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Abstract 

The lamellar gel to lamellar liquid-crystalline phase transition of dipalmitoylphosphatidylserine (DPPS) multilamellar membranes is 
abolished by the presence of Ca 2+ at DPPS/Ca 2÷ molar ratios of 2:1 or lower. However, when equimolar sphingosine (SPH) or 
stearylamine (SA), which are positively charged at the pH studied in this work, were included in DPPS vesicles, the phase transition of 
DPPS was still observed by differential scanning calorimetry, even in the presence of very high Ca 2÷ concentrations such as a 
DPPS/Ca 2÷ molar ratio of 1:10. According to that, AH was similar for samples formed by equimolar DPPS and SPH and SA, either in 
the presence or in the absence of Ca 2÷, whereas no phase transition was observed for the pure phospholipid in the presence of Ca 2÷ at 
molar ratios lower than DPPS/Ca 2÷ 2:1.45Ca2+-binding experiments showed that for DPPS/SPH or DPPS/SA molar ratios of 2:1, only 
half of the Ca 2- was bound to DPPS with respect to pure DPPS, i.e., in the absence of SPH or SA. At concentrations of SPH or SA 
equimolar with DPPS, the Ca 2÷ binding was nearly abolished. The effect of SPH and SA on the apparent pKap v of the carboxyl group of 
DPPS was also studied in the presence and in the absence of Ca 2+ by using Fourier transform infrared spectroscopy. The dehydration of 
the phosphate group of DPPS induced by the binding of Ca 2+ was followed through the observation of the PO 2 antisymmetric 
stretching, and the percentage of dehydrated PO~- groups quantitatively assayed. It was again confirmed that, in the presence of 
equimolar concentrations of SPH or SA, Ca 2÷, at concentrations which are saturating for pure DPPS, was not bound at all to DPPS. It 
was also found that the pKap p was considerably shifted to lower values in the presence of the amino bases, decreasing from 4.6 in pure 
DPPS to 2.1 and 2.2 for the equimolar mixtures of DPPS with SPH and SA, respectively. These results show that SPH and SA, being 
positively charged molecules anchored in the membrane, are able of preventing the binding of positively charged ions such as Ca 2÷ 
through an electrostatic charge neutralization. 
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1. Introduction 

Sphingosine (SPH) is a long-chain amino base which is 

the main constituent of the sphingolipid molecules. Sphin- 
gosine and other sphingolipids have been recognized as 

Abbreviations: DPPS, 1,2-dipalmitoylphosphatidylserine; DSC, differ- 
ential scanning calorimetry; FT-IR, Fourier transform infrared spec- 
troscopy; Mes, 2-(N-morpholino)ethane sulfonic acid; SPH, sphingosine; 
SA, stearylamine; AH, enthalpic change of the gel to liquid-crystalline 
phase transition; Tc, onset temperature of the gel to liquid-crystalline 
phase transition; pKap p, apparent dissociation constant; pK i, intrinsic 
dissociation constant; p Kel, electrostatic contribution to p Ki; p K h, hydra- 
tion contribution to p K,; qz o, membrane surface potential. 
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important mediators affecting many cellular functions, such 
as inhibition of platelet aggregation, activation of neu- 
trophils, inhibition of growth factor action, modulation of 
receptor function and inhibition of phorbol ester-induced 

responses, etc. [1-8]. The interest in SPH has recently 
increased after it has been shown that SPH is a potent and 
reversible inhibitor of protein kinase C [2,3,9], an enzyme 
that mediates cellular responses to numerous hormones, 

growth and differentiation factors, tumor promoters, etc. 
[10-12]. This enzyme, which is only active when it is 
associated to the membrane [13-15], requires Ca 2+, dia- 
cylglycerols and phosphatidylserine [16,17]. SPH also ex- 
hibits other protein kinase C independent activities such as 
inhibition of tissue factor [ 18], inhibition of insulin recep- 
tor tyrosine kinase [19], biphasic effects on diacylglycerol 
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kinase [20], inhibition of phosphatidic acid phosphohydro- 
lase [21,22], inhibition of CTP-phosphocholine cytidil- 
transferase [23] and activation of phospholipase D [24]. 
Moreover, it has been also shown recently that SPH con- 
taining membranes bind DNA and RNA, this interaction 
being abolished by acidic phospholipids [25,26]. 

Hannun and coworkers described that SPH inhibits 
protein kinase C competitively with diacylglycerols, phor- 
bol esters and calcium and also that the inhibition is of a 
mixed type with respect to phosphatidylserine [2,3]. These 
studies also indicated that the effect of SPH was not 
through the inhibition of the catalytic or membrane domain 
of protein kinase C, but by the inhibition of the protein 
kinase C phorbol esters binding domain, requiring its 
hydrophobic character and its positive charge [2,3]. How- 
ever, other studies [27] have suggested that SPH inhibits 
protein kinase C by limiting the availability of phospha- 
tidylserine, that is, the phospholipid that produce the maxi- 
mal activation of protein kinase C [17,28], rather than by a 
direct interaction with the phorbol ester domain of protein 
kinase C. SPH also inhibits the translocation of protein 
kinase C from the cytosol to the membrane fraction upon 
stimulation with agonists and the down-regulation of pro- 
tein kinase C [29]. The presence of a charged amino group 
and an aliphatic side chain have been shown to be neces- 
sary for the action of SPH in the inhibition of protein 
kinase C [30]. The creation of a positive vesicle surface 
charge by SPH has been suggested to be the mechanism of 
inhibition of CTP-phosphocholine cytidiltransferase activ- 
ity [23]. 

Despite its remarkable effects, very little is known 
about the behavior of SPH and its interaction with other 
lipids. The same applies to other positively charged lipids 
such as stearylamine (SA), which also inhibits protein 
kinase C [31] apart from other biological activities such as 
permeabilization of lysosomal membranes [30]. We have 
studied recently the phase behavior of SPH and SA in 
mixtures with DPPS [32] showing that both compounds 
form azeotropic mixtures with DPPS, at molar ratios of 
DPPS/SPH and DPPS/SA of 2:1 and 1:1, respectively. It 
was further shown that at physiological pH, both SPH and 
SA were protonated in a large extent, with apparent pKap p 
values of 9.1 and 8.9, respectively. We have also studied 
the phase behavior of mixtures of SPH with dipalmitoyl- 
phosphat idylchol ine  and d ie la idoylphosphat idyl -  
ethanolamine [33] showing that SPH forms an azeotropic 
point at 30 mol% of SPH with dipalmitoylphosphatidyl- 
choline, whereas no azeotrope was found in mixtures of 
dielaidoylphosphatidylethanolamine and SPH. In this last 
case the L~ to hexagonal H n transition of dielaidoylpbos- 
phatidylethanolamine was eliminated by SPH concentra- 
tions higher than 33 mol%. 

It is the aim of this work to study the interaction of SPH 
and SA with phosphatidylserine in the presence of Ca 2÷, 
i.e., a negatively charged phospholipid of primary impor- 
tance in animal membranes, which produce the maximum 

activation of protein kinase C [28] together with Ca 2+ 
which is also essential for the activation of protein kinase 
C [34,35]. These molecules have been chosen in order to 
compare the effect of the free hydroxyl groups of SPH, 
which are absent in SA, and therefore, discriminate be- 
tween two possible types of interaction, electrostatic or 
hydrogen bonding. The interactions taking place in this 
system have been examined by different techniques such 
as differential scanning calorimetry (DSC), Fourier trans- 
form infrared spectroscopy (FT-IR) and 4SCa2+-binding 
experiments. Our results show that both SPH and SA 
interact electrostatically with DPPS, involving charge neu- 
tralization of the phospholipid, with alteration of the appar- 
ent dissociation constant of the carboxyl group of DPPS. 

2. Materials and methods 

Dipalmitoylphosphatidylserine (DPPS) was obtained 
from Avanti Polar Lipids (Birmingham, USA), stearyl- 
amine (SA), sphingosine (SPH) and D20 (99.8%) were 
obtained from Sigma (Madrid, Spain), ionophore A23187 
from Boehringer-Mannheim (Barcelona, Spain) and 
45CAC12 from Amersham (Amersham, UK). All other 
reagents used were of analytical grade. Water was twice 
distilled and deionized in a Milli-Q apparatus from Milli- 
pore. The purity of DPPS, SA and SPH were checked 
before and after the measurements by thin-layer chro- 
matography where they showed only one spot. 

2.1. Sample preparation 

DPPS in chloroform/methanol 2:1 (v /v )  (2 /zmol for 
45 2 + DSC and FT-IR and 1 /~mol for Ca -binding), the 

appropriate amount of SA or SPH and ionophore A23187 
in ethanol to give a phospholipid/ionophore ratio of 500:1 
were mixed and dried under a stream of O2-free N 2 and 
the last traces of solvent were removed by high vacuum 
for more than 3 h. The samples were hydrated for 30 min 
at 70°C in buffer (50 mM Mes, 100 mM NaC1, pH 6.0), 
with occasional mixing in a vortex mixer until obtaining a 
homogeneous and uniform suspension. For the FF-IR titra- 
tion of the carboxyl group of DPPS in the different sam- 
ples either in the absence or in presence of Ca 2+, buffers 
in D20 of constant ionic strength were used ( I =  0.2). 
After obtaining a homogeneous and uniform suspension of 
membranes of DPPS and SA or SPH, a specific volume of 
50 mM Mes, 100 mM NaCI, 100 mM CaC12 (containing 
750 cpm/nmol Ca 2+ for binding experiments), pH 6.0, 
was added to the samples to obtain the specific 
DPPS/Ca 2+ ratio required. The final DPPS concentration 
was 2 mM. The samples were incubated 1 h at 70°C 
followed by 1 h at room temperature and pelleted at high 
speed in a bench microfuge at room temperature. For 
45Ca2+-binding experiments the samples were centrifuged 
at 75000 × g for 60 min at 25 ° C. Supernatants were 
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measured for 45Ca2+ in a Beckman LSI701 liquid scintil- 
lation counter. 

The concentration of ionophore used to allow a rapid 
equilibrium with Ca 2+ in the multilamellar vesicles did not 
affect the phase transition of pure DPPS as observed by 
DSC measurements [32]. 

Quantitative assay (?]" the incorporation of SA and SPH 
into the mixtures 

After centrifugation of the liposomes, the incorporation 
of SA and SPH was measured by combining a phosphorus 
assay [36] and the determination of the amine groups in the 
sediments by the method of Benson and Hare [37]. The 
incorporation of SA and SPH in the membranes was 
higher than 95% in all the samples used in this work. 

2.2. Differential scanning calorimet~ 

Pellets for DSC were collected and placed into small 
aluminum pans, sealed and scanned in a Perkin-Elmer 
DSC-4 calorimeter using buffer as reference. The instru- 
ment was calibrated using DPPC and indium as standards. 
The samples were scanned with a heating and cooling rate 
of 4 C° /min  at 1 mca l / s  of sensitivity over a range of 
30-90 ° C. The third scan was used for display unless 
otherwise stated. After the measurements, the pans were 
carefully opened and the samples were dissolved in chloro- 
form/methanol 1:1 (v /v) .  The amount of phospholipid 
originally present was determined after subsequent per- 
chloric acid hydrolysis [36]. 

2.3. Fourier transform infrared spectroscopy 

Infrared spectra were obtained in a Philips PU9800 
Fourier transform infrared spectrometer equipped with a 
DTGS detector. Samples were examined in a thermostated 
Specac 20710 cell equipped with CaF 2 windows and using 
25 /xm teflon spacers (all from Specac, Kent, UK). The 
samples were made either in H20  or D20 buffers. When 
D20 was used instead of H20,  buffers and pD values 
were corrected for the isotope effect [38]. Samples were 
equilibrated at 40 ° C in the infrared cell for 20 rain before 
acquisition. Each spectrum was obtained by collecting 100 
interferograms with a nominal resolution of 2 c m -  ~ and a 
triangular apodization using a sample shuttle accessory in 
order to average background spectra between consecutive 
samples spectra over the same time period. The spectrome- 
ter was continuously purged with dry air in order to 
remove atmospheric water vapor from the bands of inter- 
est. Subtraction was performed interactively using 
Spectra-Calc software (Galactic Industries, Salem, USA). 
Deconvolution was performed as previously described [39]. 
Quantitative analysis of the PO 2 asymmetric stretching 
vibration band of DPPS was made by using a partial 
least-squares multivariate statistical method. For this study 
we have used the algorithms for calibration and prediction 

develops by Haaland an Thomas [40] and implemented by 
Galactic Industries in the PLSplus program (see [39]). 
Reference spectra and the absortivities of the PO~- hy- 
drated and dehydrated bands of DPPS for each 
DPPS/amino base molar ratio were obtained by taking 
infrared spectra of samples, all of them containing the 
same phospholipid amount, either in the absence of Ca 2 + 
or in the presence of saturating Ca 2 + concentrations [39]. 

3. Results 

As described in Materials and methods, the incorpora- 
tion of SPH and SA into the different mixtures used in this 
work has been quantitatively studied. The results have 
shown that these amino bases partition preferentially into 
the membrane subphase, because more than 95% of the 
nominal SPH or SA were localized in the membrane in all 
the samples studied in this work. 

3.1. Differential scanning calorimetr3" 

Differential scanning calorimetry has been used to study 
the effect of different DPPS/Ca  2÷ molar ratios on the 
phase transition of pure DPPS and on mixtures of DPPS 
plus either SPH or SA. We have studied specifically 
mixtures of DPPS and either SPH or SA at molar ratios of 
DPPS/SPH 2:1 and DPPS/SA 1:1, because these specific 
relationships between the phospholipid and the amino bases 
correspond to azeotropic mixtures as it has been previously 
described [32], as well as a sample containing DPPS and 
SPH at a DPPS/SPH molar ratio of 1:1 in order to 
compare it with the SA containing sample. The thermo- 
grams recorded in heating scans at different DPPS/Ca  2+ 
molar ratios for the different samples studied in this work 
are represented in Fig. 1. It should be remarked that the 
samples containing DPPS and SPH or SA were formed 
before Ca 2+ was added to the medium. 

For pure DPPS (Fig. 1A) T~ increased with increasing 
Ca 2+ concentration indicating a stabilization of the gel 
phase in agreement with previous results using FT-IR that 
indicated an increase in the rigidification of DPPS induced 
by Ca 2÷ [41]. At DPPS/Ca  2+ molar ratios of 2:1 or lower 
no phase transition was observed at temperatures between 
30°C and 80°C (see below), due to the formation of 
cochleate structures [42]. This is in agreement with previ- 
ous observations which concluded that the phosphatidyl- 
serine/Ca 2÷ binding stoichiometry is 2:1 [43] as it has 
been also confirmed by later measurements of Ca 2 +-bind- 
ing between phosphatidylserine lamellae [44] and infrared 
spectroscopy [39]. 

However, in the presence of SPH at DPPS/SPH molar 
ratios of 2:1 and I:1 (Fig. 1B and C, respectively) the 
results were significantly different to those of pure DPPS. 
In both mixtures, and with increasing Ca 2÷ concentration, 
T~ decreased slightly. However, and at variance with pure 
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Fig. 1. DSC heating thermograms of pure DPPS (A), DPPS containing 
SPH at DPPS/SPH molar ratios of 2:1 (B) and 1:1 (C), and DPPS 
containing SA at a DPPS/SA molar ratio of 1:1 (D) at the indicated 
DPPS/Ca  2+ molar ratios. 

DPPS, at a D P P S / C a  2+ molar ratio of  2:1 a phase transi- 
tion peak was observed (compare Fig. 1 A, B and C). At a 
D P P S / C a  2+ molar ratio of  1:10, i.e., at a very high 
concentration of  Ca 2+ which exceeds considerably the 
ratio for the stoichiometric compound Ca(phosphatidyl- 
serine) 2, a complex transition peak presenting more than 
one component was observed (Fig. 1B and C). In all the 
cases the width of  the transition increased at increasing 
D P P S / C a  2+ molar ratios, indicating a decrease in the 
cooperativity. However, in the presence of  SA at a 
D P P S / S A  molar ratio of  1:1, no significant effect was 
observed neither in the phase transition temperatures of  
DPPS nor in the width of the peak even in the presence of  
very high Ca 2+ concentrations (Fig. 1D). 

The phase transition temperatures of  the different mix- 
tures studied, in both heating and cooling scans, are shown 
in Fig. 2. For pure DPPS and at increasing C a  2+ c o n c e n -  

t r a t i o n s ,  an increase in the T c was observed, both in 
heating and in cooling scans, as previously described 

[45,46] (Fig. 2A). At very high concentrations of  Ca 2+ 
( D P P S / C a  2+ molar ratio of 2:1 or lower) no transition 
peaks were observed, presumably due to the formation of 
crystalline structures (cochleates) in the presence of  such 
Ca 2+ concentrations (see above) [42]. However, in the 
presence of SPH, at D P P S / S P H  molar ratios of  either 2:1 
or 1 : 1 no increase in T c was observed at the different Ca 2 + 
concentrations used in this study (Fig. 2B and C). It is 
interesting to note that, in cooling scans, nearly no effect 
was observed at increasing Ca 2+ concentrations, whereas a 
decrease in T c was observed for the heating scans, so that 
for a D P P S / C a  2+ molar ratio of  1:10, T~ suffers a shift to 
lower temperatures, of  approx. 15 ° C for D P P S / S P H  at a 
molar ratio of 2:1 and of 9°C for a 1:1 molar ratio. A 
different behavior was observed for the SA containing 
sample since a much small effect was observed in Tc either 
in cooling or in heating scans (Fig. 2D), indicating that the 
interaction between DPPS and SPH is somehow different 
than that of  DPPS and SA. 

The effect of  increasing Ca 2+ concentrations on the 
enthalpy of  the transition of  DPPS ( A H )  in the presence 
or in the absence of SPH or SA is shown in Fig. 3. For 
pure DPPS, AH decreases with increasing Ca 2+ concen- 
trations until reaching a D P P S / C a  2+ molar ratio of 2:1, 
for which no transition was observed (see Fig. 1A). In the 
presence of SPH and SA and in the absence of  Ca 2+, a 
slight decrease in AH was observed as previously reported 
[32]. At increasing Ca 2+ concentrations and in the pres- 
ence of either SPH or SA, a decrease in AH was ob- 
served, but, even so, AH was not nullified at very high 
Ca 2+ concentrations such as D P P S / C a  2+ molar ratios of 
1:10, at variance with pure DPPS in the presence of  C a  2+ 

60 

, / / / /  i 

A 

~" 50 

.< 

C 
60 

E~ ---e _= • 

50 

I i I / / I  

0.0 0.4 

, i / .~ i 

B 

I i 

i0 0.0 

Ca2+/Dpps 

"-o 
// 

60 

50 

/ /  
D 

8O 

o - -  --o 7 0  

I / i t  I 

0.4 i0 

Fig. 2. Dependence of the transition temperatures with the DPPS/Ca  2+ 
molar ratio on heating (O)  and cooling ( 0 )  scans for pure DPPS (A), 
DPPS containing SPH at a DPPS/SPH molar ratios of 2:1 (B) and 1:1 
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Fig. 3. Dependence of enthalpy (AH)  with the Ca2+/DPP$ molar ratio 
for pure DPPS (C)), DPPS containing SPH at a DPPS/SPH molar ratios 
o f2 : l  ( v )  and 1:1 (zx), and DPPS containing SA at a DPPS/SA molar 
ratio of 1:1 (El). The inset shows the ratio of AH in the presence of 
Ca 2+ to AH in its absence for each different sample. 

(Fig. 3). The ratio of AH for each mixture in the presence 
of Ca 2+ with AH of the same mixture but in the absence 
of Ca 2+ can be observed in the inset of Fig. 3. For pure 
DPPS this ratio increased as the Ca 2+ concentration in- 
creased until a maximum at a DPPS/Ca  2+ molar ratio of 
2: I, i.e., until no AH was observed. The presence of SPH 
at a DPPS/SPH molar ratio of 2:1 decreased this ratio to 
nearly a half of its value without amino base, whereas it 
was kept close to 0 in the presence of SPH or SA at 
DPPS/amino base molar ratios of 1:1 (Fig. 3, inset). 
These results indicated very clearly that the presence of 
either SPH or SA in DPPS membranes prevents the inter- 
action between DPPS and Ca 2+. This was supported by the 
fact that equimolar amounts of either SPH or SA abolished 
the effect of Ca 2+ on DPPS, even at DPPS/Ca  ~+ molar 
ratios of 1:10, whereas half the quantity of SPH in DPPS 
reduced AH to approximately a half (see Fig. 3 and inset). 

It is known that above a certain DPPS/Ca  2+ ratio, a 
crystalline and dehydrated complex is formed, with a 
phase transition temperature around 155°C [47]. In order 
to study the effect of the incorporation of SPH and SA in 
the crystalline structure of the complex DPPS/Ca  2+ we 
have made a study in the high temperature region (130- 
170 ° C). When equimolar quantities of SA or SPH were 
included in DPPS and in the presence of very high calcium 
concentrations, no transition was observed at 155°C, 
demonstrating that the crystalline complex, i.e., the 
cochleate structure, was not formed (not shown for brevity). 

3.2. 45Ca-binding experiments 

In order to confirm that SPH and SA prevented the 
interaction between DPPS and Ca 2+, binding experiments 
were carried out by using 4SCaC12. The experimental 

points of the binding experiments, shown in Fig. 4, were 
fitted to the following Michaelis-Menten type equation 
[39], 

[ Ca2+ ]bou,d n([ Ca2+ ]rre¢/[DPPS]) 

[DPPS] m + ([Ca 2+ ]rree/[DPPS]) (1) 

The binding of C a  2+ by DPPS was saturable as ob- 
served in Fig. 4. For pure DPPS, and at saturating Ca 2+ 
concentrations, we found previously a value of 0.51 for n 
which is the maximum value of Ca R+ bound per molecule 
of DPPS [39]. This result agrees with the generally ob- 
served stoichiometry of about 2 molecules of phosphatidyl- 
serine bound to each Ca R+ ion [32,39,44,48]. However, in 
the presence of SPH or SA, and at a DPPS/amino bases 
molar ratio of 2:1, n was found to be 0.24 and 0.23 for the 
SPH and SA containing samples, respectively. These val- 
ues are nearly a half of the value found for pure DPPS, and 
hence these mixtures will bind about o n e  C a  2+ ion per 
four DPPS molecules. In this case, half of the DPPS 
molecules would be interacting electrostatically with the 
free amino bases, whereas the other half of the molecules 
would be bound to Ca 2+. In the case of DPPS/amino 
bases molar ratio of 1:1 (see Fig. 4), n was 0.05, i.e., 
nearly nullified, for both SPH and SA containing samples 
indicating that, in this case, almost all DPPS molecules 
would be interacting with the amino bases, so that there is 
almost no binding of Ca 2+ to the DPPS molecules in the 
membrane. 

3.3. FT-IR experiments 

We have shown previously using DSC and 31p-NMR 
that SPH and SA alter the phase behavior of DPPS [32]. In 
this work we have examined these interactions at a micro- 
scopic level, trying to find by means of FT-IR whether 
there are or not specific interactions between DPPS and 
these amphiphatic aminobases as well as the influence of 
Ca 2+ on these interactions. Different groups located both 
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at the polar head of the phospholipid and in the hydropho- 
bic matrix of the membrane have been examined by 
F/'-IR. In this way the phase transition of the samples, as 
detected by the CH 2 asymmetric and symmetric stretching 
bands located at 2918 cm-~ and 2850 cm -~, increased in 
the presence of SPH and SA (not shown for brevity), 
similarly as it was previously found by DSC [32]. 

The ester C ~ O  stretching mode showed a broad band 
appearing at 1734 cm -~ which, after deconvolution, 
yielded two components at t740 and 1728 cm 1 [39,49]. 
The presence of either SPH or SA did not change the 
maximum nor the width of this phospholipid band and 
their components, neither in the presence nor in the ab- 
sence of Ca 2+ (not shown for briefness), suggesting that 
the amino bases do not establish hydrogen bonding with 
the C~-----O group nor affect its hydration state. 

Exactly the same was the case for the POy antisymmet- 
ric band at 1220 cm-~ (not shown for the sake of brief- 
ness). It has been shown previously that this band is useful 
to monitor the hydration state of the polar head group of 
the phospholipid and specifically the interaction of phos- 
phatidylserine with Ca 2+ [39,41,50-52]. A frequency of 
1220 cm -~ characterizes a fully hydrated PO 2 group, 
whereas its dehydration is characterized by a frequency of 
1240 cm- l  [53]. In order to quantify the degree of dehy- 
dration of the PO 2 group of DPPS a partial least-squares 
multivariate statistical analysis was devised as described 
previously [39]. Hence, the proportion of the PO~ groups 
of DPPS which are dehydrated or hydrated, as observed by 
the wide band at 1220 cm -~, can be estimated using this 
method in any sample containing DPPS and equimolar 
quantities of SPH or SA in the presence of C a  2+ (Fig. 5). 
Pure DPPS in the presence of Ca 2+ at a DPPS/Ca  2+ 
molar ratio of 2:1 is totally dehydrated (Fig. 5) in agree- 
ment with previous observations [39]. However, in the 
presence of equimolar amounts of either SPH or SA 
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Fig. 6. Infrared spectra of the COO-  carboxyl band of DPPS in (A) the 
absence and (B) in the presence of Ca 2+ at a DPPS/Ca  2+ molar ratio of 
2:1 at different DPPS/amino bases molar ratios as indicated. 

dehydration of this group was observed only at very high 
Ca 2+ concentrations. This dehydration was not affecting to 
all PO 2 groups of the DPPS molecules, since the dehydra- 
tion found for samples containing equimolar amounts of 
either SPH or SA at a DPPS/Ca  2-- molar ratio of 1:100 
was about 30% compared with pure DPPS at the same 
DPPS/Ca  2+ molar ratio (Fig. 5). 

The COO-  vibration band appearing at 1622 cm ~ was 
different in the presence of the amino bases either below 
or above the phase transition temperature of the mixtures. 
In the presence of equimolar quantities of SPH and SA and 
in the absence of Ca 2+ there was a decrease of approx. 4 
c m - l  in the frequency of the maximum of the COO-  
vibration band of DPPS as well as an increase of approx. 6 
c m -  J in its half band-width as compared with pure DPPS 
(Fig. 6A). However, in the presence of Ca 2+ at a 
DPPS/Ca  2÷ molar ratio of 2:1 no significant changes 
were observed in the COO-  vibration band (see Fig. 6B). 
A shift of the COO-  vibration band to higher wavenum- 
bers should be expected if a hydrogen bonding would be 
established between the amino bases and the phospholipid 
[41]. Therefore, as shown by the shift to lower wavenum- 
bers in the presence of the amino bases, only electrostatic 
and/or  hydration effects should be the origin of this effect, 
as discussed below. 

The C O 0 -  antisymmetric stretching vibration of DPPS 
appears at approx. 1622 cm-~ whereas the COOH band 
appears at approx. 1740 cm- l  [54]. Therefore, it would be 
possible to titrate directly the carboxylic group of DPPS 
measuring the intensity of the COOH and CO0  bands, 
because, as bulk pH is increased, the band corresponding 
to the COOH group of DPPS decreases in intensity, 
whereas at the same time, the band corresponding to the 
CO0  group increases in intensity as observed in the inset 
of Fig. 7 [54]. In this way we obtained the apparent pK 
(pKap p) of the carboxyl group of DPPS either pure or in 
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the presence of SPH or SA, both in the absence and in the 
presence of Ca 2+. The corresponding titration curves for 
the COO group of DPPS, i.e., increase in band area as 
pH is increased, in the different mixtures studied in this 
work and at 40°C are shown in Fig. 7. T h e  pKap p values 
were obtained from the midpoints of the titration curves as 
previously described [32,55]. 

The pKap p of the carboxylate group of pure DPPS was 
found to be 4.6, in agreement with previous results [55]. 
On the other hand, and in the presence of equimolar 
amounts of SPH or SA, the pKap p of the carboxytate group 
was 2.1 in the presence of SPH and 2.0 in the presence of 
SA. 

4. D i s c u s s i o n  

There is much interest nowadays in the characterization 
of the occasional association to membranes of several 
important proteins, such as protein kinase C or phospho- 
lipases, since these membrane associating proteins are 
involved in cellular signal transmission mechanisms [10- 
12]. Moreover, it has been shown that the association of 
these proteins to the membrane (a prerequisite for their 
activation, [13-15]) is mediated by acidic phospholipids, 
specifically phosphatidylserine, and Ca 2+ [16,17], and in- 
hibited, for example, by SPH and SA [1-8]. We studied 
previously the interaction of SPH and SA with phospha- 

tidylserine in the absence of Ca 2+ [32]. In this work we 
have extended this previous work and studied the effect of 
the incorporation of SPH and SA on phosphatidylserine 
membranes in the presence of C a  2+ by using DSC, FT-IR 
and 45Ca2+-binding. The combination of these techniques 
and the use of Ca 2+, which, together with phosphatidyl- 
serine, is implicated in the activation of protein kinase C, 
has allowed us to reveal the strong interaction established 
between phosphatidylserine and the aminobases SPH and 
SA. 

The results presented in this work clearly illustrates the 
type of alterations that SPH and SA introduce in the DPPS 
bilayers. As shown through the DSC experiments, the 
interaction of Ca 2+ with DPPS is prevented by the pres- 
ence of these amino bases, i.e., the cochleate is not formed. 
The behavior of the azeotropic mixtures of DPPS and SPH 
or SA (molar ratios of 2:1 and 1:1, respectively), as well as 
the mixture DPPS/SPH at a molar ratio l : l ,  show that the 
interaction of DPPS and C a  2+ is not taking place, even at 
very high concentrations of Ca 2+. As it was pointed out 
recently by us [32] and another group [56], the main effect 
of SPH and SA on DPPS (in the absence of Ca 2+) is 
mainly of electrostatic origin, i.e., lies on their amino polar 
groups. The maintenance of the enthalpic values for the 
DSC thermograms of the mixtures of DPPS and SPH or 
SA in the presence of Ca 2+, as shown in this work, would 
strengthen this conclusion. Therefore the binding of C a  2+ 

to DPPS is completely prevented by the interposition of 
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the charged amino bases, whose p Kap p values in DPPS 
membranes are 9.12 and 8.94 for SPH and SA, respec- 
tively [32]. The lack of interaction between Ca 2+ and 
DPPS is furthermore demonstrated by the 45Ca2+-binding 
experiments, were the binding ratio of DPPS/Ca  + is 
dramatically altered in the presence of the amino bases. 
These data suggest then that Ca 2+ does not bind almost at 
all to DPPS molecules in the presence of equimolar 
amounts of SPH or SA, and at the range of molar ratios 
used in these experiments (see Fig. 4). 

The effects seen here with respect to Ca 2 + will operate 
similarly in relation to other ions or molecules approaching 
the membrane from the water medium. This can be the 
case of proteins and nucleic acids. For example, SPH 
incorporated in lipidic membranes containing acidic lipids, 
lowers the binding to the membrane of cationic proteins 
such as cytochrome c and phospholipase A 2 as well as 
small molecules such as adriamycin [57]. Other authors 
also showed that SPH prevents the binding of histones to 
phosphatidylserine in mixed Triton-phosphatidylserine mi- 
celles [27]. Recently, it has been also shown the binding of 
both DNA and RNA to SPH-containing membranes and its 
reversal by acidic phospholipids such as egg phosphatidic 
acid [25,26]. 

In order to know the way in which SPH and SA exert 
this effect we have investigated by FT-IR the type of 
alteration that they introduce in DPPS bilayers, and partic- 
ularly in the polar headgroups with which Ca 2+ interacts 
[42]. Previous FT-IR experiments have shown that Ca 2+ 
interacts specifically with phosphatidylserine altering sig- 
nificantly several vibrational bands of the phospholipid, 
such as the C ~ O  ester and PO 2 bands, whereas no 
dehydration effects were observed in the C O 0 -  carboxyl- 
ate stretching band [39,41]. Significantly and in the pres- 
ence of the amino bases, it was really remarkably that 
Ca 2+ did not affect in a dramatic way the C~----O ester and 
PO~- vibration bands of DPPS, indicating, first, that Ca 2+ 
did not bind to the polar head group of DPPS and, second, 
that the phospholipid and the amino bases, either in the 
absence or in the presence of Ca 2+, did not present 
hydrogen bonding interactions, at least in those groups 
mentioned above. By observing the PO~/ antisymmetric 
stretching of DPPS (Fig. 5), it can be concluded that the 
presence of SPH and SA, in equimolar ratios with DPPS, 
completely prevents the binding of Ca 2+ to the PO 2 
group at DPPS/Ca  2+ molar ratios of 2:1, and, at molar 
ratios of 1:100, only about 30% of the total molecules are 
dehydrated. 

However, there were small but significant effects of the 
amino bases on the carboxyl group of DPPS, both in 
frequency and band-width. Moreover, FT-IR spectroscopy 
experiments have shown that the apparent p Kap p of  the 
carboxyl group of DPPS was dramatically affected by the 
amino bases, so that the pKap p was reduced from 4.6 in 
pure DPPS to 2.2 in the presence of the amino bases. 
Certainly SPH and SA alter the organization of the mem- 

brane as previously shown through DSC [32,56], but this 
perturbation does not seem to be due to the establishment 
of specific molecular interactions between the phospho- 
lipid and the amino bases. However, the possibility that the 
free hydroxyl groups of SPH interact by hydrogen bonding 
with the amino group of DPPS can not be ruled out on the 
basis of our FT-IR results, since we have not been able of 
observing those vibrational bands. We concluded that the 
main effect of SPH and SA on DPPS is of electrostatic 
origin (see Ref. [30] and this work) and as a consequence 
the pKap p value of the carboxyl group of the phospholipid 
was changed. 

Let us now examine in detail the origin of the shifts in 
pKap p observed for the mixtures of SPH or SA in DPPS. 
As pure DPPS forms bilayers spontaneously in water, it is 
not possible to measure the intrinsic pK directly (pK i) and 
therefore the observed pK, i.e., 4.6, is an apparent pK 
(pKapp). As it has been described before, the pKap p of the 
carboxylate group of DPPS differs from the pK~ of the 
group in water due to electrostatic and hydration effects 
[581: 

pKap p = p K  i -4- ApKel + ApK h (2) 

where ApKe~ is the electrostatic-induced shift and ApK h 
is the hydration-induced shift. The hydration-induced shift 
is positive or negative if the number of surface charges 
increases or decreases, respectively, upon titration [59]. On 
the other hand, the electrostatic shift, ApKe~, is [58]: 

-e~0 o 
ApKel (3) 

2.3toT 

where qr o is the membrane surface potential and e, K and 
T have their usual meanings. Since increasing the degree 
of ionization of DPPS, the surface potential becomes nega- 
tive [60], ApKe~ must be positive and as the number of 
charges increase upon titration, pKap p must be bigger than 
pK i, which has been estimated of about 2.65 [48,60]. In 
the presence of SPH or SA at equimolar concentrations 
with DPPS, the PKap p of the carboxyl group of DPPS 
decreased to 2.1 and 2.2, respectively. This change in 
pKap p in the presence of SPH or SA compared with PKap p 
of pure DPPS is in accordance with, first, the introduction 
of one positive charge throughout the titration and, second, 
the decrease in the membrane surface potential upon the 
inclusion of the amino bases in the membrane. 

4. I. Concluding remarks 

In this work we show that SPH and SA prevent com- 
pletely the binding of Ca 2+ to DPPS membranes at 
Ca2+/DPPS molar ratios which are saturating for pure 
DPPS. Our findings reveal that the presence of positively 
charged molecules in membranes such as SPH or SA, 
anchored in them due to their hydrophobic character, 
affects the dissociation of the carboxyl group of DPPS, 
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shift ing its apparent  pKap p to lower  values,  and interact ing 

electrostat ical ly  with the phosphol ipid ,  Moreover ,  the asso- 

ciat ion o f  both S P H  and S A  with DPPS involves  s imilar  

mechan i sms  as shown by the above  results. Apar t  f rom 

that, the incorporat ion of  SPH and S A  alter the ther- 

motropic  behavior  of  the phosphol ip ids  in the membrane  

through electrostat ic  effects  as shown before  [32,56]. 

Therefore ,  SPH and SA are able o f  prevent ing  the binding 

of  other  external  posi t ively  charged molecules ,  such as 

Ca" , through an electrostat ic  charge neutral izat ion (this 

work) and it can be sugges ted  that this is also the reason to 

prevent  the binding of  proteins [57] and nucleic  acids 

[25,26]. As  pointed out recent ly [7], SPH can be env isaged  

as a l ipid second messenge r  in cell  membranes ,  interacting 

with cell  receptors,  protein kinases and other  fundamental  

sites o f  the cell,  and thereby affect ing many  cel lular  func- 

tions. The data provided  in this work  could  be useful when 

trying to expla in  the biological  effects  o f  these amino  

bases. 
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