Buffered Saline (PBS, Gibco). PBS
(pH 7.1 = 0.1) was prepared by diluting X 10 PBS 10 times. The dispersions
were stored at 4°C, typically for ~1 day, and equilibrated at room tem-
perature for several hours before the x-ray measurements. The samples were
vortexed again, loaded into x-ray capillaries, and flame sealed immediately
before their measurement. Temperature protocols were executed directly on
samples mounted on the beam line, and it was possible to follow in real time
the conversion of these dispersions into cubic phase. Because we typically
used relatively high scan rates of 3—10°C/min in this study, the L,—Hy; phase
transition temperatures recorded may be higher than the equilibrium tran-
sition midpoints, which may only be obtained using very low, quasistatic
scan rates (see, e.g., Toombes et al. (35)). This circumstance, however, does
not affect in any substantive way the conclusions derived from the x-ray data
with regard to the process of formation and the properties of the bilayer cubic
phases. The high scan rates used reduced the exposures of the samples to
elevated temperatures and, consequently, minimized the potential for for-
mation of lipid degradation products. Lipids extracted from the hydrated
samples after the measurements were found to give single TLC spots iden-
tical to those for lipids extracted from unused dispersions. It is notewor-
thy that no evidence for lipid degradation has been found in DSC studies
of DOPC/Chol mixtures, which, because of the low DSC scan rates, were
exposed to high temperatures for longer times than were x-ray samples (30;
our unpublished DSC data). In summary, we conclude that neither the
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heating-cooling protocols nor the constant-temperature incubations used in
our work resulted in noticeable lipid degradation.

X-ray measurements

Low-angle x-ray patterns were recorded at stations 18D, BioCAT, and
5IDD, DND-CAT, APS, Argonne, using 2-D 2048 X 2048 MAR detec-
tors at a sample-to-detector distance of ~200 cm. Spacings were determined
from axially integrated 2-D images using the FIT2D program and silver
behenate as calibration standard. A temperature-controlled (Linkam thermal
stage) capillary sample holder was used. All measurements were started at
20°C. The sample holder was mounted on a motorized stage, and, by moving
it with respect to the incident beam, it was possible to ensure that the patterns
recorded were representative of the whole sample volumes.

Radiation damage controls

The exposure times used for collection of x-ray diffraction patterns were in
the range of 0.7-1 s. As can be seen from Figs. 1 and 2, we usually recorded
~10-15 x-ray patterns to follow the conversion into cubic phase and a total
of ~20-25 patterns throughout an experiment. In this way, the irradiation
times during the cubic phase formation were typically limited to 10-15 s,
and total irradiation times were typically limited to 20-25 s. These times are
several times shorter than the exposure times of a few minutes needed to
cause observable radiation damage in lipid dispersions under our experi-
mental conditions. As noted above, no degradation products were detected
by TLC of lipids extracted from the dispersions after the experiments.
However, it should be recognized that these tests are not sensitive in
detecting radiation damage because with a beam cross-section of ~150 X
150 wm, the irradiated dispersion volume usually represents less than 1% of
the total sample volume in the capillary.

We used the following checks for eventual artifacts caused by lipid
molecules damaged by radiation. By moving the sample holder with respect
to the incident x-ray beam, it was possible to record and compare x-ray
patterns from irradiated and several nonirradiated parts of the sample. Such
comparisons were made throughout the experiments, and they revealed no
systematic differences between irradiated and nonirradiated sample portions
within the exposure time limits described above. We noticed, however, that
longer exposure times initially resulted in x-ray patterns with broadened
reflections relative to patterns recorded from neighboring nonirradiated
sample portions. We did not investigate this effect in detail, although it
appears to indicate the onset of radiation damage in these dispersions. Also,
we made measurements with ‘‘dark’’ samples subjected to identical tem-
perature protocols but with only three or four x-ray patterns being recorded
in the course of the experiment with the purpose of verifying the state of the
dispersion. Such samples were found to reach final states that were virtually
identical to those of the irradiated samples. On the basis of these tests, we

B 100 - \
DOPC/Chol 1:1 i
80 1 %
o '\\ FIGURE 1 (A) Sequence of x-ray dif-
. 60 /’ '\ fraction patterns showing a lamellar-
) - Y Im3m . X
= J e e to-cubic phase conversion (L, — Im3m)
o / * AN in DOPC/Chol 1:1 mixture, 10% (w/v)
o 404 ] . . . . .
g— L, J \ Im3 in PBS, during a heating-cooling cycle.
Qo 20 ./ \. m"r.n The initial L, and final Im3m patterns
\. ./. are shown in Fig. 3, A and B, respec-
v tively. (B) Temperature protocol for the
. == 50°C. Im3m 01 L, — Im3m conversion in A.
00 05 10 15 20 25 0 10 20 30 40 50
Q, 1/nm time, min

Biophysical Journal 91(7) 2508-2516



Tenchov et al.

2510
A DOPC/Chol 1:1 B 807
L, — Im3m
o ] *——— @ — .
© 60 / N\
g s e Im3m FIGURE 2 (A) Sequence of x-ray diffrac-
20°C 5 / \'\ tion patterns showing a lamellar-to-cubic
) g 7 \ phase conversion (L, — Im3m) in DOPC/
65°C g- 40 ‘.“ | Chol 1:1 mixture, 10% (w/v) in X10 PBS,
~thour & ’;‘ .S on incubation at 65°C, followed by cooling
/’ | to 20°C. (B) Temperature protocol for the
b Gf c 20 1 J L, LIm3m L — Im3m conversion in A.
: : : : : . 20°C : : : . :
0.0 0.5 1.0 1.5 2.0 2.5 0 20 40 60 80
Q, 1/nm time, min

conclude that the results reported here were not influenced by radiation
damage to the lipid.

RESULTS

Here we show that mixtures of Chol with two unsaturated
phosphatidylcholines, DOPC and dilinoleoyl PC, readily
form stable inverted bicontinuous cubic phases. In these
mixtures, conversions of the initial lamellar into cubic phase
took place only at elevated temperatures, near the L, —Hy
phase transitions, or on cooling from the Hy phase. Once
formed, the cubic phases were long-lived, able to supercool
and to replace the initial L, phase over the whole tested
range (>0°C) of its existence. The process of cubic phase
formation was studied in most detail for DOPC/Chol mix-
tures with molar ratios of 1:1 and 3:7. Conversion into stable
cubic phase was also recorded for mixtures of Chol with
dilinoleoyl PC but not for mixtures with POPC and palmitoyl-
linoleoyl PC. The latter two mixtures only exhibited transient
traces of cubic phases at high temperatures. A saturated,
branched-chain PC, diphytanoyl PC, also displayed a cubic
phase in a 1:1 mixture with Chol.

We used lipid contents of 10% (w/v), which are relatively
low for x-ray studies, to eliminate restricted volume effects
and to ensure sufficiently large aqueous spaces in the lipid
dispersions for cubic phases to develop. As shown in pre-
vious research, the use of dilute dispersions is an essential
prerequisite for rapid formation of bicontinuous cubic phases
in membrane lipid dispersions (33). We also used a freeze-
thaw procedure for preparation of the dispersions to elim-
inate eventual irreversible effects of higher temperatures. In
this way, it was possible to compare the initial lamellar state
of dispersions that had not been heated above room tem-
perature with their states after heating to the range of the Hy;
phase and subsequent cooling.

Temperature protocols for conversion of
PC/Chol mixtures into cubic phase

The temperature protocols for inducing cubic phases in PC/
Chol mixtures were similar to those developed earlier for
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accelerated formation of cubic phases in phosphatidyletha-
nolamine (PE) dispersions (33,36). Generally, cubic phase
formation proceeds at the highest rate when the dispersion is
cooled from its Hyy range and at temperatures that are roughly
within the hysteresis loop of the L ,—Hy; phase transition, i.e.,
between the temperatures of the cooling Hy; — L, and
heating L, — Hy transitions. At Chol molar fractions >0.6,
DOPC/Chol mixtures display L,—Hy; transitions at temper-
atures above ~65-70°C (30). We therefore applied protocols
involving heating at rates of 3—10°/min from the initial L,
state at 20°C into the Hy; range of the mixtures. Once the Hy;
phase replaced the L, phase according to the x-ray patterns,
heating was terminated, and the dispersion was cooled to the
L, temperature range, either to an intermediate temperature,
e.g., ~50°C or directly back to 20°C. Typically, the highest
temperatures reached were 5-10°C above the L, — Hy
transition onset, which was at ~75-80°C in our DOPC/Chol
1:1 dispersions in PBS. In all DOPC/Chol samples studied,
cubic phase traces became visible in the patterns before or
along with formation of the Hy phase. During the cooling
step, these traces rapidly developed into well-ordered cubic
phases. With the disappearance of the Hy; phase at ~70°C,
the dispersions were always either fully or over 90% con-
verted into cubic phase (Fig. 1). Occasionally small peaks
appeared in the patterns, resulting from partial recovery of
the L,, phase. The heights of these peaks were several percent
of those of the initial L, phase. A second heating-cooling
cycle was sufficient to abolish the residual L, phase in these
cases. That one or two temperature cycles were sufficient for
conversion of the L, phase into cubic phase shows that the
formation of cubic phases in diluted DOPC/Chol mixtures
is a very facile process in comparison to the previously
studied PE dispersions, which typically require 10-15 or
more cycles for full conversion, e.g., ~20 cycles at 10°C/min
for dielaidoyl PE dispersions (33). Scan rate variations in the
temperature protocol and short incubations in the Hy; phase
range were not found to have any noteworthy effects on the
cubic phase formation and properties.
An alternative temperature protocol for cubic phase for-
mation is an isothermal incubation of lipid dispersions at
temperatures just below the onset of the L, — Hy; transition.
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Such a protocol was used previously for induction of cubic
phase in monomethylated dioleoyl PE (DOPE-Me) disper-
sions (37). To test this protocol, in some experiments the
heating was terminated and the dispersion incubated at a
constant temperature a few degrees below the temperature of
the expected appearance of the Hy; phase. These experiments
indicated that cubic phase formation in DOPC/Chol mixtures
can also take place directly from the L, phase. An example
of such isothermal conversion, which, at least initially, pro-
ceeds without detectable involvement of the Hy phase, is
given in Fig. 2. However, a small amount of Hy; phase starts
to form later, as evidenced by the appearance of a peak cor-
responding to the Hy; 1/y/3 reflection (not visible in Fig. 2).
Although it is conceivable that the incubation temperature
could be lowered to values where no Hy phase would be
expected to form, our experience with PC/Chol mixtures
suggests that lowering the incubation temperature to such
values results in a large increase of the conversion times, to
the order of days, thus making the ‘‘incubation’’ protocol for
direct L,-to-cubic conversions impractical in real-time x-ray
measurements.

Cubic phases in different PC/Chol mixtures:
Role of the PC acyl chain composition

Representative examples of cubic phase patterns induced by
the temperature protocols described above are shown in Figs.
3 and 4 A. All patterns shown were recorded at 20°C to
illustrate the ability of the cubic phases to supercool and
replace the initial lamellar phase at physiological tempera-
tures. On storage of cubic phase dispersions for up to 6-10 h
(~24 h in a single experiment) at room temperature, their
diffraction patterns did not change, and no L, phase re-
appeared. On these grounds, we regard the induced cubic
phases to be sufficiently long-lived and stable in physiolog-
ical conditions, although, strictly speaking, they should be
probably termed metastable with respect to the lamellar
phase at room temperatures. The typical ‘‘final’’ cubic phase
in 10% (w/v) DOPC/Chol mixtures can be assigned as a pure
or dominant Im3m cubic phase accompanied by a small
contribution of the Pn3m cubic phase. The Im3m patterns
comprised three prominent reflections in ratios of /2:1/4:1/6
and several smaller reflections in ratios of /8:y/10:/12:
V14:4/16:/18:4/20:4/22. Such a reflection set is consistent
with cubic aspect 8, extinction symbol I- - -; space group of
highest symmetry Im3m (Q229) (38). The reflection /8 was
typically absent or very weak in these patterns. The Pn3m
patterns (e.g., Fig. 4 A) comprise reflections in ratios
\2:4/3:1/4:1/6:4/8:4/9:4/10:y/11:4/12:4/14, consistent with cu-
bic aspect 4 (space groups Pn3m/Pn3) (38). The lattice
constant ratios of coexisting Im3m and Pn3m phases were
always equal to 1.28 (Fig. 3 C), as has been the case for
Im3m/Pn3m mixtures formed in PE dispersions (33). For
10% (w/v) DOPC/Chol 1:1 and 3:7 mixtures, cubic phases
were readily forming in all three solutions used (PBS, X10
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PBS, and 320 mM sucrose) as well as in pure water. In water,
however, the cubic phases were significantly more disor-
dered compared to PBS and sucrose solutions (data not
shown). In X 10 PBS the L,—Hj; transition temperatures were
lowest in agreement with the known salt effects on the
temperatures of the lipid phase transitions (39).

Regardless of their relatively good resolution, the ‘‘pow-
der’’ diffraction patterns recorded in this work are not
sufficient to distinguish between cubic phases within a given
cubic aspect, e.g., to distinguish Pn3m from Pn3 (40,41).
However, the assignments for these phases as Im3m and
Pn3m phases are strongly supported by the circumstance that
the cubic lattice parameter ratios are equal to 1.28 in all cases
where the two cubic phases were found to coexist. The ratio
of 1.28 has been calculated based on geometric consider-
ations for the infinite periodic minimal surfaces underlying
the inverse bicontinous cubic phases with Im3m and Pn3m
symmetries (the Bonnet transformation) (42,43). As we invari-
ably obtain 1.28 in all cases of coexisting cubic patterns, not
only with DOPC/Chol systems but also with all other cubic
phase dispersions that we have studied, we consider this fact
a strong indication that the phases in question are indeed
Im3m and Pn3m phases (see Tenchov et al. (33) for a more
detailed discussion).

Dilinoleoyl PC/Chol 1:1 mixture in PBS was also found to
convert readily into stable, long-lived cubic phase (Fig. 4 A).
An L, — Hy transition occurred at ~80°C, and a single
heating-cooling cycle through the latter transition was suf-
ficient for full conversion into cubic phase. In contrast to
DOPC/Chol mixtures, the cubic phase formed in this case
was always a pure, well-ordered Pn3m cubic phase (Fig. 4 A).
Also, we found that 1:1 mixtures with Chol of a saturated

DOPC/Chol 1:1, 20°C

L, 6.57 nm

0.0 0.5 1.0 15 2.0 2.5 3.0
Q, 1/nm

FIGURE 3 Phases in DOPC/Chol 1:1 mixtures, 10% (w/v) in PBS, at
20°C. (A) Initial lamellar phase L,, with spacing d = 6.57 nm. (B—D) Cubic
phase patterns. (B) Im3m phase with lattice parameter of 32.3 nm obtained
with the temperature protocol shown in Fig. 1 B. (C) Im3m phase (26.6 nm)
with admixture of Pn3m phase (20.7 nm). (D) Im3m (30.1 nm) obtained
after incubation at 76°C. No intensity adjustments have been made.
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FIGURE 4 (A) Cubic Pn3m phase, lattice constant 25.3 nm, in dilinoleoyl
PC/Chol 1:1 mixture, 10% (w/v) in PBS, after a heating-cooling cycle
20-98-20°C at 10°C/min (L, — Hp — Pn3m). (B) Coexisting phases
in diphytanoyl PC/Chol 1:1 mixture, 10% (w/v) in PBS, at 20°C (unheated
preparation; see Materials and Methods).

branched-chain PC, diphytanoyl PC, can also form a cubic
phase, albeit in a mixture with other phases (Fig. 4 B).

Unlike the mixtures of Chol with DOPC and dilinoleoyl
PC, mixtures with Chol of two other unsaturated PCs,
POPC and palmitoyl-linoleoyl PC, at 1:1 and 3:7 molar
ratios did not display L, — Hy transitions in the accessible
temperature range of up to ~95-100°C. No formation of sta-
ble cubic phases was observed in the latter mixtures, either.
However, at PC/Chol molar ratio of 3:7, transient cubic traces
appeared in both mixtures at ~90-95°C, although no Hy
phase was evident in the x-ray patterns. These cubic traces
disappeared on cooling to 75-80°C, giving way to fully
recovered L, phases (Fig. 5).

Role of the lipid concentration in the formation
of DOPC/Chol cubic phases

In order to demonstrate the critical importance of using low
lipid contents to facilitate the formation of cubic phases in
PC/Chol mixtures, we also made measurements of DOPC/
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Cholesterol
crystallites

FIGURE 5 Transient cubic phase trace at high temperature in POPC/Chol
3:7 mixture, 10% (w/v) in PBS. Sequence of x-ray diffraction patterns
recorded at every minute. Scan rate 10°C/min.

Chol 1:1 mixtures at higher lipid contents of 30% and 50%
(w/v) using identical temperature protocols to ensure that the
only variable in the series was an increasing lipid/water ratio.
With the increase in lipid content, the conversion of the
dispersions into cubic phase was strongly hindered, and the
L, phase was reformed to a much greater extent (Fig. 6). At
50% (w/v) of lipid, the L, phase recovered almost com-
pletely, accompanied by a small contribution from the cubic
phase. In addition, the type of cubic phase also changed with
increasing lipid content, from pure Im3m or Im3m with
Pn3m admixture at 10% (w/v) lipid (Fig. 6 A, also Fig. 3,
B-D), to pure Pn3m cubic phase at 30% (w/v) (Fig. 6 B),
and to the Ia3d (gyroid) cubic phase at 50% (w/v) of lipid
(Fig. 6 C). The Ia3d phase was identified on basis of its
two prominent /6 and /8 peaks and a range of overlapping,
poorly resolved /14, {16, /20, /22, /24, and /26 reflec-
tions (Fig. 6 B, insef). As can be seen from Fig. 6 A, an [a3d
trace appears in the patterns at about the temperature
of the reverse Hy — L, transition and persists on cooling
to 20°C. It is clear from these measurements that, as an
apparent manifestation of a restricted volume effect,
high lipid contents suppress the development of the cubic
phases and favor reformation of the L, phase on cooling from
the Hy; phase range. The sequence Im3m — Pn3m — Ia3d
observed with increase of the lipid content correlates with
a decreasing water content of these three phases. Earlier
we observed the same sequence for DEPE dispersions with
increase of the DEPE content (see Tenchov et al. (33) for
a discussion and related references). Another example of
such a sequence is given by the phase diagram of lauric acid/
dilauroyl PC 2:1 mixtures, which shows progressive forma-
tion of Im3d, Pn3m, and [a3d with decreasing water con-
tent (44).
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FIGURE 6 Supression of cubic
phase formation in DOPC/Chol 1:1
mixtures by increase of the lipid/water
ratio. (A) Cooling scan of a DOPC/Chol
1:1 mixture, 50% (w/v) in PBS, show-

a. 10% (wiv)
b. 30% (wiv)
c. 50% (wlv)

P‘ S ing almost complete recovery of the L,

i = L 653nm phase from the Hy; phase, accompanied

[1\\‘\ la3d HL J‘\L by a small amount of Ia3d cubic phase.

”‘13 et o — —.C Scan rate 5°C/min. (B) Effect of the

(}\ Pn3m ’f\ -~ L, 6.60nm lipid content on the cubic phase forma-

B 1‘ N I — tion in DOPC/Chol 1:1 mixtures in

1‘\\ (m3m L,6.63nm PBS. D\iffraction ‘pattems. recorded at

| N ———  ____ a 20°C after a heating-cooling scan 20-

: . . . , ~— 95-20°C: (a) 10% (w/v), Im3m 48.0

0.5 1.0 1.5 2.0 0.0 05 1.0 1.5 20 25 nm; (b) 30% (w/v), Pn3m 28.8 nm; (¢)

Role of the PC/Chol molar ratio

On the basis of our measurements, the DOPC/Chol molar
ratio of 1:1 appears to be close to the maximum possible
uptake of Chol by DOPC membranes. A clear indication that
the saturation level has been exceeded is the appearance of
diffraction lines or spots in the x-ray patterns arising from
excess, phase-separated crystalline Chol. The presence of
Chol crystallites is particularly well discernible in the 2-D
patterns, where they are manifested as a spotty diffraction
line with 3.40-nm spacing (Fig. 7 A). They are also visible,
albeit less clearly, in the axially integrated 1-D patterns (Fig.
7 B). Although some of our 1:1 preparations displayed trace
amounts of Chol crystals in the initial L, phase, other prep-
arations, both in the same and in different sample series, did
not, indicating that the saturation level is actually within the
error limits of our DOPC/Chol (1:1) preparations. These
observations are consistent with the DSC results of Epand
et al. (30), which show that the excess Chol limit for DOPC
is between 0.5 and 0.6 Chol molar fraction. Whenever pres-
ent, the excess Chol traces diminished on heating of the
samples and were completely absent from the 2-D patterns of
the Hy and cubic phases. It appears that Chol uptake by
DOPC increases with temperature, enhancing the tendency
for inverted phase formation at high temperatures, and also
that the Hy; and the cubic phases have higher Chol saturation
levels relative to the L, phase.

As expected, DOPC/Chol 3:7 mixtures displayed a high
level of excess Chol. This is evident from the large number
of Chol crystallite spots, which form almost smooth dif-
fraction rings in the 2-D patterns (not shown). The 3:7 mix-
tures also displayed a facile conversion into cubic phases
with characteristics similar to those for the process of cubic
phase formation in 1:1 mixtures. However, the excess Chol
remained well visible in the patterns in all phases and at all
temperatures, and the diffraction patterns of the cubic phases
so formed were typified by broader, more poorly resolved
reflections than 1:1 mixtures. A possible reason for the
diminished resolution in 3:7 mixtures could be the higher

50% (w/v), Ia3d 36.8 nm.

concentration of Chol crystallites, which may serve to hin-
der the formation of large, well-correlated liquid crystalline
domains.

Diphytanoyl PC (DFPC) appears to have a Chol saturation
level that is lower than that of DOPC. This is evident from
Fig. 4 B, which shows the intial unheated state of a DFPC/
Chol 1:1 mixture, in which there is a large peak of ex-
cess crystalline Chol in addition to peaks corresponding to
a mixture of the L, Hyj, and cubic Im3m phases. The L,—Hy;
phase transition in the 1:1 DFPC/Chol mixture is obviously
below room temperature, and it would appear that better
conditions for cubic phase formation could be found at Chol
fractions of <0.5.

DISCUSSION
New role of Chol: Chol as membrane “fusogen”

In this work we present direct evidence from x-ray diffraction
that Chol, a major and ubiquitous biomembrane component,

DOPC/Chol 1:1in PBS, 20°C

excess cholesterol L 2nd order

Q, 1/nm

FIGURE 7 Diffraction from excess Chol crystallites in the L, phase of a
DOPC/Chol 1:1 mixture, 10% (w/v) in PBS, 20°C. (A) Cutoff from a 2-D
diffraction pattern. (B) Axially integrated 1-D pattern obtained from the 2-D
pattern in A.
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induces formation of inverted bicontinuous cubic phases in
mixtures with unsaturated PCs. This is a new, previously
undescribed effect of Chol that may have important impli-
cations for its biological functions, in particular, for its role
in viral fusion. The PCs are the major phospholipid class
in biological membranes, and, in contrast with the PEs, the
membrane PCs are nonfusogenic lipids. They cannot form
inverted phases by themselves, whereas an inverted phase—
forming ability is correlated with susceptibility to membrane
fusion (45). It is thus of clear interest that mixtures of unsat-
urated PCs with another major membrane lipid, Chol, can
readily transform into an inverted bicontinuous cubic phase.
This finding certainly reduces and illuminates in a new way
the requirements for the presence of fusogenic, inverted-
phase-forming lipids that are able to render a membrane
fusogenic. Because the formation of bicontinuous inverted
cubic phases is closely correlated with lipid membrane
fusogenicity (46), our results imply that a membrane need
not have large amounts of PE to be fusogenic; alternatively,
high concentrations of Chol like those found in plasma mem-
branes can render a fusion-refractory lipid fusogenic. This is
compatible with the effects of Chol on viral fusion (14-26)
and with the reported requirement of Chol for fast and ef-
ficient fusion of sea urchin cortical granule fusion and exo-
cytosis (27).

Basic properties of the cubic phases
in PC/Chol mixtures

Cubic phase formation in PC/Chol mixtures displayed a
number of features that are very similar to those observed
previously for PE dispersions (33). For both kinds of dis-
persions, the cubic phases are closely associated with the L,—
Hy; transition, and their formation is most easily induced
by cooling the Hy; phase. Another common property of the
PE and PC/Chol cubic phases is that their formation is ac-
celerated and can proceed to completion in sufficiently
diluted lipid dispersions only. Because of their specific geo-
metric structure, the inverted bicontinuous cubic spaces re-
quire aqueous volumes for their development that are much
larger than the so-called excess water limit required for full
hydration of the lipid polar groups (see Tenchov et al. (33)
for a discussion). In our study, we recorded a facile, near-
complete conversion of the lamellar phase into a cubic phase
after a single heating-cooling cycle through the L, < Hy
phase transition of DOPC/Chol and dilinoleoyl PC/Chol
mixtures at lipid content of 10% (w/v) (Figs. 1-4). Increasing
the lipid content resulted in hindered transformation into
cubic phase and favored reformation of the initial lamellar
phase during cooling from the Hy; phase range (Fig. 6).
Similarly to the PEs, the PC/Chol mixtures are able to
form all three kinds of inverted bicontinuous phases, Im3m,
Pn3m, and Ia3d, depending on the lipid content in the
dispersion (Fig. 6). In those cases where the Im3m and Pn3m
phases were found to coexist, their lattice constant ratio was
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exactly 1.28, as expected from geometric consideratiions
for coexisting phases of this type (42,43). With increasing
lipid content from 10% to 50% (w/v), the DOPC/Chol 1:1
mixtures displayed a cubic phase sequence Im3m — Pn3m
— Ja3d, consistent with a decreasing water content of these
three phases. As noted by Templer et al. (44), this sequence
appears to be universal, although not all three inverse bicon-
tinuous cubic phases should necessarily appear in a given
system.

In contrast to the DOPC/Chol and dilinoleoyl PC/Chol
mixtures, mixtures of Chol with POPC and palmitoyl-oleoyl
PC only transiently entered cubic phases at high tempera-
tures (~90°C and above) and even then, only in PC/Chol 3:7
mixtures, and not in 1:1 mixtures (Fig. 5). The reason for the
strong effect of the PC acyl chain composition on cubic
phase formation is obviously associated with the different
temperature ranges of the L,—Hjy; transition in different PC/
Chol mixtures. We did not observe formation of Hy; phases
for mixtures of Chol with POPC and palmitoyl-linoleoyl PC
up to 95-100°C, and we conclude that their L,—Hj; transition
ranges, within which a cubic phase could form, are located at
even higher temperatures.

The cubic phases formed in DOPC/Chol and dilinoleoyl
PC/Chol mixtures were able to supercool and hence to
supplant the initial L, phase at low temperatures. Although
these phases form only at high temperatures, once formed
they remain stable over a broad range of physiological
temperatures. In particular, their structures do not change,
and no lamellar phase reappears on storage for up to at least
6—10 h at room temperature.

Potential dual role for Chol in fusion
and raft formation

In ternary mixtures, saturated PCs and SM are known to
separate, along with Chol, into liquid-ordered domains. Our
results suggest that unsaturated PCs, which are excluded
from these domains, could form fusogenic domains with
Chol. Such dual effects of Chol may explain the seemingly
paradoxical ability of cell membranes to simultaneously form
rigid, low-curvature ‘‘raft’’-like patches, while still being able
to undergo facile membrane fusion, as in exocytosis, endo-
cytosis, and viral infection.

Chol is, in essence, a planar molecule that can interact
hydrophobically on both surfaces. The tetracyclic ring struc-
ture is rigid, and the location of the hydroxyl group dictates
the predominant orientation of the molecule in a membrane
bilayer. Although this structure apparently favors a more
compact chain packing and formation of liquid-ordered do-
mains, it is clear from previous studies on the formation of
inverted hexagonal phase, Hy; (30-32), as well as from the
present results on formation of inverted cubic phases that
Chol also promotes both Hyy and cubic phases in unsaturated
PCs at appropriately high concentrations and temperatures.
It is known that Chol increases the negative spontaneous
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curvature of DOPC (29), a trend that favors inverted phase
formation. From data in Chen and Rand (29), the sponta-
neous radius of curvature of a DOPC/Chol 1:1 mixture at
32°C is expected to be approximately —4 nm, close to the
values observed in PE Hy; phases (approximately —3 nm).
The curvature becomes more negative with increasing tem-
perature, so inverted phases will be even more favored at
temperatures above 60-70°C, where we observed spontane-
ous inverted cubic phase formation. Chol has the unique
characteristic among membrane lipids of rapidly flip-flopping,
and because of its small head, a negative curvature is made
easier by an accumulation of Chol. This facilitates bending,
an essential characteristic for cell membranes, but especially
for those that are in communication with the cell surface
membrane. The latter membranes are those that also contain
the bulk of the cell’s Chol.

There is increasing experimental evidence for the existence
of domains of ordered lipids in biomembranes, although
these domains may only be on the order of 100 nm in size
(47-51). The ordered domains may play important roles
in signal transduction, endocytosis, exocytosis, viral infec-
tion, and other functions (24,52-55). For example, the
domains may spatially organize the proteins involved in
controlling or mediating membrane fusion, as discussed by
Churchward et al. (27). It has been suggested that seg-
regation of the more unsaturated-chain PCs within bio-
membranes could have physiological implications. One of
those implications could be for local modification of the
fusogenicity of the membrane lipids. Formation of liquid
ordered domains automatically enriches other regions of the
membrane in unsaturated PCs. Control of the extent of lateral
phase separation of unsaturated PCs may be one mechanism
that cells use to control the spatial and temporal occurrence
of fusion events.
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