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Inositol phosphorylceramides (IPCs) are a class of anionic sphingolipids with a single inositol-phosphate
head group coupled to ceramide. IPCs and more complex glycosylated IPCs have been identified in fungi,
plants and protozoa but not in mammals. IPCs have also been identified in detergent resistant membranes in
several organisms. Here we report on the membrane properties of the saturated N-palmitoyl-IPC (P-IPC) in
one component bilayers as well as in complex bilayers together with 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine and cholesterol. The membrane properties of P-IPC were shown to be affected by calcium.
According to anisotropy changes reported by DPH, the gel-to-liquid transition temperature (Tm) of P-IPC was
48 °C. Addition of 5 mM CaCl2 during vesicle preparation markedly increased the Tm (65 °C). According to
fluorescence quenching experiments in complex lipid mixtures, P-IPC formed sterol containing domains in
an otherwise fluid environment. The P-IPC containing domains melted at a lower temperature and appeared
to contain less sterol as compared to domains containing N-palmitoyl-sphingomyelin. Calcium further
reduced the sterol content of the ordered domains and also increased the thermal stability of the domains.
Calcium also induced vesicle aggregation of unilamellar vesicles containing P-IPC, as was observed by 4D
confocal microscopy and dynamic light scattering. We believe that IPCs and the calcium induced effects
could be important in numerous membrane associated cellular processes such as membrane fusion and in
membrane raft linked processes.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Inositol phosphorylceramides (IPCs) are a class of anionic
sphingolipids with a single inositol-phosphate head group coupled
to ceramide (Fig. 1) [1]. IPCs were initially identified as yeast
sphingolipids in Saccharomyces cerevisiae and have later been
identified in other yeasts, protozoa and plants [1–7]. IPCs are
synthesized by transfer of the phosphoinositol moiety from phospha-
tidylinostol to the C-1-hydroxy group in ceramide by the enzyme, IPC
synthase in the Golgi apparatus [8–10]. IPCs can further be modified
through different biosynthetic pathways forming glycoinositol phos-
phorylceramides. In yeast, glycoinositol phosphorylceramides are
formed by the addition of mannose to IPC forming mannose
inositolphosphorylceramide and a further addition of inositol-
yl)-sn-glycero-3-phosphocho-
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phosphate forming mannose di(inositolphosphoryl)ceramide [2]. In
plants and protozoa more complex glycoinositol phosphorylcera-
mides, containing additional sugar groups can be formed [4,7]. In a
recent quantitative shotgun masspectrometry study, inositol contain-
ing sphingolipids were shown to constitute about 13 mol% of the
entire lipidome of S. cerevisiae [11]. Mannose di(inositolphosphoryl)
ceramidewas shown to bemost abundant, constituting 10mol% of the
lipidome and IPC and mannose inositolphosphorylceramide consti-
tuting 1 and 2 mol% respectively [11]. Even though IPCs are present at
low levels in S. cerevisiae, the local concentration of IPCs can be
markedly increased through enrichment in lipid rafts. IPCs have been
identified at higher concentrations in detergent resistant membranes
in yeast and in Leishmania (Viannia) braziliensis [6,12]. The levels of
IPC have also been shown to be markedly higher in specific secretory
vesicles in S. cerevisiae [13]. In post-Golgi secretory vesicles destined
for the plasma membrane the amount of IPC was doubled to about
4.5 mol% of the vesicle lipidome as compared to the lipidome of the
trans-Golgi network/endosome system [13]. In mammals IPCs and
glycoinositol phosphorylceramides have not been identified and in
contrast to yeasts, a phosphocholine head group can be transferred
from phosphatidylcholine to the C-1 hydroxy in ceramide, forming
sphingomyelin [14]. Due to the apparent distinctions between
sphingolipid biosynthetic pathways in fungi/protozoa and mammals,
recent antifungal and anti-protozoal studies have focused on the IPC
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Fig. 1. Chemical structure of D-erythro-N-palmitoyl-inositol phosphorylceramide (P-IPC).
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synthase as a potential drug target [15–18]. Natural compounds (and
their derivatives) directed at the IPC-synthase (Aureobasidin A,
Khafrefungin and Galbonolide A) have been shown to have inhibitory
and antifungal activity [16,19].

Calcium and other multivalent cations have been shown to affect
the phase behavior of phospholipids and to induce aggregation and
fusion of vesicles containing anionic phospholipids [20,21]. Mem-
brane fusion is an important step in many biological processes such as
exocytosis, endocytosis and intracellular vesicular transport and is
considered a multistep process involving membrane lipids and
membrane proteins [22–24]. Calcium has also been shown to be
involved in the regulation of IPC-mannosyl transferase in yeasts [25–
27]. IPC-mannosyl transferase is responsible for the conversion of IPC
to mannose-IPC and increased levels of calcium in the growth
medium of yeast cells has been shown to increase the conversion of
IPC to mannose-IPC [27]. Mutations in the genes encoding IPC-
mannosyl transferases have also been shown to give calcium sensitive
growth phenotypes [25]. An increase in calcium levels thus affects the
sphingolipid composition by reducing the levels of IPC and increasing
the levels of mannose-inositol phosphorylceramide and if IPC-
mannosyl transferase activity is decreased, high calcium levels affect
cell growth. IPC and calcium interactions have also been suggested to
alter properties of ordered lipid domains, resulting in effects on
signaling pathways [27].

Lipid rafts have been identified in the plasma membrane of
yeasts and protozoa and IPCs have been identified as a constituent of
lipid rafts in yeasts and protozoa through detergent extraction
[6,12]. To study the formation of ordered domains containing P-IPC
in model systems, we used a previously developed fluorescence
quenching assay [28]. The most common long chain bases of
sphingolipids in yeast are phytosphingosine and dihydrosphingosine
whereas mammalian sphingolipids mostly contain the long chain
base sphingosine [14]. The most abundant long chain base of IPC in
S. cerevisiae was shown to be 18:0-phytosphingosine and in the
protozoa Leishmania major the most abundant long chain base was
shown to be 16:1-sphingosine, but also 16:0-phytosphingosine and
18:1-sphingosine long chain bases were identified [3,11]. The N-
linked fatty acid moieties of IPCs in S. cerevisiae are usually long
saturated fatty acids having 24–26 carbons, but shorter saturated
fatty acids (14–18 carbons) have also been identified in L. (Viannia)
braziliensis and L. major [3,6,11]. The saturated acyl chains of IPCs in
S. cerevisiae can also be hydroxylated at one or two positions [11,13].
The IPC examined in this study was D-erythro-N-palmitoyl-IPC (P-
IPC) containing the long chain base 18:1-sphingosine and 16:0
(palmitic acid) in the N-linked position. The sphingosine base and
palmitic acid were chosen to facilitate comparison to the well
characterized D-erythro-N-palmitoyl-sphingomyelin (PSM), assuring
that differences in membrane properties arise only from differences
in the head group structure. Cholesterol interactions with PSM and
other sphingolipids have been thoroughly studied and using a
structurally identical system, save for the head group structure of
P-IPC, it can be assured that differences arise only from the pro-
perties of the head groups [28–30]. Since yeasts do not contain
sphingomyelin it could also be speculated that IPCs and glyco-
inositol phosphorylceramides have similar functions in yeasts as
sphingomyelins have in mammals. Therefore a direct comparison is
warranted.

Acyl chain specific IPCs have, to our knowledge, not previously
been studied in model systems and the objective of this study was to
examine the membrane properties of P-IPC and compare them to the
membrane properties of PSM. P-IPC was studied in pure and complex
lipid model systems and the impact of calcium on the membrane
properties of P-IPC was also assessed. Using a fluorescence quenching
assay, P-IPC was shown to form sterol containing domains but with
less sterol as compared to PSM containing domains. The ordered
domains melted at higher temperatures in the presence of calcium
and additionally the sterol content of the ordered domains was
reduced. Calcium also induced aggregation of P-IPC containing
vesicles as observed with 4D confocal microscopy and dynamic light
scattering.

2. Materials and methods

2.1. Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-
dihexadecanoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG),
Rhodamine-phosphoethanolamine, bovine liver L-α-phosphatidyli-
nositol (PI) and egg yolk sphingomyelin were from Avanti Polar Lipids
inc. (Alabaster, AL, USA). Cholesterol was purchased from Sigma
Chemicals Co. (St. Louis, MO, USA) and 1,6-diphenyl-3,5-hexatriene
was from Molecular Probes (Leiden, The Netherlands). D-erythro-N-
palmitoyl-sphingomyelin was purified from egg yolk sphingomyelin
through reverse-phase HPLC (Supelco Discovery C-18 column,
25 cm×21.2 mm, 5 μm particle size) using 100% methanol as mobile
phase. The purity and identity of PSM was verified on a Micromass
Quattro II mass spectrometer. Cholesta-5,7,9(11)-trien-3-beta-ol
(CTL) was synthesized using the method described in [31]. CTL was
purified using reverse-phase HPLC (Supelco Discovery C-18 column,
25 cm×21.2 mm, 5 μm particle size) with 95% methanol and 5%
hexane as mobile phase. 1-Palmitoyl-2-stearoyl-(7-doxyl)-sn-gly-
cero-3-phosphocholine (7SLPC) was synthesized from (7-doxyl)-
stearic acid (TCI Europe N.V., Belgium) and 1-palmitoyl-2-hydroxy-
sn-glycero-3-phosphocholine according to [32]. 7SLPC was purified
using reverse-phase HPLC (Supelco Discovery C-18 column,
25 cm×21.2 mm, 5 μm particle size) with 100% methanol as mobile
phase. The purity and identity of 7SLPC was confirmed on a
Micromass Quattro II mass spectrometer. CTL and 7SLPC were stored
at −87 °C in the dark in an argon environment. Before use CTL was
dissolved in argon purged ethanol and 7SLPC was dissolved in argon
purged hexane/2-propanol, (2:3, by vol) and used within 3 days.
Stock solutions of all lipids were stored at - 20 °C in the dark and
before use the stock solutions were taken to ambient temperature.
The H2O used was purified with a Millipore UF Plus purification
system, giving a product with an 18.2 MΩ cm resistivity.

2.2. Synthesis of P-IPC

D-erythro-N-palmitoyl-inositol-phosphorylceramide was synthe-
sized from 3.7 μmol D-erythro-sphingosyl phosphoinositol (Avanti
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Polar Lipids inc.) and 37 μmol palmitic anhydride (Sigma, St. Louis,
MO, USA). The compoundswere dried in vacuum for 1 h and dissolved
in 500 μl dry dichloromethane/methanol (7:3, by vol). 5 μl triethy-
lamine (Fluka Chemie GmbH, Buchs, Switzerland) was added to the
reaction mixture and the reaction vial was flushed with argon and
sealed and left on stirring at 23–30 °C for 12–17 h. The reaction
mixture was dried with nitrogen and redissolved in chloroform/
methanol (2:1, by vol) for purification. The redissolved mixture was
purified with solid phase extraction on a Mega Bond Elut NH2 straight
barrel column (1 g, 6 ml) with 40 μm particle size and aminopropyl as
the bonded functional group (Varian inc., Palo Alto, CA, USA). The
columnwas elutedwith (1) chloroform/isopropanol (2:1, by vol); (2)
diethyl ether with 2 vol% acetic acid; (3) methanol and (4)
chloroform/methanol/4,2 M NH3 (9:7:2, by vol). Fraction 4 was
neutralized with acetic acid and extracted with butanol. The butanol
phase was dried with nitrogen and redissolved in methanol for
purification on normal phase HPLC (Supelco Supelcosil LC-SI column,
25 cm×10 mm, 5 μm particle size). The mobile phase was
chloroform/methanol/mQ-H20 (55:39:6, by vol) and the purity and
identity of P-IPC was verified with a Micromass Quattro II mass
spectrometer.

2.3. Preparation of vesicles

Lipid and fluorescent probe solutions were taken to ambient
temperature andmixed in desired proportions in glass tubes. The lipid
and probe solutions were dried under a stream of nitrogen at 40 °C
followed by additional drying in vacuum. The lipid mixtures were
heated above the transition temperature between gel and fluid phases
(Tm) of the highest melting lipid component, and buffer of same
temperature was added to the lipid mixtures. The lipid/buffer
dispersion was kept at a temperature exceeding the Tm of the highest
melting lipid for at least 30 min, followed by either sonication or the
extrusion procedure. Probe sonication was performed for 2 min, also
above the highest Tm, using a Branson probe sonifierW-450 (25% duty
cycle, power output 10W (Branson Ultrasonics, Danbury, CT, USA)) to
form multilamellar vesicles. For preparation of unilamellar vesicles
the lipid/buffer dispersions were bath sonicated for 10 min, again
above the highest Tm, using a Branson bath sonicator 2510 (Branson
Ultrasonics) followed by the extrusion procedure (Avanti mini
extruder using 0.2 μm polycarbonate membranes filter) at the same
temperature. The lipid solution was extruded 11 times through the
polycarbonate filter. Buffers consisted of 50 mM Tris (MP Biomedicals
LLC, Solon, OH, USA) pH 7.4 with 140 mMNaCl either with or without
5 mM CaCl2. For the aggregation experiments Tris buffer with 50 mM
CaCl2 was added to the calcium-free buffer to adjust the final CaCl2
concentration to 5 mM.

2.4. Steady-state fluorescence anisotropy measurements

The steady-state anisotropy of DPH was measured on a Quanta
Master spectrofluorimeter operating in the T-format (Photon Tech-
nology International, Lawrenceville, NJ, USA). DPH was excited at
360 nm and the emission intensity was measured at 430 nmwith slits
at 5 nm, magnetic stirring and a temperature scan rate of 5 °C/min.
The lipid concentration was 50 μM and the probe concentration was
1 mol%. The transition temperatures given were obtained by visual
assessment and the graphs shown are representative of several
experiments. The anisotropy was calculated as described in [33].

2.5. Fluorescence quenching measurements

The fluorescence quenching measurements were performed on a
Quanta Master spectrofluorimeter operating in the L-format (Photon
Technology International) according to the method outlined in Ref.
[28]. The fluorescence quenching assay is based on the separation of
the fluorescent reporter molecule from the quencher 7SLPC in the
presence of ordereddomains in themodel systems. CTL is afluorescent
sterol analogue and was used to identify sterol containing ordered
domains. DPH is a fluorescent reporter molecule partitioning more
equally between ordered and disordered phases and was used to
identify ordered domains, regardless of the presence of sterol. CTL is
thus used to study ordered domains containing sterol and DPH is used
to study ordered domains in general, not necessarily containing sterol.
The results from the fluorescence quenching assay are shown as the
ratio between the F-sample and the F0-sample. Only the F-sample
contains the quencher so the F/F0 ratio gives the relative amount of
unquenched fluorescence, and when this is plotted as a function of
temperature themelting of ordered domains can be seen as a decrease
in the F/F0 ratio. The amount of CTL, and thus the amount of sterol
molecules in the ordered domains, can be assessed from the amplitude
of the melting of the ordered domains. The amplitude is proportional
to the amount of CTL that is protected from quenching by 7SLPC. The
higher the amplitude, the higher the amount of CTL and thus sterol in
the ordered domains. The samples consisted of 60mol% POPC, 10mol%
of cholesterol and 30 mol% of either PSM or P-IPC. In the F-sample
7SLPC replaced 50 mol% of POPC. For CTL and DPH the excitation and
emission wavelengths were 324/374 nm and 360/430 nm, respec-
tively. The quenching experiments were performed using 5 nm slits,
magnetic stirring and a temperature scan rate of 5 °C/min. The lipid
concentration was 100 μM and the probe concentration was 1 mol%.
The graphs shown are representative of several experiments.

2.6. Confocal microscopy and data analysis of the microscopic data

The 4D (4-dimensional; 3 spatial dimensions and time) laser
scanning confocal microscopy experiments were performed with an
AxioObserver Z1 (63×/1.4 objective) equipped with LSM510 (Carl
Zeiss Inc., Jena, Germany). Data analysis and visualizations were
performed using the open source software BioImageXD [34]. Cluster
sizes were calculated using thresholding-based segmentation and
connected component labeling and visualized as 3D ray casting
volume renderings. The experiments were performed at 21±1 °C
using unilamellar vesicles in Tris buffer. 50 mM CaCl2 containing Tris
bufferwas added to the samples to a final concentration of 5mM(total
sample volume 200 μl) and for controls calcium-free Tris buffer was
added. The figures shown are representative of several experiments.

2.7. Dynamic light scattering measurements

Dynamic light scattering experiments were performed on a
Malvern Zetasizer Nano-S (Malvern Instruments Ltd, Worcestershire,
UK). The experiments were performed at 21 °C using 100 μM
unilamellar vesicle solutions in Tris buffer. 50 mM CaCl2 containing
Tris buffer was added to the samples to a final concentration of 5 mM
(total sample volume 200 μl) and for controls calcium-free Tris buffer
was added. The Zetasizer Nano-S was equipped with a 633 nm laser
and operating at a backscattering angle of 173°. The results are given
as mean Z-average (nm) size calculated from the dynamic light
scattering intensity for several experiments. The Z-average is the size
value calculated with cumulant analysis of the autocorrelation
functions. Given the nature of the z-average and the aggregation
process the z-average values can only be used for internal comparison
using the same experimental setup and technique.

3. Results

3.1. Membrane order in P-IPC containing vesicles

Membraneorder andTmweredeterminedbyperforming steady-state
DPH-anisotropyas a functionof temperature (Fig. 2). TheDPHmolecule is
positioned in the inner, acyl chain region of the lipid bilayer [35,36]. A



Fig. 2. Anisotropy of DPH in vesicles containing either pure P-IPC or PSM and in mixtures with 10 and 20 mol% cholesterol. The anisotropy is plotted as a function of temperature for
vesicles containing sphingolipid (black line), 10 mol% cholesterol (dark grey line) and 20mol% cholesterol (grey line). The upper panels show the anisotropy experiments performed
in Tris buffer and the lower panels show the anisotropy experiments performed in Tris buffer containing 5 mM CaCl2. The experiments were performed with multilamellar bilayer
vesicles with 1 mol% DPH and the scan rate was 5 °C/min. The graphs are representative of several experiments.
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higher degree of order for the acyl chainswill result in a higher anisotropy
for DPH since the possibilities for movement of the DPH molecule are
reduced [35,37]. The Tm of pure P-IPC vesicles was 47.8±0.4 °C in Tris
buffer andwhen calciumwas included, during vesicle preparation, theTm
increased to 64.8±0.2 °C. Calcium had a large effect on the Tm of P-IPC
whereas a small effect was observed on the Tm for pure PSM vesicles
(from 41.9±0.3 to 42.5±0.3 °C). The Tm of PSM in calcium-free Tris
buffer correlates with previous studies [38]. Inclusion of calcium to the
Trisbuffer also increased theanisotropyofDPH in thefluidphase for P-IPC
containing vesicles, whereas the anisotropy in the fluid phase for PSM
containing vesicles was unaffected.

Cholesterol has an ordering and condensing effect on the acyl
chains of liquid crystalline phospholipids [39]. 10 and 20 mol% of
cholesterol had a similar ordering effect on the acyl chains of P-IPC
and PSM containing vesicles above Tm, when experiments where
performed in calcium-free Tris buffer. In calcium containing Tris
buffer the DPH anisotropy in pure P-IPC vesicles above Tm was
increased and the relative effect of cholesterol on the acyl chain order
was decreased as compared to the situation in calcium-free Tris
buffer. For PSM the ordering effect of cholesterol above Tm was very
similar regardless of the presence of calcium.

3.2. Formation of ordered domains containing P-IPC

The domain formation was assessed using a fluorescence quench-
ing assay with either CTL or DPH as the fluorescent reporter molecule
together with the quencher 7SLPC [28]. Cholesterol was used as the
sterol component in this study, since we wanted to compare the
membrane properties of IPCs to sphingomyelin and most studies
examining the membrane properties of sphingomyelin have been
performed with cholesterol. Ergosterol was, however, also tested as
the sterol component in the fluorescence quenching assay as
mentioned later. The fluorescent cholesterol analogue CTL was used
to observe the formation of sterol containing domains and DPH was
used to observe ordered domains in general (not necessarily
containing high levels of cholesterol) [28,40,41]. As observed from
the decrease in the F/F0 ratio (indicated by arrow) P-IPC was shown
to form ordered domains in an otherwise fluid environment (Fig. 3).



Fig. 3. Thermal stability of ordered domains in an otherwise fluid environment as measured by fluorescence quenching. Fluorescence quenching of CTL (left panels) or DPH (right
panels) in multicomponent vesicles containing P-IPC (black) or PSM (gray) as the domain forming sphingolipid. To assess the formation and thermal stability of sterol containing
ordered domains we used the fluorescent cholesterol analogue CTL and the quencher 7SLPC. To assess the formation and thermal stability of ordered domains in general (not
necessarily containing cholesterol) we used DPH and the quencher 7SLPC. The sample composition was POPC/sphingolipid/cholesterol (60:30:10, molar ratio) with 1mol% of CTL or
DPH. In the F-sample, 7SLPC replaced 50% of POPC. Lower panels show experiments performed in the presence of 5 mM CaCl2. The experiments were performed with multilamellar
bilayer vesicles at a scan rate of 5 °C/min. The graphs are shown as the F/F0 ratio versus temperature and the graphs are representative of several experiments. Arrows show the
melting of P-IPC containing ordered domains.
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P-IPC formed ordered domains containing less sterol as compared to
ordered domains with PSM as the domain forming sphingolipid
(Fig. 3, upper left panel). The relative amount of sterol in the domains
can be assessed from the amplitude of the F/F0-curve. Ordered
domains containing P-IPC also melted at a lower temperature as
compared to domains with PSM. The melting of ordered domains
containing P-IPC was complete at about 30 °C and ordered domains
with PSM were fully melted at about 41 °C. The quenching of DPH
(Fig. 3, upper right panel) reported on P-IPC containing domains with
a similar thermal stability as the fluorescence quenching experiments
with CTL. Melting of the ordered domains was finished at approxi-
mately 30 °C. The domain forming properties of P-IPC together with
ergosterol was also assessed using the same fluorescence quenching
assay but with dehydroergosterol as the fluorescent reporter
molecule. The results were similar to the fluorescence quenching
studies with cholesterol and CTL. P-IPC formed sterol containing
domains together with ergosterol but with an increase in thermal
stability as compared to domains with cholesterol (data not shown).
These findings are consistent with a previous study showing that both
cholesterol and ergosterol formed ordered domains with sphingoli-
pids, and that ergosterol containing domains melted at higher
temperatures as compared to cholesterol containing domains [42].

3.3. Calcium effects on the formation of ordered domains containing P-IPC

The formation and properties of ordered domains containing P-IPC
was affected by the presence of calcium (Fig. 3, lower panels).
Fluorescence quenching of CTL (Fig. 3, lower left panel) showed that
thermally more stable sterol containing domains were formed when
calcium was included in the Tris buffer during vesicle preparation.
Calcium also seemed to decrease the amount of sterol in the ordered
domains. The relative sterol content in the domains can be
determined from the amplitude of the F/F0-curve. Fluorescence
quenching of DPH (Fig. 3, lower right panel) also showed that ordered
domains were formed in the presence of calcium and that the ordered
domains were completely melted at a markedly higher temperature
in the presence of calcium. Themelting of ordered domains containing
PSM was not significantly affected by calcium.

3.4. Calcium induced aggregation of P-IPC containing unilamellar vesicles

Using laser scanning confocal microscopy (Fig. 4) and dynamic light
scattering experiments (Fig. 5), calcium was shown to induce
aggregation of vesicles containing P-IPC. In themicroscopy experiments
calciumwas added to unilamellar vesicles composed of PSM:P-IPC (1:1,
molar ratio) to afinal concentrationof 5mM. Immediately after addition
of calcium themean volume of the vesicle aggregates increased about 6
times and after 60min the volume had increased about 60 times (Fig. 4,
upper panels). When buffer lacking calcium was added to the
unilamellar vesicles no aggregationwas observed (Fig. 4, lower panels).
The aggregation was studied as a time-series and aggregation was also
observedwhen the samples hadbeenkept in the dark until imageswere
acquired. This procedure excludes possible artifacts induced by the
microscope, such as light induced aggregation.



Fig. 4. Calcium induced aggregation of vesicles containing P-IPC. 4D Confocal microscopy was used to study aggregation of unilamellar vesicles composed of P-IPC:PSM (1:1, molar
ratio) at 21±1 °C. The upper panels show the aggregation after addition of CaCl2 to a final concentration of 5 mM and the lower panels are controls with calcium-free Tris buffer. The
time points for the images, as indicated in the upper left corner of each panel, are taken immediately before and after addition of calcium and 15 min and 60 min after the addition.
The average sizes of vesicles/aggregates are given in μm3 in the upper left corner of each panel. Bars, 10 μm.
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Dynamic light scattering was used to study the aggregation of
vesicles composed of PSM or equimolar mixtures of PSM and P-IPC,
DPPG or bovine liver PI (Fig. 5). PI was studied to enable comparison
to a glycerol-based inositol containing lipid and DPPG for comparison
to a negatively charged membrane lipid. Vesicles composed of pure
PSM did not show aggregation in the presence of calcium, whereas
vesicles containing P-IPC, PI or DPPG showed aggregation. The
increase in aggregate size for DPPG containing vesicles was markedly
smaller as compared to vesicles containing either P-IPC or PI. The
calcium was added as 50 mM CaCl2 dissolved in Tris buffer and when
calcium-free Tris buffer was added no aggregation was observed for
any of the lipid compositions examined.

4. Discussion

In this study we report on the membrane properties of the non-
mammalian sphingolipid P-IPC in pure and complex model mem-
branes containing POPC and cholesterol. The properties of P-IPC have
been compared to the well characterized and acyl chain matched
Fig. 5. Calcium induced vesicle aggregation studied with dynamic light scattering.
Aggregation of pure PSM (▾) and equimolar mixtures of PSM and DPPG (▴), PI (▪) and
P-IPC (●) unilamellar vesicles in Tris buffer after addition of CaCl2 to final concentration
of 5 mM at 21 °C. The results are given as the mean Z-average (nm) as a function of time
after addition of calcium for several reproducible experiments.
membrane sphingolipid PSM [28,43–45]. The phase behavior and
properties of membrane lipids have been shown to be affected by
inorganic cations and we have studied the effects of the biologically
highly significant calcium ion on the membrane properties of P-IPC.

Pure P-IPC multilamellar bilayer vesicles have a higher Tm as
compared to bilayers containing the acyl chain matched sphingolipid
PSM (47.8±0.4 °C and 41.9±0.3 °C, respectively). PSM and P-IPC are
identical in the ceramide moiety so differences in membrane
properties arise from differences in the structure of the head groups
linked to the hydroxyl group of palmitoyl-ceramide. The inositol head
group (Fig. 1) contains hydroxyl groups which can act as donors and
acceptors in intra- and intermolecular hydrogen bonding [46,47].
Compared to the zwitterionic PSM molecules, electrostatic interac-
tions between the anionic P-IPC molecules could be expected to cause
molecular repulsion giving rise to destabilization of molecular
interactions and a lower Tm for P-IPC bilayers. However, the DPH
data indicated that interactions between the P-IPC molecules were
stronger as compared to interactions between PSM molecules in one
component systems. The higher Tm for P-IPC bilayers could be
explained by stronger interactions between the hydroxyl groups in
the inositol head groups due to hydrogen bonding taking precedence
over the electrostatic repulsion between the negatively charged
phosphate moieties. The conformation of the inositol group as
compared to the choline group could also affect lipid interactions.
The inositol group has been shown to be positioned parallel to the
bilayer normal as compared to the phosphocholine group which lies
more or less parallel to the bilayer surface [47,48]. The conformation
of the inositol head group could thus allow closer contact between the
P-IPC molecules and increase acyl chain interactions, resulting in a
higher Tm. The closer contact of the acyl chains could also explain the
lower amount of sterol in P-IPC containing ordered domains as
compared to PSM containing ordered domains. The properties of the
inositol head group and the levels of P-IPC used in the DPH
experiments, could possibly induce the formation of inverted
hexagonal phase or other phase states. However, using DPH
anisotropy we only observed one transition corresponding to the
acyl chain melting transition (no detection of lamellar to nonlamellar
phase). Dynamic light scattering experiments on P-IPC containing
vesicles also showed that we were able to prepare stable and uniform
vesicles through the extrusion procedure (data not shown). When
calcium was present in the buffer the situation was, however,
markedly different.
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Calcium affected the membrane properties of P-IPC both laterally
in the membrane and macroscopically between unilamellar bilayer
vesicles resulting in increased melting temperature and vesicle
aggregation. Inorganic cations have been shown to have large effects
on the phase behavior of membrane lipids (for reviews, see [20,49–
51]) and also to induce vesicle aggregation or fusion of vesicles
[21,23,52–55]. The calcium levels used in this study are quite high
compared to physiological conditions. Calcium concentrations can,
however, locally be markedly higher as compared to the low resting
cytosolic calcium levels [56]. Excess calcium levels have also
previously been used in similar model system studies [57–59].
When calcium was added to the buffer, before formation of multi-
lamellar bilayer vesicles, the Tm of pure P-IPC vesicles was increased
by 17 °C and the Tm of PSM vesicles by 0.6 °C as reported by the
anisotropy of DPH. Effects of calcium on the phase behavior of
sphingomyelin (bovine brain) have previously been studied using
infrared spectroscopy [60]. Calcium was shown to dehydrate the
phosphate moiety and increase the interfacial H-bonding resulting, as
in our study, in an slightly increased Tm [60]. Calcium affects the phase
behavior of membrane lipids through a multitude of interactions
depending on the structure and charge of the interface and the head
group. Calcium interactions can roughly be categorized as indirect
effects on the hydration shell of the lipid aggregates and direct
interactions with the lipid aggregates [20]. Calcium increases the
transition temperature of negatively charged phosphatidylserines
through the formation of complexes with the phosphate group. The
complex formation decreases the degree of hydration and changes the
conformation of the phosphate group, resulting in an increased
transition temperature [20]. For P-IPC we propose a similar complex
formation between calcium and the phosphate group resulting in
charge neutralization and a closer contact between the P-IPC
molecules. The closer proximity of the molecules could also increase
the hydrogen bonding, not only between the ceramidemoieties at the
interface, but also between the inositol groups explaining the increase
in Tm. The membrane order in the fluid phase for pure P-IPC vesicles
with calcium was also higher as compared to the order in P-IPC
vesicles lacking calcium. The increased order in the fluid phase could
be explained by stronger interactions between the P-IPC head groups
in the fluid phase. A similar increased order in the fluid phase due to
calcium interactions has been shown for dipalmitoylphosphatidic acid
using Raman spectroscopy [57].

In addition to increasing the Tm of P-IPC bilayers, calcium induced
aggregation of P-IPC containing vesicles. The formation of local
packing defects at the boundaries of calcium induced lateral domains
could induce the formation of energetically more favorable lipid
aggregates, leading to the observed aggregation [54]. As seen in the
fluorescence quenching assay, calcium was able to affect interactions
between P-IPC molecules and enhance or induce the formation of P-
IPC containing ordered domains. At the domain boundaries local
packing defects could appear and upon contact between the domain
boundaries energetically more favorable lipid aggregates could be
formed. Calcium-induced dehydration of the lipid interfaces could
also account for the observed aggregation by allowing vesicles to
come in much closer proximity of each other, and thus induce
aggregation [52]. Induction of membrane curvature could also lead to
the formation of inverse hexagonal and inverse micellar cubic phases
causing aggregation. Formation of curved membrane interfaces have
previously been shown for glycerol based phosphatidylinositoles
under limited hydration conditions [61]. Calcium could thus induce
aggregation by binding to the P-IPC molecules causing packing
defects, dehydrating the membrane interface and/or inducing curved
membrane interfaces.

IPCs have been identified in detergent resistant membranes in L.
(Viannia) braziliensis and S. cerevisiae and we found that P-IPC was
able to form sterol containing ordered domains in model systems
[6,12]. Cholesterol was used as the sterol component in this study
since cholesterol interactions with PSM and other sphingolipids are
thoroughly documented in the literature [28,62,63]. The objective of
the study was to characterize the membrane properties of P-IPC and
to compare how the inositol head group affected membrane
properties, as compared to the phosphocholine head group in PSM.
To facilitate the comparisonwe used an identicalmodel system for the
study of both P-IPC and PSM, containing cholesterol. The DPH
experiments in binary systems showed that cholesterol interacts
with P-IPC and that cholesterol was able to increase the order of the
acyl chains. In ternary systems cholesterol has increased partitioning
possibilities and using a fluorescence quenching assay we showed
that P-IPC was able to interact with cholesterol and form sterol
containing domains and that the domains were thermally more stable
if calcium was present (Fig. 3). Calcium has previously been shown to
increase the melting temperature of ordered domains containing the
negatively charged glycosphingolipid N-palmitoyl-sulfatide [58]. The
same explanations, as mentioned above for P-IPC/calcium interac-
tions in pure and binary systems, can also be applied to the ternary
systems used here. Calcium increased the interactions between the P-
IPC molecules and the stronger interactions even appeared to
decrease the amount of sterol in the ordered domains. The DPH
quenching data clearly showed a thermal stabilization of ordered
domains in the presence of calcium. The stabilization correlates well
with the calcium induced increase in Tm, observedwith the anisotropy
of DPH in pure P-IPC systems (Fig. 2).

In conclusion, we showed that P-IPC was able to form sterol
containing ordered domains in model systems and that the phase
behavior of P-IPC was markedly affected by calcium. Calcium
increased the melting temperature of P-IPC containing domains and
induced aggregation of P-IPC containing vesicles. Using sphingolipids
only differing in the head group region we showed that the calcium-
induced effects arose from interactions with the inositol head group.
IPCs, mannose inositolphosphorylceramides and mannose di(inosi-
tolphosphoryl)ceramides constitute the major sphingolipid species in
S. cerevisiae [11]. Future prospects would be to analyze the membrane
properties of IPCs and mannosylated IPCs in yeast like systems, to
better understand the membrane functions and interplay between
these highly abundant membrane lipids.
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