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ABSTRACT: Ogxylipins, or fatty aldehydes, are a class of molecules
produced from membrane lipids as a result of oxidative stress or
enzyme-mediated peroxidation. Here we report the effects of two
biologically important fatty aldehydes, trans,trans-2,4-decanedienal
(DD) and cis-11-hexadecenal (HD), on the phase behavior of the
lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) in
water. We compare the phase behavior of DD/DOPE and HD/
DOPE mixtures to the phase behavior of oleic acid/DOPE mixtures
and show that DD, HD, and oleic acid have similar effects on the
phase diagrams of DOPE. Notably, both DD and HD, like oleic acid,
induce the formation of Fd3m inverse micellar cubic phases in

DOPE/water mixtures. This is the first time that Fd3m phases in

fatty aldehyde-containing mixtures have been reported. We assess the effects of DD, HD, and oleic acid on DOPE in terms of
lipid spontaneous curvatures and propose a method to predict the formation of Fd3m phases from the curvature power of
amphiphiles. This methodology predicts that Fd3m phases will become stable if the spontaneous curvature of a lipid mixture is

—0.48 + 0.05 nm ™! or less.

B INTRODUCTION
Medium- to long-chain aliphatic aldehydes (fatty aldehydes) are

a complex and biologically important set of compounds, termed
oxylipins, that are produced from unsaturated membrane lipids
in a wide range of organisms as a result of enzyme-mediated
peroxidation or oxidative stress.”” Fatty aldehydes and alcohols
are intermediates in the synthesis of the major membrane lipid
species, and hence do not generally accumulate as free lipids in
vivo. Although oxylipins occur at low concentrations there is an
increasing body of evidence supporting the view that they play
key roles in diverse intracellular, as well as extracellular,
communication processes.3 For example, in bacterial bio-
luminescence fatty aldehydes such as tetradecanal, are the
preferred substrates for the oxidation of reduced riboflavine
phosphate by luciferase.” In plants, aldehydes such as trans-2-
hexenal, produced as downstream products following the
lipoxygenase (LOX)-mediated peroxidation of polyunsaturated
fatty acids (PUFAs), appear to be part of a defense system
against bacterial attack.” It has also been suggested that
oxylipins in fungi influence biochemical processes in infected
tissues by mimicking the host’s own oxylipins.® Marine diatoms
release fatty aldehydes such as 2E, 4E-decanedienal when under
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environmental stress, either through nutrient limitation (silicon
or phosphorus)”® or through predation.” There is some
evidence that fatty aldehydes released by diatoms during
episodes of predation are able to impair the reproduction of
predator species.'’ In humans, poor regulation of intracellular
fatty aldehydes either through mutations in the long-chain fatty
aldehyde dehydrogenase (ALDH3A2) gene, or inhibition of the
enzyme, leads to Sjégren-Larsson Syndrorne11 or other severe
immunological disorders,"* with concomitant accumulation of
trans-2-hexadecenal.

Because of their hydrophobic character, fatty aldehydes tend
to be localized in bilayer membranes. This raises the question
of what effects such compounds might have on the physical
properties of lipid bilayers, and in particular on their stored
curvature elastic energy. Curvature elastic energy has been
shown to play a central role in modulating the activity of
membrane proteins. It is known that both fatty acids (FA) and
fatty alcohols promote the formation of aggregate structures
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Table 1. Overview of Systems That Form Fd3m Phases Together with Lattice Parameters Determined at the Indicated

Compositions and Temperatures”

components
egg DAG/egg PC
lipid extract P. fluorescens
1,3-DOG/DOPC
1,2-DOG/DOPC
1,3-DOG/eggPC
NaOA/OA
OA/MO
OA/MO
MA/DMPC
DOG/DOPE
DPG/DPPC
C,,OH/PC
C,,OH/PC
C,;s0OH/PC
C,,OH/PC
DHOXPG
MA/DMPC
LA/DLPC
DPhOGG
DOG/DOPE
limonene/MO
vitE/soyPC
vitE/soyPC/polysorbate80
bovine liver PI/DOPC
wheat germ PI/DOPC
vitE/MO/Asc
EA/ME
OA/ME
OA/DOPC
OA/DOPE

composition/temperature lattice parameter/nm ref
78.5 wt % DAG; tris-HCJ; 25 °C 11.44 15
11.9 wt % FA, 47.7 wt % PE, 13.1 wt % HC ~ 13.3 16
0.70 1,3-DOG; xs. H,0; 30 °C 153 + 02 17
0.77 12-DOG; xs. H,0; 30 °C 13.1 17
0.67 1,3-DOG; xs. H,0; 25 °C 159 17
0.21—0.41 NaOA; xs. H,0; 153 + 0.2 18
0.71 OA; 20 °C; 13.98 19
0.60 OA; 40 °C 16.69 19
54 °C 17.01 19
42 °C 1343 19
1:2 (mol/mol); 82 °C 16.3 + 0.1 20
xs. H,0; 0.80 C,,OH; 90 °C 17.8 21
xs. H,0; 0.80 C,40H; 90 °C 177 21
xs. H,0; 0.86 C,,OH; 90 °C 184 21
xs. Hy0; 0.78; C,OH; 90 °C 19.9 21
xs. H,0; 120 °C 148 + 0.1 22
85% MA; 70 °C 14.5 23
85% LA; 40 °C 15.0 23
xs. H,0; =20 °C — 80 °C 14.8 24
0.60 DOG; > 25 wt % H,0; 25 °C 15.0 25
0.4 limonene; > 12.5 H,0; 23 °C 16.5 26
0.65 vitE 14.8 27
90 wt % H,0 19.0 27
0.1 PI; 30 wt % H,0; 37 °C 16.1 + 0.24 28
0.11 PI; 30 wt % H,0; 37 °C 16.7 + 0.39 28
35 wt % vitE; 4 wt % Asc; 25 °C 8.19 29
50 wt % EA; PBS; 26 °C 1523 30
60 wt % OA; PBS; 26 °C 14.63 30
70—80 wt %; water 25 —60 °C 14—18 31
50—70 wt % water 25 —60 °C 14-18 31

“DAG, diacylgycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; HC, hydrocarbon; 1,2-DOG, 1,2-dioleoyl-sn-glycerol; 1,3-DOG, 1,3-
dioleoyl-sn-glycerol; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; NaOA, sodium oleate; OA, oleic acid; MO, monoolein; MA, myristic acid;
DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOG, dioleoylglycerol; 1,2-DPG, 1,2-
dipalmitoyl-sn-glycerol; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; C;,OH, n-tetradecanol; C;3OH, n-octadecanol; C,,0OH, n-eicosanol;
DHOXPG, 1,2-di-O-hexadecyl-3-O-(a or f)-D-xylopyranosyl)-sn-glycerol; LA, lauric acid; DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine;
DPhOGG, 1,3-di-O-phytanyl-2-O-(f-gycosyl)-sn-gycerol; vitE, a-tocopherol; soyPC, soy phosphatidylcholine; PI, phosphatidylinositol; Asc, ascorbic

acid; EA, elaidic acid; ME, monoelaidin.

with large negative mean curvatures, when added to
phosphatidylcholine (PC) lipids, which represent the most
abundant lipid class in eukaryotic cells. It is also well established
that FA can increase the activity of membrane-associated
proteins when added to PC vesicles, often by increasing
curvature elastic energy.'”'* The promotion of a large negative
curvature by FA is evidenced by the formation of Fd3m inverse
micellar cubic phases, stable in excess water, in PC/FA binary
mixtures.

The Fd3m inverse micellar phase, first observed in lipid
extracts of Pseudomonas fluorescens, has now been shown to
occur in a range of binary lipid mixtures, as well as in single
component glycolipids, as summarized in Table 1.

The spontaneous curvature (c,) of a lipid, i.e., the inverse of
the spontaneous radius of curvature (Ry) of a lipid aggregate in
the unstressed state,”>*® is an important parameter that
provides a means to quantify membrane stored elastic
energy.'*** ¢, thus enables quantitative models of lipid—
protein, lipid—DNA interactions and phospholipid homeostasis
to be assembled."***™*’ Lipid spontaneous curvatures are
determined from the structural parameters of the inverse
hexagonal (Hj) lyotropic liquid crystal phase of lipids using

small-angle X-ray diffraction (SAXRD).**~* By definition R, is
the measured distance from the lipid headgroup and water
interface to the neutral plane,** where the bending and
stretching modes of the lipid monolayer are decoupled. In
practice, it is commonplace to measure R at the pivotal plane,
where the area per lipid does not change with phase curvature
and is therefore easier to determine experimentally. However, it
is worthwhile pointing out that where good quality electron
density data are available, the neutral plane position can be
located relative to the pivotal plane.*> We recently reported a
method for estimating the spontaneous curvature of lipids at
the pivotal plane from temperature-induced changes in the
lattice parameters of Hy; phases that are formed when they are
mixed at low mole fractions in DOPE.*® With this new method,
see Supporting Information for a summary, we determined the
spontaneous curvature at the pivotal plane of trans,trans-2,4-
decanedienal (DD) and cis-11-hexadecenal (HD) to be —0.63
+ 0.05 and —0.52 + 0.04 nm™’, respectively. These values are
similar in magnitude to the spontaneous curvature of OA —0.71
+ 0.03 nm™" and since OA forms Fd3m phases with DOPE and
DOPC®" we suggested that DD and HD would also form the
Fd3m phase in DOPE. In the present study, we test this
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Figure 1. Phase diagrams of binary mixtures of DOPE with trans,trans-2,4-decanedienal (A), oleic acid (B) and cis-11-hexadecenal (C), where the x-
axis shows the mole fraction of the additive in DOPE. Dots indicate points at which experimental data were acquired.

hypothesis by mapping the temperature/composition phase
diagrams of binary mixtures of DD and HD, with the
zwitterionic lipid DOPE. These studies show that both DD
and HD do indeed promote the formation of Fd3m phases. To
the best of our knowledge this is the first time that Fd3m phases
in fatty aldehyde-containing mixtures have been reported. We
rationalize the phase behavior of the binary mixtures in terms of
the estimated spontaneous curvature of DD and HD and
compare data to the binary phase diagram of DOPE and OA we
have previously published.*!

B EXPERIMENTAL SECTION

DOPE was purchased from Avanti Polar Lipids (Alabama USA).
Chloroform was purchased from Sigma-Aldrich (UK). DD and HD
were purchased from Tokyo Chemical Industry UK. Ltd. Ultrapure
water of 18.2 mQ conductivity (Barnstead Nanopure Diamond) was
used for the preparation of all samples.

Preparation of Binary Lipid Mixture for Polarizing Optical
Microscopy and XRD Measurements. Binary lipid mixtures were
prepared in 1.5 mL microcentrifuge tubes. Dry quantities of DOPE
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(used as received), typically in the range of SO to 100 mg were
weighed into the tube. The secondary lipid DD or HD was dissolved
in chloroform and the appropriate microlitre volumes of DD or HD
solution with known concentration were added. A further volume of
chloroform (200 yL) was added to each sample to dissolve all the
lipids, which were mixed by vortexing before being dried overnight in
vacuo. We estimate the uncertainty in the composition of the lipid
mixtures is up to 2 mol %, based on an estimated DOPE moisture
content of <0.1% w/w.

To prepare lyotropic liquid crystal phases at limiting hydration in
excess water, 100 uL of pure water was added to each dry lipid sample.
All samples were mixed manually using a small spatula for several
minutes prior to centrifugation at 17000 g (Heraeus Pico 17
Centrifuge) for S min. Manual mixing and centrifugation cycles were
repeated three times before samples were incubated at 37 °C for 2—3
days. Prior to data collection, a further manual mixing and
centrifugation cycle was carried out.

Polarized Optical Microscopy Studies of Binary Lipid
Mixtures. The phase behavior of the binary lipid mixtures was
initially mapped as a function of temperature and composition by
identification of the optical textures of the liquid crystalline phases
using polarized light microscopy. Samples prepared as detailed above
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Figure 2. Temperature dependence of the lattice parameters of Fd3m phases. Panel A shows data for DD/DOPE mixtures and panel B shows data
for HD/DOPE mixtures at limiting hydration in excess water. “2¢” indicates mixtures with two coexisting phases. Table 2 shows the coeflicients of

the linear fits used.

were sandwiched between a coverslip and glass slide and observed
using an Olympus BH-2 polarizing optical microscope equipped with a
Linkham Scientific Instruments THMG600 hot stage. The accuracy of
the temperature of the hot stage was +0.2 °C. Phases were identified
by their characteristic optical textures.*’

SAXRD Studies of Binary Lipid Mixtures. SAXRD studies were
performed at the SAXRD station 1911-4 of the MAX IV Synchrotron,
Lund, Sweden. Extensive details of the experimental setup have been
published previously.*"*® Figure S1 shows a representative SAXD
image and Table SI provides the lattice parameter data for all the
samples we investigated.

Mass Spectrometry Studies. Binary mixtures were investigated
by mass spectrometry for the possible formation of Schiff bases
through the reaction of the aldehyde and DOPE. Samples were
analyzed using a Waters (Manchester, U.K.) Acquity UPC* TQD
tandem quadrupole mass spectrometer and introduced using a 2 uL
Partial Loop with Needle Overfill (PLNO) injection. Ultrahigh
performance supercritical fluid chromatography (UHPSFC) was
undertaken using a UPC* Torus Diol column (Waters, 100 mm X
3.0 mm 1.7 um).

Gradient elution from 98% CO,/2% methanol modifier (25 mM
ammonium acetate) to 60% CO,/40% methanol modifier (25 mM
ammonium acetate) was performed over 10 min at an eluent flow rate
of 1.5 mL/min with an Active Back Pressure Regulator (ABPR)
pressure of 150 bar. A makeup flow solvent (methanol 1% formic acid)
was pumped at a flow rate of 0.45 mL/min into the mass spectrometer.
Low-resolution positive ion electrospray ionization mass spectra were
recorded.

B RESULTS AND DISCUSSION

Range of Stability of H, and Fd3m Phases. The
temperature/composition phase diagram of the DD/DOPE
binary mixture in excess water as determined by SAXRD is
shown in Figure 1A. At low concentrations (<0.3 mole
fraction) of DD, the system forms an Hj; phase. This phase is
stable over the temperature range studied (25 to 55 °C). At DD
mole fractions of 0.4 and 0.5, the system becomes biphasic with
the Hy; phase coexisting with an optically isotropic, viscous
phase that is identified as an Fd3m inverse micellar cubic phase
from SAXRD. The mixture with a DD mole fraction of 0.6
forms a homogeneous Fd3m phase. At higher concentrations
and at the lower temperatures, a new biphasic region forms,
consisting of the Fd3m phase in equilibrium with the highly
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fluid inverse micellar phase (L,), which gives way to a single L,
phase at a DD mole fraction of 0.8.

The phase behavior of the DD/DOPE system is very similar
to that of the OA/DOPE system (Figure 1B), redrawn from
Gillams et al,’’ both in terms of the sequence of phases
observed and the ranges of composition over which they occur.
In the case of FA/PE, as well as FA/PC, mixtures the formation
of an Fd3m phase has been attributed to the existence of a 2:3
phospholipid/FA complex, based on infrared spectroscopy
data.”® In the DD/DOPE system, the onset of the Fd3m phase
first appears at a mole fraction within the range 0.3 < x < 0.4,
which is a little lower than for the OA/DOPE system (0.4 < x <
0.5). The DD system exhibits an L, phase that is stable over a
more extensive range of temperatures and compositions
compared with the OA system. Taken together these
observations suggest that DD induces a slightly tighter negative
interfacial mean curvature than is the case for OA.

The temperature/composition phase diagram of the HD/
DOPE mixture is shown in Figure 1C. The Fd3m phase appears
at HD mole fractions within the range 0.4 < x < 0.5 and is
present up to the highest concentration of HD studied (x =
0.8). The onset of the Fd3m phase is broadly at compositions
that are coincident with those at which it occurs for the OA/
DOPE system. However, in the latter system the Fd3m phase
gives way to a single L, phase when the OA mole fraction is 0.8.
These comparisons suggest that HD induces a less tight
negative interfacial mean curvature than OA.

The similarity between the phase diagrams of the three
systems DD/DOPE, OA/DOPE, HD/DOPE indicates that
despite the chemical diversity of the two aldehydes studied the
same underlying intermolecular interactions underpin the
stability of the Fd3m phase in all three systems. This is an
unexpected observation in view of the extensive literature on
the formation of Schiff bases between aldehydes and
DOPE.*™* Indeed, such adducts have been implicated in
the potent biological activity of fatty aldehydes.”>*

To determine the extent to which Schiff bases might
contribute to the phase behavior we observed, we investigated
the mixtures that were used for SAXRD studies by mass
spectrometry. While all samples showed the presence of the
DOPE parent molecular ion (m/z: 744), we were unable to
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Table 2. Coefficients of Fits of the Lattice Parameters (a) of the Fd3m Phases at Different Mole Fractions (x) of Aldehyde to a
Linear Temperature (T) Dependence Given by a = gT + m”

DD HD
X g/ nm K* m/nm g/ nm K* m /nm
0.4 -0.021 (+0.001) 19.11 (+0.48) -0.028 (+0.001) 27.77 (+0.65)
0.5 -0.008 (+0.0004) 17.46 (+0.43) -0.030 (+0.002) 28.78 (+0.69)
0.6 -0.005 (+0.0003) 16.47 (+0.40) -0.029 (+0.001) 27.20 (+0.67)
0.7 -0.056 (+0.003) 31.16 (+0.50) -0.023 (+0.001) 23.68 (+0.59)
0.8 - - -0.045 (+0.003) 30.43 (x0.71)

“Grayed-out cells indicate data from coexisting Hy; and Fd3m phases; underlined values indicate coexisting Fd3m and L, phases.
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Figure 3. Temperature- and composition-induced changes in the lattice parameters of Hy; phases. (A) Effect of mole fraction of DD (blue squares)
and HD (red squares) on the lattice parameter of the Hy; phase of DOPE binary mixtures at 37 °C, all at limiting hydration in water. For comparison
cR (white squares), tR (gray squares) and OA (black circles) are also shown. (B,C) Temperature dependence of the lattice parameter of the Hy
phase, at limiting hydration in excess water. Panel B shows DD/DOPE mixtures and Panel C shows HD/DOPE mixtures. Numbers adjacent to
points denote mole fraction of DD or HD respectively, “2¢” denotes coexistence of two phases. Table 3 shows the coefficients of the linear fits used.

observe any species with higher m/z values such as might be
expected for Schiff base products of the type that a previous
study reported in mixtures of 1,2 dipalmitoyl-sn-glycero-3-
phosphoethanolamine and alkanals.*” We note that the alkanal
to lipid concentration ratio in the Annibal et al.*’ work was
around 4 X 10% whereas in our study this ratio was <8. Thus,
we can conclude that under the conditions of our experiment
Schiff base formation does not occur to any significant extent
and so it does not contribute to the phase behavior we observe.
This conclusion is consistent with the observation that the
phase diagrams of DD/DOPE and HD/DOPE are very similar
to that of OA/DOPE in which there is no possibility of Schiff
base formation.

Structural Properties of the Fd3m Phase of DD/DOPE
and HD/DOPE Mixtures. The dependence of the lattice
parameter of the Fd3m phase as a function of mixture
composition is illustrated in Figure 2 for DD/DOPE and
HD/DOPE at 52 °C. The lattice parameters of the Fd3m
phases of the DD/DOPE and HD/DOPE mixtures fall in the
range 12.4 to 18.9 nm over the temperatures and compositions
studied. These values are comparable to the lattice parameters
previously reported for the Fd3m phase of OA/DOPE (14—18
nm).”" Table 1 shows the spread of lattice parameters reported
in the literature for Fd3m phases; these range from 11 to 20
nm. Figure S2 shows the lattice parameter of the Fd3m phase as
a function of mixture composition at 37 °C, and once again the
values we find are consistent with those in Table 1.

Figure 2A,B shows the temperature dependence of the Fd3m
lattice parameter for DD/DOPE and HD/DOPE mixtures. At
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all compositions, a linear inverse dependence of lattice
parameter on temperature was observed. This relationship is
similar to that previously reported for the Fd3m phase of OA/
DOPE and indicates that HD and DD, like OA, in DOPE
mixtures have a negative curvature preference.

Table 2 shows the coefficients of a linear fit to the data in
Figure 2A,B. There does not appear to be any trend between
the gradient of the temperature-dependent change in lattice
parameter with mole fraction of DD or HD. For both
aldehydes, the gradient is typically in the range of —0.5 to
—5 X 107> nm K. It should be noted that many of the data
points are for mixtures that have coexisting phases and hence
the compositions of the coexisting phases are likely to change
as a function of temperature. Single phase systems occur at 0.6
DD/DOPE and 0.6 and 0.7 HD/DOPE, and at these
compositions gradients of —0.5 X 1072, —2.9 X 107% and
—2.3 X 1072 nm K are observed. The values for the HD/
DOPE Fd3m phases are consistent with the gradients reported
for the temperature-dependent lattice parameter change of the
Fd3m phases of OA/DOPE mixtures, (circa —1.5 X 107> nm
K™ at compositions of 0.5, 0.6, and 0.7 wt % OA)’" and fatty
alcohol/PC mixtures (circa —2.3 X 1072 nm K!).*" Similarly
the lattice parameters of Fd3m phases in mixtures of limonene
and monolinolein vary with temperature with a gradient of
roughly —2.6 X 1072 nm K_1,26 while in MA/DMPC mixtures
this value is circa —1.7 X 107> nm K™'.*

Structural Properties of H, Phases of DD/DOPE and
HD/DOPE Mixtures. The OA/DOPE, DD/DOPE, and HD/
DOPE mixtures all exhibit Hy; phases up to an additive mole
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Table 3. Coefficients of Fits of the Lattice Parameters (a) of the H;; Phases at Different Mole Fractions (x) of Aldehyde to a
Linear Temperature (T) Dependence Given by a = gT + m”

DD HD
X g/ nm K* m/nm g/ nm K* m /nm
0.05 -0.017 (+ 0.008) 7.60 (+0.23) -0.017 (% 0.002) 7.67 (£0.13)
0.2 -0.014 (+ 0.001) 7.10 (+0.11) -0.017 (+ 0.002) 7.51 (+0.15)
0.3 -0.012 (& 0.004) 6.46 ( 0.30) -0.014 (+ 0.002) 6.90 (0.13)
0.4 -0.010 (+ 0.004) 6.03 (+0.25) -0.013 (+ 0.003) 6.88 (£ 0.17)
0.5 -0.006 (+ 0.003) 5.48 (+0.22) -0.010 (+0.004) 6.61 (+0.23)

“Grayed out cells indicate compositions at which the Hy; phase coexists with the Fd3m phase.

fraction of 0.5—0.6. The lattice parameters of these Hy; phases
as a function of additive mole fraction at 37 °C are shown in
Figure 3A, where we also indicate the values reported in the
literature for the Hy; phase of OA/DOPE.

Figure 3A shows that the change in lattice parameter of the
Hy phase as a function of increasing DD composition is very
close to that for the OA/DOPE system, suggesting that DD
and OA have a similar propensity to induce tighter mean
curvature in DOPE Hy; phases. HD also induces tighter mean
curvature in the DOPE Hy; cylinders, shown in Figure 3A, but
to a lesser extent than DD and OA. This is consistent with the
previously reported spontaneous curvatures of DD, OA, and
HD, which are —0.63 + 0.05, —0.71 =+ 0.03, and —0.52 + 0.04
nm™, respectively.** However, as the composition of OA, HD,
or DD increases and the Hy phase becomes richer in these
molecules, a reduction in the hydrocarbon volume of the Hy
phase might also explain why the shorter DD decreases the Hy
phase lattice parameter more than the longer HD, at an
identical mole fraction. This effect would become more
significant as the mole fraction of HD or DD increases,
suggesting that at lower mole fractions the changes are driven
by curvature. For comparison, Figure 3A shows the
composition dependence of the lattice parameter of the Hy
phases for cis-retinal (cR) and trans-retinal (tR) in DOPE.* In
both cases the decrease in lattice parameter is steeper as a
function of cR or tR concentration than is the case for OA, DD,
or HD. This indicates that that the propensity for the aldehydes
DD and HD to induce tighter negative curvature is also shared
by other hydrophobic aldehydes. The tighter curvature
imparted by cR or tR compared with DD or HD may be due
to their wider cross-sectional area, due to the presence of
methyl branches. It should be noted that while we cannot
completely discount that decreases in the hydrocarbon volume
of cR and tR may play a role here, measurements were
performed with less than 10 mol % cR or tR in the DOPE host
Hy phase to minimize the changes in lattice parameter due to
the reduced hydrophobic volume of the guest.*’

As expected, and consistent with the behavior of OA/DOPE
and OA/DOPC mixtures’' and FA/PC mixtures reported in
the literature,”” the Hy phase lattice parameter decreases
linearly as a function of temperature for both DD and HD
(Figure 3B,C) as summarized by the linear fit parameters in
Table 3. Figure S3 shows the lattice parameter of the Hy; phase
as a function of mixture composition at 52 °C, and once again
the values we find are consistent with those in Table 3.

The lattice parameters of OA/DOPC and OA/DOPE
mixtures typically have temperature dependences of —0.9 =+
0.1 X 1072 and —1.3 £ 0.3 X 1072 nm K, respectively.”" In
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general for DD/DOPE mixtures the gradients become slightly
less steep as the mole fraction of DD increases, although this
trend is less evident in the HD/DOPE mixtures due to data
scatter. The values reported in Table 3, which range from —0.6
X 1072 to —1.7 X 1072 nm K~! for DD/DOPE mixtures and
from —1.0 X 107 to —1.7 X 10~ nm K™' for HD/DOPE
mixtures are similar to those reported for the Hy phases of
arachidic acid (AA)/1,2-diarachidoyl-sn-glycero-3-phosphocho-
line (DAPC) (2:1) (ie., —2 X 1072 nm K™') but smaller than
the —2 X 107! nm K™! reported for MA/DMPC (5.7:1).>

These observations suggest that like OA, which is probably
situated in the hydrocarbon region of the assembly in a
protonated form,*" the neutral DD and HD are also located in
this region. Thus, increased thermal motion of the hydrocarbon
chains of DD and HD drives the formation of tighter curvature
as temperature increases.

Predicting the Occurrence of Fd3m Phases from the
Curvature Power of Amphiphiles. As indicated in Table 1,
the Fd3m phase occurs in a wide range of lipid systems. We
wondered whether there might be a unique metric that might
be used to predict whether a given mixture of lipids would form
this phase. An obvious measure would be the critical curvature
elastic stress that a mixture needs to achieve to form an Fd3m
phase. Assuming, as a zeroth order approximation, that both the
mean and Gaussian curvature elastic constants are invariant
with respect to molecular structure means that we can seek the
critical curvature of a system beyond which Fd3m phases are
expected to form. The mole fractions of guest molecules (xj;min)
at which the Fd3m phases are first observed in a given mixture,
together with the respective values of the spontaneous
curvatures  (Coposo CO;guest)l can be used to estimate the
magnitude of the spontaneous curvature of the mixture
(co;erit) at which the Fd3m phase becomes stable by using eq 1

CO;crit = xj;minco;guest + (1 - xj;min)co;host (1)

Using the data for the OA/DOPC, OA/DOPE, DD/DOPE,
and HD/DOPE systems gives a value of ¢y, of —0.48 & 0.05
nm™
An alternative approach to identify systems that are able to
form Fd3m phases when mixed with DOPE is to use the
“curvature power” (y) of a lipid. This empirical parameter
quantifies the curvature propensity of amphiphiles by
calculating how the lattice parameter of the Hj phase of
DOPE changes as a function of the concentration of a guest
species (j).>"* ; for amphiphile/lipid (j) is defined as
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Figure 4. Universal curve of amphiphile curvature power against spontaneous curvature, showing the (y, c,) range over which Fd3m phases are

J

observed for amphiphiles in DOPE binary mixtures (blue symbols) and systems predicted to form Fd3m phases (red symbols). The dashed line of

best fit is described by eq 3.

Table 4. Predicted Mole Fractions of Guest Lipids in DOPE at Which an Fd3m Phase Is First Expected to Appear in the Phase

Diagram®
cR tR

mole fraction 0.17 (+0.06) 0.19 (+0.06)

tRA DPhyPE MO
0.47 (+0.08) 0.44 (+0.08) 0.69 (+0.12)

“Error ranges are estimated on the basis of the density of data points in our phase diagrams of DD, HD, and OA.

_ ~(Lypean) — Lyjan)

X
! x; @)

where L7 is the lattice parameter, at 37 °C, of lipid j as a
guest in the Hy; phase of DOPE, L, pg(37) is the lattice parameter
of the Hy; phase of pure DOPE, and «; is the mole fraction of j.
Both lattice parameters are for phases at limiting hydration. A
plot of ¢, against y; for a wide range of lipids (in DOPE
mixtures) at 37 °C yields a “universal” curve, as shown in
Figure 4.

This universal curve links the ¢, value of a guest lipid to its
curvature power and is fitted by eq 3

¢ = 0.0731y — 0.3694 3)

Lipids that are known to exhibit Fd3m phases in their phase
diagrams with DOPE (OA, DD, and HD) are indicated by blue
data symbols in Figure 4. These data points fall in the region of
the universal curve where y < —2 and ¢, < —0.4 at 37 °C. Since
it is well established that DOG/DOPE mixtures form Fd3m
phase it is worthwhile considering where these mixtures would
lie on Figure 4. To do this we need to use a ¢, value and lattice
parameter data collected at room temperature,** since these
data are not available at 37 °C. These calculations show that for
a DOG/DOPE (1:9) mixture y = —5.5, where the spontaneous
curvature of DOG is —0.91 nm™", A similar calculation can be
made for data obtained at 22 °C for a-tocopherol (¢, = —0.73
nm~') in DOPE.> This gives y = —4.0 at (1:9) a-tocopherol in
DOPE. In Figure 4, these data points fall close to the line of
best fit (eq 3), adding further evidence for our supposition that
a Fd3m forming compound will occupy a range of the curve
where y < —2 and ¢, < —0.4 at 37 °C.

Interestingly several other lipid species fall on the universal
curve in the region where y < —2 and ¢, < —0.4, these are cR,
tR, tRA, DPhyPE, and MO (red symbols). To the best of our
knowledge Fd3m phases for these materials have yet to be

discovered in DOPE however this analysis predicts that these
lipid species will also form Fd3m phases in DOPE mixtures.
The value of c,.; estimated above can be used as a metric for
predicting the mole fraction of guest lipid in DOPE at which an
Fd3m phase might first be expected to occur, as shown in Table
4. We note that MO has two stereoisomers and that in principle
these molecules might have subtly different curvature powers.

If our proposed metric of Fd3m phase occurrence is correct,
it is worth considering at what point it would breakdown.
Figure 4 also shows that under some conditions DOPA/DOPE
mixtures have y < —2 and ¢, < —0.4, suggesting that in these
mixtures the curvature power would favor the Fd3m phase.
However, as we have previously discussed, the spontaneous
curvatures of these lipids is highly dependent on the presence
of divalent cations, headgroup-headgroup repulsions, and the
DOPA/DORPE lipid ratio. Competition between these factors,
as the composition of charged lipid/DOPE increases, means
that at low composition in the DOPE matrix where the
molecular shapes of some charged lipids may favor tighter
curvatures initially, headgroup—headgroup repulsions will
ultimately drive less tight curvature as the amount of charged
lipid increases. Thus, our supposition that lipids in DOPE
mixtures with y < —2 and ¢, < —0.4 will form Fd3m phases is
likely to be most reliable for uncharged lipids, or in the case of
anionic lipids, at a pH where the charged groups are
protonated. Hence for OA, which has a pK, of 9.85°°
protonated OA molecules are the dominant chemical form at
pH7 in water. This explains why data for the OA/DOPE
mixtures fall on the line of eq 3 in the range of y and ¢, values
where Fd3m phases form. However, we note that the pK, of
amphiphiles in lipidic aggregates can vary when compared to
their pK, in the bulk aqueous phase as is likely the case in OA/
DOPC®' mixtures that form lamellar phases.
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B CONCLUSIONS

Here we report for the first time the phase diagrams of DD/
DOPE and HD/DOPE and provide a detailed study of the
range of stability and the structural dimension of the Hy and
Fd3m phases that these binary mixtures form. Comparing our
data to the previously studied OA/DOPE system we have
demonstrated that DD and HD broadly show similar phase
behavior to that of OA when dispersed in DOPE. An analysis of
the curvature power of a range of amphiphiles that form Fd3m
phases leads us to predict that cR, tR and DPhyPE will also
form Fd3m phases in binary mixtures with DOPE.

Given the propensity of DD and HD to drive phospholipid
assemblies to increasingly tight curvatures, it is interesting to
consider if this physical property might be related to the
mechanism of oxylipins in biological defense. It is clear from
the work presented here that the inclusion of DD or HD in
biological membranes will have dramatic effects on membrane
curvature elastic stress and membrane stored elastic energy,
which are both functions of the lipid spontaneous curvature.
Given the apparent requirement for cells to maintain the
biophysical parameters (membrane order’>”” and curvature
elastic stress”*” for example) of their membranes constant, in
response to environmental stimuli such as chemicals, temper-
ature, and pressure, as discussed,* it is a possibilty that oxylipin
release might disrupt this process. In this sense, the oxylipins
would be analogous to the cytotoxic type I amphiphiles we have
previously imglicated as reducing in vivo membrane curvature
elastic stress,*”" however in the specific case of oxylipins these
compounds would increase membrane curvature elastic stress.
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