Pressure-temperature phase behavior of mixtures of

natural sphingomyelin and ceramide extracts

Hanna M. G. Barriga, Edward S. Parsons, Nicola L. C. McCarthy, Oscar Ces, John M. Seddon,

Robert V. Law and Nicholas J. Brooks*

Department of Chemistry, Imperial College London, South Kensington, London, SW7 2AZ, UK
ABSTRACT

Ceramides are a group of sphingolipids that act as highly important signaling molecules in a
variety of cellular processes including differentiation and apoptosis. The predominant in-vivo
synthetic pathway for ceramide formation is via sphingomyelinase catalyzed hydrolysis of
sphingomyelin. The biochemistry of this essential pathway has been studied in detail, however
there is currently a lack of information on the structural behavior of sphingomyelin and ceramide
rich model membrane systems, which is essential for developing a bottom up understanding of
ceramide signaling and platform formation. We have studied the lyotropic phase behavior of
sphingomyelin — ceramide mixtures in excess water as a function of temperature (30 — 70 °C)
and pressure (I — 200 MPa) by small- and wide-angle X-ray scattering. At low ceramide
concentrations the mixtures form the ripple gel phase (Py’) below the gel transition temperature
for sphingomyelin and this observation has been confirmed by atomic force microscopy.

Formation of the ripple gel phase can also be induced at higher temperatures via the application



of hydrostatic pressure. At high ceramide concentration an inverse hexagonal phase (Hj) is

formed coexisting with a cubic phase.

INTRODUCTION

Ceramides are a group of sphingolipids based on a sphingosine backbone with a fatty acid
chain attached via an amide linkage. Their molecular structure is closely related to that of
sphingomyelin (SM) (Figure 1) and there are a number of different pathways for their synthesis
in-vivo.! The formation of ceramides via the catalyzed hydrolysis of sphingomyelin is a rapid,
localized event and thought to be particularly important in relation to apoptosis which is known
to be accompanied by an increase in ceramide concentrations. Ceramides are also thought to act
as important signaling molecules in a range of biological processes, however the mechanisms
that underpin this are not well understood.” In addition, recent work has also indicated that
increased ceramide concentrations in the brain can be linked to depression.’

Ceramide aggregation in biomembranes is thought to play a key role in certain signaling
pathways; sphingolipid rich microdomains in plasma membranes have been associated with
trans-membrane signaling events and there is also significant evidence that modulation of the
local membrane curvature and ordering by ceramide aggregation is essential to biological
function." The main transition temperature for long N-acyl chain ceramides is extremely high
(~70°C) and so ceramide rich membrane domains tend to be highly ordered with significantly
reduced lateral diffusion which must have a significant effect on both the membrane and
biomolecules embedded within it." Despite its biological importance, there is very little
physicochemical data probing the interaction between sphingomyelin and ceramides.
Understanding this and the mechanism by which they can modulate membrane structure is key to

fully understanding the critical role that ceramides play in biology.



We have begun to address this by studying the pressure-temperature evolution of small and
wide angle X-ray diffraction (SAXS / WAXS) patterns in model membranes containing
ceramide and sphingomyelin. By generating model membranes with different ratios of ceramide
and sphingomyelin, we aim to mimic the concentrations of these components that may occur
during sphingomyelinase activity on biological membranes, as well as probing the extremes that
could occur locally during ceramide aggregation.

In this work, natural SM and ceramide extracts from chicken egg (ESM and EC respectively)
were used. The amide linked hydrocarbon chain in the major component (> 84 mol%) of both of
these extracts is 16 carbon atoms long and fully saturated (16:0) (Figure 1). Previous
characterizations of both ESM and EC have shown that the remaining species are mixtures with

chain lengths varying from 14:0 to 24:0.°

Figure 1. Structure of (a) 16:0 sphingomyelin (b) 16:0 ceramide, which are the major

components of sphingomyelin and ceramide extracts from egg.

Both ESM and pure 16:0 ceramide have been studied previously by differential scanning

calorimetry;*® the transition temperatures are summarized in Table 1.



Lipid Transition Transition type
temperature /°C

ESM 37-40 Gel — fluid
Ceramide (16:0) 68 Metastable — stable gel
Ceramide (16:0) 91 Gel — fluid

Table 1. Transition temperatures for ESM and 16:0 ceramide.

Previous physico-chemical studies of natural extract sphingomyelins in excess water have
shown that ESM (and also bovine brain sphingomyelin) can form a ripple gel phase at
temperatures below the main gel-fluid transition.” In particular, ESM exhibits a ripple phase in
between the unrippled lamellar gel phase and the fluid lamellar phase, with a narrow coexistence
region between the fluid lamellar and ripple gel phases.

Synthetic 16:0 ceramide in excess water is known to undergo a number of phase transitions;
below 68 °C, X-Ray diffraction studies have shown that it adopts a lamellar structure that gives a
single WAXS reflection, attributed to the presence of a metastable gel state. Above 68°C, the
lamellar geometry remains, however there is a small change in the lattice parameter and the
WAXS now shows a number of different reflections which are indicative of the
thermodynamically stable structure (often referred to as the ‘stable state’).*

Previous studies have also shown the tendency of ceramides to modify phase transition
temperatures when mixed with other lipids and drive the formation of non-lamellar (type II)
phases.*”'” It has been demonstrated by DSC that when ceramide is incorporated into the
phospholipid dielaidoylphosphatidylethanolamine (DEPE)' at concentrations of over 25 mol%,
the gel — fluid transition temperature is increased by approximately 8 °C and occurs over a wide
temperature range (~15°C). In addition, the lamellar to hexagonal phase transition temperature

of DEPE was also reduced and the transition broadened by the addition of ceramide. Similar



effects on the gel — fluid transition temperature have been observed when ceramide is added to
dipalmitoylphosphatidylcholine (DPPC).

Some data already exists on the behavior and interactions of ceramides with different lipids,
including for different chain length sphingomyelins and ceramides.'"'>'>'* In particular there are
many studies using ceramides to probe domain formation in vesicular systems. Giant unilamellar
vesicles (GUVs) containing mixtures of ESM and EC have been reported to show domains when
doped with a fluorescent dye that selectively partitions into liquid disordered domains.” Above
40 °C, SM rich domains are preferentially solubilized over ceramide rich ones when treated with
detergent; an observation that may be relevant to some detergent resistant cell membranes.
Similar domain formation has also been seen in mixtures of cholesterol phosphocholine
(CholPC)" and ceramides as well as in vesicles composed of phospholipid, ceramide and
cholesterol.'® Interestingly, SAXS and electron spin resonance (ESR) spectroscopy studies have
shown a competition for interaction with sphingomyelin between ceramide and cholesterol,'” as
well as evidence suggesting that ceramide can displace cholesterol in liquid ordered (L)
domains'® and increase the order parameter of the L, phase."

In this study we use pressure and temperature to map the phase behavior of ESM : EC
mixtures. We show that at low EC concentrations, the ESM ripple is maintained, but rapidly
disrupted at higher concentrations. At high temperatures and high EC content, EC is observed to
promote non lamellar phases in ESM, typically a lamellar phase forming lipid. In addition we
use AFM to confirm the presence of the ripple phase in mixtures and DSC to verify the

transitions shown in pressure-temperature diagrams.



EXPERIMENTAL METHODS

Materials

Egg sphingomyelin (ESM) and egg ceramide (EC) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) as a lyophilised powder with a purity of >99% and were used without
further purification. To ensure the lipids were completely dry they were lyophilised (Thermo
Scientific, Asheviller, NC, USA) for a further 12 hours before use. Lipid mixtures were prepared
by co-dissolving appropriate masses of ESM and EC in chloroform (Sigma Aldrich, Gillingham,
Dorset, UK). These mixtures were dried under a stream of nitrogen gas for 1 hour and then

lyophilised for a minimum of 12 hours after which they were sealed and stored at -20 °C.

Small and wide angle X-ray diffraction (SAXS /| WAXS)

Sample mixtures were hydrated with MilliQ water to 70 wt%. They were then sealed and heat
cycled (between -196 and 90 °C) 20 times to promote mixing. SAXS / WAXS data was obtained
between 30 — 70 °C (at 10 °C intervals), and 1 — 200 MPa (at 40 MPa intervals) at beamline 122,
Diamond Light Source using a custom developed high pressure sample environment,” an X-ray
energy of 18 keV and a sample to detector distance of 1.2 m. The length scale range (3 — 300 A)
accessible on the large format Pilatus 2M detector enabled simultaneous and continuous capture
of SAXS and WAXS data. The upper temperature limit studied is defined by the maximum
stable temperature obtainable with the high pressure system. Images were analyzed using the in-
house developed software package AXcess.”' Briefly, the two dimensional SAXS patterns were
radially integrated to give one dimensional diffraction patterns. The Bragg peaks were then fitted
using Gaussian functions and indexed by comparison to characteristic diffraction patterns from

known lipid structures.



Atomic Force Microscopy (AFM)

Supported lipid bilayers were prepared by hydrating a dried lipid film to a final concentration
of 1 mg/ml in MilliQ water, which was then bath sonicated for approximately 1 h until clear. The
resulting small unilamellar vesicle suspension (60 ul) was incubated over freshly cleaved mica at
60 °C for 45 minutes resulting in fusion of the lipid vesicles with the surface. Excess vesicles
were removed with gentle washing with MilliQ water (100 ul), thus leaving a secondary (or
floating) supported lipid bilayer. This is a double bilayer and the top bilayer is visualized as
described previously by Leidy et al.”*> Samples were loaded into a Veeco Multimode IV AFM
and images were acquired in tapping mode using Nanosensors PNP-TR cantilevers. Care was
taken through the experiments to ensure that the supported bilayers remained fully hydrated by

depositing a drop of water on top of the sample..

Differential Scanning Calorimetry (DSC)

Dry lipid mixtures were loaded into DSC sample pans (Aluminium Hermetic, TA instruments,
Elstree, UK), hydrated to 70 wt% with MilliQ water and sealed. DSC thermograms were
collected using a Perkin-Elmer Diamond DSC over a temperature range of 10 — 90 °C with a
heating / cooling rate of 15 °C/min. Similar (but reversed) transitions were observed in the

heating and cooling scans. Data was analyzed using the Origin data analysis package.



RESULTS AND DISCUSSION

The phase behavior of five ESM : EC mixtures were mapped with lipid ratios from 90 : 10
mol% to 40 : 60 mol% (Figure 2) using data obtained from SAXS/WAXS (0-200 MPa) and DSC
(atmospheric pressure) measurements (ESI Figure S2). For clarity only the phase boundaries
have been shown here, however datapoints are included in the ESI Figure S1. Over the
composition, pressure and temperature range mapped, six distinct regions were observed. These
include two flat gel phases (L1 and Lg2), a ripple gel phase (P;’), similar to that previously
observed in ESM, a fluid lamellar phase (L,) and region of hexagonal (H;) / cubic phase

coexistence. These have been shown schematically in Figure 3.
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Figure 2. Pressure-temperature diagrams showing the phase behavior of ESM : EC mixtures (a)
100:0 (b) 90:10 (c) 80:20 (d) 70:30 (e) 60:40 (f) 40:60 mol%, where (a) is adapted from Shaw et
al.” Data was obtained from SAXS/WAXS (0-200 MPa) and DSC (atmospheric pressure)
measurements. The region marked H;; exhibits coexistence between a hexagonal and cubic

phase. It should be noted that there is likely to be small coexistence regions at the phase



transition boundaries, but these were below the pressure and temperature resolution of the

experiment.
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Figure 3. Schematic illustrations of the different phases observed in the ESM:EC phase diagram

including the gel phase (L), ripple phase (Pg’), fluid lamellar (L) and the hexagonal phase (Hy).

DSC thermograms were collected for sample mixtures ranging from pure ESM to EC at
atmospheric pressure to confirm the positions of the phase boundaries found during the SAXS
experiments. The fitted results are summarized in Table 2 and show good agreement with both

X-ray data collected at atmospheric pressure and literature values for pure ESM”'' and EC*"".

Composition Transition 1 Transition 2
Onset FWHM Onset FWHM
(ESM:EC mol%) . . Type 0 o Type
CC) (O P CC) (O P

100:0 393 3.3 Pg’— L, - - -

80:20 38.6 3.7 Pg’—Lgl 66.3 4.9 Lgl-L,

60:40 69.3 4.6 Lgl—Hy - - -

40:60 71.4 4.7 Lgl—Hy - - -
Metastable — .

0:100 68.7 2.7 Stable Gel 83.9 4.2 Gel-Fluid

Table 2. Phase transition temperatures (Onset) of ESM : EC mixtures from DSC thermograms
performed at atmospheric pressure, the full width half maximum (FWHM) of the transition peak,

and the starting and ending phases (Type).
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Ripple phase (P;’)

At low ceramide concentrations and below the gel-fluid transition temperature for pure ESM,
the mixtures adopt a ripple phase similar to that previously observed in pure ESM’ (Figure 4a).
As previously observed for pure ESM, diffraction patterns from the ripple phase of ESM rich
mixtures are less well resolved than for other sphingomyelin extracts such as that from bovine
brain,” however the characteristic peak envelope and low intensity, small angle peak (at around
0.0065 A in Figure 4a) strongly suggest ripple phase formation. Due to the poor resolution,
accurate lattice parameter determination is not possible, however we have been able to estimate
these by assuming vy (the angle between the a and b lattice parameters) is 90° as previously,’ a
(the spacing between the center of one bilayer and the next) is then given by the d spacing of the
10 peak which is assigned as the high intensity peak at approximately 0.015 A" and b (the ripple
period) is given by the d spacing of the 01 peak which is the small peak at approximately 0.0065
A, These estimated parameters show an increase of approximately 2 A in layer spacing with
increasing EC content, from a pure ESM layer spacing of approximately 67 A. In comparison,
the flat Ly gel phases show sharp, evenly spaced diffraction peaks as expected (Figure 4b). The
lattice parameter of the Ly phase shown in Figure 4b is approximately 1.5A lower than that of the
Py phase shown in Figure 4a, possibly due to the higher EC content or due a tilting of the chains

in the P phase.
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Figure 4. SAXS patterns from (a) the ripple gel phase (P;”) formed by ESM:EC 90:10 mol% at
30 °C and atmospheric pressure and (b) the flat gel phase (Ly1) formed by ESM:EC 80:20 mol%

at 60 °C and 80 MPa.

In pure ESM, DSC data shows a single peak with an onset of 39.3 °C (ESI Figure S2)
corresponding to the ripple to fluid lamellar transition as previously reported.” After addition of
up to 20 mol% EC, the ripple phase is still visible, and it shows a similar transition temperature
however, SAXS data shows that the ripple phase no longer transforms to a fluid lamellar phase

but to a flat gel phase.
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The presence of the ripple phase at low ceramide concentrations implies that EC is, to a limited
extent, miscible with the ESM gel phase. Previous reports of EC mixed with the phospholipids
DEPE’ and DPPC* have reported the coexistence of two gel phases rather than a single gel
ripple phase as observed here, suggesting that this miscibility is facilitated by the specific
structural and hydrogen bonding interactions that are possible between sphingomyelin and
ceramide as a result of their closely related molecular structures.’* In addition, we have observed
the ripple phase and the dissolving of EC in the predominantly ESM membrane using AFM in
pure ESM and a ESM:EC 80:20 mol% mixture (the highest concentration of EC seen to adopt
the ripple phase at atmospheric pressure). A clear ripple structure can be seen in both samples
(Figure 5) with a ripple period of approximately 130 A for ESM (which agrees well with
previous SAXS data’) and 330 A for the ESM:EC mixture, indicating that the addition of EC
disrupts the ripple phase, increasing the ripple period. The AFM results show some heterogeneity
in the sample and we believe that the more flattened topography represents a small amount of L
impurity as previously observed in bovine brain sphingomyelin. The AFM measurements are
significantly more sensitive to heterogeneity within the sample compared to SAXS so the signal
from this Ly impurity would be swamped by the predominant ripple phase signal in the X-ray
measurements. The increase in the ripple period on addition of EC in the AFM data and loss of
the ripple in favor of a flat gel phase by 30 mol% EC suggests the gradual loss of the ripple by a
‘stretching out’” mechanism as previously observed during the melting of bovine brain

sphingomyelin.’
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Figure 5. AFM data from ESM:EC mixtures showing (a) the ripple period of ESM (solid, red)
and ESM:EC 80:20 mol% (dashed, blue) (b) ESM:EC 80:20 mol% image (c) ESM:EC 100:0
mol% image. Note that the observed increase in ripple amplitude is likely to be an artifact of the
imaging process, whereby the AFM tip (with a nominal tip radius of 10 nm) is unable to
penetrate fully into the troughs of the ripple for pure SM (ripple period 13 nm) and thus gives a

lower value of ripple amplitude.

Of particular interest is the induction of the ripple phase by application of pressure. At
atmospheric pressure, the ripple phase is only visible up to 20 mol% EC as shown in both the
SAXS and AFM data. However, when pressure is applied to the sample containing 30 mol% EC,
the ripple phase forms at 80 MPa. Pressure will always drive formation of lower volume
structures®™ and so this suggests that the ripple phase in these mixtures is a more compact
structure than the flat gel phase. In the case of bovine brain sphingomyelin, hydrostatic pressure
has been shown to significantly sharpen the SAXS pattern observed from the ripple phase.” A
slight decrease in lattice parameter of up to 1 A is seen in the ripple phase in both 80:20 and
70:30 ESM:EC mixtures over a pressure increase of 200 MPa. In previous investigations, bovine

brain has also shown little change in lattice parameter with changes in hydrostatic pressure.’
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L; gel phases (Ly1 and L;2)

Whilst the addition of up to 20 mol% EC to ESM does not significantly disrupt the formation
of the ripple phase at atmospheric pressure, it does affect the transition from the ripple to the
fluid phase observed in pure ESM. Instead this transition is replaced by a transition from a ripple
to a gel phase (Lg1) at the ESM transition temperature. This gel phase is characterized by a single
strong peak in the WAXS pattern. This wide angle peak is very similar to that observed in pure
EC in which it is attributed to the tilted metastable gel state.* Notably, the DSC peak
corresponding to the P’; to Lyl transition in 20 mol% EC is similar in magnitude to that of the
Lyl to L, transition suggesting that the inter-gel transition is accompanied by a significant
conformational change as shown in the ESI (Figure S2b). We believe that the L;1 phase is
closely structurally related to the EC tilted metastable gel state and indeed the Ll region of the
pressure — temperature phase diagram expands significantly with increasing EC concentration
(Figure 2).

While previous DSC investigations' have attributed the transition observed in low EC
concentration mixtures at around the pure ESM main transition temperature solely to an Lg-L,
coexistence region, the SAXS data obtained here show a single lamellar phase above this
temperature (ESI Figure S3a), which we have attributed to the L1 gel phase. However, at higher
temperatures we do observe coexistence between fluid and gel phases (ESI Figure S3b). We
cannot completely exclude the possibility that the L1 gel phase coexists with a fluid phase that
has an identical lattice parameter, however based on the other data gathered here, this seems
unlikely.

At 30 mol% EC and above, two distinct flat gel phases were observed. In the 30 mol% EC

sample, at atmospheric pressure and low temperatures, the ripple phase is replaced by a single

15



flat Ly gel phase. This L gel phase (referred to as Lg2 in Figure 2) is distinguished from Lgl in
that it displays a series of poorly resolved broad peaks in the WAXS pattern rather than a strong
single peak.* It is likely that below the main transition temperature for ESM, when both the
ESM and EC preferentially adopt a gel state, strong interactions between the sphingomyelin and
ceramide (as noted above) cause formation of a single phase but that the packing of the EC is
sufficiently disrupted to avoid formation of its metastable state. Examples of both gel states have

been shown in Figure 6.
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Figure 6. Comparison of (a) Lg2 (ESM:EC 70:30 mol%, 30 °C) and (b) Lg1 (ESM:EC 60:40
mol%, 40 °C) disrupted gel states showing the characteristic SAXS and WAXS (inset) patterns

at atmospheric pressure.
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The Lg2 gel is evident in SAXS data from mixtures containing both 40 mol% and 60 mol%
EC, however, above 60 mol%, pure EC coexists with the mixture and leads to a broad SAXS
peak centered at 43 A. This agrees closely with the SAXS peak at 42 A observed previously in
studies of pure EC.*

As shown in Figure 2, increasing pressure increases the L2 to Lyl transition temperature
however, pressure has only a very small effect on the lattice parameter of any of the gel phases
(~1 A change over the full pressure range studied, Figure 7). Previous experiments have reported
an increase in lattice parameter with increasing pressure for pure ESM’ in the fluid phase.
Increasing pressure generally increases ordering in lipid hydrocarbon chains® and tends to lead
to chain extension an so an increase in lattice parameter. However in a gel phase, the chains have
a high degree of conformational order and hence pressure would be expected to have a smaller

effect as seen here.

17



a 70 =

D
©
A A

)
®©
1
[ ]
——i
[ _]
[

)
N
acd

o2}
2}
ad
=4
L]

lattice parameter (A)

[o2]
(3]
A
=0
o+
=0+
=0

(o2
5
A A A

63

7 7 v 7 v 7
50 100 150 200
Pressure (MPa)

O

b 70-
69 e ©
] } % e &5 8 & ]
268'9 &
3 o7+ c 0 0 ® 00
g 10 o o o O
© 66=
o
[0
o
£ 65+
ks
644
63

hd L] hd 1] v 1]
50 100 150 200
Pressure (MPa)

O=

Figure 7. The bilayer spacing (a, lattice parameter) as a function of pressure for (a) ESM:EC
70:30 mol% showing L2 (® 30°C), Py’ (@ 40°C) (b) ESM:EC 40:60 mol% showing L2 (®
30°C), Ly 1 (@ 50 °C). Where error bars are not visible, they are approximately the same size as

the datapoints.

Notably in the ESM:EC 70:30 mol% mixture (Figure 7a) the lattice parameter decreases with
increasing pressure, whilst in the 40:60 mol% mixture, (Figure 7b) the lattice parameter
increases with increasing pressure. The small decrease in layer spacing observed in both the L2
and Py’ in the 70:30 mol% mixture is consistent with previous results for the tilted gel and ripple

gel phases in pure ESM’ which has been attributed to a change in lipid chain tilt within the
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bilayer. In the higher EC concentration 40:60 mol% mixture, the small increase in layer spacing
of both the L4l and Lg2 gel phases with pressure is likely to be due to chain extension as
described above and may indicate that the increased EC concentration makes the hydrocarbon

chain tilt angle less sensitive to pressure.

Fluid - gel coexistence

Above its main transition temperature of approximately 39 °C, ESM is known to form a fluid
lamellar phase,” however, ceramides are known to have significantly higher gel — fluid transition
temperatures.* Phase separation was observed as a doubling of the SAXS peaks in mixtures
containing 30 mol% EC at 50 and 60 °C, and for 20 mol% EC at 50°C (Figure 8), with the phase
transition temperature increasing with pressure as expected. The WAXS data for these mixtures
shows a clear, single gel peak characteristic of the Lyl gel phase described above. This phase
separation corresponds well to recently demonstrated domain formation at atmospheric pressure
in mixed ESM:EC giant unilamellar vesicles (GUVs).***’ Detection of phase separation by
SAXS requires long range alignment of domains of each phase, this has been shown to occur in

28,29

lipid systems and generally phase separation in bulk phases agrees well with domain

formation in vesicle systems.
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Figure 8. SAXS patterns (atmospheric pressure) showing fluid — gel phase coexistence at 50 °C

for mixtures of ESM : EC (a) 80:20 mol% (b) 70:30 mol%

Fluid Lamellar (L,)

At EC concentrations of 30 mol% and lower, at high temperature the mixtures adopt a single
fluid lamellar phase (L,). This structure is characterized by sharp evenly spaced peaks in the
SAXS pattern and broad scattering in the WAXS region centered on approximately 4.6 A (ESI
Figure S4). The melting temperature of the mixtures lie in between that of the two constituent
lipids as expected.® The lattice parameter of ESM at 70°C in the fluid lamellar phase is 63.7 A.

Increasing the EC content causes an increase in the lattice parameter of up to 1.5 A.
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Hexagonal phase (H};)

Above 70 °C at high EC concentrations (40 and 60 mol%), SAXS data shows that the fluid
lamellar phase is replaced by a hexagonal phase in coexistence with a cubic-like structure
(Figure 9a). This direct transition between a gel and hexagonal phase is similar to that previously
observed in a phosphatidylethanolamine : fatty acid mixture.”' It is also possible that a very small

region of fluid lamellar phase exists at temperatures in between the gel and hexagonal phases.
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Figure 9. (a) SAXS pattern from ESM:EC 40:60 mol% at 70 °C and atmospheric pressure

showing (b) First three cubic like diffraction peaks indexed to an Im3m cubic phase.
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The ability of ceramides to promote the formation of inverse hexagonal phases has been
reported previously in EC*'” and this behavior is underpinned by the extremely small headgroup
size of ceramide relative to its hydrocarbon chains. However, this is the first example of cubic
phase formation in a ceramide mixture. Although the pattern is relatively poorly resolved due to
the low fraction of cubic phase and hence intensity, we have reproduced this cubic like structure
in numerous samples and synchrotron experiments. In addition, increasing pressure drives the
formation of the Lzl gel and the cubic-like structure reforms (still in coexistence with the Hj,
phase) on returning to atmospheric pressure. We have preliminarily assigned the Im3m space
group to this cubic phase, with a lattice parameter of 188 + 1 A (Figure 9b), although we note
that more work is needed to characterize this phase fully. It is important to note that both
bicontinuous cubic and micellar cubic lipid phases are known with Im3m symmetry and either is

possible in this case.

CONCLUSIONS

The pressure-temperature phase behavior of ESM and EC mixtures has been mapped over 30-
70 °C and 0-200 MPa. At temperatures below the ESM transition temperature and low EC
compositions, a ripple phase was formed, similar to that seen in pure ESM. This is, to the best of
our knowledge the first example of EC mixtures forming a ripple phase. For high EC
concentrations, the ripple phase is replaced by a flat gel phase at low temperatures. Above the
ESM transition temperature, a different gel phase was observed, characterized by a sharp peak in
the WAXS pattern analogous to the EC metastable gel state. At higher temperatures a single
fluid lamellar phase was observed similar to that observed in ESM. Notably we do not observe a

gel phase analogous to the EC stable gel state; it is likely that the presence of ESM disrupts the
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EC packing and so does not allow formation of the highly ordered EC stable state. At high EC
concentrations and high temperatures, a hexagonal phase was observed which coexists with a

cubic structure, highlighting the ability of ceramides to modulate membrane curvature.
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