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ABSTRACT Glucosylceramide (GlcCer), one of the simplest glycosphingolipids, plays key roles in physiology and pathophys-
iology. It has been suggested that GlcCer modulates cellular events by forming specialized domains. In this study, we investi-
gated the interplay between GlcCer and cholesterol (Chol), an important lipid involved in the formation of liquid-ordered (/)
phases. Using fluorescence microscopy and spectroscopy, and dynamic and electrophoretic light scattering, we characterized
the interaction between these lipids in different pH environments. A quantitative description of the phase behavior of the ternary
unsaturated phospholipid/Chol/GlcCer mixture is presented. The results demonstrate coexistence between J, and liquid-disor-
dered (ly) phases. However, the extent of I,/ly phase separation is sparse, mainly due to the ability of GlcCer to segregate into
tightly packed gel domains. As a result, the phase diagram of these mixtures is characterized by an extensive three-phase coex-
istence region of fluid (/5-phospholipid enriched)/l, (Chol enriched)/gel (GlcCer enriched). Moreover, the results show that upon
acidification, GlcCer solubility in the I, phase is increased, leading to a larger I,/ly coexistence region. Quantitative analyses al-
lowed us to determine the differences in the composition of the phases at neutral and acidic pH. These results predict the impact
of GlcCer on domain formation and membrane organization in complex biological membranes, and provide a background for

unraveling the relationship between the biophysical properties of GlcCer and its biological action.

INTRODUCTION

Membrane lipids play an active role in diverse cellular
events, including cell growth, differentiation, and migration
(1,2). Sphingolipids (SLs) are an important lipid class and
include a number of bioactive lipid species, ranging from
sphingoid backbones to more complex glycosphingolipids
(GSLs) (3). Even though the existence of lipid domains is
still highly controversial, several studies have linked the
bioactive roles of SLs to their ability to form specialized
domains that, due to their distinct lipid and protein compo-
sitions, display different biophysical properties. The most
common examples are lipid raft domains (4) and ceramide
platforms (5). Whereas ceramide platforms display proper-
ties typical of the gel phase (6,7), lipid raft domains are
described as [, regions—an intermediate state between the
gel (or solid ordered, s,) and fluid (liquid-disordered, l4)
phases. Accordingly, the lipids in the /, phase have a high
degree of conformational order of the acyl chains, similarly
to the gel phase, but a fast translational mobility, as in the
fluid phase (8). Favorable interactions between SLs and
cholesterol (Chol) are one of the underlying principles of
lipid rafts (4).
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GSLs are an important subgroup of SLs that have also
been implicated in membrane domain formation (9,10).
Structurally, these lipids consist of a ceramide backbone
linked via an ester bond to one or more sugar residues.
GSLs are normally found in the outer leaflet of the plasma
membrane, where they exert some of their biological roles
(e.g., cell-cell communication) and act as receptors for path-
ogens (11). Glucosylceramide (GlcCer), one of the simplest
GSLs, is present in different concentrations in mammalian
tissues, reaching up to 95.34 = 1.77 pmol/mg (~0.0069%
of total lipids) in mouse spleen (12). In comparison to other
important membrane lipids, GlcCer levels are quite low. For
example, it was reported that Cer levels in the spleen are
normally ~148.08 *+ 14.01 pmol/mg (~0.0082% of total
lipids) (12), whereas SM levels vary from 2% to 15% of
the total lipids depending on the analyzed tissue (13).
GlcCer is an important regulator of a number of cellular
events, including calcium homeostasis (14) and endocytic
trafficking (15). Although much evidence links the physio-
logical roles of this lipid to its biophysical properties, only
a few studies have addressed the impact of GlcCer on mem-
brane properties. We and others have previously reported
that GlcCer causes significant changes in the biophysical
properties of fluid model membranes, such as an increase
in membrane order and the formation of highly ordered
gel domains (16—19). These alterations are related to the
high melting temperature (7},,) of this lipid (20), its small
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uncharged headgroup, and its ability to function as both
a donor and an acceptor for hydrogen (H)-bond forma-
tion, which together contribute to its low miscibility in
fluid phases and segregation into domains with a high
packing density (17,18). Moreover, GlcCer promotes
strong morphological alterations in vesicles, driving tubular
structure formation (16). These structural alterations are
enhanced upon acidification of the membrane environment,
even though the ability of GlcCer to form tightly packed
gel domains is decreased (21). However, little is known
about the effect of this lipid on more complex membrane
mixtures. Studies performed in membranes containing
Chol or Chol/sphingomyelin (SM) suggested that GlcCer
has a low tendency to associate with sterol-enriched do-
mains (18,22). However, similar to what has been described
for ceramide (23), this interplay may depend on the content
of each lipid. To further elucidate this issue, we performed a
thorough study that provides a framework for understanding
the interplay between GlcCer and Chol under different con-
ditions. We investigated these interactions using mixtures
composed of different GlcCer/Chol molar ratios in a fluid
phospholipid matrix. We characterized the biophysical
properties and phase behavior of ternary 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC)/Chol/GlcCer
mixtures using an array of biophysical methodologies.
Partial ternary phase diagrams were determined to quantita-
tively describe the phase behavior of these mixtures. The
results show that even though GlcCer displays a strong
tendency to separate into GlcCer-enriched gel domains, it
is also able to interact with Chol and form domains display-
ing [, properties. These interactions are more favorable at
acidic pH, likely due to the decreased ability of GlcCer to
form gel domains (21).

MATERIALS AND METHODS
Materials

POPC, D-glucosyl-3-1,1’N-palmitoyl-D-erythro-sphingosine (C16-GlcCer),
N-rhodamine-dipalmitoylphosphatidylethanolamine (Rho-DOPE), and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (DOPE-
biotin) were obtained from Avanti Polar Lipids (Alabaster, AL). Trans-parina-
ric acid (t-PnA) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxa-diazol-4yl) (NBD-DPPE) were obtained from
Molecular Probes (Leiden, The Netherlands). Chol was obtained from
Sigma-Aldrich (St. Louis, MO). All organic solvents were UVASOL grade
and obtained from Merck (Darmstadt, Germany).

Methods
Liposome preparation

Multilamellar vesicles (MLVs) and large unilamellar vesicles (LUVs) (total
lipid concentration of 0.1 mM) containing lipids and probes were prepared
as previously described (24). The suspension medium used was PBS
(10 mM sodium phosphate, 150 mM sodium chloride, and 0.1 mM
EDTA, pH 7.4) or citrate-phosphate buffer (100 mM citric acid and
200 mM sodium phosphate, pH 5.5). The concentrations of the C16-GlcCer
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and Chol stock solutions were determined gravimetrically with a high-
precision balance (Metler Toledo UMT2, Greifensee, Switzerland), and
the concentration of the POPC stock solution was determined by phos-
phorus analysis (25). The concentration of the stock solutions of the
probes was determined spectrophotometrically using € (t-PnA, 299.4 nm,
ethanol) = 89 x 10 M 'em™! (26), € (NBD, 458 nm, chloroform) =
21 x 10° M~ lem™! (27), and ¢ (Rho-DOPE, 559 nm, chloroform) =
95 x 10* M 'em™' (27).

Fluorescence spectroscopy

The fluorescence anisotropy of t-PnA was measured in an SLM Aminco
8100 series 2 spectrofluorimeter with double excitation and emission mono-
chromators (MC-400; Spectronics, Rochester, NY). All measurements were
performed at room temperature in 0.5 cm x 0.5 cm quartz cuvettes. The
t-PnA excitation (Aexc)/emission (A.;,) wavelengths were 320/405 nm and
the probe/lipid ratio used was 1:500. A constant temperature was main-
tained using a Julabo F25 circulating water bath controlled with 0.1°C
precision directly inside the cuvette with a type-K thermocouple (Electrical
Electronic, Taipei, Taiwan).

Time-resolved fluorescence measurements with t-PnA were performed
by using the single-photon-timing technique with a laser pulse excitation
(28) adjusted to Aexc = 305 nm (using a secondary laser of Rhodamine
6G (29)) and A.p,, = 405 nm. The experimental decays were analyzed using
TRFA software (Scientific Software Technologies Center, Minsk, Belarus).

Confocal fluorescence microscopy

Giant unilamellar vesicles (GUVs) were prepared by electroformation
(30,31) using the appropriate lipids: DOPE-biotin (at a biotinylated/nonbio-
tinylated lipid ratio of 1:10°), Rho-DOPE, and NBD-DPPE (at a probe/lipid
ratio of 1:500 and 1:200, respectively). The GUVs were then transferred to
eight-well Ibidi u-slides that had been previously coated with avidin (at
0.1 mg/mL) to improve GUV adhesion to the plate (32). PBS or citrate-
phosphate was then added to create a neutral (7.4) or acidic (5.5) environ-
ment, respectively. Confocal fluorescence microscopy was performed using
a Leica TCS SPS5 inverted microscope (DMI6000; Leica Mycrosystems
CMS, Mannheim, Germany) with a 63x water (1.2 numerical aperture)
apochromatic objective. NBD-DPPE and Rho-DOPE excitation was per-
formed using the 458 nm and 514 nm lines, respectively, from an Ar* laser.
The emission was collected at 480-530 and 530-650 nm for NBD-DPPE
and Rho-DOPE, respectively. Confocal sections <0.4 um thick were ob-
tained using a galvanometric motor stage. Three-dimensional (3D) projec-
tions were obtained using Leica Application Suite-Advanced Fluorescence
software.

Dynamic light-scattering measurements

The mean diameter and polydispersity index (PdI) of the vesicles were
determined by dynamic light-scattering (DLS) analysis on a Zetasizer
Nano S (Malvern Instruments, UK). Size measurements were made using
the patented noninvasive backscatter (NIBS) technology. Samples were
placed in 12-mm-square polystyrene cuvettes and then in a chamber main-
tained at 25°C. Data were analyzed using the accompanying software
(Zetasizer Software 7.03) and expressed as an average size or as a size dis-
tribution by intensity. The PdI for each sample was also calculated using
the same software. In each experiment, measurements were performed in
triplicate.

Electrophoretic light-scattering measurements (¢-potential
determination)

The ¢ potential (ZP) was determined by electrophoretic mobility on a
ZetaSizer Nano Z system (Malvern Instruments, UK) using the M3-PALS
technology. Samples were placed in clear, disposable { cells and then in
a chamber maintained at 25°C. Data were analyzed using the accompanying
software (Zetasizer Software 7.03). In each experiment, measurements
were performed in triplicate.
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RESULTS
POPC/Chol mixtures

We first characterized the effect of pH on the biophysical
and surface charge properties of binary POPC/Chol mix-
tures. Increasing the Chol content of the mixtures led
to an increase in the fluorescence anisotropy of t-PnA
(Fig. 1 A), consistent with the formation of a Chol-enriched
I, phase (29). This is further supported by the increase in the
mean fluorescence lifetime (Fig. | B) and long-lifetime
component of t-PnA fluorescence intensity decay toward
values typical of a /,-phase (Fig. 1 C). Both the fluorescence
anisotropy and lifetime of t-PnA were higher at pH 7.4
(Fig. 1, A-C), suggesting that there is a global decrease in
the order of the membrane upon acidification.

Further characterization using DLS revealed that only a
slight increase in the average size of the vesicles, from
~125 to ~140 nm, is observed with increasing Chol content
(Fig. SI A in the Supporting Material). Similar, albeit
slightly higher, values were obtained under acidic condi-
tions. This was further confirmed by an analysis of scat-
tering intensities and PdI (Fig. S1, B-D). Mixtures
containing 40 mol % Chol were the exception, inasmuch
as they displayed a tendency to aggregate and/or fuse, as
demonstrated by the high scattered light intensities
recorded in the range of 3.5-6.5 um (Fig. S1, B and O).
However, this corresponded to only a small percentage of
aggregated vesicles (data not shown). Analysis of the ZP
of the vesicles showed that at neutral pH, a significant
decrease in the net surface charge of the vesicles occurred
after addition of Chol in the mixtures (Fig. S1 E). In
contrast, no variation was observed upon acidification of
the mixtures (Fig. S1 E).

We further characterized the POPC/Chol mixtures by
confocal microscopy, using NBD-DPPE and Rho-DOPE
as probes for different lipid phases (Fig. S2). NBD-DPPE
has a similar partition between the /4 and [/, phases (33),
whereas Rho-DOPE is a probe that is typically excluded
from [/, phases (30). NBD-DPPE and Rho-DOPE uniformly
labeled the POPC/Chol vesicles, suggesting that no [4/l,
phase separation occurs in POPC/Chol mixtures (Fig. S2).
We previously discussed the difficulty of identifying a
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POPC/Chol-enriched I, domain (29), and the existence of
phase separation in this lipid mixture is a subject of inten-
sive debate (34-37). Nonetheless, a significant number of
experimental and theoretical data support POPC/Chol phase
separation into ly/l, domains (29,35,38-41). Two factors
that might hinder identification of the [/, phase by fluores-
cence microscopy are 1) a domain size smaller than the
diffraction limit, in similarity to [, domains formed by
DPPC/Chol that display a size in the range of 20 nm (42),
and/or 2) the looser packing of the POPC/Chol-enriched [,
phase, which is less ordered than a Chol/SM-enriched I,
phase (23,29). This enables the partition of Rho-DOPE
into the more ordered fluid phase, preventing identification
of the two phases using the NBD/Rho fluorescent-probe
pair (43).

Interestingly, our microscopy studies further revealed
that the POPC/Chol mixtures displayed a higher tendency
to aggregate at acidic pH, suggesting that these mixtures
are less stable upon acidification. This was not observed at
neutral pH, probably due to the more negative surface
charge of the vesicles, which increases electrostatic repul-
sion, preventing vesicle aggregation.

To study the interplay between Chol and C16-GlcCer, we
employed two strategies: 1) the POPC content of the mix-
tures was held constant and the ratio between C16-GlcCer
and Chol was altered, and 2) the ratio between POPC and
Chol was kept constant and the content of C16-GlcCer
was increased.

Ternary mixtures with different C16-GlcCer/Chol
ratios

In the first set of experiments, the POPC concentration was
40 or 70 mol % and the ratio of C16-GlcCer and Chol was
varied. The results demonstrated an increase in t-PnA fluo-
rescence anisotropy (Fig. 2 A), mean fluorescence lifetime
(Fig. 2 B), and long-lifetime component (Fig. 2 C) upon
an increase in C16-GlcCer content, demonstrating the abil-
ity of this lipid to increase the packing of the fluid mem-
brane. Membrane order was higher at neutral pH than at
acidic pH, as shown by the higher anisotropy and lifetime
at pH 7.4. This is in agreement with our previous study
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showing that C16-GlcCer forms more tightly packed do-
mains at neutral pH (16).

To test whether the increase in packing was dependent on
C16-GlcCer levels or also modulated by the interplay be-
tween C16-GlcCer and Chol, we plotted the data as a func-
tion of the GlcCer/Chol ratio (Fig. 2, D-F). For the same
POPC content, an increase in the ratio of C16-GlcCer/
Chol resulted in an almost linear increase in the anisotropy
and fluorescence lifetime of t-PnA, illustrating that the
membrane becomes more ordered as the C16-GlcCer con-
tent is increased. A comparison between mixtures contain-
ing different POPC content showed that with a decrease in
POPC content, there was a strong increase in the fluores-
cence anisotropy (Fig. 2 D) and mean fluorescence lifetime
(Fig. 2 E) of t-PnA irrespective of the C16-GlcCer/Chol
ratio, whereas the long-lifetime component of t-PnA was
similar for mixtures containing a higher C16-GlcCer/Chol
ratio (Fig. 2 F). The fluorescence anisotropy and mean
fluorescence lifetimes are ensemble average values that
depend on the partition properties of the probe with regard
to the different phases present in the lipid mixtures, as
well as on the fraction of each phase. In contrast, the
long-lifetime component provides information about the
packing properties of the more ordered phases and is inde-
pendent on the amount of phase that is present. Therefore,
these results suggest that with a decrease in the POPC con-
tent, there is an increase in the fraction of the ordered phase
(Fig. 2, D and E). However, the packing properties of the
mixtures are similar (Fig. 2 F), suggesting that for these

C16-GlcCer/Chol

particular mixtures, only the fraction of the ordered phase
changes and thus should correspond to a tie-line in the phase
diagram.

For the ternary mixtures in which the C16-GlcCer content
exceeds that of Chol, both the anisotropy and lifetime of
t-PnA are high and typical of a C16-GlcCer-enriched gel
phase (16). This is further supported by the detailed analysis
of the lifetime components of t-PnA fluorescence intensity
decay (Fig. S3): the presence of gel-fluid phase separation
is characterized by the requirement of a fourth component
to describe the fluorescence intensity decay of the probe
(Fig. S3) (23,33). The lower long-lifetime component at
pH 5.5 (Figs. 2, C and F, and S3 B) further supports the
evidence that membrane packing is decreased upon acidifi-
cation (21).

To further characterize these mixtures, fluorescence mi-
croscopy studies were performed (Fig. 3). Increasing the
C16-GlcCer content of the mixtures drove phase separation
into ordered (dark) and disordered (bright) regions. The
irregular shape of the domains, together with the exclusion
of the probes from those areas, suggests that they correspond
to gel-phase domains, in agreement with the spectroscopy
data (Figs. 2 and S3). The effect of the pH on the shape and
size of the domains was not significant. However, a strong
tendency for vesicular fusion and tubule formation was
observed at acidic pH in vesicles containing >20 mol % of
C16-GlcCer (Figs. 3 and S4).

To better characterize the size heterogeneity of the vesicle
population, DLS was performed (Fig. S5). An increase in

Biophysical Journal 110(3) 612—622
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POPC: Chol: C16-GlcCer
70:20:10

pH 5.5

POPC: Chol: C16-GlcCer
70:10:20

pH7.4 pH 7.4 pH 5.5

NBD-DPPE

Rho-DOPE

Overlay

FIGURE 3 Confocal fluorescence microscopy of POPC/Chol/C16-
GlcCer mixtures with constant POPC levels. 3D projection images from
0.4 um confocal slices of POPC/Chol/C16-GlcCer GUVs labeled with
NBD-DPPE and Rho-DOPE at neutral and acidic pH. Scale bar, 5 um.

the mean diameter of the vesicles was observed at acidic pH,
particularly for mixtures containing 40% POPC (Fig. S5 A).
This was accompanied by high scattering intensities re-
corded in the range of 0.5—5.5 um (Fig. S5, B and ),
demonstrating that at acidic pH, the vesicles have a higher
tendency to fuse and/or form tubular structures that result
in an increased PdI (Fig. S5 D). In addition, the results
showed that both the mean diameter (Fig. S5 A) and PdI
(Fig. S5 D) increased upon elevation of C16-GlcCer content
in the mixtures, particularly at pH 5.5. To test whether this
effect was mainly due to the presence of C16-GlcCer, binary
POPC/C16-GlcCer mixtures were also analyzed (Fig. S6).
As was observed for the ternary POPC/Chol/C16-GlcCer
mixtures, an increase in the C16-GlcCer content of the
binary POPC/C16-GlcCer mixtures resulted in an increase
in the mean diameter of the vesicles (Fig. S6 A). However,
the shift in the scattering intensity toward a larger vesicle
population (Fig. S6, B and C) and the elevation of the PdI
of the vesicles (Fig. S6 D) were higher at pH 5. These results
are consistent with an increased ability of the vesicles to
alter their shape (Fig. 3) and undergo tubule formation
(Fig. S4) upon an increase in C16-GlcCer content (16,21).
The higher instability of both the binary and ternary lipid
vesicles at acidic pH may be a consequence of a change
in the surface charge upon a change in the pH environment
(Figs. S5 E and S6 E). Indeed, at acidic pH, the net surface
charge is close to neutral, which results in a decrease in the
electrostatic repulsive forces between the vesicles, favoring
their aggregation.

Since the binary and ternary results reveal similar behav-
iors, we suggest that C16-GlcCer is the main element
affecting the membrane properties.
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Ternary mixtures with a constant POPC/Chol ratio

In the second set of experiments, the ratio between POPC/
Chol was kept constant to mimic a binary mixture, with
25% and 75% of I, phase. The composition of these mix-
tures was determined based on the POPC/Chol phase dia-
gram (29) and correspond to POPC/Chol molar ratios of
79/21 and 62/38, respectively. The content of C16-GlcCer
in these mixtures was then varied from 0 to 30 mol % and
studies were performed at both neutral and acidic pH.
In the absence of C16-GlcCer and for mixtures containing
10 mol % C16-GlcCer, the t-PnA fluorescence anisotropy
(Fig. 4, A and B) and mean fluorescence lifetime
(Fig. 4, C and D) were higher for mixtures where the
POPC/Chol ratio mimicked 75% of I, phase, reflecting the
larger [, phase fraction of these mixtures compared with a
POPC/Chol ratio mimicking 25% of the [, phase (29,38).
Moreover, both the t-PnA fluorescence anisotropy and
mean fluorescence lifetime steadily increased with an
increasing content of C16-GlcCer in both sets of ternary
mixtures, irrespective of the pH. In addition, the photo-
physical parameters of t-PnA showed a larger variation in
mixtures with a lower Chol content, i.e., mixtures with a
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FIGURE 4 Biophysical characterization of POPC/Chol/C16-GlcCer
mixtures with a constant POPC/Chol ratio. (A-F) t-PnA (A and B) fluores-
cence anisotropy, (C and D) mean fluorescence lifetime, and (£ and F)
long-lifetime component of the intensity decay in ternary POPC/Chol/
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and 75 (gray circles) mol % of an [, phase. Measurements were performed
at (A, C, and E) neutral and (B, D, and F) acidic pH. Values are means = SD
of at least three independent experiments.
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POPC/Chol ratio mimicking 25% of [, phase, demon-
strating that C16-GlcCer induces stronger changes in a
membrane that contains a larger fraction of /4 phase. No
significant differences in the global order of the membrane
were detected between the two sets of ternary mixtures
when C16-GlcCer was >20 mol %, as shown by the
similar t-PnA fluorescence anisotropy (Fig. 4, A and B)
and mean fluorescence lifetime (Fig. 4, C and D) values.
However, the packing properties of the more-ordered
phase changed when the lipid composition of the mixtures
was varied (Fig. 4, E and F). In the absence of Cl16-
GlcCer, the long-lifetime components of the t-PnA fluo-
rescence intensity decay were similar for the two sets of
ternary mixtures, showing identical packing properties of
the [, phase, as would be anticipated for mixtures located
within the same tie-line (29). With increasing C16-GlcCer
content, the lifetime component of t-PnA became longer
and increased to a higher extent for mixtures with a lower
Chol content. The results suggest that mixtures in which
the POPC/Chol ratio mimics 25% of [, phase have a
higher extent of gel-fluid phase separation than those in
which the POPC/Chol ratio mimics 75% of [, phase. An
analysis of the lifetime components of the t-PnA fluores-
cence intensity decay further supports this conclusion, as
shown by the increase in the preexponential associated
with the longest lifetime component (Fig. S7, A, C, E,
and G) and the requirement for four components to
describe the fluorescence intensity decay of t-PnA for
mixtures containing >20 mol % C16-GlcCer, which are

XI1,25 + 20% C16-Glccer
T ]

A X1,25 X1,25 + 10% C16-Glccer
I—n—| r 1
pH 55 pHT7.4 pH 5.5

pHT7.4 pH 5.5 pH7.4

Rho-DOPE NBD-DPPE

Overlay

XI,75 + 10% C16-GlcCer XI,75 + 20% C16-GlcCer
f 1 T 1
pH7.4 pH 5.5 pH7.4 pH 5.5

NBD-DPPE

Rho-DOPE

Overlay

pH7.4

XI,75 + 30% C16-GlcCer
—
pHT7.4 pH 5.5

617

indicative of gel-fluid phase separation (Fig. S7, B, D, F,
and H).

The effect of C16-GlcCer on the global membrane order
and packing properties of the mixtures is more pronounced
at neutral pH than at acidic pH (Figs. 4 and S8), as shown
by the higher fluorescence anisotropy (Fig. S8, A and D),
mean fluorescence lifetime (Fig. S8, B and E), and longer
lifetime component of the t-PnA fluorescence intensity
decay (Fig. S8, C and F). These results are consistent with
the greater ability of C16-GlcCer to change its membrane-
packing properties at neutral pH than at acidic pH (21).

Microscopy studies further supported the conclusions
we drew from the spectroscopy studies: the extent of gel-
fluid phase separation was higher for mixtures contain-
ing >20 mol % C16-GlcCer when the POPC/Chol ratio
mimicked 25% of [, phase (Fig. 5 A) compared with
75% of 1, phase (Fig. 5 B). In addition, /4/l, phase separa-
tion was also observed in ternary mixtures with a lower
C16-GlcCer content and/or higher Chol content (Fig. 5,
mixtures with 10 mol % of C16-GlcCer). This is shown
by the presence of round-shaped domains that only
partially exclude the probes. These results suggest that
C16-GlcCer interacts with Chol to form a more tightly
packed [, phase that can be distinguished by fluorescence
microscopy using NBD-DPPE and Rho-DOPE as probes.
Phase separation into I, /,, and gel phases was observed
for mixtures containing 20 and 30 mol % of C16-GlcCer
and a POPC/Chol ratio mimicking 25% of [, phase
(Fig. 5 A). Indeed, a layer enriched in the NBD-DPPE

XI,25 + 30% C16-Glccer

pH 5.5

FIGURE 5 Confocal fluorescence microscopy
of POPC/Chol/C16-GlcCer GUVs with a constant
POPC/Chol ratio. 3D projection images from 0.4
pm confocal slices of GUVs with POPC/Chol
ratios mimicking (A) 25 and (B) 75 mol % of the
I, phase and increasing molar fractions of C16-
GlcCer. GUVs were labeled with NBD-DPPE
and Rho-DOPE. Studies were performed at neutral
and acidic pH. Scale bar, 5 um.
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probe surrounding the gel domain was observed, suggest-
ing that this /,-enriched phase in the interface of the gel
and fluid phase promotes a subtle transition, avoiding the
high line tension arising from a typical gel-fluid phase
separation.

A stronger tendency for vesicle aggregation, fusion, and
tubule formation was again observed at acidic pH (Figs. 5
and S4). Analyses of the vesicle population by DLS showed
a higher mean diameter (Fig. S9 A) and PdI of the vesicles
(Fig. S9 B), and an increase in the scattering intensities in
the range of 0.5—6 um at acidic pH compared with neutral
pH (Fig. S9, C-F). In addition, the differences were more
pronounced upon an increase in the C16-GlcCer content
of the mixtures at pH 5.5, which may be related to the ability
of C16-GlcCer to induce shape transformation of the vesi-
cles under acidic conditions. The higher instability of the
vesicle population at acidic pH may also be related to a
decreased electrostatic repulsion between vesicles due to a
net surface charge close to neutrality (Fig. S9 G). The results
further demonstrate that at neutral pH the net surface charge
is negative, contributing to a higher electrostatic repulsion
and preventing a strong interaction between the vesicles
that would contribute to their aggregation and/or fusion.

DISCUSSION

GlcCer has been implicated in the formation of lipid do-
mains, particularly in the so-called lipid raft domains, but
the interplay between GlcCer and Chol has not been studied
in detail. In this work, we aimed to provide further insight
into the interactions between these two key membrane lipids
and how they change the biophysical properties of fluid
phospholipid membranes. Moreover, we sought to evaluate
how these interactions are modified by environmental fac-
tors, such as changes in pH, considering that accumulation
of GlcCer in acidic compartments occurs under pathological
conditions, particularly in Gaucher disease (44). Increased
levels of GlcCer may lead to alterations in membrane prop-
erties and compromise the integrity of the lysosomal mem-
brane. Thus, it is important to understand the biophysical
behavior of this lipid under conditions that mimic its subcel-
lular distribution.

Qualitative analysis of the interplay between
GlcCer and Chol

Overall, our results demonstrate that ternary mixtures with a
higher Chol/GlcCer ratio display properties typical of the [,
phase, whereas decreasing the ratio of these lipids leads to
gel-fluid phase separation. This behavior is similar to that
observed for mixtures containing Chol and ceramides,
although a larger amount of GlcCer is required to induce
gel-phase formation compared with mixtures containing ce-
ramides (23). Previous studies performed by Maunula et al.
(17) in a mixture containing Chol and GlcCer showed that
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GlcCer partitioning into sterol-enriched domains was low.
These results are consistent with our findings in this study,
since mixtures containing a high GlcCer/Chol ratio, such
as the one used by Maunula et al. (17), display a strong ten-
dency to form gel domains.

The ability of GlcCer to induce gel-fluid phase separation
on the ternary mixtures was reduced upon acidification of
the environment, similar to what was observed in POPC/
GlcCer mixtures (21).

Moreover, GlcCer-induced vesicle aggregation and shape
transformation were increased at pH 5.5, as shown by both
microscopy and vesicle-size analysis. This tendency is most
likely associated with the overall surface charge of the vesi-
cles, which is close to neutrality at acidic pH. The same
behavior was observed for vesicles containing >20 mol %
Chol, where increased aggregation and decreased electroneg-
ativity of the vesicles were observed. Previous studies also
showed that liposomes containing Chol had a tendency to
fuse and aggregate at acidic pH (45,46).

Interestingly, mixtures containing Chol, GlcCer, or
both lipids showed a concentration-dependent decrease in
the overall surface charge of the vesicles, even though no
change in the net charge of these lipids is expected, since
the pKa of the acidic groups of Chol and GlcCer is ~16
and 12 (Fig. 6 D) (21,47), respectively. Note that no signif-
icant changes in the surface charge of POPC vesicles were
observed after a change from neutral to acid pH, indicating
that variation in the ZP is related to the Chol- and GlcCer-
vesicle composition.

It is assumed that the usual pKa of a fatty acid in water
shifts from pKa ~5 to pKa ~7 upon interaction with a mem-
brane, reflecting the strong change in the environment.
However, since the hydroxyl group is not near the double-
conjugated bonds, it is not expected that alterations in the
ionization state of the probe that could occur at pH 5.5
would affect the fluorescence properties of this lipid probe.
However, ionization could influence the probe location in
the membrane, which could result in changes in its photo-
physical properties, particularly the fluorescence anisotropy
and lifetime. According to the Perrin equation, anisotropy
combines information about both the fluorescence lifetime
and the medium viscosity/rigidity, and, in addition, is not
based on the absolute fluorescence intensities, which would
be dependent on the probe concentration and more prone to
error. Therefore, to check whether the ionization state of the
probe was influencing either the probe location or its photo-
physical properties, we evaluated the trend of variation in
the t-PnA fluorescence anisotropy upon a variation in pH,
as well as the buffer composition in mixtures containing
different GlcCer molar ratios. Under these conditions,
both the ionic strength and the cation/anion concentration
of the citrate-phosphate buffer increased as the pH increased
(Table S1). Moreover, although citrate-phosphate buffer
at pH 7.4 is significantly different from PBS buffer at the
same pH, the anisotropy values for t-PnA in mixtures
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FIGURE 6 Partial ternary phase diagram of
POPC/Chol/C16-GlcCer mixtures. (A and B)
POPC/Chol/C16-GlcCer partial ternary phase dia-
grams at 24°C and (A) neutral and (B) acidic pH.
The diagrams were determined using the photo-
physical properties of t-PnA and microscopy
data. Solid symbols are experimental data for the
following mixtures: POPC/Chol (gray triangles),
POPC/GlcCer (black triangles), POPC/Chol/C16-
GlcCer ternary systems with a constant POPC
0.0 xCM-‘GIcCcr

; o.oxcta-elcc-r Xoope 1.0

0.0 02 04 06 N

1.0 0.0 0.2 04

o8 1., fraction (dark gray hexagons), and POPC/Chol/
C16-GlcCer with a constant POPC/Chol ratio
mimicking 25 (light gray circles) and 75 mol %

of the [, phase (black circles). The boundaries of the tie-triangle and the coexisting /,+/4 phase are based on a mathematical analysis of the experimental
data (see Table S2 and Supporting Material). The data for POPC/GlcCer were taken from Varela et al. (16), and the data for POPC/Chol mixtures were com-
plemented by data from de Almeida et al. (29). The dashed lines on the right side of the ternary diagrams are just illustrative of the possible boundaries of the
g+, phase. (C) Overlap of the diagrams shows a shift of the tie-triangle to higher GlcCer molar fractions at acidic pH (in gray) compared with neutral pH (in
black). All of the lines have a strong experimental basis and are thermodynamically consistent.

prepared with these buffers are identical (Fig. S10) irrespec-
tive of the lipid composition of the mixtures. This shows that
the changes observed in t-PnA anisotropy upon a change in
the pH of the ternary POPC/Chol/GlcCer mixtures were
not due to pH variation or to compositional differences
of the buffer. Moreover, an increase in t-PnA anisotropy
with an increase in buffer pH was only observed for mix-
tures displaying a gel-fluid phase transition, i.e., containing
30 mol % GlcCer. This further supports the assumption that
changes in the pH environment mainly affect the organiza-
tion of GlcCer molecules involved in the formation of the
gel phase, as we previously suggested (21). Therefore, our
results suggest that important alterations take place at the
surface of the vesicles upon a change in pH.

In a recent study, Magarkar et al. (48) reported that
increasing the Chol content in POPC/Chol mixtures resulted
in an increase in the electronegativity of the vesicles, which
was explained based on a decreased binding of Na™ ions
to the surface of the vesicles. This phenomenon was due
to the lower ability of Na® ions to interact with Chol
hydroxyl (OH) groups compared with phosphatidylcholine
(PC) headgroups. Moreover, the authors suggested that
the increased association between Chol-OH groups and
PC headgroups, and increased membrane hydrophobicity
upon an increase in Chol content also contributed to an
overall decrease in the number of binding sites for cations
(48). Tt is possible that similar alterations take place in
GlcCer-containing vesicles, particularly when one considers
the strong ability of GlcCer to establish an H-bond network.
Increased H-bonding will contribute to a decrease in the
layer of positive ions (such as Na® or H") interacting with
the vesicle surface. These observations may also help to
explain why the ability of GlcCer and Chol to increase the
order of the membranes is decreased at acidic pH. Indeed,
under acidic conditions, the surface charge of Chol-,
GlcCer-, and Chol/GlcCer-containing mixtures is close to
that obtained for POPC vesicles, suggesting that the number
of ions bound to the surface is constant. This suggests that

the polar groups of Chol and GlcCer experience conforma-
tional changes that might contribute to their lower exposure
and/or compromised ability to establish H-bonds with the
phospholipids, in agreement with our previous study (21).
It is possible that an increase in H™ content, as observed
at acidic pH, might contribute to a higher extent of
H-bond networks between the lipids and the solvent, to
the detriment of lipid-lipid H-bonds. This would certainly
contribute to a decrease in the packing of the lipids and
therefore a decrease in the overall membrane order upon
acidification.

Determination of a POPC/Chol/GlcCer partial
ternary phase diagram

Together with previous data, our results allowed us to deter-
mine a partial ternary phase diagram that quantitatively
describes the interplay between GlcCer and Chol in a fluid
POPC matrix. POPC/Chol (29) and POPC/GlcCer (16) bi-
nary phase diagrams were used to establish the boundaries
that define the l4/l, (gray triangles) and gel/fluid phase
(black triangles) separation for these binary mixtures
(Fig. 6). Moreover, thermodynamic principles such as the
phase rule and limitations to the two-phase/one-phase
boundaries imposed by the Gibbs energy minimum princi-
ple (49,50) were taken into account. All of the experimental
data were analyzed, and the fraction of each phase that was
present in a given mixture was determined as described
previously (51). This methodology considers the partition
coefficient (K,) of the probe between each phase and
the experimental photophysical parameters of the probe in
each pure phase, as well as in the lipid mixtures displaying
phase coexistence. The methodology is explained in detail
in the appendix section of Castro et al. (51) and in Support-
ing Materials and Methods.

Table 1 shows a summary of the partition coefficients of
t-PnA for a given phase. K, values were determined using
the variation of the fluorescence anisotropy and/or mean
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TABLE 1 Partition Coefficient of t-PnA in Different Lipid
Mixtures and between Different Phases

pH 7.4 pHS5.5
Lipid Mixtures (< £0.0005) (££0.010)
K,£" in POPC/C16-GlcCer 4.70 2.47
K, in POPC/Chol 0.14 0.14
K, in POPC/Chol/C16-GlcCer 34.40 17.64

fluorescence lifetime of t-PnA as a function of the phase
fraction in the indicated binary mixtures (see Supporting
Materials and Methods). Kpg/ lo was obtained from the ratio
of the Kpg/ " and Kpl"/ ' of t-PnA (51). The values indicate
that t-PnA has a very high preference for the GlcCer-
enriched gel phase in comparison with the /; and /, phases.

Using the different K, values, we were able to determine
the fraction of each phase for all of the studied mixtures
(Table S2). As could be anticipated, mixtures with a lower
Chol content, such as those mimicking 25% of [, phase,
had a larger fraction of gel phase. The fraction of gel phase
was always lower at pH 5.5 than at pH 7.4.

After determining the phase fractions, we used an itera-
tive method to estimate the boundaries of the partial ternary
phase diagram (52). Briefly, we assayed different configura-
tions for a phase diagram of the type shown in Fig. 6, and
computed the phase fractions and compositions. We then
compared these results with the experimental values. The
iteration that provided the smaller maximal difference
between the experimental data and the calculated values is
shown in Fig. 6 (see Supporting Materials and Methods
for additional details). Note that only the left part of the di-
agram was experimentally assessed, since this corresponds
to more physiological conditions, i.e., high phospholipid
content and low-to-medium Chol and GlcCer content.
This area of the diagram consists of four different regions
corresponding to relatively small areas of 1) POPC-enriched
fluid (/4), 2) POPC-enriched fluid + GlcCer-enriched gel
(I3 + g), 3) an intermediate POPC-enriched /; + Chol-
enriched [, (I3 + I,) region, and 4) a large POPC-enriched
lq + Chol-enriched [, + GlcCer-enriched gel (I3 + I, + g).
This region, defined by a broad tie-triangle, denotes the
relatively high immiscibility between the three lipid com-
ponents. The tie-lines inside the tie-triangle were deter-
mined by analysis of the experimental data, particularly
the fluorescence spectroscopy measurements. Indeed, the
three samples (a, b, and c) crossed by the tie-line display
identical packing properties, as shown by similar t-PnA
long-lifetime components for the three mixtures at pH
7.4 (~40 ns) and pH 5.5 (~32 ns). The same was observed
for the second tie-line, crossing samples d and e, where
the t-PnA long-lifetime components of the mixtures
were ~34 ns and ~27 ns, at pH 7.4 and 5.5, respectively.
This evidence shows that the properties of the phases are
identical for the different mixtures in each of the tie-lines,
and only the fraction of the phases is changing (Table S2),
which is in agreement with the definition of a tie-line.
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The right side of the diagram was not experimentally
determined. However, using thermodynamic considerations,
it is possible to predict the orientation of the boundaries.
The two-phase region should cross the ternary phase with
a similar slope and extend inside the three-phase region
(49,50). Therefore, to respect the geometric constraints
imposed by the presence of the three-phase region, the
points that define the top and lower right of the tie-triangle
connect the right side of the ternary diagram, with a line
displaying a positive slope (50). However, it is not possible
to predict the composition at which g/l, phase coexistence
occurs for Chol/GlcCer mixtures, and therefore those
boundaries are merely illustrative (Fig. 6).

Compared with POPC/SM/Chol mixtures (29), this dia-
gram presents a smaller region with /,/l; phase coexistence.
It can therefore be concluded that GlcCer has a lower misci-
bility in the [, phase compared with SM. This is likely
due to both the high melting temperature of GlcCer and
its stronger tendency to segregate into tightly packed gel
domains (16,18,20). A comparison of the POPC/Chol/
C16-GlcCer and POPC/Chol/C16-Cer partial phase dia-
grams allows us to conclude that the presence of the glucose
moiety in the headgroup of GlcCer increases the miscibility
of GlcCer in the /, phase compared with Cer (7,23). This
suggests that significant levels of GlcCer may be involved
in the formation of /, domains in more complex biological
membranes. However, very small fractions of Cer are suffi-
cient to perturb the biophysical properties of /, domains and
drive gel-fluid phase separation (33). Indeed, the POPC/
Chol/C16-Cer phase diagram (23) exhibits relevant differ-
ences in comparison with the POPC/Chol/C16-GlcCer
ternary phase diagram. Although the solubility of C16-
Cer in a Chol-enriched fluid phase is minimal, leading to
a very large gel/fluid phase separation region, GlcCer is
capable of interacting with the Chol-forming [, phase
(23,53). The difference in behavior between the two lipids
is probably due to the nature of the interaction of Cer and
GlcCer with the neighboring lipids. C16-Cer promotes
very strong intermolecular bonds, forming domains with a
very high packing density (23,54,55), which hinders the
incorporation of Chol into the membrane. In contrast, the
size of the sugar residue in C16-GlcCer might preclude
the formation of domains with an equivalent packing den-
sity, which might facilitate the interaction of GlcCer with
Chol (17,21).

It is worth mentioning that even a minor alteration in
the headgroup of the SLs is enough to significantly alter
the interplay established between the SL and Chol. For
example, in comparison with galactosylceramide (GalCer),
which only differs from GlcCer regarding the position of
the OH group, GlcCer-enriched domains are able to incor-
porate more Chol. This is probably due to the strength of
the intermolecular interactions, which are stronger in
GalCer, hindering Chol incorporation into GalCer-enriched
domains (17).
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The effect of pH on the interplay between POPC/Chol
and GlcCer was also translated into a partial ternary phase
diagram. A comparison of the two diagrams shows a slightly
broader coexistence between the [, and /4 phases at acidic
pH. This shows that GlcCer miscibility in the [, phase is
increased upon acidification, and suggests that the [, do-
mains can accommodate higher levels of GlcCer under
acidic conditions without significantly changing the proper-
ties of the /, phase (Fig. 6 B). In a biological context,
the subtle differences in the phase behavior of the mixtures
at different pH values could be enough to induce a large
perturbation in membrane organization, particularly consid-
ering that alterations in membrane packing and organization
are accompanied by a strong tendency to induce membrane
fusion/aggregation upon acidification. From a biological
perspective, such alterations might impact a number of
membrane fusion events, including those associated with
vesicle trafficking (56,57). In other words, in a complex sys-
tem like a natural cell membrane, a slight change in mem-
brane properties could have a cascade effect, leading to
membrane distortions that could affect, for instance, protein
conformation, ultimately altering cell responses.

CONCLUSIONS

GlcCer is one of several bioactive lipids that modulate cell
signaling, possibly by inducing the formation of membrane
domains. Our rationale for designing this study was the lack
of systematic biophysical analyses to explore the interac-
tions between GlcCer and another critical lipid involved in
lipid domain formation, namely, Chol.

The partial POPC/Chol/GlcCer ternary phase diagram
obtained in this study complements previous studies using
similar mixtures (22) and provides a valuable tool for
future studies, e.g., to quantitatively analyze alterations in
the phase behavior of these mixtures upon interaction
with relevant molecules, such as proteins or drugs. Phase
diagrams are also indispensable for studies that address
lipid-protein interactions and protein partitioning into lipid
domains. These phase diagrams will enhance our under-
standing of how the interplay between these lipids might
affect the distribution and sorting of different proteins.
The qualitative and quantitative analyses of the phase prop-
erties of these mixtures constitute a further step toward
understanding the lipid-lipid interactions and membrane
biophysical properties in complex biological membranes.
As an example, a comparison of these and other SL/
Chol-phase diagrams (23,29) might allow investigators to
predict the biophysical changes that occur in membrane
properties upon metabolic conversion of one SL species
into another. Since several SL species are involved in
signaling events, integrative analyses based on biophysical
and biological studies might help to elucidate the link
between the biophysical properties of these lipids and their
biological functions.
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SUPPORTING MATERIAL

Supporting Materials and Methods, eleven figures, and two tables are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)
04761-X.
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