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Abstract

Sphingosine [(2S, 3R, 4E)-2-amino-4-octadecene-1,3-diol] is the most common
sphingoid base in mammals. Ceramides are N-acyl sphingosines. Numerous small
variations on this canonical structure are known, including the 1-deoxy, the 4,5-
dihydro, and many others. However, whenever there is a A4 double bond, it adopts
the frans (or E) configuration. We synthesized a ceramide containing 4Z-
sphingosine and palmitic acid (cis-pCer) and studied its behaviour in the form of
monolayers extended on an air-water interface. Cis-pCer acted very differently
from the trans isomer in that, upon lateral compression of the monolayer, a solid-
solid transition was clearly observed at a mean molecular area < 44 A%.molecule™,
whose characteristics depended on the rate of compression. The solid-solid
transition, as well as states of domain coexistence, could be imaged by atomic
force microscopy and by Brewster-angle microscopy. Atomistic molecular
dynamics simulations provided results compatible with the experimentally observed
differences between the cis and trans isomers. The data can help in the exploration
of other solid-solid transitions in lipids, both in vitro and in vivo, that have gone up
to now undetected due their less obvious change in surface properties along the

transition, as compared to cis-pCer.
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Introduction

Sphingolipids are important modulators of a large variety of cellular functions."?
Among them ceramide (Cer), a pivotal component in sphingolipid biosynthesis and
degradation, has received considerable attention and is a key player in various cell
signaling processes.>™ It has become increasingly clear that many sphingolipid
actions are strongly related to their capacity to modulate the physical properties of
cell membranes,®® thus the regulation of membrane-associated enzymatic

activities mediating the formation of signaling molecules.™°

In particular, regulation of the membrane lateral heterogeneity by Cer has gathered
attention over the last two decades.®"" Cer generation upon sphingomyelinase
enzymatic activity has been proposed to induce membrane leakage, transbilayer
(flip-flop) lipid motion®® and time-dependent highly-ordered segregated lateral

10,12,13

structures putatively involved in the regulation of enzyme activities and

1416 A complex

membrane platform formation prior to lipid-mediated cell signalling.
thermotropic behavior was observed for the fully hydrated trans- palmitoyl
ceramide (trans-pCer). A metastable bilayer gel phase exists at low temperatures,
while an exothermic transition occurs at 64°C to form a stable bilayer, probably
chain tilted with respect to the bilayer normal. Further increases in temperature
lead to a disordered (likely H;-type) chain-melted phase above =90°C.""'® Despite
the molecular shape of pCer, with a small polar head group and a relatively large
hydrocarbon moiety, that is unfavorable for forming bilayers, it can be readily
spread on the water surface to form Langmuir monolayers. The latter have been
proven to be adequate models'® for studying in-plane phase transitions, surface
topography as well as membrane mechanical, electrostatic and viscoelastic
properties.?’ Recently, elegant studies of membrane elasticity of Cer films permit to
univocally classify Cer monolayers as 2D solids able to undergo plastic

deformation, unlike typical fluid lipid monolayers.?'*

In our previous study®* it was mentioned that pure trans-pCer monolayers exhibited

an isothermal condensed-condensed phase transition at room temperature. Such
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transition occurred at =40°C below the gel-fluid transition observed for bulk
aqueous dispersions of trans-pCer.!” Further studies with different types of trans-
Cer showed that these compounds can exhibit a rich variety of surface pressure-
and temperature-dependent monolayer and bulk phase states and surface
electrostatics depending on the acyl chain length and unsaturation.?®2° In
particular, trans-pCer undergoes a formerly neglected second (or higher) order
liquid-condensed (LC) — solid (S) phase transition at about room temperature
while a first order liquid-expanded (LE) — LC transition occurs over a range of
temperatures encompassing the physiological one.?® A solid-solid phase transition
accompanied by chain packing alterations from orthorhombic to hexagonal
subcells for pure Cer membranes was also reported to occur 20-25 °C below the
main order-disorder transition in a detailed study using Fourier transformed infrared
spectroscopy.30 Interestingly, recent studies have proposed that a high proportion
of tightly packed orthorhombic phase, brought about by the presence of ~30 mol%
of long-chain Cer appears essential for the maintenance of the impermeability

properties in model stratum corneum membranes.®'

The study of solid-solid lipid phase transitions has been scarcely explored for lipid
membranes since it usually involves only subtle changes of molecular volume,
which results in low entropy changes. The present work originated from our
curiosity on the biophysical properties of cis-ceramides. Nature offers many
variations in ceramide structure, i.e. chain length, presence or absence of the A4-
double bond, 2 or 3 hydroxy groups, and so on,*? but, to our knowledge, whenever
the A4-double bond exists, it is in the frans form. This is in contrast with most
double bonds found in lipids, which have a cis configuration (i. e. fatty acids,
plasmenyl-phospholipids, etc.). The basis for the trans configuration of the C4
double bond of natural sphingolipids could be unveiled by investigating the
biophysical properties of the cis-isomers and their biological consequences. The
cell signaling properties of Cer are critically affected by the double bond between
C4 and C5 of the sphingoid chain. The change of the natural trans configuration to

cis or the saturation of the double bond decreased the affinity of brain ceramidase
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toward its substrate.®® In a previous study** we had examined the conformational
impact of the cis double bond in hydrated ceramides by multidimensional 'H and
3C NMR spectroscopy. Unlike trans-Cer, the cis-isomer exhibited not one but two
broad yet resolved resonances for the protons in C1-OH and C3-OH, much like
dihydroceramide. The results indicated that the cis double bond twisted, slightly,
the orientation of C1-OH with respect to C3-OH, thus weakening the hydrogen-
bonding network formed between the two OH groups of cis-Cer and bound water
molecules. In the current paper we describe the properties of monolayers
consisting of cis-pCer, the 4,5- cis sphingoid base isomer of the more usual trans-
pCer. We found that cis-pCer exhibited a kinetically-restricted solid-solid phase
transition with unusually large changes of molecular area under isothermal
compression, and marked hysteresis. The present study furthers our
understanding of solid-solid lipid phase transitions, and can be of relevance for the

interpretation of more nuanced transitions in naturally occurring sphingolipids.

Materials and Methods
Chemicals.

Trans-pCer (N-palmitoyl-D-erythro-sphingosine) was provided by Avanti Polar
Lipids, Inc (Alabaster, AL, USA) and used without further purification. The water
was purified by a Milli-Q (Millipore, Billerica, MA, USA) system, to yield a product
with a resistivity of ~18.5 MQ-cm and a surface tension of 72.8 mN/m at 25°C.

Other chemicals were of the highest purity available.

Synthesis of A4-cis-pCer.
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Scheme 1. Synthesis of A4-cis-pCer.

Preparation of A4-cis-2S,3R-C16 ceramide was carried out according to the
synthetic pathway depicted in the Scheme 1. Thus, following the procedure
described by Herold, 2S-Garner Aldehyde was reacted with pentadecyne treated
with BuLi in the presence of HMPA to afford compound 1. Reduction of alkyne 1
with Lindlar catalyst in presence of quinoleine under H; atmospheric pressure gave
rise to the cis-alkene intermediate 2. Deprotection with CH3COCI in CH30H as a
source of HCI provided the cis-2S,3R-sphingosine 3 after basic treatment.
Condensation of 3 with palmitic acid was achieved by using the system EDC/HOBt
as a coupling agent in presence of NEt; to afford the corresponding cis-C16-

ceramide 4.

Stereoselective catalytic hydrogenation to the cis double bond

To a solution of the corresponding allylic alcohol (1.3 mmol) in degassed EtAc
(50mL) Lindlar catalyst (5 % w/w) and quinoleine were added (1% w/v), purged
with two H, flask volumes and the mixture stirred for 2 h at room temperature
under the same atmosphere (balloon). The reaction mixture was then filtered
through Celite® bed and the particles were rinsed with EtAc (3 x 5 mL). The
combined filtrates were concentrated in vacuo to give a residue, which was purified
by flash chromatography on silica gel (from 0 to 30 % EtOAc in hexane), yielding
the desired compound.
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(S)-tert-butyl 4-((R,E)-1-hydroxyhexadec-2-en-1-yl)-2, 2-dimethyloxazolidine-3-
carboxylate 2: '"H NMR (400 MHz, CDCls) (mixture of rotamers) & 5.56 (m, 1H),
5.40 (1H, t, J= 10 Hz), 4.67 (bs, 1/3H, rotamer), 4.57 (bs, 2/3H, rotamer), 4.12 (bs,
1H), 4.00 (bs, 1H), 3.82 (bs, 1H), 2.11 (m, 2H), 1.55 (br, 3H), 1.49 (bs, 12H), 1.37
(m, 2H), 1.25 (bs, 20H), 0.88 (t, 3H, J= 7.0 Hz)

®C NMR (101 MHz, CDCl3) (mixture of rotamers) & 154.1, 133.9, 129.2, 128.1,
94.4, 68.2, 64.7, 62.4, 32.0, 29.8, 29.8, 29.7, 29.7, 29.7, 29.6, 29.4, 29.4, 28.5,
28.1,22.8,14.2.

HRMS calculated for Co6HsgNO4Na ([M + Na]"): 462.3559, found: 462.3549.

Acid-mediated removal of isopropyliden and N-Boc protecting groups

To an ice cooled solution of the corresponding protected aminodiol (1 mmol) in
MeOH (40 mL) neat acetyl chloride (5 equiv./mol) was added dropwise. After
stirring at room temperature overnight, the reaction mixture was concentrated in
vacuo to give a crude mixture, which was purified by flash chromatography on
silica gel (from 0 to 20 % MeOH in CHCly), to afford the required amine
hydrochloride.

cis-(2S,3R)-Sphingosine 3: 'H NMR (400 MHz, CDCl3) & 5.59 (dt, 1H, J:= 11.0 Hz,
J>= 7.5 Hz ), 5.41 (1H, t, J= 10.0 Hz), 4.48 (m, 1H), 3.77 (bs, 4H), 3.70 (bs, 2H),
2.94 (bs, 1H), 2.06 (m, 2H), 1.38 (m, 2H), 1.25 (bs, 22H), 0.87 (t, 3H, J= 7.0 Hz)

3C NMR (101 MHz, CDCl5) 5 134.7, 128.5, 69.1, 62.7, 56.9, 32.1, 29.9, 29.8, 29.8,
29.8, 29.8, 29.6, 29.5, 28.1, 22.8, 14.2.

HRMS calculated for C1gH3sNO2 ([M + H]"): 300.2903, found: 300.2894.

C16-Ceramide 4 preparation

EDC (1.3 mmol) was added portionwise to a mixture of palmitic acid (1 mmol) and

HOBt-hydrate (1.1 mmol) in 10 mL CH.CI, under argon atmosphere. After stirring
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for 5 min, this solution became transparent and was added dropwise over a CH,Cl,
solution (10 mL) of the sphingoid base (1 mmol) containing 2 mmol of NEt; under
the same atmosphere. TLC showed the evolution of the reaction and, after 1 h,
water (20 mL) was poured into the reaction mixture. The organic phase was
separated and washed with brine (2 x 5 mL), then dried over anhydrous MgSO4 to
afford a crude mixture that was purified by flash SiO, chromatography (100:1)
using an eluent gradient of MeOH in CHCl, (0.1% each step). Product appeared
at 2.6-3% interval of MeOH (yield 72%).

cis-(2S,3R)-C16-Ceramide 4: 'H NMR (400 MHz, CDCl3) & 6.25 (1H, d, J= 8 Hz),
5.58 (dt, 1H, Js= 11.0 Hz, Jo= 7.5 Hz), 5.47 (1H, m), 4.65 (m, 1H), 3.97 (dd, 2H, J;=
11.0 Hz, Jo= 3.5 Hz), 3.84 (m, 1H), 3.70 (dd, 2H, J;= 11.0 Hz, J,= 3.5 Hz), 2.49
(bs, 1H), 2.21 (t, 1H, J= 8 Hz), 2.09 (m, 2H), 1.62 (m, 2H), 1.25 (bs, 50H), 0.87 (t,
6H, J= 7.0 Hz)

3C NMR (101 MHz, CDCls) 5 174.2, 134.7, 128.7, 69.7, 62.6, 55.0, 37.0, 32.1,
29.9, 29.8, 29.8, 29.8, 29.8, 29.7, 29.7, 29.5, 29.5, 29.5, 28.0, 25.9, 22.8, 14.2.

HRMS calculated for C34HssNO3 ([M + H]"): 538.5199, found: 538.5189.

Surface Pressure - Area Isotherms.

Lipid monolayers were prepared and characterized in a Langmuir film balance with
uniaxial compression as detailed before ?° onto NaCl 145 mM (pH ~6.5) subphase
at (23 £ 1) °C. The surface pressure was determined using the Wilhelmy method
with a Pt plate according to eq. 1.

m=yo— v (eq.1)

where yo and y denote the surface tension before and after lipid spreading at the
interface, respectively. After solvent evaporation and relaxation at m < 0.5 mN/m (~
5 min), the film was compressed uniaxially at a rate typically of 0.5 + 0.05 A2.molec”

" min” unless otherwise specified, until reaching the collapse pressure by reducing

the area between two Delrin™ barriers. Their lateral movement over the trough
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surface was controlled and registered by an electronic unit. The mean molecular
area (MMA) was taken as the total monolayer area divided by the total number of
molecules spread at the interface. The absence of surface-active impurities in the
subphase solutions or in the spreading solvents was checked routinely as
described elsewhere.® In-plane surface elasticity36 upon compression was
assessed by means of the compressibility modulus (Cs™"), directly calculated from
the isotherm data as:

_1__ Sm
C7t = —MMA (SMMA)T (€q. 2)

Thermodynamics of Langmuir monolayers.

The free energy of compression (AGeomp) Was calculated as:*
Aj
AGeomp = — [ 41, TOA (eq. 3)

The area (A) can be taken as the MMA and thus AGcomp can be calculated as the
area under the compression curve between certain limits. In this work, we have
taken Ap and A; as the MMA at 1 and 30 mN/m, respectively. These limits avoid the
rather large errors arising from the gaseous portion of the compression isotherms

and incipient instabilities occurring when the film approaches collapse.

In general, for ideally fluid films, the energy given to the system during the
compression process (AGeomp) iS equal to the energy returned by the system in the
expansion process (AGexpan). When these quantities are not equal (and AGeomp >
AGexpan), @ certain amount of energy is stored by the system that is not restored
after expansion. This represents the free energy of hysteresis assigned to the

compression-expansion cycle and is calculated as follows:*®

AGMYS = AGexpan - AGcomp (eq. 4)

Brewster angle microscopy (BAM) of lipid films at the air/saline solution interface.
Langmuir monolayers were prepared as described above in a Langmuir

equipment mounted on the stage of a Nanofim EP3 Imaging Ellipsometer
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(Accurion, Goettingen, Germany), which was used in the Brewster Angle
Microscopy (BAM) mode. Minimum reflection was set with a polarized laser beam
(A = 532 nm) incident on the bare aqueous surface at the experimentally calibrated
Brewster angle (~53.1°). The lipid monolayers were spread onto the aqueous
surface and compressed to the desired pressure. After monolayer formation and
during compression, the reflected light was collected through a 20x objective and
an analyser-polariser (A-polariser) lens to a CCD camera. The gray level at each
pixel of the BAM images can be converted to reflectivity values with calibration

factors tested for each individual experiment.

For 2D isotropic monolayers the reflectivity obtained from BAM measures is related
to both the film thickness and to the refractive index (the so called “optical
thickness”) of the film.>**° In films showing 2D anisotropy, where the surface
organization is such that the molecular symmetry axis does not coincide with the
radiation incidence plane, the reflected light may show a change in the polarization
plane due mainly to the refractive index having a different value in the direction of
the hydrocarbon chains and in the orthogonal direction. Therefore, in some
experiments we set the A-polariser at -45° or +45° from the plane of the incident
beam to study the birefringence effects. Image processing and gray level
measurements were performed using the free software ImagedJ 1.43u (NIH, USA).

Langmuir film transfer to solid supports for Atomic Force Microscopy (AFM)

inspection.

Trans- and cis-pCer monolayers were prepared by spreading chloroform/methanol
(2:1, vl/v) solutions of the lipids (1 mg/mL) onto a water subphase in the surface
balance (Nima Technology, Coventry, UK). After 10 min to allow for solvent
evaporation, monolayers were compressed to the required pressures at a

compression rate of 0.5 A%>:molecule™-min™"

under equilibrium conditions (allowing
film relaxation for 30 min after each 5mN.m™ increase). After 30 min equilibration,
the monolayers were transferred to mica V1 quality supports (Electron Microscopy

Sciences, Hatfield, USA) that had been previously immersed in the subphase, to
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form Langmuir-Blodgett (LB) films, at a transfer speed of 5 mm/min. Unless

otherwise stated, the experiments were performed at 22 + 1°C.

AFM imaging.

The measurements were performed on a NanoWizard Il AFM (JPK Instruments,
Berlin, Germany) at a controlled temperature of 22 °C. MLCT silicon nitride
cantilevers (Veeco Instruments Inc., Plainview, NY, USA) with spring constants of
0.1 or 0.5 N/m were used in contact mode scanning (constant vertical deflection) to
measure the SPBs, continuously maintaining the minimum possible force. 512 x
512 pixel resolution images were collected at a scanning rate between 1 and 1.5
Hz and line-fitted using the JPK Image Processing software as required.

Computational study of pCer monolayers: System set-up and Molecular Dynamics

simulation details.

To gain insights into the potential structure, interactions, and organization of the
lipids in the monolayer we performed atomistic Molecular Dynamics simulations.
We used GROMACS 5.1.1 at a temperature of 295.15 K with GROMOS96 53A6
force field, extended to include Berger lipid parameters. Since the system is
expected to be out of equilibrium for the experimental compression/expansion
rates, we could not use a traditional equilibration run. Instead, we choose an
ordered initial configuration with favorable lipid-lipid interactions. Specifically, we
chose an hexagonal packing of the tails with the lipids oriented so that
intermolecular amide groups (N-H...O=C; amine and carbonyl groups) could
interact. To accommodate this type of packing, we selected an area of
386.621x446.432 A? with an array of 72x48 lipids. We removed 4 lipids along the
middle axis of the simulation box to introduce defects that could facilitate the
formation of disordered domains. This resulted in a simulation box with a total of
3,452 lipids with an area per lipid of 50 A?. As initial structure of the lipid molecule,
we removed the extra atoms of lignoceroyl fatty acid chain of a configuration of the
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ceramide NS (24:0) lipid (N-lignoceroyl-D-erythro-sphingosine) of Faller and
coworkers,*! which was used for both palmitoylated cis (cis-pCer) and trans (trans-
pCer) isomers of Cer (C16 ceramide, N-palmitoyl-D-erythro-sphingosine). The
resulting monolayer was then hydrated with a 40-A thick simple point charge (SPC)
water slab. Differences between cis and trans forms of pCer were introduced at the
level of ITP files, which were obtained by modifying accordingly the ITP files of
Faller and coworkers.*! We performed energy minimization followed by a total
simulation time of 2 ns with a 2 fs time step in the NVT ensemble for both cis-pCer
and trans-pCer monolayers.

Results and Discussion

Isothermal compression of cis-pCer monolayers.

When cis-pCer is spread at the air/ saline solution interface a stable
monomolecular film is formed. The film exhibits negligible desorption into the
subphase after compression/expansion cycles (not shown). When compressed
from an excess area condition (= 50 Az.molecule'1) at a relatively high compression
rate the isotherms show a characteristic two-dimensional diffuse phase transition,
that occurs over a rather narrow range of mean molecular areas (MMA). Figure 1
shows the compression curves of cis-pCer at different compression rates, together
with that of trans-pCer for comparison. At the working temperature the latter shows
a solid character and a very subtle second (or higher) order LC - S phase transition

at ~ 15 mN/m?® over a similar range of MMA.

Unexpectedly, at compression rates < 4 A2molecule™.min™ a valley (decrease of
surface pressure under reduction of MMA) is observed in the compression
isotherm of cis-pCer over the phase coexistence region (Figure 1a). This probably
arises from an out-of-equilibrium condition of the molecular organization adopted
under the compression process, pointing to a kinetically restricted formation of the
phase state formed at MMA < 44 A2.molecule™. Furthermore, the characteristics of

the closely packed phase state appear to depend on its rate of formation. Under a
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relatively fast compression rate, the resulting state shows lower compressibility
modulus values (Cs™), than those formed at slower compression rates (Figure 1b).

This reflects the adoption of a different inner structure by the kinetically-limited

state.
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Figure 1. Dependence of cis-pCer surface behaviour on the compression rate. Compression
isotherms (a) and compressibility modulus calculated after eq. 2 (b) of cis-pCer Langmuir
monolayers at compression rates of 13 (black), 2.5 (red) or 0.5 (blue lines) A% molecule™.min”. The
dashed gray lines correspond to trans-pCer Langmuir film (data taken from Ref.ze). c) Compression
isotherm of cis-pCer monolayer after stepwise relaxation (30 min relaxation after each ~5 mN/m
surface pressure increase) at a compression rate of 0.5 A%>.molecule™.min”(solid black line). The
inset shows the time curve of the process. The black dashed line shows the extrapolated isotherm
constructed by taking into account only the points after relaxation (equilibrium isotherm). Letters
mark the stages imaged by BAM as shown in Figure 3. d) Compressibility modulus (Cs'1) calculated
from the equilibrium isotherm in c). Statistics of the MMA and Cs™ data of the phases formed at low
and high surface pressure at equilibrium are shown in the inset in (d). Working temperature: 22 + 1
Ce. The plot shows representative experiments that do not differ in more than 0.2 A% molecule™

from their replicas.
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In order to get an insight into the thermodynamic and rheological properties of the
phase transition undergone by cis-pCer monolayers, we performed a compression-
interrupted experiment allowing relaxation of the film for 30 min after short periods
of slow compression (see Figure 1c). By taking into account only the data after
annealing we constructed a compression isotherm for cis-pCer monolayers under

equilibrium conditions.

The elastic response upon a dilatation stress of the film under equilibrium
conditions, measured by the compressibility modulus, provides information on the
phase state of the film. For LC and S monolayers a large increase of surface
pressure is induced by a small reduction of the monolayer area.*® Figure 1d shows
that at a low surface pressure and ~46 A%.molecule™, the film shows characteristics
of a LC or soft S phase with Cs™ ~ 260 mN/m (from now phase S1), while at high
surface pressure and ~ 40 A2 molecule™, which is close to the lower limit for the
cross sectional area of a two-chained lipid, a more typical solid phase with Cs' ~
500 mN/m is observed (from now phase S2). The latter phase closely resembles

25,26

the one formed by trans-Cer, as is also apparent from a closer analysis of

Figure 1b.

In a previous work, a detailed analysis of the isotherm and isobar curves of trans-
pCer suggested the presence of a second (or higher) order LC — S phase
transition at room temperature,?* which showed a rise in the Cs™ of the film from ~
400 to ~ 600 mN/m over scarcely 3 AZmolecule™ during compression (from 43 to
40 A% molecule™).? Only 65 + 8 cal.mol”’ was necessary to compress a trans-pCer
from 1 to 35 mN/m. This is the Gibbs free energy of compression (AGcomp) and
according to Gaines™® it operationally represents the two-dimensional work
involved in bringing together the film-forming molecules from a loosely packed
state to the closer molecular packing at the higher pressure. This thermodynamic
quantity is a complex parameter reflecting the energy balance between
intermolecular interactions, the loss of entropy upon compression and the energy

related to phase transitions.
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Under equilibrium conditions (as shown in figure 1c), a larger amount of energy is
necessary to compress a cis-pCer monolayer (AGgomp = 115 + 5 cal.mol™), but the
amount is small when compared to the one required to compress trans-oleoyl Cer
from an LE to an LC phase (AG¢omp = 300 £ 5 cal.mol™") which involves a reduction
of molecular area from ~ 48 to 40 A2 molecule”.? Those different AGcom, may be
directly related to the change in molecular volume experienced by the Cer
molecules during the phase transition, thus to the entropy loss upon compression.
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Figure 2. Hysteresis and kinetically restricted processes of cis-pCer monolayers.
Compression/expansion cycles of cis-pCer at different compression rates are shown for cis-pCer
films compressed and expanded at 0.05 (1, black), 0.2 (2, red), 1 (3,pink), 4 (4,blue) and 13 (5,
green) A% molecule™.min” and trans-pCer (black dotted line) compressed at 1 A? molecule™.min™.
The equilibrium compression isotherm of cis-pCer monolayers shown in figure 1 is reproduced here
for comparison (black dashed line). The arrows indicate the time direction of the process, either
compression or expansion. The plots show representative experiments that do not differ in more
than 0.2 A’.molecule” from their replicas. The free energy related to the hysteresis process at

different compression rates, expressed as cal.mol” (closed symbols) or as a percentage of the
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compression free energy (open symbols), are plotted in the inset. The error bars correspond to
SEM.

Further studies on the kinetic restriction observed for the S2 phase formation by
cis-pCer were performed by compressing/expanding the film at different rates.
When the film is compressed at a relatively fast rate, a pseudo-plateau occurs
above 30 mN.m™" that appears as a regular phase transition (Figure 2, green line).
However, in the expansion isotherm the transition plateau occurs under 20 mN.m™".
When the compression/expansion rate is lowered to < 4 A%Z.molecule”.min™ the
compression curve does not show a plateau but a valley that is not observed in the
expansion curves. This reflects the existence of kinetic limitations for the formation
of the more condensed state S2 from S1; however, the reverse transition under

expansion from the state S2 does not show kinetic restrictions.

Note that the lowering of the compression rate also induces a reduction of the
depth of the valley, approaching closely the equilibrium compression curve (see
Figure 2). This suggests that a compression rate slow enough to result in an
equilibrium curve must exist, although the latter could not be experimentally
accessed with our current set-up. The lowering of the compression rates also
induces a lowering of the transition pressure, the latter also approaching that of the

equilibrium isotherm.

The observations described strongly suggest a kinetically restricted transition from
S1 (low surface pressure state) to S2 (high surface pressure state). The formation
of S2 appears to be faster than the destabilization of S1: since molecules
organized in state S2 occupy a smaller area than in S1, the transition occurring in
the 4 - 0.05 A%2.molecule™.min” rate range leads to an apparent lowering of the
surface pressure (valley). This would be a consequence of a depletion of
molecules in the S1 state (continuous phase at the lower surface pressure end of
the coexistence region) by generation of vacancy areas. These solid, hardly

deformable states appear to respond slowly to molecular rearrangements required
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to replenish the vacancies thus leading to the observed transient decrease of

surface pressure under film compression.

According to NMR data by**, cis-pCer show the capacity of forming an hydrogen-
bonding network between the OH groups of C1 and C3 and bound water
molecules. Then, the S1 — S2 phase transition may imply a dehydration of the cis-
pCer polar region concomitant to braking of the H-bonding network. This
dehydration process may involves a slow kinetics, giving account for the slow

destabilization of the S1 cis-pCer phase.

This phenomenon is also reflected by the compressibility modulus of the cis-pCer
compression isotherms at different compression rates. Figure 1b shows a notable
drop of Cs™ down to negative values. Our observations of compression isotherms
constitute macroscopic approaches to molecular changes, even if mesoscopic lipid
domains should occur during phase transitions. Then, the global rheological
properties observed through the Cs™ parameter may correspond to the continuous
phase (S1 state under depletion), the discontinuous lipid domains (S2 growing
domains) being invisible to such parameters until percolation or electrostatic
repulsions take place.*

Conversely, during the expansion process, destabilization of state S2 appears to
be faster than the rate of formation of S1, probably due to a slow hydration of the
polar region of cis-pCer and formation of hydrogen bonding. Thus, no valley
appears in the transition region of the expansion isotherms at any of the accessible
rates studied (Figure 2). However, the S2-to-S1 transition occurs at a surface
pressure below the transition pressure of the equilibrium isotherm; this further
suggests that S2 is in a relatively long-lived state before the formation of S1 can be
brought about by the considerable driving force of surface pressure steady

lowering under expansion.

As seen in Figure 2, the path followed under compression of cis-pCer monolayers
is different from the one observed during the expansion process, resulting in a
marked hysteresis. Hysteresis occurs when the energy supplied to the monolayer

upon film compression (AG¢omp) is Not equal to the energy returned by the system
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during the expansion process (AGexpan). Thus, a certain amount of energy (AG™®)
becomes stored by the state adopted under compression as a part of the
intermolecular interactions, and it is not returned under expansion. Such

38,43

phenomena have been reported for protein or lipid-protein and lipid—

nanoparticle films and for synthetic amphiphilic molecules able to establish

intermolecular hydrogen bonds.***

For cis-pCer the excess free energy
necessary for the film compression and S1-to-S2 phase transition may contain also
the energy for dehydration and braking of the hydrogen bonding between the C1
and C2 hydroxyl group and water. This may be not fully reverted in the inverse
process producing energetic hysteresis. Notably, no comparable effects were
detected for trans-pCer, which cannot form such hydrogen-bonding network and

for which hysteresis was very small (Figure 2).

The free energy stored by the system during compression decreases when the
compression rate is progressively lowered from 4 to 0.05 A2.molecule™.min”,
showing the progressive tendency to reversibility that should be expected for an
equilibrium process. The AGMS kept by the system under compression represents a
relatively constant percentage of AGcomp (See inset in Figure 2), supporting the
hypothesis of a dehydration process during the S1 — S2 phase transition involving
a constant energy requirement. However, at the faster compression rate explored,
AG™® shows a lower value, representing only 20% of AGcomp, instead of ~ 26-28%
observed for the slower compression rates. At such relatively fast compression-
expansion rate the thermodynamic regime no longer follows a monotonic variation
with the increase of the perturbation rate. This may reflect that the solid state
formed at the fastest compression rates does not have the same properties of the

S2 state originated at relatively lower compression rates.

Microscopy inspection of cis-pCer monolayers

Microscopy analysis at the mesoscopic level has become a major tool for analyzing
the structure of lipid surfaces. However films containing large areas of solid or

condensed phases are difficult to study by fluorescence microscopy since most
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fluorescent probes contain bulky fluorophore moieties that are usually excluded
from highly packed lipid states (S, LC or even liquid-ordered). Furthermore, the
fluorescent probe may change the phase equilibrium, in particular when it is

excluded from at least one of the coexisting phases.*’

Brewster angle microscopy (BAM) however allows the exploration of Langmuir film
heterogeneities in the absence of any probe through the analysis of film reflectivity
3940 BAM inspection of trans-pCer films shows, over a large range of surface
pressures, a continuous, solid-like surface whose “optical” thickness increased
from 1.73 to 1.80 (+ 0.03) nm with the LC — S phase transition.?® This change
shows a close correlation with the reported tilted — untilted gel phase for bulk pCer

dispersion by X-ray diffraction."”

In the present work, cis-pCer monolayers exhibit a clear S — S phase transition
with characteristic microscopy features under BAM observation. Figure 3a-d shows
pictures of cis-pCer monolayers along the compression under equilibrium
conditions (allowing film relaxation for 30 min after each 5 mN.m”’ increase). BAM
images show lipid domains with different brightness. The effect is more evident at
low surface pressures (S1 phase). Note that this effect was not observed for frans-

pCer monolayers (Figure 3e).

For an isotropic medium at the interface plane, the reflected light has the same
polarization plane as the incident light beam. This is not the case when the
organization of the film is optically anisotropic and the symmetry axes of its
molecular components are not in the normal to the interface (as observed for

several chiral amphiphile films %)

. This generates a birefringence effect where
the refractive indexes have different values in the direction of the hydrocarbon
chains and in the orthogonal direction.*® Cis-pCer monolayers show this
birefringence phenomenon (Figure 3a-d and 4) strongly suggesting that the
molecular axes are oriented in a different manner from the normal to the interface

in the different domains of the S1 phase.

To test this hypothesis, we evaluated the brightness level of neighbouring domains

at different orientations of the A-polariser. The films interact with the normally
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polarized light, altering the resultant polarization plane, so that the reflected light
becomes a function of the angle formed by the A-polariser and the normal plane
(see Figure 3a-d, +45 and -45 °C). BAM images exhibit changes in the brightness
of neighbouring domains of cis-pCer films observed with different orientations of
the A-polariser, supporting the occurrence of highly ordered lipid domains oriented

in different directions.

Average Gray Level (a.u.)

20 -45°

Average Gray Level (a.u.)
5

+45°

0 10 20 30 40 50
Surface Pressure (mN.m™)

Figure 3. BAM images of cis-pCer monolayers at different surface pressures, observed through the
A-polariser set to 0, +45° or -45°, as indicated. Arrows highlight the same lipid domain observed at
different polariser set-ups. a-d) Representative images were taken from two independent
experiments in which a 30 min relaxation at a constant MMA was allowed after reaching each target
surface pressure as indicated (corresponding to points a-d in Figure 1c). e) For comparison trans-
pCer monolayer images are shown at the surface pressure indicated and acquired through the A-
polariser set to 0. Image size: 200 x 250 pm. For better visualization, the lower 0-70 grey level
range (from the 0-255 original scale) was selected. f) Average grey level after background
subtraction of cis-pCer BAM images along the compression process setting the A-polariser to 0
(open), +45° (blue circles) or -45° (red circles) from the plane normal. Data taken from two
independent sets of experiments. Average values + S.D.
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A detailed analysis of the average grey level of each picture evidences a clear
increase over the phase transition range together with a decrease in the
differences of gray level between the A-polariser settings +45 and -45° (Figure 3f).
This effect correlated with a decrease in the error bars of the +45 and -45° gray
values, indicating a more upright position of the molecules with a lower azimuth in

the S2 phase state, at surface pressures above the phase transition.

Altogether, our experimental data are consistent with the occurrence of a phase
transition between a tilted crystalline-like structured phase occupying a relatively
large molecular area (S1) and a less tilted solid state (S2) where cis-pCer
molecules pack in a similar manner than its related isomer trans-pCer. The
transition between two highly packed, but differently structured solid films having
different kinetics of formation underlie the kinetically-limited features of cis-pCer

monolayers.

Visualization of cis-pCer monolayers compressed under non-equilibrium conditions
further highlights some of the differences observed in the above isothermal
compression experiments. When cis-pCer films compressed at intermediate rates
(within the range studied in figure 2) are explored by BAM the images show smaller
area patches with different grey levels than under equilibrium conditions (compare
Figure 3 and 4). This evidences that both S1 and S2 phase are formed with a less
structured, or more amorphous, character, resembling what would be expected for
3D solids formed under a high-rate temperature drop. *°
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Compression rate
0.5 (A2.molect.min) 2.5 (A2.molect.min?)
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phase transition

during
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after
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Figure 4. BAM images of cis-pCer monolayers compressed at different rates. Representative
images were taken from two independent experiments at the indicated surface pressures. For a
better visualization, the lower 0-70 grey level range (from the 0-255 original scale) was selected.

Image size: 200 x 250 um.

To get deeper insights into the nature of the less structured monolayers, further
microscopy inspection was performed using atomic force microscopy (AFM). For
this purpose, lipid monolayers were transferred onto a solid support after reaching
the target surface pressure. Figure 5 shows a near-homogeneous film for both cis-
pCer and trans-pCer at low surface pressure (5 mN/m). Some irregularly-shaped
depressions in the film are observed, which are also present at higher surface

pressures. Domain heterogeneity as seen in BAM images (figure 3a) is not
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detected by AFM. This may be due to these domains keeping a constant thickness,
or having thicknesses that differ in less than =0.2 nm, thus being undetectable to
the AFM. The breaks in the Cer films were not observed by BAM, perhaps because
they are produced during film transfer, unless they are too small to be detected by
BAM

The evolution of the film by AFM under compression shows a notable change of
the surface texture over the phase transition pressure range. Figure 5a shows that,
in monolayers transferred at 20 mN/m, needle-like crystalline structures grow from
a main axis at defined angles. The average height of the needles is 36367 pm
(see supplementary Figure 1). These crystalline structures appear less evident at
higher surface pressures but are still visible at 30 mN/m. This finding supports the
hypothesis of the pressure-induced growth of a solid phase (S2) within a primary,
less structured, solid state (S1), in the surface pressure range where the transition
is evident by isothermal compression and BAM. The crystalline needles may
represent the initial nuclei from which the S2 phase grows during the compression
process. Those thin structures observed by AFM were not observed by BAM,
which has a 5-fold poorer resolution limit in the x-y coordinate. However, analysis
of BAM images shows a subtle increase in the average reflectivity of the film during
the S — S phase transition (see Figure 3e), which may account for the ~ 0.3 nm
thicker S2 needles in comparison with the S1 phase by AFM. Notably, this effect is
not observed in trans-pCer monolayers, where a nearly-homogeneous phase is

observed.
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a) cis-pCer

b) trans-pCer

5 mN/m
2
0

30 mN/m 30 mN/m
2 2
0 0

Figure 5. AFM visualization of cis-pCer monolayers transferred to solid support. Contact-mode

2

25 mN/m

height AFM images of cis-pCer (a) and trans-pCer (b) Langmuir films transferred to solid support at

" and

different surface pressures, as indicated. The films were compressed at 0.5 A? molec™ min’
left to equilibrate for 30 min at constant lateral pressure prior to transfer. The images are
representative samples of at least 4 independent experiments. Scale bar: 10 um. Color bar in nm.

Zoomed area = 10x10 pm.
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Computational study of cis- and trans-pCer monolayers.

Atomistic molecular dynamics simulations of cis- and trans-pCer provide interesting
insights into the behaviour of these lipids in monolayers at the air-water interface.
Representative configurations of both kinds of molecules are shown in Figure 6,
centre and right-hand columns. The distributions of the distances between the
ends of the lipid tails and of the difference between the oxygen positions in C1-OH
and C3-OH along the coordinate perpendicular to the monolayer are shown in the
Supplementary Figure 2. Two important differences are observed. One is the more
spread conformation of the cis over the trans molecule in the disordered state (see
bottom left panel of Supplementary Figure 2). This explains the observation in
Figure 1, that the MMA of trans-pCer can be considerably reduced (from =50 to
=45 A2 molecule™) with a minimal increase in surface pressure, as compared with
the changes observed with cis-pCer. The second interesting observation is that, for
the trans isomer, only the hydroxyl group in C1 is in contact with the water, while
both hydroxyls, in C1 and in C3, are accessible to the aqueous phase in the cis
isomer. This confirms the NMR data by** according to which cis double bond twists
the orientation of C1- with respect to C3-OH, thus weakening the hydrogen-
bonding network formed between the two OH groups of cis-Cer and bound water
molecules. This could in turn be related to some macroscopic properties of the cis-
pCer, e.g. a weaker hydrogen-bonding network could facilitate the coexistence of
different phases in the monolayer. A related important observation derived from the
molecular dynamics simulations is provided by the whole system representations
(Figure 6, left-hand side column). The trans-pCer monolayer (top) appears highly
homogeneous, with a large proportion of the molecules organized in parallel
arrays. In contrast the cis-pCer monolayer (bottom) shows coexisting ordered and
disordered domains that could reflect the heterogeneous appearance of these

samples under BAM observations (Figure 3).
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Figure 6. Representative configurations of lipids and the whole system for trans- and cis-ceramide
monolayers at the air/water interface from computer simulations. (top; left) The whole system
viewed from the lipid-tail side of the trans-pCer monolayer (air side of the air/water interface) with
the lipids shown in gray. (top; center) A pair of representative lipid configurations from the ordered
region (viewed from the top: lipid-tail side on top; the side and front: water/air interface on the
bottom); and (top; right) a pair of neighboring lipid configurations representative of the disordered
region of the monolayer. (bottom) The same for the cis-ceramide monolayers. The coordinates of
the lipids for trans- and cis-ceramide monolayers are included in the Supporting Information files

transtot50.pdb and cistot50.pdb, respectively.
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Conclusions

Cis-pCer organized as a monomolecular film at room temperature shows clearly
the occurrence of a particular S — S phase transition. A comparable phenomenon
is not detected in trans-pCer. At low surface pressures, a crystalline-like tilted
phase that occupies ~ 46 AZ.molecule™ and with a surface rheology corresponding
to a soft solid phase (S1), undergoes a kinetically restricted phase transition to a
relatively long-lived tightly packed solid film (S2) with a molecular packing and
rheology properties similar to the solid phase formed by frans-pCer. The slow
destabilization of the S1 phase as well as the energetic hysteresis of the process
may occur as a consequence of a slow dehydration and breaking of the hydrogen
bonding network between the OH group of the C1 and C3 of cis-pCer and water
molecules.® This transition occurs with the growth of needle-like crystals, which
denotes a preferential orientation for the propagation of growth of the solid
domains. Such solid phases resemble the phases described for trans-pCer in
monolayers® and bulk suspensions,’” which also show the presence of a

metastable and a stable gel phase.

Both factors, the tilted azimuthal orientation of the cis-pCer in the film and its
asymmetrical crystal growth reveal asymmetric intermolecular interactions which
may originate in an optimal orientation for the formation of H-bonds between the
sphingosine moieties of Cer. A weaker hability of cis-pCer to form intermolecular
H-bonding and a more disordered organization in comparison with frans-pCer
monolayers, as revealed by computational simulations, support the macroscopic
S1 — S2 transition of cis-pCer monolayers. This kind of phenomena may be
present in the solid phases formed by other sphingosine-based lipids such as
trans-Cer, cerebrosides or sphingomyelin, perhaps in a way that has so far been
scarcely accessible to experimental exploration since the solid phases formed

might be rather similar in molecular area and thermodynamic parameters.
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