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a b s t r a c t

The aim of this work is to determine the binding of ionic calcium (Ca2+) to lipid membranes in which the
availability of the phosphate groups to the aqueous phase is modified by the degree of saturation of the
lipids and the inclusion of cholesterol.

The shifts in the phosphate bands observed in the Fourier transform infrared spectroscopy (FTIR)
spectra are direct evidence of the interaction of Ca2+ with phosphate groups.
eywords:
ipid membrane
hosphate groups
onic calcium
holesterol

ipid–calcium interaction

The binding analysis was done by determining the changes in the zeta potential of liposomes sus-
pended in buffer at controlled temperature. The changes produced by the ion on the zeta potential of
dioleoylphosphatidylcholine (DOPC); dipalmitoylphosphatidylcholine (DPPC); distearoylphosphatidyl-
choline (DSPC); dimyristoylphosphatidylethanolamine (DMPE) and their mixers with cholesterol were
measured, showing a Langmuir isotherm behavior in all the lipid composition assayed.

The results show that the interaction of Ca2+ to lipid membranes depends on the exposure and the
density of phosphate groups at the membrane interphase.
. Introduction

There is increasing interest in the binding of metal cations to bio-
ogical membranes because it affects the stability and the properties
f phospholipid bilayers. Specifically, the adsorption of calcium to
he surface of biological membranes has important physiological
onsequences such as the modulation of the insertion of proteins
for reviews see [1,2]). Studies on model membranes have demon-
trated that these physiological effects may be due not only to a
inding of ionic calcium (Ca2+) but also to a screening effect in the
queous diffuse double layer at the lipid–water interface [3]. In this
egard, it is also important to take into account that Ca2+ may act
s a second messenger in the transduction of biologically relevant

unctions.

Numerous binding sites can buffer the ion concentration in cells.
or example, retinal membranes have been suggested to bind a con-
iderable fraction of the intracellular Ca2+ ions [4]. Most likely, the

Abbreviations: Ca2+, ionic calcium; PC, phosphatidylcholine; DPPC,
ipalmitoylphosphatidylcholine; DOPC, dioleoylphosphatidylcholine; DSPC,
istearoylphosphatidylcholine; PE, phosphatidylethanolamine; DMPE, dimyris-
oylphosphatidylethanolamine; Chol, Cholesterol; MLVs, Multilamellar Vesicles;
, Zeta potential; �, electrophoretic mobility; FTIR, Fourier transform infrared
pectroscopy; Tc, transition temperature; Tw, work temperature.
∗ Corresponding author. Tel.: +54 011 4964 8249; fax: +54 011 4508 3653.

E-mail address: flormartini@yahoo.com.ar (M.F. Martini).

927-7765/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2009.10.037
© 2009 Elsevier B.V. All rights reserved.

membranes buffering capacity is an important factor determining
the distribution of ions within living cells [5].

Ions interact with charged phospholipids via Coulombic forces.
The apparent association of metal cations with lipid membranes
is distinctly more intense for anionic lipids than for neutral, zwit-
terionic ones. This behavior can be explained taking into account
that the net negative surface charges of membranes of acidic
lipids increases cation concentration near the lipid–water inter-
face according to the Gouy–Chapman theory of the electrical double
layer [6].

The respective intrinsic association constant of Ca2+ was, how-
ever, shown to be virtually independent of the net surface charge
after correction for differences in electric surface potential [7,8]. It
reflects specific lipid–ion interactions such as orientation depen-
dent charge–dipolar interactions with neutral residues.

Ions can deeply penetrate into the polar region of the membrane,
which is an interphase rather than an interface because the polar
residues are distributed throughout a mesh-like region [9].

Thus, it is likely that there may be regions playing the role of
Ca2+ reservoir and with the ability to exchange it with the aque-
ous media. To achieve this function, the binding capacity should

be modulated by the properties of the surface. In this regard, lipid
membranes present different domains composed by lipids in dif-
ferent phase state that may have different affinities for Ca2+. In
an attempt to get an insight on the binding properties of lipid
membranes composed by mixtures commonly found in biological

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:flormartini@yahoo.com.ar
dx.doi.org/10.1016/j.colsurfb.2009.10.037
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ystems, we have measured the binding curve to lipid membranes
n the gel and fluid state composed by different kinds of phos-
hatidylcholines and phosphatidylethanolamines and its mixtures
ith cholesterol. The effect of cholesterol on the phase state of the

ipids is an important variable. As it has been already reported in
he bibliography, cholesterol has a dual nature — in the physiolog-
cally important fluid state it promotes ordering and rigidity, while
n the gel state its effects are the opposite [10].

As Ca2+–phospholipids’ interaction is due to electrostatics
etween the phosphate groups, the aim of this work is to deter-
ine the binding of Ca2+ to lipid membranes in which the exposure

f the phosphate to the aqueous phase has been modified by the
egree of saturation of the lipids and the inclusion of cholesterol.

A direct evidence of the interaction of Ca2+ with phosphate
roups was evaluated by the changes in the phosphate bands of
ourier transform infrared spectroscopy (FTIR) spectra. The binding
nalysis was done by determining the changes in the zeta potential
f liposomes suspended in buffer at controlled temperature.

. Materials and methods

Distearoylphosphatidylcholine (DSPC), dioleoylphosphatidyl-
holine (DOPC), dipalmitoylphosphatidylcholine (DPPC), dimyris-
oylphosphatidylethanolamine (DMPE) were obtained from Avanti
olar Lipids Inc. (Alabaster, AL). The lipids were 99% pure and used
ithout any further purification, after being checked by thin layer

hromatography (TLC), using the solvent mixture corresponding
o each type of phospholipid. Single spots after exposure to the
uitable developers were obtained.

Peroxidation levels in unsaturated phospholipids (DOPC) were
hecked by ultraviolet spectroscopy, and it was found negligible
nder the conditions employed.

Cholesterol (Chol), Hepes, calcium chloride (CaCl2), potassium
hloride (KCl), potassium bromide (KBr) and sodium chloride
NaCl) were obtained from Sigma Chemical Co. Inc. (St. Louis, MO).

All other chemicals were of analytical grade and ultrapure water
conductivity 0.09 �S/cm, pH 6 ± 0.3) was obtained in an Osmoion
quipment (Apema, Buenos Aires, Argentina).

.1. Multilamellar vesicle preparation

Lipids in a chloroform solution were dried under N2 stream.
ipid mixtures of PC:Chol were prepared by co-dissolving the
ppropriate proportions in chloroform, expressed as mol/mol
atios.

Multilamellar liposomes (MLVs) were prepared by dispersing
he dry lipid film in Hepes 100 �M, KCl 1 mM, pH 7, buffered solu-
ion. In all cases, the relation lipid to water was maintained in order
o make the preparation more reproducible.

.2. FTIR in liposomes

Lipids were dispersed in H2O and sealed in a cell with
gCl windows at constant temperature (22 ◦C). The FTIR spectra
ere obtained using a NicoletTM 380 infrared spectrophotometer,

quipped with a deuterated triglycine sulphate (DTGS) detector
ith 1 cm−1 spectral resolution. Values corresponding to non-
ydrated lipids were measured in KBr disks. A total of 200 scans
ere done in each condition and the spectra were analyzed using

he mathematical software WinFirst 3.5. A number of different sam-

les (no less than four) were processed.

In order to study the interaction of phosphate groups with Ca2+,
pectra of MLVs of DPPC and DPPC:Chol (4:1) in absence and pres-
nce of ionic calcium were done. The main bands corresponding to
he phosphate groups were analyzed.
es B: Biointerfaces 76 (2010) 215–220

2.3. Zeta potential in liposomes

The zeta potential (�) of MLVs liposomes at different calcium
chloride concentrations was determined in Zeta-Meter System 3.0
equipment (Staunton, VA, USA) at 22 ◦C.

The electrophoretic mobility (�) of multilamellar liposomes was
determined in a capillary cell in which two electrodes were con-
nected to a dc source. The total lipid concentration in all cases was
46 �M.

Data reported are the average of the measurements done, for
each condition, with, at least, three different batches of liposomes.
A total of 20 measurements were done for the different batches.

The zeta potential (�) was calculated from the mobility using
the Helmholtz–Smoluchowski equation:

� = ��

εε◦

where ε and εo are the dielectric permitivity of the aqueous solution
and the permitivity of the free space; � is the dynamic viscosity of
the suspension [1].

Therefore, the binding of Ca2+ was determined by measuring
the electrophoretic mobility of liposomes of DPPC, DPPC:Chol (4:1),
DOPC, DOPC:Chol (4:1), DMPE and DMPE:Chol (4:1) from which the
zeta potential was calculated.

2.4. Mathematical analysis for the zeta potential experimental
data

The percentage of coverage of a surface can be described by ratio

� = x

xmax

where x is the amount of adsorbant at a given Ca2+ concentration in
the bulk solution and xmax is the maximum amount that the surface
can adsorb.

The ratio (�) can be expressed as a function of Ca2+ concen-
tration (C) in the solution in contact with the membrane by a
Langmuir–Freundlich isotherm (LF) [11] as:

� = (KC)n

1 + (KC)n

The constant K is the Langmuir adsorption constant and
increases with an increase in the binding energy of adsorption and
with a decrease in temperature; n is the heterogeneity parameter
describing the width of energy distribution function. It is 1 for a
Langmuir behavior.

The value � can be determined by the changes in the zeta poten-
tial of the lipid vesicles due to the presence of Ca2+:

� = ��

��max
= (K[Ca2+])

n

1 + (K[Ca2+])n

Taking into account that Ca2+ interaction is favored by the
electrostatic force with the phosphate groups, the adsorption fea-
tures can be analyzed in terms of the change of zeta potential vs.
Ca2+ concentration. Therefore, this analysis allowed calculating the
parameters of the following equation:

�� = ��max(K[Ca2+])
n

1 + (K[Ca2+])n (1)
where ��max is the adsorption capacity, K the equilibrium constant
related to the adsorption energy distribution maximum and n the
heterogeneity parameter describing the width of energy distribu-
tion function.
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Table 1
Maximum wavenumbers of symmetric and asymmetric PO2

− stretching vibration of
hydrated DPPC in the absence and the presence of 1 M CaCl2 and the same conditions
for DPPC:Chol (4:1).

Condition Assignment of maximum wavenumbers (cm−1)

Asymmetric PO2
− st. Symmetric PO2

− st.

DPPC 1222 ± 1 1089 ± 1
DPPC (l M CaCl2) 1243 ± 1 1096 ± 1

1110 ± 1 (shoulder)
DPPC:Chol (4:1) 1224 ± 2 1088 ± 1
DPPC:Chol (4:1) (1 M CaCl2) 1240 ± 1 1093 ± 1

1108 ± 1 (shoulder)

The parameters obtained from Eq. (1) (Table 2) show significant
differences between the K parameter of the different lipid compo-
sition assayed. However, we obtained in all the cases a similar value
for n ∼= 1, which validates a Langmuir isotherm behavior for the

Table 2
Parameters of Eq. (1) obtained for each lipid composition.

Composition n K (mMol−1) R2

DOPC 0.97 42.4 0.995
DOPC:Chol 0.96 28.2 0.996
DPPC 1.03 16.6 0.995
DPPC:Chol 1.01 10.2 0.999
ig. 1. FTIR absorbance spectra of DPPC fully hydrated (—) and DPPC KBr disk (– – –),
n the region between 1000 and 1300 cm−1.

In order to quantify the goodness of the fits, R2 was calculated
n each fit. It is a fraction between 0.0 and 1.0, and has no units. The
igher this value, the better the model fits.

R2 is computed from the sum of the squares of the point dis-
ances from the best-fit curve determined by non-linear regression.
his sum-of-squares value is called SSreg, which is in the units of the
-axis squared. To turn R2 into a fraction, the results are normalized
o the sum of the square of the point distances from a horizontal
ine through the mean of all Y values. This value is called SStot. If the
urve fits the data well, SSreg should be much smaller than SStot.

R2 is calculated using this equation:

2 = 1.0 − SSreg

SStot

. Results

Fig. 1 shows the FTIR spectra of the phosphate bands of aque-
us (—) and dry (– – –) DPPC below the transition temperature
Tc = 41.5 ◦C). These two experimental spectra reproduced what is
escribed in bibliography–that three absorption bands have been
ssigned to various vibrational modes of the hydrated DPPC phos-
hate group–with maximum wavenumbers at 1060, 1086 and
222 cm−1, corresponding respectively to a R–O–P–O–R′ vibration
nd to the symmetric and asymmetric PO2

− stretching vibration
12,13]. These vibrational modes are not sensitive to lipid phase
ransitions since their values remain constant above and below
he phase transition temperature of the phospholipid. Dehydration
roduces blue-shifts from 1086 to 1091 cm−1 for the symmetric
O2

− stretching vibration and from 1222 to 1245 cm−1 for the
symmetric PO2

− vibrational band [12–14].
This is consistent with our results, which present a shift from

queous to dry DPPC (Fig. 1) maximum value of asymmetric PO2
−

and from 1222 to 1245 cm−1. The symmetric PO2
− vibrational

and values of our spectra present a slight blue-shift, as mentioned
bove, from 1089 to 1093 cm−1.

Table 1 shows the maximum wavenumbers of symmetric and
−
symmetric PO2 stretching vibration of hydrated DPPC in the

bsence and the presence of 1 M CaCl2 and the same for DPPC:Chol
4:1). There are significant blue-shifts of both bands, the symmetric
nd asymmetric PO2

− stretching vibration when the membranes
re in the presence of Ca2+.
Fig. 2. Changes on zeta potential of MLVs with different lipid composition, due to
the presence of Ca2+: (�) DPPC; (�) DPPC:Chol (4:1); (�) DSPC; (�) DSPC:Chol (4:1).

A blank with the same lipids in the presence of 1 M NaCl (data
not shown) was performed to validate that the shifts are due to
ionic calcium, and not to the presence of any positive ion.

The inclusion of cholesterol into the lipid composition did not
generate significant effects in the absence of the Ca2+. The presence
of that ion evidences blue-shifts in the same direction as in the case
of DPPC liposomes, but in lower magnitude.

Figs. 2–5 show the experimental relative changes of the zeta
potential due to the adsorption of ionic calcium (Ca2+) to lipid
membranes of the different compositions described (represented
by points). The line representation corresponds to the non-linear
regression fitting the experimental data to Eq. (1) (see Section 2).
DSPC 0.99 13.1 0.997
DSPC:Chol 0.98 7.7 0.997
DMPE 1.02 0.1 0.970
DMPE:Chol 0.97 0.6 0.956
DMPE:DPPC 0.97 24.8 0.979
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ig. 3. Changes on zeta potential of MLVs with different lipid composition, due to
he presence of Ca2+: ( ) DOPC and (�) DOPC:Chol (4:1).

dsorption isotherms of Ca2+ to all the lipid composition assayed
Figs. 2–5). That means a semi-empirical isotherm based on four
ssumptions [15]:

. The surface of the adsorbent is uniform, that is, all the adsorption
sites are equivalent.

. Adsorbed molecules do not interact.

. All adsorption occurs through the same mechanism.

. At the maximum adsorption, only a monolayer is formed:
molecules of adsorbate do not deposit on other, already
adsorbed, molecules of adsorbate, only on the free surface of the
adsorbent.
The different K parameters (Table 2) show that the membranes
f phosphatidylcholine (PC) have more affinity to the calcium bind-
ng than the membranes of phosphatidylethanolamine (PE). Thus,
he change of the polar head group (choline to ethanolamine)

ig. 4. Changes on zeta potential of MLVs with different lipid composition, due to
he presence of Ca2+: (�) DMPE and (�) DMPE:Chol (4:1).
Fig. 5. Changes on zeta potential of MLVs with different lipid composition, due to
the presence of Ca2+: (�) DPPC; (�) DMPE and (�) DPPC:DMPE (1:1).

reduces the affinity of the ion to the surface (Fig. 4) showing a linear
behavior in the range of Ca2+ concentrations used in this work, and
a very low value for the K parameter.

The inclusion of cholesterol in PCs membranes produces a net
change in the adsorption, which shows a decrease in K between 40
and 30%, depending on the PC used, indicating a decrease in the
strength of Ca2+ adsorption (Figs. 2 and 3).

The MLVs of DPPC:DMPE (1:1) present an increase in the affin-
ity of Ca2+, when compared with the Ca2+ affinity of both lipid
membrane components individually (Fig. 5).

4. Discussion

Fig. 1 depicts the strong sensitivity of the PO2
− bands to the

lipid hydration process. This is especially true for the antisymmetric
mode [12,14,16–18]. Among phospholipids, phosphate groups are
sterically, as well as electronically, more exposed to interact with
water molecules establishing hydrogen bonds.

The presence of cholesterol in the membrane composition does
not cause significant changes on the maximum wavenumbers on
the stretching bands due to the PO2

− moiety (Table 1). The main
result of the spectra analysis is the observed effect of calcium on
vesicles in both compositions.

The shifts observed in both symmetric and antisymmetric
stretching bands due to the presence of ionic calcium evidence a
dehydration of the phosphate group due to the presence of the ion.

The effect of the calcium on membranes with cholesterol seems
to be lower.

Taking into account these results, where the perturbation of
the ionic calcium to the phosphate groups of the phospholipids
is remarkable, we are going to analyze the changes in the zeta
potential of vesicles of different compositions due to the Ca2+.

The addition of ionic calcium to the lipid interphase modified
the zeta potential of the lipid vesicles. The analysis of these exper-
iments and the parameters obtained may indicate the degree of
exposure of the phosphate group to the aqueous media of the dif-

ferent lipid composition assayed.

In the case of PC and PE, the difference between the groups ester-
ified to the phosphate group shows an important change in the
affinity of the ion for the surface. It is known from the bibliogra-
phy [19–22] and works of our group [23,24], that PEs create strong
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ead to head interaction between phosphate and amine groups of
djacent PE molecules, generating a network of hydrogen-bonded
nter-phospholipids, which decreases the availability of the phos-
hate group and explains the low value of the affinity constant
Table 2).

On the other hand, PCs present a weaker interaction between
hospholipids neighbors. They interact via water bridges, which
esult in a greater exposure of the phosphate and its concomitantly
igher binding of the ion to this surface.

Fig. 5 shows a significant increase in the affinity of Ca2+

n relation to both component of lipid membrane individually.
his behavior can be explained considering a disruption of the
ydrogen-bonded network of PE, induced by the presence of PCs
22]. This disruption allows a higher interaction of ionic calcium to
he surface.

Figs. 2 and 3 show differences between the K parameter of the
Cs assayed. There is a significant difference when the phase state
f the lipid changes, considering that DOPC membrane is in the fluid
tate and the saturated PCs are in gel phase at working temperature
Tw). However, one quantity that describes the bilayer microstruc-
ure with regard to molecular packing is the average interfacial area
er lipid molecule [25].

The main variable considered here to interpret the results of
ffinity of ionic calcium to the different surfaces is the expo-
ure of the phosphate groups. There is another important variable
elated to the same group that is the proximity of one group to
nother, meaning the density of the phosphate groups in each
urface.

In the case of PE, what is evaluated is the availability of the group.
n the case of PCs, the differences in the area per lipid molecule
ould be related to the differences in the calcium affinity. As it is
nown from the bibliography, PCs with unsaturated acyl chains
resent a greater area per lipid molecule than PCs with saturated
cyl chains [26–28], caused by the spacer effects produced by the
obbling of the acyl chains with unsaturations.

The smaller area per lipid molecule of PCs with saturated acyl
hains determines a higher density of the phosphate groups in the
urface. The proximity of these groups could favor the electrostatic
epulsion of the calcium ions.

The difference between DPPC and DSPC could be explained in
he same way (Fig. 2 and Table 2). At the same temperature, the
rea per lipid decreases with the acyl length. In other words, longer
hains keep the headgroups closer together [29,30]. The reason
s that longer chains have an increased interchain van der Waals
ttraction that generates a reduction in the area per lipid. These
bservations are in agreement with the fact that longer chains have
igher melting temperatures.

Thus, the differences between PCs could be related to changes
n the average interfacial area per lipid molecule, more than to the
ifference in the phase state.

Figs. 2 and 3 also show that the inclusion of cholesterol to phos-
hatidylcholine membranes acts as a negative modulator for the

on–lipid interaction, the decrease on the affinity of Ca2+ is around
0% when the structural lipids are saturated PCs, like DPPC and
SPC. The decrease is 33.5% when the structural phosphatidyl-
holine is unsaturated.

The advancing understanding of cholesterol effects on lipid
ilayers has been reviewed over the years by several authors
[31–38], for review see [39]). As for the specific interactions
ccurring between phospholipids and cholesterol, there are sev-
ral studies on these kinds of mixes. In particular, Pandit et al.

39] explain a model of interaction between DPPC and cholesterol,
hich explains the behavior observed in our experiments. They

howed the existence of an anomalous type of hydrogen-bonded
etwork between the methyl hydrogens of the phospholipid
holine group and the hydroxyl oxygen atom of cholesterol [40].
es B: Biointerfaces 76 (2010) 215–220 219

Such a CH· · ·O interaction might come as a surprise; however, the
idea of the CH· · ·O hydrogen bond is well established [41–43].
In addition, Gu et al. demonstrated that the strength of the
CH· · ·O interaction increases substantially upon the presence of an
electronegative atom next to the donor C–H group. In the case
of the choline group of dipalmitoylphosphatidylcholine (DPPC),
the N(CH3)3 group could be responsible for a situation where
methyl groups can strongly interact with the hydroxyl group
of cholesterol [40]. Furthermore, the CH· · ·O interaction dies off
much more slowly than the conventional OH· · ·O hydrogen bond
imparting a larger range of influence to this specific interaction
[42,40].

What is important to explain our results is a derivative from
this hydrogen-bonded network established between cholesterol
and PC (of at least 16 hydrocarbon chain). Pandit et al. [40] show
that larger capacity for complexation is concurrent with a larger
angle made by PN with the outward bilayer normal. This coupling
between the headgroup orientation and the capacity to participate
in a CH· · ·O binding mode arises because PC–cholesterol binding
requires that the –CH from choline of one PC molecule should be
placed in a position to donate a proton to an acceptor oxygen atom
of a cholesterol molecule. The MD studies of Tu et al. [44] and
of Pasenkiewicz-Gierula et al. [45] also revealed that the strong
N–CH3· · ·OH interaction was coupled with an inward orientation
of the headgroup.

Thus, the lower interaction observed in the binding of Ca2+ to
PC membranes with the inclusion of cholesterol can be explained
by an inward orientation of the headgroup, determining a lower
exposure of the phosphate group to interact with the ion.

Our work shows that the exposure of the phosphate group is
perturbed. Moreover, there is another fact that could explain the
effect of cholesterol, which is the so-called condensing effect. It has
been re-defined as a decrease of the surface area occupied by PC
molecules in mixed lipid bilayers containing cholesterol [31,39].
This effect is weaker in the case of di-unsaturated DOPCs than on
fully saturated PCs [46]. A straightforward analysis showed imme-
diately that a lesser degree of membrane condensation and a lower
degree of ordering was induced by cholesterol in membranes con-
sisting of unsaturated lipids.

This last evidence could explain the difference in the mag-
nitude of the decrease of bonding between the DOPC and the
saturated PCs as structural lipids of the membranes containing
cholesterol.

The effect of cholesterol presence in the membrane did not seem
to be the same in the case of DMPE as the structural lipid. The low
affinity of ionic calcium continues in this surface, although it is
higher than in the case of DMPE alone.

Studies of the organization of choles-
terol/phosphatidylethanolamine (PE) mixtures are limited in scope
and number, despite the fact that PEs are a major component of
the plasma membranes of eukaryotic cells [47–49].

McMullen et al. [49] concluded that the limited lateral
miscibility of cholesterol in PE relative to PC bilayers is
probably due to the relatively strong inter-headgroup hydro-
gen bonding and electrostatic interactions of the former
phospholipid, favoring phospholipid–phospholipid contacts over
cholesterol–phospholipid interactions. Thus, below the transition
temperature, where the tight packing of neighboring PE molecules
permits extensive non-polar and polar intermolecular interactions,
the intercalation of cholesterol between neighboring PEs is unfa-
vorable. As a result, the number of cholesterol–PE contacts, and

thus the effective cholesterol–PE interaction stoichiometry, is con-
siderably lower than in corresponding cholesterol/PC mixtures.

Therefore, the higher value of the K parameter in the case of
DMPE:Chol may be related to a very slight disruption of PE-PE
interactions due to the presence of cholesterol.
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. Conclusion

The importance of phosphate groups on the surface properties
f lipid bilayer has been suggested before [14]. However, no corre-
ation between the exposure and modulation has been previously
nalyzed in terms of the interaction of ionic calcium.

The present study provides evidence that the exposure of PO2
−

roups affects the interaction of ionic calcium with the lipid mem-
rane. This property is directly determined by the lipid species in
ccordance with the lateral interaction strength of the phosphate
ith the adjacent head groups and the density of this group on the

urface.
Strong interactions would hinder phosphate exposure, while the

rea per lipid molecule is determinant in the density of this group.
The variety of lipids found in a cell membrane would gain rel-

vance because in relation to its composition, lateral interactions
nd the nature of lipid head groups would modulate the interac-
ion of Ca2+ normally found in physiological aqueous space. This
eads to speculation on the capacity of lipid membranes to generate

icrodomains with differential affinity for ionic calcium.
The presence of cholesterol significantly reduces the calcium

ffinity to PC’s membranes, something that could be relevant in
icrodomains like the so-called “rafts”, where cholesterol is found

n great proportion.
This is not trivial, considering the important role of this diva-

ent ion in the interphase: conscription of certain cytosolic proteins,
odulation of ionic-channels, or participation into receptor activa-

ion, to mention just some of its functions.
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