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GD3 is a ganglioside involved in cancer malignancy [1,2] and
neurodegenerative disorders [3]. It has two negatively charged sialic
acid residues (Fig. 1A), which could interact with Ca2+, a cation that is
an important regulator of the structure and function of gangliosides
[4,5].

GD3 from bovine milk (Lot # 860060-01-010) was obtained from
Avanti Polar Lipids. GD3 was solubilized in mixtures of chloroform/
methanol (2:1 v/v) and dried under a nitrogen stream. For EPR experi-
ments, 0.8 mol% of 5-PCSL or 0.3 mol% of 16-PCSL were added to the
solvent mixtures. The lipid films were dispersed in HEPES buffer (10
mM, pH 7.4) by heating for 20 min at 87 °C in a water bath. Heating was
accompanied by vortexing at every 5 min. For Ca?" assays, the buffer
solution was prepared with a final CaCl, concentration of 100 mM by
mixing 40 mL of a 20 mM HEPES solution with 32 mL of a 250 mM CaCl,
solution, and adding ultrapure water to a final volume of 80 mL.

Differential Scanning Calorimetry (DSC) thermograms were ob-
tained in a Microcal VP-DSC microcalorimeter (Microcal Inc., North-
ampton, MA, USA). An annealing (heating) scan of 90 °C/h was
performed prior to all experiments. Scans were performed with at least
two samples prepared in different days. Enthalpies of the thermal events
(AH) were obtained by integrating the areas under the thermograms
using the Microcal Origin software. AH values are shown with standard
deviations (s.d.) for experiments with samples prepared in different
dates.

Electron Paramagnetic Resonance (EPR) spectra in the X band were
obtained in a Bruker EMX spectrometer equipped with a high sensitivity
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cavity (ER4119HS, Bruker). The microwave power was 13.4 mW, the
modulation frequency was 100 kHz, and the modulation amplitude was
1 G. A Bruker BVT-2000 variable temperature device was used to keep
sample temperatures within 0.1 °C. Empirical parameters such as the
maximum hyperfine splittings (Anyax) and the low (h1) and central (hg)
field line amplitudes were measured directly from spectra using the
WinEPR software (Bruker). Each experiment was performed at least in
duplicate and error values correspond to standard deviations.

DSC heating thermograms of diluted GD3 dispersions are shown in
Fig. 1B. In absence of Ca2*, a single broad and weak endothermic peak is
observed around 20 °C. In presence of Ca’", a complex thermotropic
behavior is observed: more intense endothermic peaks are observed at
around 9 °C, 26 °C and 37 °C. The thermal events are more energetic in
presence (AH = 2.7 kcal/mol + 0.1 s.d.) than in absence of Ca** (AH =
0.3 kcal/mol £ 0.1 s.d.).

The thermotropic behavior of GD3 in absence of Ca®*, with a small
endothermic peak around 20 °C, is similar to the one observed for GD1a,
a disialoganglioside that forms micelles [6,7]. In contrast, the complex
thermotropic behavior observed in presence of Ca®" recalls the one
observed for GM3, the precursor of GD3 that spontaneously forms ves-
icles [8]. The complex GM3 behavior involves the rearrangement of
both the hydrophobic chains and the hydrophilic headgroups [8].

The paramagnetic probes 5-PCSL and 16-PCSL (Fig. 1A) give struc-
tural information about the region close to the lipid-water interface and
the deeper region of hydrophobic tails, respectively. EPR spectra of
these probes in GD3 dispersions are shown in Fig. 1C. Without Ca2t, the
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spectra of both probes show features of a relatively fluid environment in
temperatures as low as 5 °C (Fig. 1C). These spectra are very similar to
the ones observed for lipid micelles in a comparable temperature range
[9].

For GD3 with Ca®*, the spectra of both probes are typical of a more
packed and/or organized micro-environment at all temperatures tested
(Fig. 1C). These spectra resemble the ones of lipid vesicles [9] and, at
temperatures below 30 °C, they are similar to those observed in lamellar
gel phases [10].

The maximum hyperfine splitting (Apax), which can be directly
measured in the 5-PCSL spectra (Fig. 1C), is an empirical parameter that
gives information about the packing or viscosity of assemblies, because
Amax values decrease as packing or viscosity decrease [11]. This is
observed as temperature increases (Fig. 1D). The Amax values increase
substantially in presence of Ca2*, indicating that the region near the
interface becomes more packed or viscous in presence of this cation
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(Fig. 1D).

Notably, the Amax values of 5-PCSL at 10 °C and 50 °C in GD3
without Ca®" (Fig. 1D) are very similar to the ones observed in micelles
at the same temperatures [9]. In contrast, the Amax values in presence of
Ca* (Fig. 1D) are very similar to the ones observed for a DPPC bilayer at
these temperatures [9].

Since Amax values cannot be accurately determined from the more
isotropic 16-PCSL spectra (Fig. 1C), the ratio of the low and central field
line amplitudes (h1/hg) can be employed to access molecular packing,
because h1/hg values increase as assemblies become less packed [11].
The h_1/hg values are much smaller in presence of Ca%*, showing that
this ion rigidifies the core of the assemblies at all temperatures tested
(Fig. 1D).

The DSC and EPR data suggest (Figs. 1B, C and D) that GD3 spon-
taneously forms micelles in a diluted regime, as observed for other
disialogangliosides such as GD1a and GD1b [7]. This is a result of the
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Fig. 1. Structure and thermotropic behavior of GD3 dispersions in absence or presence of Ca>*. (a) Molecular structures of GD3 and spin labels 5-PCSL and 16-PCSL;
(b) heating thermograms of 2 mM GD3 dispersions in absence (black line) and presence of 100 mM CaCl, (red line) at scan rate of 20 °C / h; (c) EPR spectra of 5- and
16-PCSL embedded in GD3 dispersions in absence (black) and presence of 100 mM CacCl, (red line). The maximum hyperfine splitting (Amax) of 5-PCSL spectra and
the amplitudes of low (h, ;) and central (hy) field lines of 16-PCSL spectra are indicated. The total spectra width is 100 G; (d) Amax and h ;/h, values as a function of
temperature for GD3 dispersions in absence (black squares) and presence (red triangles) of 100 mM CaCl,. These empirical parameters were measured directly from
the spectra of 5-PCSL and 16-PCSL, respectively, as signaled in (c). Error bars correspond to standard deviations of at least two independent experiments. All samples
were prepared in 10 mM HEPES buffer pH 7.4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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strong contribution of their bulky and charged headgroups to the
packing parameters [8]. Ca®* induces changes in DSC and EPR data
(Fig. 1B, C and D) that are consistent with the formation of GD3 lamellar
structures. Ca2" is able not only to shield the electrostatic repulsion of
sialic acids, but also to change the polarity, the hydrogen bonding and
the state of hydration of ganglioside headgroups [12]. These effects
might facilitate a reorientation of the GD3 headgroups that results in the
formation of a lamellar structure.

Vesicles spontaneously formed by GM3, the monosialoganglioside
precursor of GD3, exhibit a reorientation of headgroups that facilitate
molecular packing [8,13]. In this case, a solid-disordered phase is
formed [8,13]. This phase is an intermediate between the usual gel and
fluid phases, and consists of an ordered headgroup region and a disor-
dered chain core [8,13]. This solid-disordered phase might explain the
GMS3 role in tumor progression by facilitating shape-dependent recog-
nition [8].

The pathophysiological roles of GD3 depend on its ability to regulate
cell death in a context-dependent manner [2,3,14]. This context could
be provided by Ca®*, which was shown to synergize with GD3 to cause
mitochondrial damage and apoptosis [15]. The results shown here
suggest that Ca?* induces important structural changes in GD3 disper-
sions. These changes could be involved in the mechanisms of action of
GD3, and deserve further investigation.
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