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ARTICLE INFO ABSTRACT

Keywords: a-galactosylceramide (a-GalCer; KRN7000) strongly stimulates NKT cells. The structures of a-GalCer assemblies
o-galactosylceramide and of cationic DODAB bilayers containing a-GalCer were investigated by differential scanning calorimetry
glycosphingolipid

(DSC) and electron spin resonance (ESR) spectroscopy. Assemblies of a-GalCer have a very tightly packed gel
phase, causing spin labels to cluster and display spin exchange interactions. An endothermic phase transition is
observed by DSC, leading to a fluid phase. This phase transition peak disappears upon mixing with DODAB,
showing that up to 9 mol% a-GalCer is miscible with the cationic lipid. ESR spectra show that a-GalCer decreases
DODAB gel phase packing, resulting in a decrease of gel-fluid transition temperature and cooperativity in DSC
thermograms of mixed bilayers. In contrast, a-GalCer increases the rigidity of the fluid phase. These effects are
probably due to the conformation of the rigid amide bond that connects the phytosphingosine base of a-GalCer to
its long and saturated acyl chain. Possibly, a-GalCer adopts a V-shaped conformation because of the perpen-
dicular orientation of the amide bond towards the axes of the hydrocarbon chains. Apparently, the effect of the
amide bond configuration is a key structural feature for the interaction between ceramide-based glycolipids and
DODAB molecules, since we have previously reported a similar decrease of gel phase packing and increase in
fluid phase rigidity for DODAB bilayers containing C24:1p-glucosylceramide. Since the structure of delivery
systems is critical to the biological activity of a-GalCer, this work certainly contributes to the planning and
development of novel immunotherapeutic tools.
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in the treatment of cancer and in the development of
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vaccines. #1510

1. Introduction

a-galactosylceramide (a-GalCer, also known as KRN7000, Fig. 1) is a
synthetic derivative of glycosphingolipids from the marine sponge
Agelas mauritianus." Its structure comprises a galactosyl residue a-linked
to a ceramide (Fig. 1), and this ceramide corresponds to an 18-carbon
phytosphingosine which is amide-linked to a 26-carbon saturated acyl
chain.?*

This molecular structure enables a-GalCer presentation by Cluster of
Differentiation 1 (CD1) molecules to Natural Killer T (NKT) cells, which
become strongly activated.>*° The activated NKT cells produce an array
of cytokines that can stimulate the maturation of dendritic cells °, the
activation of Natural Killer cells, B and CD8" T lymphocytes **°, and
even the conversion of myeloid-derived suppressor cells to immuno-
genic antigen presenting cells.'” In this case, a-GalCer significantly
prolonged survival time in metastatic tumor-bearing mice.'? The broad
and potent immunostimulatory effects of a-GalCer have been explored

* Corresponding author.
E-mail address: julio.rozenfeld@unifesp.br (J.H.K. Rozenfeld).

https://doi.org/10.1016/j.chemphyslip.2020.104963

In order to avoid toxicity !’ and improve bioavailability, many de-
livery systems have been tested for a-GalCer, such as polymer nano-
particles '®'°, polymer micelles?® and liposomes.>»*>

Dioctadecyldimethylammonium bromide (DODAB, Fig. 1) is a syn-
thetic cationic lipid whose bilayers have been successfully employed as
vaccine adjuvants.’>>* Hence, it could serve as a suitable carrier for
a-GalCer. Indeed, DODAB bilayers containing TDB, a glycolipid derived
from Mycobacterium cord factor, were shown to induce strong immune
responses.”’

Physicochemical properties are very important in the design of
bilayer-based immunotherapeutic tools: liposomes with greater bilayer
rigidity and higher phase transition temperatures usually elicit higher
antibody and cell-mediated immune responses.?® Despite this impor-
tance, the structural properties of pure a-GalCer assemblies and their
mixtures with other lipids are poorly characterized.
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Hence, in the present work, pure a-GalCer assemblies and DODAB
bilayers prepared with different a-GalCer molar fractions were charac-
terized by means of differential scanning calorimetry (DSC) and electron
spin resonance (ESR) spectroscopy.

2. Materials and Methods
2.1. Materials

(2S,3S,4R)-1-0-(D-galactosyl)-N-hexacosanoyl-2-amino-1,3,4-octa-
decanetriol (a-GalCer) and the spin labels 1-palmitoyl-2-(n-dox-
ylsearoyl)-sn-glycero-3-phosphocholine (n-PCSL, n = 5 or 16) were
purchased from Avanti Polar Lipids (Birmingham, AL, USA). Dio-
ctadecyldimethylammonium bromide (DODAB) and HEPES buffer were
supplied by Sigma Chemical Co. (St. Louis, MO, USA). The chemical
structures of a-GalCer, DODAB, 5- and 16-PCSL are shown in Fig. 1.

2.2. Membrane preparation

Chloroform/methanol 2:1 (v/v) solutions containing DODAB,
a-GalCer or its mixtures, were dried under a stream of N5 and left under
reduced pressure for 2 h to form lipid films. Membranes were prepared
by adding HEPES buffer (10 mM, pH 7.4) to the films and heating them
for 15 min at 87 °C. Heating was accompanied by vigorous vortexing at
every 5 minutes in order to ensure a homogenous dispersion. For ESR
experiments, 0.8 mol% 5-PCSL or 0.3 mol% 16-PCSL were added to the
chloroform/methanol solutions when preparing the lipid films. For DSC
experiments, final lipid concentrations were 2 mM DODAB, 0.2 mM
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a-GalCer or 2 mM DODAB plus 0.02 mM or 0.2 mM a-GalCer (which
corresponds, respectively, to 0.9 mol% and 9 mol% of the total lipid
concentration in the mixed membranes). For ESR experiments, final
lipid concentrations were 2 mM DODAB, 2 mM a-GalCer or 2 mM
DODARB plus 0.2 mM a-GalCer.

2.3. Differential Scanning Calorimetry (DSC)

DSC scans were performed in a PEAQ-DSC Microcalorimeter (Mal-
vern Instruments Inc., Northampton, MA, USA). Heating rates were 20
°C/h. Scans were performed at least in duplicate. Thermograms corre-
spond to second upscan.

2.4. ESR spectroscopy

ESR spectra at X-band (9.44 GHz) were obtained with a Bruker EMX
spectrometer using a high sensitivity ER4119HS cavity. Microwave
power was 13.4 mW, modulation frequency was 100 kHz and modula-
tion amplitude was 1 G. The averaging number of scans was 20 for the
temperature range of the gel phase and 5 for the temperature range of
the fluid phase. All experiments were repeated at least once using
different samples on different occasions. Empirical data correspond to
the means of experiments with different samples, and standard de-
viations of these samples are shown as error bars.

The effective order parameter, Sg, was calculated from the expres-
sion %7
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Fig. 1. Chemical structures of a-GalCer (A), DODAB (B), 5-PCSL (C) and 16-PCSL (D). In (A), the arrow indicates the amide bond connecting the acyl chain to the
phytosphingosine and the number 4 indicates the hydroxyl group bonded to carbon 4 of the phytosphingosine.
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The ratios between the low and central (h,;/hp) and the high and
central field line amplitudes (h.;/hy) were also directly taken from
spectra (see Figs. 3 and 5).

3. Results

3.1. The gel-fluid transition temperature and cooperativity of DODAB
bilayers are decreased upon mixing with a-GalCer

The thermotropic behaviors of 2 mM DODAB, 0.2 mM «-GalCer and
mixtures of 2 mM DODAB and a-GalCer are shown in Fig. 2.

DODAB bilayers prepared in HEPES buffer display a narrow transi-
tion beginning around 42 °C, peaking around 47 °C and ending around
49 °C, as previously observed.>**’

Addition of a-GalCer shifts the transition to lower temperature and
makes it broader: in presence of 0.02 mM a-GalCer, the transition begins
around 35 °C, peaks around 46.6 °C and ends around 48.2 °C; in pres-
ence of 0.2 mM a-GalCer, the transition also begins around 35 °C, peaks
around 44.3 °C and ends around 47.4 °C (Fig. 2). The broadening of the
transition range indicates a decrease in cooperativity when a-GalCer is
added to the DODAB bilayers.

Pure a-GalCer assemblies display a broad endothermic transition
beginning around 64 °C, peaking at 72.5 °C and ending around 76.2 °C.
A shoulder is also observed around 65.2 °C (Fig. 2). Similarly, a single
endothermic peak at 72.8 °C has been described for a-GalCer prepared in
10 mM Tris-HCl, 150 mM NaCl, pH 7.0 and scanned at 60 °C/h.>!

3.2. DODAB gel phase packing is decreased in mixtures with a-GalCer

Since 0.2 mM a-GalCer produced the strongest effect in the
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Fig. 2. Effect of a-GalCer on the DSC thermogram of 2 mM DODAB bilayers.
Scan rate was 20 °C/h.

Chemistry and Physics of Lipids 232 (2020) 104963

thermograms of mixed bilayers, ESR spectroscopy was used to compare
the structures of pure 2 mM DODAB and mixed 2 mM DODAB +0.2 mM
a-GalCer bilayers. This technique uses phospholipids labelled with
paramagnetic moieties at different positions to probe membrane struc-
ture at different depths, especially viscosity or packing.>> The spin label
5-PCSL, for example, gives information about the region closer to the
water interface, whereas the spin label 16-PCSL informs about the
bilayer core (Fig. 1). Spectra of 5- and 16-PCSL embedded in pure and
mixed bilayers at temperatures below the DODAB gel-fluid phase tran-
sition are shown in Fig. 3.

In pure DODARB bilayers, the spectra of 5-PCSL are more anisotropic
than the ones of 16-PCSL, showing that the former probe is in a more
packed environment than the latter (Fig. 3). This flexibility gradient
towards the membrane core is typical of the DODAB gel phase 2% and

5-PCSL 16-PCSL

T(°C)

DODAB

+o GalCer

- s s s

20G

Fig. 3. Effect of 0.2 mM «a-GalCer on ESR spectra of 5-PCSL and 16-PCSL
embedded in 2 mM DODAB bilayers at temperatures below the gel-fluid tran-
sition. The maximum hyperfine splitting (Amqy) and the amplitudes of low (h, )
and central (h,) fields are indicated. Total spectra width is 100 G.
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is also observed in mixed bilayers of DODAB and a-GalCer. In fact, the
spectra profiles of both probes are similar in pure and mixed bilayers
(Fig. 3). Hence, empirical parameters obtained from the spectra can be
more useful to compare these bilayers (Fig. 4).

The maximum hyperfine splitting (Anqy) is an important parameter
obtained from 5-PCSL spectra in the gel phase (Fig. 3). Amax values
decrease as viscosity or packing decreases. It is important to have in
mind that when we mention a decrease in viscosity or packing, it could
be an increase in mobility and/or in bilayer disorder as it is not possible
to distinguish between the two effects.>? As expected, Fig. 4A shows that
Amax values decrease with increasing temperature in both types of bi-
layers. However, the lower Apg, values for the DODAB+a-GalCer bi-
layers indicate that they are less packed near the surface when compared
to pure DODAB bilayers (Fig. 4A).

The spectra of 16-PCSL are more isotropic, and the Apq, values
cannot be accurately measured (Fig. 3). In this case, the ratio of the low
and the central field line amplitudes (h.;/hg) provides better

315 ¢ A

312 1+

<::E ' N

X

w

o

(o)
T

w

o

o))
T

_._ DODAB ;

/

)

N

—a— + aGalCer

30.3

T
—— H

0.56

T
vy}

0.52

048} / —

N

heq/hg
\

0.44

20 24 28 32
T (°C)

Fig. 4. Effect of 0.2 mM a-GalCer on the maximum hyperfine splitting (Amqyx) of
5-PCSL (A) and on the ratio of the low and the central field line amplitudes
(h1/hp) of 16-PCSL (B) embedded in 2 mM DODAB bilayers at the gel phase.
Error bars indicate standard deviations of at least two experiments with
different samples.
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information on the bilayer structure, since its values increase as the
bilayer becomes less packed.®” Accordingly, Fig. 4B shows that an in-
crease in temperature and the resulting decrease in packing lead to an
increase in h,j/hg values. The higher h;/hy values for the mixed bi-
layers show that they are less packed at the core than the pure DODAB
bilayers (Fig. 4B). In summary, the Apq and h, 1/hg values show that the
DODAB+a-GalCer bilayers are less tightly packed in the gel phase than
the pure DODAB bilayers.

3.3. a-GalCer rigidifies the DODAB fluid phase

Spectra of 5- and 16-PCSL embedded in pure and mixed bilayers at
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Fig. 5. Effect of 0.2 mM a-GalCer on ESR spectra of 5-PCSL and 16-PCSL
embedded in 2 mM DODAB bilayers at temperatures above the gel-fluid tran-
sition. Maximum and minimum hyperfine splittings (Aqx and Apy), and the
amplitudes of central (hp) and high (h.;) field lines are indicated. Total spectra
width is 100 G.
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temperatures above the DODAB gel-fluid phase transition are shown in
Fig. 5.

When compared to the spectra at lower temperatures (Fig. 3), the
spectra of 5-PCSL display a profile with thinner features, where the Ayin
value can be clearly measured (Fig. 5). These features indicate that the
probes have fast movement along their long axis>® suggesting a fluid yet
ordered location that is characteristic of a location close to the mem-
brane interface in the fluid phase. The spectra of 5-PCSL in pure and
mixed bilayers are similar (Fig. 5).

The sharp peaks observed in the spectra of 16-PCSL (Fig. 5) indicate a
fast and nearly isotropic movement of the paramagnetic probe at the
bilayer core, which is characteristic of the fluid phase.?® No evident
difference is observed in the spectra profiles of 16-PCSL embedded in
pure DODAB or DODAB+a-GalCer bilayers. Again, empirical parameters
can be more informative on the structural differences between pure and
mixed bilayers (Fig. 6).

The 5-PCSL spectra have clearly defined maximum and minimum
hyperfine splittings (Amax and Amin) (Fig. 5), which can be used to
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Fig. 6. Effect of 0.2 mM a-GalCer on the effective order parameter (S of 5-
PCSL (A) and on the h_;/hg ratios of 16-PCSL (B) embedded in 2 mM DODAB
bilayers at the fluid phase. Error bars indicate standard deviations of at least
two experiments with different samples.
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calculate an effective order parameter (S.f), as described in Section 2.4.
This parameter is useful to evaluate the acyl chain order, although it has
been shown to have contributions from the paramagnetic label
mobility.*>**% Fig. 6A shows that Seff values are higher for mixed bi-
layers than for pure DODAB bilayers, indicating that the bilayer order
close to the interface in the fluid phase is increased in the presence of
a-GalCer.

The more isotropic spectra of 16-PCSL do not allow the measure-
ments of the hyperfine splittings (Fig. 5). Hence, the ratio of the
amplitude of the high and central field lines (h.;/hg), which are shown in
Fig. 5, can be used to evaluate the membrane viscosity or packing.’> The
h.1/h ratio increases as the bilayer viscosity decreases.*® Indeed, Fig. 6B
shows an increase of this ratio as the temperature increases and viscosity
decreases as a result. The h.;/hy ratio values are higher for pure DODAB
bilayers than for mixed bilayers (Fig. 6B), indicating that a-GalCer ri-
gidifies the core of DODAB bilayers in the fluid phase. In summary, an
increase in rigidity is observed near the bilayer surface and at the bilayer
core when a-GalCer is added to fluid DODAB bilayers.

3.4. Pure a-GalCer assemblies form thermotropic phases that interact
differently with the spin labels

The ESR experiments with pure a-GalCer were performed with a
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Fig. 7. Effect of temperature on the ESR spectra of 5-PCSL and 16-PCSL
embedded in assemblies of 2 mM a-GalCer. Total spectra width is 100 G.
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higher glycolipid concentration (2 mM) in order to improve the signal-
to-noise ratio. Fig. 7 shows the ESR spectra of 5- and 16-PCSL in pure
a-GalCer assemblies. It is important to note that pure 5- and 16-PCSL in
aqueous solution do not display any measurable ESR signal, possibly due
to low solubility. There must be some mixing with another lipid in order
to observe an ESR spectrum with these paramagnetic probes.

At 20 °C and 60 °C, the spectra of both paramagnetic probes show
broad and poorly defined peaks (Fig. 7), with a baseline typical of the
presence of spin-spin exchange®” which complicates the analysis of the
ESR signals.

From 68 °C to 80 °C, the peaks in the spectra of 5- and 16-PCSL
become more defined (Fig. 7). These ESR spectra indicate that the as-
semblies get more fluid as the temperature increases. It is also possible to
observe that the spectra of 16-PCSL is more isotropic than the spectra of
5-PCSL (Fig. 7), suggesting that a-GalCer molecules are organized in
bilayers, as a flexibility gradient from the polar heads to the end of the
acyl chains is present in the more fluid phase.

4. Discussion

Hydration of a-GalCer films above 80 °C was shown to form dis-
persions with lamellar structure.®’ These dispersions are organized in a
gel phase below 72 °C, and extensive annealing at 37 °C could lead to
further molecular packing without significantly changing the bilayer
thickness®', probably by forming a subgel phase.

In the temperature range of 20 °C to 60 °C, spin-spin exchange in-
teractions are obvious in the ESR spectra of 5- and 16-PCSL embedded in
these lamellar a-GalCer dispersions (Fig. 7). Considering that very
minute molar fractions of the probes were used, this suggests that they
are forming clusters within the a-GalCer assemblies at these
temperatures.

It was shown that a-GalCer monolayers at 20 °C and 37 °C form a
very tightly packed condensed phase with no rotational freedom,
possibly due to strong and rigid intermolecular hydrogen bonds between
the galactosyl headgroups.*® Such ordered and packed organization of
a-GalCer molecules could explain the formation of spin label clusters
and the resulting spin-spin interactions at low temperatures.

In contrast, ESR spectra of 5- and 16-PCSL at the same 20 °C to 60 °C
temperature range do not show spin-spin interactions in pure C24:1
pB-glucosylceramide dispersions.?’ C24:1 pB-glucosylceramide has an un-
saturated acyl chain and a more hydrated glucosyl headgroup® that
could hinder tight chain packing and strong headgroup interactions as
observed for a-GalCer.*® Moreover, the hydroxyl group in position 4 of
the a-GalCer sphingoid base (Fig. 1) might participate in the hydrogen
bonding network. This hydroxyl is replaced by a trans double bond in
C24:1 p-glucosylceramide.?”

Above 68 °C, the ESR spectra in pure a-GalCer assemblies are typical
of a lamellar fluid phase (Fig. 7). In fact, the spectra profiles of both
probes are similar to the ones observed for mixed DODAB+«-GalCer
bilayers in the fluid phase (Fig. 5).

The spectra profiles of both probes in pure a-GalCer assemblies
change significantly from 60 °C to 68 °C (Fig. 7). These changes are
consistent with the broad phase transition beginning at 64 °C that is
observed in the thermogram of pure a-GalCer (Fig. 2).

The a-GalCer thermogram has an endothermic peak in 72.5 °C
(Fig. 2), but very isotropic spectra characteristic of a fluid phase are
already observed at 70 °C (Fig. 7). This difference in the phase transition
temperature range might be due to the different concentrations tested in
the DSC and the ESR assays (Figs. 2 and 7). Similarly, the phase tran-
sition temperature range was different when ESR spectra from 2 mM
samples were compared to the thermogram of 0.2 mM C24:1 B-gluco-
sylceramide.’ It is also interesting to note that a-GalCer and its analog
containing an alkyl amino linker at the C6 hydroxy group of galactose
displayed the same structural properties but very different thermody-
namic properties.®® This highlights the need of different techniques to
investigate the organization of supramolecular assemblies.
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The a-GalCer endothermic peak at 72.5 °C completely disappears in
mixed bilayers (Fig. 2), suggesting that up to 9 mol% of a-GalCer is
miscible with DODAB. Similarly, a-GalCer was shown to be miscible in
DPPC bilayers up to 30 mol%.> Increasing the a-GalCer molar fractions
in mixed bilayers resulted in broader transitions shifted to lower tem-
peratures (Fig. 2), indicating that a-GalCer decreases the transition
temperature and the cooperativity of DODAB bilayers.

The large mismatch between the acyl chain of a-GalCer and DODAB
(Fig. 1) would permit transbilayer interdigitation and an increased
coupling of structural and dynamic properties of the two lamellar
monolayers.*® As a result, it would be expected an increase in phase
transition temperature of DODAB+a-GalCer bilayers when compared to
pure DODAB bilayers, as seen in mixtures of galactosylceramide and
dimyristoylphosphatidylcholine. *!

X-ray scattering of pure a-GalCer bilayers show a small lamellar
periodicity, possibly resulting from an interdigitated and tilted organi-
zation of the hydrocarbon chains.®! If that was the case for a-GalCer in
mixed bilayers in the gel phase, it would be expected that the 16-PCSL
probe would sense a more motionally restricted and/or ordered envi-
ronment than in pure DODAB bilayers.*” That is clearly not the case,
since the h,;/hy values are higher for mixed than for pure bilayers
(Fig. 4B), i.e., the DODAB+a-GalCer bilayers are less packed at the core
than the pure DODAB bilayers. Moreover, Apq, values are smaller for
5-PCSL in mixed bilayers, indicating that these bilayers are also less
packed near the surface (Fig. 4A). This decrease in the gel phase packing
is consistent with the decrease in cooperativity and phase transition
temperature observed in thermograms of DODAB+a-GalCer bilayers
(Fig. 2).

A possible explanation for the absence of gel phase interdigitation
despite the large chain mismatch of the mixed lipids resides in the amide
bond that connects the acyl chain to the phytosphingosine base of
a-GalCer (Fig. 1). This bond is known to adopt a rigid resonance struc-
ture comprising six atoms organized in a planar trans conﬁguration.43 In
ceramides, the amide bond adopts a perpendicular orientation towards
the axes of the two hydrocarbon chains.** Single crystal analyses of
tetracosanoylphytosphingosine, which has a saturated 24-carbon acyl
chain, show that this configuration of the amide bond results in a
V-shaped molecular conformation.** Similarly, it was shown for phos-
pholipids that a kink near the headgroup would allow a rotation of the
rest of the chain with no associated local flexing.*®

a-GalCer could also adopt this V-shaped conformation, and the bulky
and hydrated galactosyl group could further stabilize it (Fig. 1). In that
case, the large lateral area requirement would result in increased hy-
drophobic defects and decreased packing of the DODAB gel phase,
consistent with the ESR spectra results (Figs. 3 and 4).

The V-shaped configuration could also explain the increase in
DODAB fluid phase rigidity induced by a-GalCer (Fig. 6). The smaller h.
1/hg ratio values of 16-PCSL for mixed bilayers show that a-GalCer in-
creases the membrane core viscosity (Fig. 6B). This increase in viscosity
possibly results from a more limited motion of DODAB acyl chains.
Similarly, a-GalCer increases the superficial bilayer order of the DODAB
fluid phase, since the effective order parameter S values are higher for
the mixed bilayers (Fig. 6A). Considering that S, is strongly dependent
on acyl chains segmental motion®, the increase in surface bilayer order
reflects the limited amplitude of acyl chains segmental motion caused by
the expanded lateral area occupied by a-GalCer acyl chains. The rigid-
ifying effect of a-GalCer could be further enhanced by the increased
hydration of the galactosyl headgroup in the fluid phase. It was shown
that the number of water molecules associated with glycolipid head-
groups double upon transition to the fluid phase.”® It is of note that
spin-labeled galactosylceramides also induced an increase in rigidity of
fluid phase membranes. "’

A similar decrease in transition temperature, cooperativity and gel
phase packing plus an increase in fluid phase rigidity was observed in
mixtures of DODAB and C24:1p-glucosylceramide.? This glycolipid also
has a long acyl chain, but has a cis-double bond that causes a kink in the
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middle of the chain, and it lacks the hydroxyl group in position 4 of the
a-GalCer sphingoid base, as pointed previously. Despite all this molec-
ular differences, it also has an amide bond connecting the acyl chain to
the sphingoid base. Hence, the amide bond configuration seems to be a
key structural feature for the interaction between ceramide-based gly-
colipids and DODAB molecules.

Although pure a-GalCer dispersions can be formed by heating above
80 °C, i.e. above the phase transition temperature, much effort has been
dedicated to develop carriers that are able to deliver this glycolipid to
specific antigen presenting cells.*® Another issue is the intracellular fate:
efficient a-GalCer presentation by antigen presenting cells depends on
the action of proteins called saposins, which are produced by proteolytic
cleavage in the endosome.*®* It was shown that fluid liposomes that
direct a-GalCer to the endosomes and remain there enhance the glyco-
lipid presentation by dendritic cells.”’ Considering that DODAB is able
to promote antigen capture and presentation by antigen presenting cells
in an endocytic-dependent way°?, and that a-GalCer fluidizes the
DODAB membrane (Figs. 2 and 4), it is possible to suppose that DODAB
bilayers would be suitable carriers for a-GalCer. As a next step, it would
be interesting to compare the immunological effects of pure a-GalCer
dispersions and mixed DODAB-+a-GalCer bilayers.

5. Conclusions

The structures of a-GalCer assemblies and of cationic DODAB bi-
layers containing a-GalCer were investigated by means of DSC and ESR
spectroscopy. Pure a-GalCer assemblies were formed by hydration of
lipid films above 80 °C. These assemblies have a very tightly packed gel
phase up to 60 °C, causing spin labels to cluster and display spin-spin
exchange interactions. An endothermic phase transition peaking at
72.5 °C is observed by DSC, leading to a fluid phase. This phase tran-
sition peak disappears upon mixing with DODAB, showing that up to 9
mol% a-GalCer is miscible within the DODAB bilayer.

Empirical data from ESR spectra show that a-GalCer decreases
DODARB gel phase packing, resulting in a decrease of gel-fluid transition
temperature and cooperativity in DSC thermograms of mixed bilayers.
On the other hand, a-GalCer induced an increase in DODAB fluid phase
rigidity. These effects are probably due to the conformation of the rigid
amide bond that connects the phytosphingosine base of a-GalCer to its
long and saturated acyl chain. Possibly, a-GalCer adopts a V-shaped
conformation because of the perpendicular orientation of the amide
bond towards the axes of the two hydrocarbon chains. Apparently, the
structural effects of the amide bond configuration are a key structural
feature for the interaction between ceramide-based glycolipids and
DODAB molecules, since we have previously reported a similar decrease
of gel phase packing and increase in fluid phase rigidity for DODAB
bilayers containing C24:1p-glucosylceramide.

Considering that the structure of delivery systems is critical to the
biological activity of a-GalCer, the present work certainly contributes to
the planning and development of new immunotherapeutic tools.
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