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Abstract Ceramides, the simplest kind of two-chained
sphingolipids, contain a single hydroxyl group in position 1
of the sphingoid base. Sphingomyelins further contain a
phosphocholine group at the OH of position 1 of ceramide.
Ceramides and sphingomyelins show a variety of species de-
pending on the fatty acyl chain length, hydroxylation, and
unsaturation. Because of the relatively high transition temper-
ature of sphingomyelin compared to lecithin and, particularly,
of ceramides with 16:0—18:0 saturated chains, a widespread
idea on their functional importance refers to formation of rath-
er solid domains enriched in sphingomyelin and ceramide.
Frequently, and especially in the cell biology field, these are
generally (and erroneously) assumed to occur irrespective on
the type of N-acyl chain in these lipids. This is because most
studies indicating such condensed ordered domains employed
sphingolipids with acyl chains with 16 carbons while scarce
attention has been focused on the influence of the N-acyl
chain on their surface properties. However, abundant evidence
has shown that variations of the N-acyl chain length in
ceramides and sphingomyelins markedly affect their phase
state, interfacial elasticity, surface topography, electrostatics
and miscibility and that, even the usually conceived
“condensed” sphingolipids and many of their mixtures, may
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exhibit liquid-like expanded states. This review is a summa-
rized overview of our work and of related others on some facts
regarding membranes composed of single molecular species
of ceramide and sphingomyelin. A second part is dedicated to
discuss the miscibility properties between species of
sphingolipids that differ in N-acyl and oligosaccharide chains.
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Introduction

Sphingolipids comprise a vast family of members constituted
by a long-chain aminediol base N-linked to a fatty acid
through an amide bond. The importance of these lipids in
the plasma membrane and in the organelle endomembranes
of eukaryotic cells is not only structural but also functional as
lipid mediators in a variety of cellular events. Several
sphingolipids, and their metabolically phosphorylated and
glycosylated derivatives, have been implicated in membrane
signal transduction events, such as biorecognition, differenti-
ation, tumorigenesis, apoptosis, neuroimmunology, and neu-
ral regeneration/degeneration of nerve cells (Hakomori 1990).
The vast chemical diversity of sphingolipids brought about by
independent combination of hydrophobic and hydrophilic
moieties leads to an enormous number of structural possibil-
ities (Stults et al. 1989; Maggio et al. 2004). Since the local
chemical variations are transduced to different biophysical
properties that determine the supramolecular structural dy-
namics, the variety of membrane effects is further amplified
(Maggio et al. 2008; Goiii and Alonso 2009).

The base most usually found, the 18 carbon sphingosine
with a trans double bond at position 4-5, is a bioactive lipid
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itself, but there are other variants with shorter or longer hy-
drocarbon chains with different hydroxylation levels and sat-
uration (Hannun and Bell 1989; Maggio 1994; Koynova and
Caffrey 1995; Maggio et al. 2004, 2008; Goiii and Alonso
2006; Pefialva et al. 2014a). In addition, the acyl chain linked
to the sphingoid base can vary in length, hydroxylation and
unsaturation, although long saturated fatty acyl residues are
more often encountered in natural sphingolipids than in
glycerol-based lipids conferring largely different molecular
packing and phase state (Pefalva et al. 2014a). A great variety
of polar groups attached to the hydroxyl group at position C1
gives rise to the different families of sphingolipids: among
others, ceramides, with a single hydroxyl group;
sphingomyelins, with phosphorylcholine (see Scheme 1); ce-
rebrosides and neutral glycosphingolipids with different car-
bohydrates; and gangliosides with carbohydrates and sialosyl
residues (Maggio et al. 1978, 2006).

Sphingomyelin (SM) is the major sphingolipid present in
the outer leaflet of cell plasma membranes, its fatty acid com-
position consists mostly of relatively long saturated chains
(16:0, 18:0, and 24:0), but, in mammalian spermatozoa, SM
and its related precursor ceramide (Cer) are made up of mo-
lecular species that contain very long-chain (24:0 to 34:0)
polyunsaturated fatty acids N-linked to sphingosine (Poulos
et al. 1986, 1987; Sandhoff 2010). These fatty acids, in pro-
portions that vary among species, are elongated versions of
common PUFA of the n-6 series (such as arachidonic or
docosapentaenoic acids) or the n-3 series (such as
eicosapentaenoic or docosahexaenoic acids). In some mam-
mals, including rats, part of the very-long-chain polyunsatu-
rated fatty acids (VLCPUFA) of sperm SM is 2-hydroxylated
(Robinson et al. 1992; Furland et al. 2007).

Cer is a pivotal compound of high significance for meta-
bolic signaling (Zheng et al. 2006; Hannun and Obeid 2011).
It represents a converging point for both the synthetic and
degradative pathways of SM and glycosphingolipids
(Venkataraman and Futerman 2000; Tettamanti et al. 2003)
and also regulates the content of diacylglycerol (Hampton
and Morand 1989; Hannun et al. 2001), of some
glycerophospholipids, and of other lipid messengers, such as

Scheme 1 Chemical structure of a
(a) 16:0 Cer and (b) 16:0 SM
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the platelet activating factor. In such metabolic neworks, a
sequence of transacetylase reaction activities are involved in
the interconversion of 2:0 Cer with Cers of different chain
lengths in cells and tissues (Abe et al. 1996; Merrill 2011).
In cell membranes, molecular species of natural Cers are met-
abolically connected to SMs through the activity of different
sphingomyelinases that remove the phosphocholine group ir-
respective of the N-acyl chain length of the substrate (Jungner
et al. 1997; De Tullio et al. 2008). Also, some of these en-
zymes are endowed with phospholipase-A2-like activities that
lead to the modification of glycerophospholipids hydrocarbon
chain composition. Thus, the structural effect of a particular
lipid in a cellular scenario can derive not only from its con-
stituent moieties but also from the relationships among several
enzymatic and metabolic networks that cross-communicate
and become mutually modulated through biochemical and
biophysical signals (Maggio et al. 2008).

A rather widespread idea of the functional importance of
sphingolipids in cell membranes refers to the occurrence of
ordered domains enriched in SM and Cer that are assumed to
exist irrespective of the type of N-acyl chain in the
sphingolipid. However, most studies dealing with such con-
densed and ordered domains, either in model or natural mem-
branes, have employed compounds with acyl chains with 16
carbons and scarce attention has been devoted to understand
the influence of variations of the N-acyl chain on the phase
state and miscibility of the lipids. Even worse, the same con-
cept is frequently applied when using sphingolipids
derivatized with fluorescent probes to track the sphingolipid
fate in cell biology studies, disregarding that such molecules
have utterly different biophysical properties than the com-
pound that is supposed to being tracked (Fanani and
Maggio, unpublished). In addition, it is frequently disregarded
that N-palmitoyl-Cer itself (the compound usually employed
to extract conclusions about the properties of “Cer”) exhibits
complex temperature- and surface pressure-dependent phase
transitions among various condensed and expanded states of
different organization (Shah et al. 1995a; Fanani and Maggio
2010). Relatively small variations of the N-acyl chain length
of Cers markedly affects their phase state, interfacial elasticity
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domain thickness, surface topography, and electrostatics
(Dupuy et al. 2011), and even condensed Cers can form
liquid-like expanded states when interacting with Cers with
particular hydrocarbon chain mismatch (Dupuy and Maggio
2012).

The chemical variety in the sphingolipid molecules is re-
sponsible for a large structural polymorphism. This is due to
the intrinsic natural curvature imposed by the polar head
group volume, in relation to that of the hydrocarbon moiety
(Israelachvili 2011). For example, while gangliosides with a
complex and charged head group self-assemble as micellar
structures of different shapes and sizes (Maggio 1985;
Cantu’ et al. 2014), SMs and cerebrosides form stable bilayers
(Koynova and Caffrey 1995). In the case of Cers, it has been
reported that natural extracts of bovine brain- and N-
palmitoyl-Cer can form lamellar stackings (Shah et al.
1995a), a feature also induced by other complex
glycosphingolipids and some of their mixtures with PC
(Maggio et al. 1988). However, when mixed with inverted
phase-forming lipids such as phosphatidyl-ethanolamine, it
was shown that Cers N-acylated with fatty acids equal or
longer than 8 carbons decreased the temperature of lamellar
L- to hexagonal II transition (Sot et al. 2005a), suggesting that
this Cer stabilized the negative curvature of membranes. On
the other hand, when mixed with dipalmitoyl PC, an increase
of the main transition temperature and reduction of bilayer
thickness due to chain interdigitation is induced by egg-Cer
(Carrer and Maggio 1999).

The following sections, as well as the following article (Part
II) that forms part of the present Special Issue, summarize fur-
ther details related to the properties briefly introduced above.

Ceramides
16:0 Ceramide

A considerable amount of information has been published on
the effects of 16:0 Cer in binary mixtures (Holopainen et al.
2000, 2001; Goni and Alonso 2006, 2009; Busto et al. 2009;
Karttunen et al. 2009; Lopez-Montero et al. 2010), but com-
paratively little work has dealt with the physical properties of
pure 16:0 Cer itself (Shah et al. 1995a; Chen et al. 2000),
possibly because technical difficulties have been reported for
reaching workable homogeneous samples at proportions of
16:0 Cer above 30 mol% (Holopainen et al. 2000; Busto
et al. 2009), a situation also found for bovine brain Cer
(Carrer and Maggio 1999). A complex thermotropic behavior
was observed for the fully hydrated 16:0 Cer (Shah et al.
1995a). A metastable bilayer gel phase exists at low tempera-
tures, with increasing temperature an exothermic transition
occurs at 64 °C to form a stable bilayer probably chain-tilted
with respect to the bilayer normal. Further increase in

temperature leads to a disordered (likely HII-type) chain-
melted phase (Tm 90 °C). These results were further support-
ed by infrared studies (Chen et al. 2000). In monolayers, pure
16:0 Cer films exhibit an isothermal surface pressure-induced
condensed—condensed phase transition at room temperature
(Busto et al. 2009). Such transition occurs about 40 °C below
the transition observed for bulk aqueous dispersions of 16:0
Cer (Shah et al. 1995a; Chen et al. 2000).

At room temperature, surface pressure—mean molecular ar-
ea isotherms of pure 16:0 Cer apparently exhibit a transition-
free condensed behavior previously reported (Maggio et al.
1978; Holopainen et al. 2001; Busto et al. 2009). However,
more detailed studies showed that a diffuse, probably second-
or higher-order, phase transition between two condensed
phases that usually goes unnoticed can be detected as an in-
flection in the isotherm curve and compressibility modulus
(Cs™') analysis (Fig. 1, black arrows). At temperatures 22—
27 °C, the phases at low and high surface pressures showed
Cs ™' values between 300 and 500 mN.m ' and 600 and
800 mN.m ', respectively. According to these values, such
phases can be characterized as liquid condensed (LC) and
solid (S), respectively (Davies and Rideal 1963). At 45 °C
and above, a first-order liquid-expanded (LE)-LC phase tran-
sition is observed (Fig. 1, gray arrows) involving a large
change in molecular area (77% increase at 10 mN.m_l; see
also Fig. 5). This phase shows Cs ' values of ~60 mN.m ',
corresponding to a LE character (Davies and Rideal 1963;
Smaby et al. 1996). The presence of a LE phase of Cers was
previously reported only for N-stearoyl Cer at 5.7 mN.m " at
52 °C (Fidelio et al. 1986). This is not very different from what
is exhibited by 16:0 Cer (at 11 mN.m ™' at 49 °C, see Fig. 1). A
structural study in bulk dispersion of 16:0 Cer (Shah et al.
1995a) also described three phases: two lamellar bilayer gel
phases and a chain-disordered phase at high temperature.

At relatively low temperatures, 16:0 Cer monolayers show
a considerable hysteresis that reflects the irreversible storage
of cohesion work that is reduced with increasing temperature.
16:0 Cer shows a less condensed behavior during the first
compression and becomes more condensed during a second
compression after expansion. This phenomenon implies that,
once 16:0 Cer molecules are forced to closely pack and ac-
quire the more condensed state, the intermolecular arrange-
ment formed at high pressures is quite resilient under expan-
sion (or, at least, its relaxation kinetics is much slower than the
film expansion process). As reasonably expected, the increase
of molecular thermal energy caused by increasing temperature
leads to more favorable (or faster) reversibility.

Fig. 2 represents a two-dimensional phase diagram of 16:0
Cer monolayers. It shows the presence of two condensed
phases and a LE phase. To further characterize the topography
of the three phases observed in the isotherm and isobar stud-
ies, measurements of monolayer optical thickness were per-
formed by BAM. Formation of three phases was found,
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Fig. 1 First compression
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depending on the surface pressure and temperature: a solid
(1.80 nm thick), a LC (1.73 nm thick, likely tilted) and a LE
(1.54 nm thick) phase over the temperature range 5-62 °C. A
large hysteretic behavior is observed for the S phase mono-
layer that can be due to its high resistance to domain boundary
deformation. A second- (or higher-) order S — LC phase
transition is observed at about room temperature while a
first-order LE — LC transition occurs in a range of tempera-
ture encompassing the physiological range (observed from
30 °C at low surface pressure). This phase behavior clearly
emphasizes that Cer is not always rigid but able to exhibit a
rich polymorphism depending on the relative strength of mo-
lecular interaction compared to the molecular thermal energy
determined by temperature. This is a quite important concept
because it means that a phase change in Cer can occur even
isothermally whenever the molecular interactions fall below
the thermal energy.
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Short-chain ceramides

Long-chain Cers are highly hydrophobic, essentially insoluble
and non-dispersible in aqueous solution. Thus, short-chain
Cers are commonly used in cell culture studies even if their
biological action and most of their physical properties are
entirely different from those of their long-chain analogues
(Ghidoni et al. 1999; Sot et al. 2005b). In lipid monolayers
at the air—water interface, the molecular packing, dipole po-
tential, in plane elasticity, physical state, interfacial thickness,
and morphology of the condensed domains formed by Cer is
highly dependent on the length of the N-acyl chain. These
represent further levels of modulation of the information trans-
duction capacity of Cer through supramolecular amplification
of molecular changes determined by metabolism.

The variation of the surface pressure and perpendicular di-
pole moment as a function of the mean molecular area is quite
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Fig. 2 Phase diagram for 16:0 Cer monolayers. Surface pressure vs.
temperature phase diagram of 16:0 Cer from isotherms (circles) and
isobars (triangles) data. A solid, a liquid-condensed (LC) and a liquid
expanded (LE) phase are identified in the temperature and pressure range
explored. Additionally, the collapse point of each isotherm provides in-
formation of the transition to the collapsed phase. Black symbols corre-
spond to second-order transitions, gray and white symbols correspond to
the beginning and the end of first-order transitions, respectively. The gray

different for N-acyl Cers of different length. As expected, Cers
with N-acyl chain length less than 14 carbon atoms form inter-
faces with a more LE character. Also, surface-pressure-induced
two-dimensional phase transitions occur in these molecules
(Fig. 3). This is in general agreement with the progressively
lower temperatures of the stable main phase transition of Cers
aqueous dispersions with the shortening of N-acyl chains
(Westerlund et al. 2010). The inset in Fig. 3 shows that, after
the Cer films reached a coherent state, the variations of the
magnitude of the resultant perpendicular dipole moment also
reflects the phase state of the films with the dipolar rearrange-
ments occurring in coincidence with the LE-LC transitions.
Changes of the length of the saturated fatty acid N-linked to
sphingosine produced conspicuous changes of the Cer interfa-
cial behavior. 16:0 Cer exhibits S-L.C and LE-LC transitions
induced by variations of surface pressure over the physiological
temperature range (Fanani and Maggio 2010). Shorter fatty acid
chain lengths loosen intermolecular interactions and LE phases
occur in 12:0 Cer and 10:0 Cer at 21 °C. The higher surface
pressure necessary for taking 10:0-Cer to a condensed state,
compared to that required by 12:0 Cer (22 vs. 2 mN.m ', re-
spectively), points out the dramatic importance of the chain—
chain interactions for acquiring the condensed state in Cers. On
the other hand, the four Cers studied essentially showed the
same limiting cross-sectional area at collapse (between 38 and
40 A% molecule ") which can be accounted for by close pack-
ing of both the fatty acyl and sphingosine chains while the small
polar headgroup of Cer does not contribute to the cross-
sectional area of the lipid in the condensed state, as reported

40 50 60 70

Temperature (C)

shadowed areas indicate phase coexistence regions: the bottom left
triangle indicates gas—solid coexistence only for the first compression
of the monolayer; the small triangle in the bottom center is a three-
phase (LC/LE/gas) coexistence region and the shadowed area on the
right corresponds to a LC-LE coexistence region. Image size
372 x 466 um. The data correspond to the whole set of experiments
where each point corresponds to a single experiment. The images are
representative experiments. Modified from Fanani and Maggio (2010)

earlier (Lofgren and Pascher 1977; Maggio et al. 1978). The
difference in length (mismatch) of the N-linked palmitoyl chain
of 16:0 Cer and the 18C of the sphingosine is negligible.
However, when the chain asymmetry increases, mismatch com-
pensations can occur and one such effect in lipid bilayers is the
establishment of chain interdigitation (Huang and McIntosh
1997) that has been demonstrated in SM (Boggs and Koshy
1994) and asymmetric Cers (Carrer et al. 2003, 2006).
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Mean molecular area (Az.molec'

- Surface pressure (mMN.m™)
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Mean molecular area (A2.molec™)
Fig. 3 Surface pressure-molecular area isotherms and dipole potential
(inset) of Langmuir monolayer of ceramides. (@) 16:0 Cer, (O) 14:0 Cer,

(¥)12:0 Cer, and (A) 10:0 Cer. Measurements were performed at 21 °C.
Extracted from Dupuy et al. (2011)
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On the other hand, interdigitation is not possible in mono-
layers because there is no hydrocarbon layer above the chains.
In the condensed state, both chains are pointing out into the air
side of the interface. In such a case, the film thickness should
correspond to that of the longer hydrocarbon moiety of sphin-
gosine and approximately the same in all the Cers studied.
However, film thickness of the condensed phase increased in
proportion to the length of the N-linked fatty acid chain length
(Fig. 4a). The resultant perpendicular dipole moment, calculat-
ed from surface potential measurements, varies as the film is
taken to different phase states determined by the surface pres-
sure. The maximum values corresponded to the more con-
densed state of each Cer, and their magnitude also correlates
linearly with film thickness (Fig. 4b). 16:0 Cer and 10:0 Cer
have the largest and the smallest dipole moments of the series
studied, respectively, indicating that the N-acyl chains contrib-
ute to the molecular dipole of Cers in proportion to their length.

A possible explanation of the reduced thickness of 10:0 Cer
and 12:0 Cer is that a portion of the sphingosine chain (which
is the same in all the Cers studied) may bend over the N-acyl
chain (Fig. 4c). The values of the resultant perpendicular di-
pole moment are also in keeping with a bending of the ex-
ceeding hydrocarbon segment of the sphingosine moiety over
the length of the shorter N-fatty acid chain. These electrostatic
data, together with the independent measurements of the lim-
iting molecular areas, of the interfacial thickness, and the geo-
metrical analysis discussed above are in keeping with the pos-
sibility that in monolayers of asymmetric short chain Cers at
the closest packing, the sphingosine chain could bend over the
N-linked fatty acyl chain thus reducing hydrophobic mis-
match while maximizing hydrocarbon interactions. In a lipid
bilayer containing asymmetric Cers, chain interdigitation can
occur, instead of bending, which is compatible with the ob-
served reduction of bilayer thickness and chain length-
dependence of paramagnetic probe mobility (Carrer et al.
2003, 20006).

Long- and unsaturated chain ceramides

Different to 16:0 Cer and 18:0 Cer nonhydroxyl Cers that
show a condensed character, the introduction of a double bond
at C9 in the amide-bound fatty acid of Cer, as in 9A18:1 Cer,
leads to expanded monolayers (Fig. 5). However, when the
double bond occurs at the C15 of the N-linked acyl hydrocar-
bon chain, as in 15A24:1 Cer, the molecules can still pack into
an LC phase at room temperature and exhibit an LC—S tran-
sition quite similar to that shown by the saturated 16:0 Cer
(Lofgren and Pascher 1977; Pefialva et al. 2014a).

A combined elongation and polyunsaturation of the N-acyl
chain of Cers results in the occurrence of very-long-chain,
polyunsaturated fatty acids (VLCPUFA) Cers, such as the
purified from rat testes (Pefialva et al. 2014a). VLCPUFA-
containing Cers species show both an LE and an LC phase
at room temperature (Fig. 5). Counting from the amide-bound
carbon, the first of the series of 4 or 5 methylene-interrupted
cis double bonds of the Cer species of VLCPUFA Cers are
located at C12, C13 and C14 in the 30:5, 28:4 and 32:5 acyl
chains, respectively, at an intermediate location between the
two above-mentioned monounsaturated Cers. Then, a mini-
mum saturated portion of C12 appears to be sufficient to fa-
vors the occurrences of a LC phase, facilitating van der Waals
interactions among acyl chains. Ordinary Cers in their LC or S
state typically occupy an area of ~40-42 A%.molecule ' which
is roughly the lower limiting cross-sectional area for lipids
with two-tailed, fully extended saturated acyl chains.
However, nonhydroxy VLCPUFA Cers remarkably show up
to 3.4 - fold larger area than 18:1 Cer in its LE state (Fig. 5).
The former phase appears as a consequence of the hydrocar-
bon chain disordering thus reducing the tightness of their
packing by their several double bonds but not inducing a
thicker film than other Cer monolayers (Pefialva et al. 2014a).

In many tissues, a considerable number of the
sphingolipid species contain a 2-hydroxyl group at the

20 640
a a C

=z 18 %
< 16 i L 600 =
o < i /]
@ 14 o}
= T £
x 12 560 ©
i) €
% 10 o
S 8 F520 8
& 5 17.3pm 11.1pm
o 6 o)
(=] (8}
o 4 - 480 ©
= 00 - =

2 39 42 45 48 51 5‘}\2 n

0 i i ! : Mean mlolecular areaI (A?) 440 D e ) -

10,0 1220 14:0 16:0 10 12 14 16 18
Ceramide Monolayer thickness (A)

Fig. 4 Film thickness of the ceramides in the condensed phase measured
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dipole moment of the condensed phase of ceramides (b). /nset resultant
perpendicular dipole of the condensed phase of 10:0 Cer (A), 12:0 Cer
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III software (Tripos Ass.) of 16:0 Cer (/) and the proposed arrangement of
10:0 Cer (/) with the sphingosine chain bending over the N-acyl chain.
The scales indicate monolayer thickness measured by BAM, and the
dashed line shows the probable location of the interface. Modified from
Dupuy et al. (2011)
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Fig.5 Schematic structures of the ceramides containing nonhydroxy and
2-hydroxy very-long-chain polyunsaturated fatty acids (VLCPUFA) pu-
rified from rat testes. X represents the presence of —H or —OH, respective-
ly, in the second carbon atom of the amide-bound fatty acid. The plot
shows compression isotherms of the nonhydroxilated Cer serie: 16:0 Cer
(gray full line) and 18:1 Cer (gray dotted line), 24:1 Cer (gray dashed

second carbon atom of their fatty acyl chain. This bio-
chemical modification also occurs in the VLCPUFA of
rodent testis sphingolipids including SMs and Cers
(Zanetti et al. 2010). The 2-hydroxy VLCPUFA Cers
show similar surface behavior to their nonhydroxylated
relatives but showing smaller molecular areas; this is
evidencing an important contribution of the 2-hydroxyl
group placed near the air-water interface in their capacity
for close molecular packing (Pefialva et al. 2014a). The
change of phase transition pressure with temperature pro-
vides thermodynamic data that allow an estimation of the
melting temperature of the sphingolipids should they be
organized in bilayers (Maggio 1994). This extrapolation
suggests that both nonhydroxy and 2-hydroxy 28:4 Cer
underwent melting at 45-46 °C. On the other hand, a
large difference was calculated for the nonhydroxy versus
the 2-hydroxy 30:5 Cer, giving melting temperatures of
~36 and ~53 °C, respectively (Penalva et al. 2014a).
Those values indicate that the VLCPUFA Cers studied
might organize in a gel state at the physiological temper-
ature but close to their phase transition points. Subtle
changes of temperature, and/or a drop in surface pressure
due to thermal fluctuations, could then induce an LC-LE
phase transition of these molecules, involving a large mo-
lecular lateral expansion. Since the Cer polar headgroup is

line), 28:4 Cer (black full lines), 30:5 Cer (black dashed lines) and 32:5
Cer (black dotted lines). The short arrows indicate the beginning of the
LE to LC phase transition. Micrographs (size 200 x 250 pm) correspond
to Brewster angle microscopy images of monolayers of VLCPUFA-
containing ceramides through the LE-LC transition region. Adapted from
Pefialva et al. (2014a)

very small, such lateral expansion would concomitantly
translate into changes of the geometry of the Cer mole-
cules and the overall membrane curvature.

It is worth noting that the Cs ™' values for the LC phases
formed by all Cers species containing VLCPUFA were lower
than those obtained for shorter Cers. Considering the usual
classification of lipid monolayers state according to the value
of Cs™! (Davies and Rideal 1963), the VLCPUFA Cer films
could be expected to be in a LE rather than in a LC state. In
order to unravel this discrepancy, the Brownian motion of
micrometer-sized latex beads placed onto 2-hydroxyl 28:4
Cer films were analyzed in comparison with shorter Cer films
(Pefialva et al. 2014b). 18:1Cer films in the LE state allow a
high lateral diffusion of latex beads whilst, similar to 16:0 Cer
LC films, 2-hydroxyl 28:4 Cer monolayers allow a very re-
stricted lateral diffusion. Therefore, the diffusion parameters,
rather than the compressibility properties, describe pure 2-
hydroxyl 28:4 Cer films as being in a soft-condensed phase
state at high molecular surface density (Pefialva et al. 2014b).
This unusual highly compressible LC phase appears compat-
ible with a high conformational freedom of the bended and
partially hydrated VLCPUFA moieties but having the charac-
teristically low diffusional properties of a LC phase. This re-
sembles the rheological properties described for polymer
monolayers in a semi-dilute regime and good solvent
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conditions in which an interpenetrated network of the long-
chained structures leads to chain entanglement reptating mo-
tion. Such atypical rheological properties have only been de-
scribed for VLCPUFA Cer films among all naturally occur-
ring lipid membranes studied so far.

Topological implications

Natural extracts of bovine brain and 16:0 Cer form lamellar
stackings (Shah et al. 1995a), a feature also induced by other
complex glycosphingolipids and some of their mixtures with
PC (Maggio et al. 1988). However, when mixed with inverted
phase-forming lipids such as phosphatidylethanolamine, Cers
N-acylated with fatty acids equal to or longer than § carbons
decreased the temperature of lamellar Lo to hexagonal II tran-
sition (Sot et al. 2005a), suggesting that this Cer stabilizes the
negative curvature of membranes. On the other hand, when
mixed with dipalmitoyl PC, an increase of the main transition
temperature and a reduction of bilayer thickness due to chain
interdigitation is induced by egg-Cer (Carrer and Maggio
1999). Natural Cers (mostly constituted by 16:0 and 18:0 N-
acyl chains) display a high transition temperature (Fidelio
et al. 1986; Shah et al. 1995b; Westerlund et al. 2010), owing
to tight molecular packing, high van der Waals interactions
and subsequent hydrogen bonding (Lopez-Montero et al.
2010). In bilayer and monolayer model systems, such Cers
form highly ordered, solid phases (Lopez-Montero et al.
2010; Dupuy et al. 2011; Castro et al. 2014) and, when mixed
with either glycerophospholipids or sphingolipids, induce
phase segregation of condensed domains and complex ther-
mograms (Busto et al. 2009; Westerlund et al. 2010; Pinto
et al. 2011; Dupuy and Maggio 2014).

In Langmuir monolayers, 10:0 Cer at 24 °C show an ex-
panded to condensed transition (Dupuy et al. 2011) at about
25 mNm ', a surface pressure higher than the transition pres-
sure of 16:0 SM (16:0 SM) (Smaby et al. 1996; Ramstedt and
Slotte 1999; Busto et al. 2009; Dupuy and Maggio 2014)
which is about 12 mN.m "', This implies a less solid character
of the short-chain Cer compared to the symmetric SM.
However, this trend is not followed by the behavior of these
lipids in bulk. The main transition temperature of 10:0 Cer
dispersed in bulk is higher than that of 16:0 SM (Ramstedt
and Slotte 1999) (75 vs. 41 °C, respectively) indicating a less
solid character of the SM. This indicates that the arrangement
of the molecules in the planar geometry in monolayers at the
air—water interface is not preserved in 10:0 Cer when dis-
persed in bulk, at variance with the bilayer-forming 16:0 SM.

Using small-angle X-ray scattering and polarized light
microscopy, the fully hydrated 10:0 Cer dispersions, at
temperatures below the main transition, are arranged in a
tridimensional structure corresponding to an inverted hex-
agonal phase (Dupuy et al. 2017). Infrared spectroscopy
and wide angle X-ray diffraction indicate that the acyl
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chains of Cers exhibit a relatively high order in the hex-
agonal phase (Fig. 6). As far as we know, this is the first
report of a lipid hexagonal phase having highly ordered
acyl chains. Molecular asymmetry due to the different
length of the sphingosine and the N-acyl chains of 10:0
Cer may explain the formation of this novel phase in
which the topological stress arising from the “void” vol-
ume between lipid tubules arranged in hexagonal lattice is
reduced by the chain asymmetry; the portion of the
sphingopid hydrocarbon chain exceeding the length of
the N-acyl chain fills the void volume in the hexagonal
arrangement. Topologically, this would resemble the chain
interdigitation known to occur in bilayers containing
asymmetric Cers with 10:0 or 8:0 N-acyl chains (Carrer
et al. 2003, 2000).

Sphingomyelins

Like PC, SM has phosphocholine as its zwitterionic polar
headgroup. SM and PC both have two long hydrocarbon
chains configured in rather similar ways. In PC, both hy-
drocarbon chains are ester-linked to a glycerol backbone,
the sn-1 chain is usually saturated and the sn-2 chain
usually contains one or more cis double bonds. By con-
trast, in SM the sphingoid base serves a dual role as both
interfacial backbone and nonpolar hydrocarbon chain. The
only true acyl chain is amide-linked. The structural fea-
tures that may enable SM to provide a specialized mem-
brane environment include (1) an abundance of long, sat-
urated acyl chains that sometimes provide intramolecular
chain-length asymmetry, and (2) interfacial functional
groups that can donate and accept hydrogen bonds with
neighboring lipids (Barenholz and Thompson 1980;
Boggs 1987). SM bilayers predominantly occur with in-
termolecular SM—SM hydrogen bonds in the gel state but
intramolecular or SM—water hydrogen bonds are more
frequent in the liquid disordered phase (Niemeld et al.
2004). This implies a high potential for SM to interact
(also through hydrogen bonding) with soluble amphiphilic
proteins when organized in the disordered state (Pedrera
et al. 2014), since it would avoid extensive breaking of
stronger SM—SM hydrogen bonding that are established in
the gel state.

Only relatively recently has the importance of acyl
chain length and saturation begun to be recognized as an
important structural feature in SM’s interactions with oth-
er lipids (e.g., Silvius 1992; Smaby et al. 1994, 1996;
Silvius et al. 1996; Ahmed et al. 1997). Despite the fact
that saturated chains of differing lengths dominate the
acyl composition of most naturally occurring SMs, the
effect of changing acyl chain length on the physical be-
havior of SM remains poorly understood (Snyder and
Freire 1980; Maulik et al. 1986; Sripada et al. 1987; Bar
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Fig. 6 Structural analysis of 10:0 ceramide aqueous suspension. a SAXS
patterns of 10:0 Cer at the indicated temperatures in the hexagonal phase
(blue and brown) and disordered phase (red). Synchrotron radiation was
used and spectra were acquired after 10 min of thermal stabilization.
Measurements were carried out in triplicate with fresh samples. b
Correlation of the position of the SAXS peaks with Miller indexes of a
hexagonal crystal array. The scheme show a simplified model of the HII
tubular micelles represented in cross-section. The main slabs are shown in

et al. 1997; Ramstedt and Slotte 1999; Penalva et al.
2014b). Careful systematic studies on the dependence of
the surface behavior of SMs with different N-linked acyl
chains (12:0, 14:0, 16:0, 18:0, 24:0, 26:0) have been re-
ported (Li et al. 2000), and readers are referred to this
excellent work. Briefly, SM containing lauroyl (C12:0)
acyl chains displayed only LE behavior. Increasing the
length of the saturated acyl chain (e.g., 14:0, 16:0, or
18:0) resulted in LE to LC two-dimensional phase
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color: blue for water, red ring for polar headgroup, brown ring for the
non-interdigitated acyl chain region, yellow ring for the asymmetric
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carbonyls), red stick for the acyl part of sphingosine and white is the
packing frustration region. The remarkable feature of this cartoon is that
the sphingosine methyl end practically fit close to the center of the space
between the cylinders, relieving packing frustration. Adapted from
Dupuy et al. (2017)

transitions at temperatures in the 10-30 °C range.
Similar behavior was observed for SMs with lignoceroyl
(24:0) or cerotoyl (26:0) acyl chains, but isotherms
showed only condensed behavior at 10 and 15 °C.
Insights into the interactions occurring within the different
SM phases, and accompanying changes in SM phase state
were provided by analyzing the in-plane elasticity using the
compressibility moduli. At similar surface pressures, LE
phases of SM were less compressible than those of PCs with

Fig. 7 Compression isotherms at 70
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monolayers N-acylated with dif-
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similar chain structures. The area per molecule and compress-
ibility of SM condensed phases depend upon the length of the
saturated acyl chain (Fig. 7) and upon the spreading tempera-
ture. Spreading of SMs with very long saturated acyl chains at
temperatures 30-35 °C below the bulk 7}, resulted in con-
densed films with lower in-plane compressibility, but consis-
tently larger cross-sectional molecular areas than the con-
densed phases achieved by spreading at temperatures only
10-20 °C below Tim. Fig. 7 shows results reproducing some
of the findings summarized above.

VLCPUFA-containing SMs form a quite disordered LE
phase when organized in a monolayer, showing large areas
per molecule and low film thickness (Pefialva et al. 2014b).
The nonhydroxy 32:5 SM appears as the most expanded one
with low Cs™' values a molecular area 80% larger than the
18:1 SM also in the LE phase state. This implies rather weaker
intermolecular interactions, and in general tends to be more
fluid compared to those occurring between SMs with relative-
ly shorter and straight-chain saturated fatty acids. Similar to
VLCPUFA-containing Cers, the 2-hydroxy SMs show small-
er molecular areas. Then, as a general behavior, the presence
of the 2-hydroxyl group in the fatty acid of both SMs and Cers
favors stronger intermolecular interactions leading to more
compact surface packing. Evidences of a similar effect was
observed also in bilayers, where 2-hydroxy VLCPUFA SMs
increases the degree of order to a larger extent than their chain-
matched nonhydroxy VLCPUFA SMs (Penalva et al. 2013).

Upon cooling, only the longest nonhydroxy 32:5 SM and
2-hydroxy 32:5 SM shows an LE — LC phase transition in
monolayers and also a transition upon heating, close to room
temperature, in bilayers (Pefialva et al. 2013, 2014b). Finally,
VLCPUFA-containing SMs show a large conformational free-
dom that opposes lateral compression. However, the loss of
entropy of the VLCPUFA upon compression appears to be
counteracted by a released of the hydration shell of the
phosphocholine groups (Penalva et al. 2014b), an effect sup-
ported by dynamic simulation studies that evidence a more
structured hydration water at the surface of SM membranes
in comparison with PCs (Niemeld et al. 2004).

In summary, variations of the N-acyl chain length in
ceramides and sphingomyelins markedly affect their phase
state, electrostatics and interfacial elasticity, which in turn
result in a rich variety of patterns at the surface topography
level. Furthermore, these properties condition the tridimen-
sional structure of the membrane at an even higher struc-
tural level. Thus, the usually conceived concept of
“condensed” sphingolipids should be revised in the light
of the evidences shown here. Additionally, the miscibility
properties of ceramides and spingomyelins in binary mix-
tures of different composition, and with other more com-
plex sphingolipids, are also strongly regulated by the var-
iations in their N-acyl chains. This issue will be analyzed
and discussed in the part II of this revision work.
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