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Interactions of Divalent Cations with Phosphatidylserine Bilayer Membranes? 

Helmut Hauser and G. Graham Shipley* 

ABSTRACT: The interaction of divalent cations with a ho- 
mologous series of diacylphosphatidylserines (diacyl-PS) has 
been studied by differential scanning calorimetry and X-ray 
diffraction. Hydrated di-C,,-PS (DMPS) exhibits a gel - 
liquid-crystal bilayer transition at 39 “ C  ( A H  = 7.2 kcal/mol 
of DMPS). With increasing MgC12 concentration, progressive 
conversion to a phase exhibiting a high melting (98 “C), high 
enthalpy ( A H  N 11 .O kcal/mol of DMPS) transition is ob- 
served. Similar behavior is observed for DMPS with increasing 
CaClz concentration. In this case, the high-temperature 
transition of the Ca2+-DMPS complex occurs at - 155 OC 
and is immediately followed by an exothermic transition 
probably associated with PS decomposition. For di-Clz-, 
di-C14-, di-C16- (DPPS), and di-C1,-PS, the transition tem- 
peratures of the CaZ+-PS complexes are in the range 15 1-1 55 
“C; only di-Clo-PS exhibits a significantly lower value, 142 

Phosphatidylserine (PS) is the predominant anionic phos- 
pholipid in most mammalian cell membranes (Rouser et al., 
1968; White, 1973). It is particularly prevalent in peripheral 
and central nervous system myelin, blood erythrocytes and 
platelets, and retinal rod outer segment disk membranes, with 
apparently a preferential distribution on the cytoplasmic side 
of the membrane bilayer (Verkleij et al., 1973; Schick et al., 
1976; Smith et al., 1977). Due to its anionic character at 
physiological pH, the interactions of PS with biologically im- 
portant cations have been implicated in membrane-associated 
events such as membrane fusion (Papahadjopoulos, 1978), lipid 
phase separation (Ohnishi & Ito, 1974), blood clotting factor 
binding (Papahadjopoulos & Hanahan, 1964), etc. Thus, the 
binding of mono- and divalent cations to monolayer and bilayer 
membranes of PS, usually isolated from bovine brain, has been 
studied extensively by a variety of biophysical and biochemical 
methods (Abramson et al., 1964; Papahadjopoulos & Miller, 
1967; Atkinson et al., 1974; Hauser & Phillips, 1973; Hope 
& Cullis, 1980; Ohki & Kurland, 1981; Eisenberg et al., 1979; 
McLaughlin et al., 1981; Puskin, 1977; Ohki et al., 1982; 
McLaughlin, 1982; Loosley-Millman et al., 1982; Hauser et 
al., 1977). Of particular note is the observation by Papa- 
hadjopoulos and colleagues that isothermal changes in the state 
of the PS bilayers are induced by Ca2+ binding, domains of 
high-melting Ca2+-PS complexes being formed (Papahadjo- 
poulos et al., 1977, 1978; Jacobson & Papahadjopoulos, 1975; 
Newton et al., 1978). It is suggested that interbilayer Ca*+-PS 
complexes may provide the initial “trigger” for membrane 
fusion processes [for a review, see Papahadjopoulos (1978)l. 
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“C. A different pattern of behavior is exhibited by DPPS in 
the presence of SrZ+ or Ba2+, with transitions in the range 
70-80 “C being observed. X-ray diffraction of the Ca2+-PS 
complexes at 20 “ C  provides evidence of structural homology. 
All CaZ+-PS complexes exhibit bilayer structures, the bilayer 
periodicity increasing linearly from 35.0 8, for di-Clo-PS to 
5 2 . 5  A for di-C18-PS. Wide-angle X-ray diffraction data 
indicate that hydrocarbon chain “crystallization” occurs on 
Ca2+-PS complex formation. MgZ+-DPPS and Ca2+-DPPS 
form similar ordered bilayer structures (periodicity d E 47-48 
A), but the Sr2+- and Ba2+-DPPS complexes have a larger 
periodicity ( d  N 57-58 %.) and a less ordered chain packing 
mode. Comparison with anhydrous/hydrated PS and M+-PS 
complexes allows the structures of the different M2+-PS 
complexes to be analyzed. 

Until recently, most physical studies of PS were restricted 
to heterogeneous, mixed fatty acyl chain PS isolated from 
bovine brain. Thus, only limited information on PS structure, 
properties, and interactions has been available. The availability 
of chemically defined, synthetic PS with controlled fatty acyl 
chain composition has led to a better understanding of the 
thermotropic properties of PS and its ion binding properties. 
DPPS, for example, undergoes a bilayer gel to liquid-crystal 
transition at - 53 “C as demonstrated by differential scanning 
calorimetry (MacDonald et al., 1976; van Dijck et al., 1978; 
Browning & Seelig, 1980; Cevc et al., 1981; Hauser et al., 
1982), spin-label partitioning (Luna & McConnell, 1977; Cevc 
et al., 1981), and 31P and 2H nuclear magnetic resonance 
(Browning & Seelig, 1980). In a scanning calorimetry study, 
van Dijck et al. (1978) demonstrated that the transition tem- 
perature of DMPS was dependent on the charge of the car- 
boxylate group. A more extensive study of the pH dependence 
of the transition behavior of DMPS and DPPS utilizing DSC 
and spin-label/electron-spin resonance confirms this behavior 
and identifies a second pK, corresponding to deprotonation 
of the amino group of the serine moiety (Cevc et al., 1981). 
These authors also studied in detail the effect of Na+ con- 
centration on DMPS phase transitions. Na’ concentrations 
in the range 0-2.0 M increased the phase transition temper- 
ature of DMPS by -6 “C; a somewhat larger increase in the 
transition temperature was observed in the range 2.0-6 M 
NaCI. 

Our own studies have examined the structure and thermo- 
tropic properties of a homologous series of synthetic diacyl-PS 
(di-C,,,,, di-Clz,,, di-C,,.,, di-CI6:,, and di-C18:,) in the presence 
and absence of monovalent cations (Hauser et al., 1982; 
Hauser & Shipley, 1983). Using DSC and X-ray diffraction, 
these synthetic PS were shown to form “continuously” hydrated 

’ Abbreviations: PS, phosphatidylserine(s); DDPS, didecanoyl- 
phosphatidylserine; DLPS, dilauroylphosphatidylserine; DMPS, di- 
myristoylphosphatidylserine; DPPS, dipalmitoylphosphatidylserine; 
DSPS. distearoylphosphatidylserine; DSC, differential scanning calori- 
metry: TLC, thin-layer chromatography. 
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bilayer structures exhibiting chain length dependent gel - 
liquid-crystal transitions (Hauser et al., 1982). Again, only 
small increases in the transition temperature were observed 
for PS dispersed in up to 1.5 M sodium chloride (and other 
alkali metal chlorides) [Hauser & Shipley, 1983; see also Cevc 
et al. (1981)], the major effect being a decrease in bilayer 
periodicity as Na+ ions shield the negatively charged bilayer 
surface. The thickness of the aqueous compartment is reduced 
without significant changes in the structure of the PS bilayer 
itself (Hauser & Shipley, 1983). In contrast, LiCl produces 
"crystallization" and dehydration of PS bilayers, with the 
Li+-PS complexes exhibiting bilayer gel - liquid-crystal 
transitions at much higher temperatures (Hauser & Shipley, 
1981, 1983). This behavior is reminiscent of the effect of 
divalent cations such as Ca2+ and Mg2+ on bovine brain PS 
bilayers. 

The study reported here documents the major changes in 
structure and thermotropic properties of the same homologous 
series of PS (di-Clo to di-C18) induced by Mg2+, Ca2+, Sr2+, 
and Ba2+ and allows a detailed comparison of the differing 
effects of monovalent and divalent cations on PS bilayers. 

Materials and Methods 

Materials 
A homologous series of 2,3-diacyl-D-glycero- 1 -phospho-L- 

serines [for a discussion of the chemical nomenclature used, 
see Hauser et al. (1981)l was synthesized as described else- 
where (Hermetter et al., 1982). The acid form of phospha- 
tidylserine was converted into the ammonium salt, and the 
purity of the lipid was monitored by TLC as described pre- 
viously (Hauser et al., 1982). 

Sample Preparation. Unless otherwise stated,' hydrated 
samples of NH4+-DMPS for DSC analysis were prepared by 
weighing a known amount of the lipid into the DSC pan and 
by injecting the appropriate amount of water or divalent cation 
salt solution. The DSC pan was immediately sealed and 
transferred to the scanning calorimeter. For X-ray diffraction 
studies, the divalent cation salts of different phosphatidylserines 
were prepared by weighing a known amount of the NH4+ salt 
of PS into a glass tube with a narrow constriction in the center 
and adding an excess of the divalent metal chloride solution. 
The glass tube was immediately sealed and the lipid dispersion 
homogenized by centrifuging through the narrow constriction 
repeatedly (6-1 2 times) at a temperature above the chain 
melting transition. Some samples prepared according to this 
method were examined by both X-ray diffraction and DSC. 
In some instances, the Ca2+ salts of phosphatidylserines formed 
as described above were dried to constant weight under vac- 
uum. Alternatively, the Ca2+ salt was dispersed in acetone 
and the dispersion filtered through a glass-sintered disk. This 
procedure was repeated 3-6 times to remove excess H 2 0 .  The 
Ca2+ salts thus treated were dried to constant weight under 
vacuum. 

Alternatively, the metal ion salts of DPPS were prepared 
from sonicated lipid dispersions (-1% N 10 mM) by pre- 
cipitation with an excess of metal ion ( ->OS M). The molar 
ratio total metal ion:DPPS was -5O:l. Unsonicated dis- 
persions of NH,+-DPPS were prepared by drying the lipid 
from a chloroform/methanol solution (2:l V/V) in a rotary 
evaporator, and further drying the lipid under vacuum. To 
the dry lipid (-30 mg) was added 3 mL of 0.015 M ammo- 
nium phosphate buffer, pH 6.9, at a temperature slightly above 
the transition temperature ( Tc),  and the lipid was dispersed 
by vortexing at this temperature. The lipid dispersion was 
flushed with nitrogen and sonicated at a temperature greater 

than the T, with a Branson sonifier using a microtip (50% duty 
cycle). After sonication, the sample was centrifuged at 5000 
rpm to remove any titanium released from the tip of the probe. 

Methods 
Calorimetric studies were performed with a Perkin-Elmer 

(Norwalk, CT) DSC-2 differential scanning calorimeter. 
Samples were heated and cooled repeatedly, usually at a rate 
of 5 "C/min. The peak in the heat capacity vs. temperature 
plot was taken as the transition temperature. Transition en- 
thalpies were determined from the area under the peak as 
measured by planimetry and standardized against gallium and 
indium. 

For X-ray diffraction studies, nickel-filtered Cu Kcu X ra- 
diation from an Elliot GX-6 rotating anode generator (Elliott 
Automation, Borehamwood, England) was used. The X-rays 
were focused by using a camera with toroidal optics (Elliott, 
195 l ) ,  and the X-ray diffraction patterns were recorded from 
samples maintained at different temperatures by utilizing a 
variable temperature specimen holder. 

Results 
Differential Scanning Calorimetry. The NH4+ salt of 

DMPS dispersed in excess 0.15 M NaC1, pH 6.5, gave re- 
producible, sharp order-disorder transitions on both heating 
(Figure 1A) and cooling. On heating, the endothermic tran- 
sition was at 39 "C (AH = 7.2 kcal/mol of DMPS), and upon 
cooling, the transition was depressed by -4 "C. The addition 
of MgCl, had no detectable effect on the thermotropic be- 
havior of DMPS up to [MgCl,] = l mM. Above this con- 
centration, additional endothermic transitions were observed. 
At -8 mM MgC12, corresponding to a molar ratio Mg2+- 
(tota1):DMPS = 0.15, the major transition at 39 "C is followed 
by a low-enthalpy endotherm at 48 "C (Figure 1B). At 16 
mM MgCl,, Mg2+(total):DMPS = 0.34, an additional broad 
transition centered at about 92 "C is observed (Figure IC). 
The temperature of the latter transition increased progressively 
with increasing MgClz concentration (Figure 1 C-G), reaching 
a maximum of 98 "C at 1 M MgC12, Mg2+(total):DMPS = 
31.6 (Figure 1G). Clearly, up to three transitions are de- 
tectable at low MgCl, concentrations (see, for example, Figure 
1C). The transition temperatures of the two lower transitions 
(shown in Figure 1B,C) increase slightly with increasing 
MgC1, concentration (data not shown). The transition en- 
thalpy associated with the peak at -92 "C increases, and 
concomitantly, the enthalpies associated with the two low- 
temperature transitions decrease. At [MgCl,] N 20 mM, 
Mg2+(total):DMPS = 0.61, the two low-temperature transi- 
tions are barely detectable (Figure lD),  and at higher MgClz 
concentrations, they have disappeared completely (Figure 
1E-G). The enthalpy, AH, for the high-temperature transition 
for aqueous NH4+-DMPS dispersions was invariant over the 
range [MgCl,] = 80 mM [Mg2+(total):DMPS = 1.741 to 1 
M [Mg2+(total):DMPS = 31.61. The AH value obtained for 
this concentration range is 11.0 f 1.6 kcal/mol of DMPS. 

The effect of CaC1, concentration on the thermal behavior 
of NH4+-DMPS dispersions in excess 0.15 M NaCl, pH 6.5, 
is shown in Figure 2. The effect of CaC1, concentration is 
qualitatively similar to that of MgC1,. Effects on the ther- 
motropic behavior of NH,+-DMPS dispersions in 0.15 M 
NaCl were detectable only at [CaC12] > 1 mM. At [CaCI,] 
of 8 mM [Ca2+(total):DMPS = 0.271 and 20 mM [Ca2+(to- 
ta1):DMPS = 0.441, a small transition appeared between 44 
and 50 "C (Figure 2B,C), in addition to the transition at -40 
"C characteristic of NH4+-DMPS (see Figure 2A). Both of 
these transitions increase slightly in temperature with in- 
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FIGURE 1: (A) DSC heating curve of NH,+-DMPS (43.0 mM = -3 
wt %) dispersed in 0.15 M NaC1, pH 6.5. Upon cooling, a single sharp 
transition occurred, the temperature of which was depressed by 4-6 
OC compared to the heating curve. (B-G) DSC heating curves of 
NH4+-DMPS dispersed in 0.15 M NaCI, pH 6.5, as a function of 
MgCI2 concentration. Heating curves are shown for 8 mM MgCI,, 
NH,+-DMPS = 54.5 mM (3.8%), molar ratio Mg2+(total):DMPS 
= 0.15 (B); 16 mM MgCI,, NH4+-DMPS = 47.4 mM (3.3%), 
Mg2+(total):DMPS = 0.34 (C); 20 mM MgCI2, NH,+-DMPS = 33.0 
mM (2.3%), Mg2+(total):DMPS = 0.61 (D); 80 mM MgCI,, 
NH,+-DMPS = 45.9 mM (3.2%), Mg2+(total):DMPS = 1.74 (E); 
0.5 M MgCI2, NH,+-DMPS = 68.9 mM (4.8%), Mg2+(total):DMPS 
= 7.26 (F); and 1 M MgCI,, NH,+-DMPS = 31.6 mM (2.2%), 
Mg2+(total):DMPS = 31.6 (G). Heating rate = 5 OC/min. 

creasing CaC12 concentration (data not shown). A t  [CaCl,] 
>20 mM, corresponding to Ca2+(total):DMPS > 0.44, a 
broad, asymmetric endothermic peak was observed a t  tem- 
peratures > 154 OC (Figure 2C and Figure 3C) which can be 
assigned to the Ca2+ complex of DMPS. This broad endo- 
therm is immediately followed by an  exothermic peak. The 
high-temperature transition is irreversible; upon cooling the 
sample to 4 O C  and reheating, a single endothermic transition 
was obtained a t  5 1.5 O C ,  but no endothermic transition was 
observed at higher temperatures. The thermal behavior of a 
sample treated in this way was reproducible on successive 
heating-cooling cycles. However, examination by TLC of the 
sample after heating to temperatures >155 O C  showed that 
DMPS had undergone significant chemical decomposition by 
this treatment; the nature of the degradation products was not 
investigated. 

As observed with MgCl,, with increasing CaClz concen- 
tration, the total enthalpy of the low-temperature transitions 
decreased as that of the broad asymmetric transition a t  high 
temperature (- 155 "C) increased. The presence of the ex- 
otherm following the high-temperature endothermic transition 
of the Ca*+-DMPS complex prohibits an accurate measure- 
ment of the peak area and hence of AH for the Ca2+-DMPS 
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FIGURE 2: (A) DSC heating curve of NH,+-DMPS (43.0 mM N 

3 wt '7%) dispersed in 0.15 M NaC1, pH 6.5; the transition temperature 
of the cooling curve was depressed by -5 OC. (B-F) DSC heating 
curves of NH4+-DMPS dispersed in 0.15 M NaCL, pH 6.5, as a 
function of CaC1, concentration. Heating curves are shown for 8 mM 
CaCI,, NH4+-DMPS = 29.7 mM (2%), molar ratio Ca2+(total): 
DMPS = 0.27 (B); 20 mM CaCI,, NH4+-DMPS = 45.9 mM (3.2%), 
Ca2+(total):DMPS = 0.44 (C); 0.1 M CaCI,, NH4+-DMPS = 51.7 
mM (3.6%), Ca2+(total):DMPS = 1.93 (D); 0.5 M CaCI,, NH4+- 
DMPS = 23 mM (1.6%), Ca2+(total):DMPS = 21.7 (E); and 1 M 
CaCl,, NH,+-DMPS 36.2 mM (2.5%), Ca2+(total):DMPS = 27.6 
(F). Heating rate = 5 OC/min. 

melting transition. Attempts to calculate AH for the Ca2+- 
DMPS complex produced low values (6.3 kcal/mol of DMPS) 
compared to that of the Mg2+ complex (1 1 .O kcal/mol of 
DMPS). Sometimes in samples of NH,+-DMPS containing 
0.5 M CaCl,, a low-temperature transition a t  40-45 O C  was 
observed in addition to that a t  high temperature. 

The thermal behavior of NH4+-DMPS in the presence of 
1 M CaCI,, CaCl,(total):DMPS = 27.6, differs from that 
observed a t  lower CaCl, concentrations. A single, relatively 
broad transition was observed reproducibly between 47 and 
56 "C with no further endothermic transition up to - 170 O C  
(Figure 2F). This suggests that under these conditions Ca2+ 
forms a different phase with DMPS from that present at lower 
CaCI, concentrations. The DSC heating curve of an 
NH,+-DPPS sample in the presence of 1 M CaCl,, Ca2+- 
(tota1):DPPS = 14.3, shows a transition a t  low temperature 
(-64 OC; data not shown) which is about 10-17 O C  higher 
than the corresponding DMPS-Ca2+ transition. In contrast 
to DMPS, there is some evidence of another transition at 158 
OC, indicating that the high-melting Ca2+-DPPS complex is 
a t  least partially formed in the presence of 1 M CaC1,. 

The other members of the homologous series of saturated 
phosphatidylserines (di-Clo-di-C18) interact with Ca2+ in a 
fashion similar to but not identical with NH,+-DMPS. In 
the presence or absence of NaC1, Ca2+ (0.5-1 M CaCI,) 
formed high-melting complexes with all phosphatidylserines 
investigated. These Ca2+-PS complexes gave broad endo- 
thermic transitions at temperatures between 142 and 157 O C  

(Figure 3). As discussed above for NH4+-DMPS, the endo- 
thermic transition at temperatures > 140 "C was immediately 
followed by an exothermic one. Again, for all phosphati- 
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FIGURE 3: DSC heating curves of the Ca2+ complexes of different 
phosphatidylserines. Except for the Ca2+-DPPS complex, the Cat+ 
complexes were prepared by equilibrating the lipid with a 0.5 M CaCI, 
solution in the constricted sample tube as described under Methods. 
The Ca2+ complex of DPPS was prepared by weighing the lipid into 
the DSC pan and adding the appropriate amount of 0.5 M CaCI,. 
Heating curves were recorded at 5 OC/min and are shown for the 
Ca2+ complexes of DDPS (-0.5 M = 30%), molar ratio Caz+(to- 
tal):DDPS = 1 .O (A); DLPS (-0.2 M = 13%), Ca2+(total):DLPS 
= 2.5 (B); DMPS (-0.24 M N 17%), Ca2+(total):DMPS = 2.0 (C); 
DPPS (-0.048 M N 3.6%), CaZ+(total):DPPS = 10.0 (D); and DSPS 
(-0.25 M = 20%), Ca*+(total):DSPS = 2.0 (E). 

dylserines studied, the high-temperature transition was irre- 
versible; Le., it was not observed when the heating-cooling 
cycle was repeated. For DDPS and DPPS, an additional 
low-temperature transition at -58-59 "C was observed. For 
DDPS (see Figure 3A), the ratio Ca*+:DDPS was 1.0, and 
possibly insufficient Ca2+ ions were present for complete 
conversion to the high-temperature form. This would not 
appear to be the explanation for DPPS (Figure 3D), where 
the Ca2+ ion is present in a 10-fold excess over DPPS (see also 
Figure 2F for similar behavior of Ca2+-DMPS). 

The transition temperature of the Ca*+-PS complexes is 
apparently chain length independent. Only DDPS gave a Ca2+ 
complex with a transition temperature significantly lower than 
150 "C. All other Ca2+-PS complexes gave transitions be- 
tween 150 and 160 OC. 

Drying the Ca2+-PS complexes to constant weight as de- 
scribed under Materials and Methods had different effects. 
The dried CaZ+ complexes of DLPS and DMPS gave broad 
transitions which occurred at lower temperatures compared 
to the Ca2+-PS complexes dispersed in excess aqueous buffer 
(data not shown). In both cases, the broad transition consisted 
of a relatively sharp peak at 125 "C for DLPS and at 127 "C 
for DMPS followed by a broad shoulder at -130 OC for 
DLPS and at -140 "C for DMPS. This behavior is con- 
trasted by the dried Ca2+-PS complex of DSPS which gave 
a single broad transition at - 186 'C, more than 30 "C higher 
than that of the Ca2+ complex of DSPS in excess aqueous 
buffer. No  other transition was detectable at lower temper- 
atures. 

DSC thermograms of unsonicated and sonicated DPPS 
dispersed in 0.025 M phosphate buffer, pH 6.8, are shown in 
parts A and B, respectively, of Figure 4. Both unsonicated 
and sonicated dispersions gave reproducible, sharp order- 
disorder transitions on heating. Surprisingly, the transition 
temperature of sonicated phosphatidylserine dispersions (57 
"C) was a few degrees higher than that of the corresponding 
unsonicated dispersion (53 "C). Upon cooling unsonicated 
DPPS, a single sharp transition was observed reproducibly 
which was depressed by about 5 "C. This is contrasted by the 
behavior of sonicated DPPS dispersions in the same aqueous 
buffer. In this case, a broad transition is obtained, also re- 
producibly, which consists of at least three peaks. The tem- 
perature of the main transition is lowered by -8 "C. 

The DSC heating curves of sonicated DPPS after the ad- 
dition of a 50 molar excess of Ca2+, Sr2+, and Ba2+ are shown 
in Figure 4C. For comparison, the DSC heating curve of the 
complex formed between sonicated DPPS and excess Li+ is 
also included. The transition temperatures of the Ca2+ and 
Li+ complexes formed from sonicated DPPS complexes are 
similar to those formed from unsonicated DPPS dispersions 
[see above and Hauser 8c Shipley (1983)], indicating that the 
metal ion-PS complex formed is independent of the state of 
the starting dispersion. The complex of DPPS with Sr2+ shows 
evidence of a transition at - 155 "C, similar to that of the Ca2+ 
complex (-156 "C), while the Ba2+ complex shows a broad 
endotherm at -174 "C, significantly higher than that of the 
other complexes. While the Li" and Ca2+ complexes gave 
single endothermic transitions at 95 and 156 OC, respectively, 
the other metal ions gave rise to a more complex thermal 
behavior; in addition to the high-temperature transition, a 
transition at low temperatures (70-80 "C) was observed in 
the presence of Sr2+ and Ba2+. 

X-ray Diffraction. X-ray diffraction patterns of the ho- 
mologous series di-C,,-di-C,, of NH,+-PS following precip- 
itation by excess CaCl, were recorded at 20 OC, and examples 
are shown in Figure 5. There is clear evidence that all of the 
complexes produced are lamellar and isostructural. First, the 
diffraction lines in the range 1/3.0 to 1 /5.0 A-' are similar 
for all chain lengths. Second, a strong reflection characteristic 
of this structural form is present at 1/8.0 A-'. Finally, a plot 
of the lamellar periodicity vs. chain length is linear (Figure 
7). From the slope, an increment of 2.0 A per CH2 group is 
derived, and the extrapolation to zero chain length indicates 
a contribution of 14 A from two glycerophosphoserine head 
groups. It should be noted that this chain-length dependence 
of the bilayer periodicity is similar to that of one of the an- 
hydrous forms of PS [type 11; see Hauser et al. (1982)l. These 
data suggest that Ca2+ interacts with PS in a chain length 
independent fashion to produce "crystalline" Ca2+-PS bilayers 
with an ordered hydrocarbon chain packing mode. 

In addition, the precipitate formed when Ca2+ (0.5 M) was 
added to a sonicated dispersion of NH4+-DPPS (1% = 0.013 
M) was studied by X-ray diffraction. The X-ray diffraction 
pattern of the Ca2+-DPPS complex was extremely weak, and 
only a single low-angle reflection corresponding to d = 47 A 
was observed. Washing this precipitate with acetone and 
drying did not have any effect on the X-ray pattern. The d 
value observed is consistent with the first-order reflection of 
the lamellar repeat distance of Ca2+-DPPS (50%) prepared 
from an unsonicated dispersion (see above and Figure 7). 
Similar observations were made with other alkaline earth metal 
ions and Li', which at a concentration of 0.5 M all precipitate 
sonicated NH4+-DPPS. For sonicated NH,+-DMPS, Ca2+ 
and Li+ also produce precipitation of lamellar complexes [for 
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FIGURE 4: (A) DSC heating and cooling curves of unsonicated NH,+-DPPS dispersions (0.040 M 3%) in 0.025 M ammonium phosphate 
buffer, pH 6.8 (I = 0.05). in the absence of NaCI. (B) DSC heating and cooling curves of sonicated dispersions of NH,'-DPPS [same buffer 
as in (A)]. (C) DSC heating C U N ~ S  of precipitates formed from the sonicated NH,+-DPPS dispersion by adding a 50 molar excess of CaCI,, 
SrCI,, and BaCI,. The precipitates were formed by injecting 30 pL of the sonicated NH,*-DPPS dispersion into the DSC pan and by adding 
the same volume of a I M solution of the corresponding metal ion solution; the M'+(total):DPPS molar ratio equals 50.0. For comparison, 
the DSC heating curve of sonicated NHlf-DPPS precipitated by LiCl is shown. One milliliter of the sonicated dispersion of NH,'-DPPS 
described in (B) was diluted with an equal volume of I M LiCI. The precipitate was spun down at approximately 5000 rpm and the wet pellet 
loaded into the DSC pan. The heating rate in all cases was 5 OC/min. 

. _ .  . 
DMPS 

FIGURE 5: X-ray diffraction patterns of ea'+ complexes of different 
PS: Ca2+-DLPS; Ca'+-DMPS Ca'+-DPPS: Ca'+-DSPS. X-ray 
diffraction patterns were recorded at 20 'C on a toroidal camera. 
sample to film distance = 62.95 mm. 

Li*, see Hauser & Shipley (1981, 1983)]. 
In addition, we have analyzed the interactions of MgC12 with 

di-Ct2-di-CI8-PS. In this case, the data are  more difficult to 

FIGURE 6 X-ray diffraction atterns of M'+-DPPS complexes: 
Mg'+-DPPS; Ca'+-DPPS; SrP+-DPPS: Ba'+-DPPS. X-ray dif- 
fraction patterns were recorded at 20 'Con a toroidal camera, sample 
to film distance = 62.95 mm. 

rationalize. Mg2*-DMPS and Mg'+-DPPS (see Figure 6) 
exhibit diffraction patterns similar to but not identical with 
their CazC (cf. Figure 5 )  and Li' counterparts. Again, a 
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FIGURE 7: Bilayer periodicity as a function of chain length for different 
M2+ salts of PS. The plotted points represent experimental bilayer 
periodicities derived for (V) Mg2+, (0) Cat+, (m) Sr2+, and (A) Ba2+ 
complexes of PS. The plotted lines represent the regression lines 
derived from the bilayer periodicities of two different polymorphic 
forms, I ( - a  - -) and I1 (- - -), of the anhydrous acidic and salt forms 
of PS [see Hauser et al. (1982)l. 

number of sharp diffraction lines are observed in the angular 
range 1/3.0 to 1/5.0 A-1, as well as a strong reflection at 1/8.0 
A-1, indicative of chain crystallization. In addition, the la- 
mellar periodicities of Mg2+-DMPS (44 A) and Mg2+-DPPS 
(48 A) are similar to those of the analogous Ca2+ complexes 
(see Figure 7). Thus, our data suggest that for DMPS and 
DPPS, crystalline complexes are formed following interaction 
with either Mg2+ or Ca2+. In contrast, Mg2+-DLPS and 
Mg2+-DSPS appear not to form complexes identical with the 
other homologues. These Mg2+-PS complexes exhibit only 
a single sharp diffraction line at  1/4.2 A-' more typical of the 
"hexagonal" chain packing mode of gel-phase phospholipids. 
Furthermore, their lamellar periodicities (48 and 64 A for 
Mg2+-DLPS and Mg2+-DSPS, respectively) show no hom- 
ology with the other Mg2+- and Ca2+-PS complexes (see 
above). In fact, as shown in Figure 7, the lamellar periodicities 
of Mg2+ complexes of DLPS and DSPS are similar to those 
exhibited by anhydrous NH4+- and K+-PS, and acidic PS 
(type I) [see Hauser et al. (1982)l. Thus, it appears that 
structurally different complexes of Mg2+ with PS are observed 
depending on the chain length of the PS. 

Finally, we have examined the interaction of the group 2 
metal chlorides (MgC12, CaCl,, SrC12, and BaC1,) with DPPS. 
The X-ray diffraction patterns are shown in Figure 6 and 
indicate clearly that the lamellar structures formed vary ac- 
cording to the metal ion. As indicated above, the Mg2+- and 
Ca2+-DPPS complexes are similar. In contrast, the Sr2+ and 
Ba2+ complexes of DPPS exhibit different diffraction patterns. 
For example, Sr2+-DPPS shows only a single sharp reflection 
at  1/4.2 A-1 while Ba2+-DPPS shows some, albeit weak, ad- 
ditional lines in the angular range 1/3.0 to 1/5.0 Similar 
behavior is exhibited by the Pr3+-DPPS complex (data not 
shown). The bilayer periodicities for Sr2+- and Ba*+-DPPS 
are similar (see Figure 7) and similar to those of both acidic 
DPPS (type 1) and the NH4+- and K+-DPPS complexes [see 
Hauser et al. (1982)l. However, their bilayer periodicity is 
significantly larger ( - 10 A) than that of the corresponding 
Mg2+- and Ca2+-DPPS complexes (Figure 7). 

Discussion 
M p - P S  Complexes. The calorimetric and X-ray dif- 

fraction data show clearly that Mg2+ can form high-melting 
complexes with synthetic diacyl-PS. For DMPS, conversion 
to the high-melting (98 "C) Mg2+-DMPS complex is complete 

at a molar ratio Mg2+(total):DMPS = 1.7 (see Figure 1E). 
At lower Mg2+ concentrations, the presence of the two major 
transitions at  -40 and -90 OC shows clear evidence for the 
coexistence of laterally segregated domains of Mg2+-free 
DMPS and Mg2+-DMPS complex bilayers. The transition 
of the high-melting Mg2+-DMPS complex is quite broad (AT 
E 15 "C), and the transition enthalpy ( A H  = 11 kcal/mol 
of DMPS) is significantly higher than that of DMPS in the 
absence of Mg2+ (AH = 7.2 kcal/mol of DMPS). The X-ray 
diffraction data show that formation of the Mg2+-DMPS 
complex is associated with both increased lateral intermole- 
cular interactions (as indicated by the wide-angle diffraction 
lines) and decreased bilayer periodicity associated with bilayer 
dehydration. Thus, for DMPS, the binding of Mg2+ ions at 
the DMPS bilayer interface induces the formation of a highly 
organized, crystalline dehydrated Mg2+-PS complex. Exactly 
analogous behavior is exhibited by the Mg2+-DPPS system. 
As shown in Figure 7, the Mg2+-DMPS and Mg2+-DPPS 
complexes exhibit bilayer periodicities identical with those of 
the corresponding anhydrous form I1 PS. From arguments 
presented previously (Hauser et al., 1982), we suggest that 
the Mg2+-DMPS and -DPPS complexes have a tilted hy- 
drocarbon chain arrangement (see Figure 8). 

Although we do not have detailed calorimetric and X-ray 
diffraction data for DLPS and DSPS, Mg2+ again induces 
bilayer dehydration. However, the bilayer periodicities for the 
Mg2+-DLPS and -DSPS complexes lie on the line corre- 
sponding to the anhydrous form I PS (see Figure 7). Again, 
on the basis of previous arguments (Hauser et al., 1982), these 
Mg2+-PS complexes adopt a bilayer arrangement with the 
hydrocarbon chains packed perpendicular to the plane of the 
bilayer. In addition, the Mg2+-DLPS and -DSPS complexes 
exhibit only a single diffraction line at 1/4.2 A-' in the 
wide-angle region, and thus, under these conditions at  least, 
chain crystallization does not occur. Further experiments are 
required in order to understand this unusual chain length 
dependence exhibited by the Mg*+-PS complexes. 

Ca2+-PS Complexes. For DMPS, addition of Ca2+ induces 
the formation of a high-melting (1 55 "C) Ca2+-DMPS com- 
plex. Complete complex formation is achieved between a 
Ca2+(total):DMPS molar ratio of 2 and 22 (see Figure 2D,E). 
In 0.5 M CaCl,, Ca"(tota1):DMPS = 21.7, only the high- 
melting Ca2+-DMPS complex is observed (Figure 2E); the 
transition endotherm a t  155 "C is followed immediately by 
an exotherm, which together with problems associated with 
base-line curvature makes the transition enthalpy difficult to 
determine with precision. It should be noted that at  0.5 M 
CaC1, all of the DMPS is in the high-melting Ca2+-DMPS 
form. In contrast, at  higher Ca2+ concentrations, no high- 
temperature transition is observed at 155 "C, and a transition 
is now present at -55 "C (Figure 2F). Thus, additional Ca2+ 
ions must in some way disrupt the molecular packing asso- 
ciated with the high-melting Ca2+-DMPS complex. Similar 
behavior is exhibited by DPPS dispersed in 1 M CaC1,. 

CaC12 induces the formation of high-melting complexes for 
DDPS, DLPS, DMPS, DPPS, and DSPS (see Figure 3). 
These Ca2+-PS complexes all melt between 142 and 157 O C  

and in contrast to PS bilayers in the absence of divalent cations 
do not show a significant chain length dependence of the 
transition temperature; presumably, the melting process of the 
Ca2+-PS complex involves a dominant contribution from the 
melting of the Ca2+-polar group lattice. As indicated above, 
in all cases, this high-temperature transition is followed im- 
mediately by a transition exotherm, and the high-temperature 
transition is not observed following cooling and reheating. 
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FIGURE 8: Schematic representations of the structures formed by hydrated NH,+-DPPS in the presence of Na+ or K+ (A), Li+ (B), Mg2+ 
(C), Ca2+ (D), and Sr2+ or Ba2+ (E). For the hydrocarbon chain region, zigzags represent crystalline chain packing, straight lines represent 
gel-state chain packing, and wavy lines represent melted chain packing. Solid circles represent cations. It should be noted that the precise 
molecular arrangements (lamellar, hexagonal, etc.) of the high-temperature forms of the Li+, Mg2+, Ca2+, Sr2+, and Ba2+ complexes are not 
known. 

Although this behavior suggests some complex metastable 
behavior, problems associated with chemical degradation of 
PS a t  these elevated temperatures have precluded a more 
detailed study of this aspect to the Ca2+-PS interactions. It 
should also be noted that a t  a molar ratio Ca2+:DPPS = 10 
an additional low-temperature transition at - 55 "C is present, 
again suggesting some complex disruption under these con- 
ditions. However, in these strongly reacting systems, we 
suspect that uniform accessibility of Ca2+ to all available 
binding sites may be difficult to achieve due to the formation 
of the collapsed, essentially dehydrated multibilayer complex. 
Thus, in some cases, we may be observing effects due to sample 
heterogeneity. As indicated by the experiments shown in 
Figure 4, these problems may be minimized by starting with 
sonicated bilayer dispersions to which Ca2+ is added. In this 
case, only the high-temperature transition is observed for DPPS 
in 0.5 M CaCl,, although in this case the Ca2+(total):DPPS 
ratio is also much higher (-5O:l) than that discussed above. 

The X-ray diffraction data recorded a t  20 OC provide 
convincing evidence for a homologous series of Ca2+-PS 
complexes. The series of strong diffraction lines in the 
wide-angle region suggest strongly that lateral intermolecular 
interactions induced by Ca2+ result in chain crystallization. 
The chain packing mode presumably corresponds to a complex 
hybrid subcell characteristic of phospholipids [see Elder et al. 
(1977), Abrahamsson et al. (1978), and Shipley (1984)l rather 
than the simpler chain packing modes associated with the 
simpler monoacyl lipids such as alkanes, fatty acids, etc. 
(Abrahamsson et al., 1978). For the Ca2+-PS complexes, the 
bilayer periodicities correspond closely to those of the nn- 
hydrous type I1 PS structures (Hauser et al., 1982). This 
suggests that all the Ca2+-PS complexes are essentially an- 
hydrous and that the chains are tilted with respect to the 
bilayer normal as shown in Figure 8 (see also MgZ+-DMPS 
and Mg2+-DPPS). The precise location of the Ca2+ ion with 
respect to the PS bilayer and its coordination with respect to 
binding sites on the PS polar group remain to be established 

by high-resolution structural investigations. 
It seems likely that similar high-melting, ordered bilayer 

phases are induced by calcium binding to bovine brain PS; 
however, it should be noted that Mg2+ appears to be far less 
effective a t  forming these types of complexes with bovine brain 
PS [see Papahadjopoulos et al. (1977, 1978), Jacobson & 
Papahadjopoulos (1975), and Newton et al. (1978)l. The 
different binding characteristics of Mg2+ with saturated PS 
and bovine brain PS may be due to the different molecular 
areas occupied a t  the lipid-water interface as dictated by the 
hydrocarbon chain composition. Presumably, Ca2+ binding 
is less sensitive with respect to the PS molecular area a t  the 
interface. Experiments with synthetic PS containing unsatu- 
rated fatty acids have been designed to test this hypothesis (H. 
Hauser and G. G. Shipley, unpublished results). 

S?+- and Ba2+-PS Complexes. The calorimetric data show 
that for DPPS, at least, 50 molar excess concentrations of Sr2+ 
and BaZ+ produce a behavior different from that induced by 
Mg2+ and Ca2+. With sonicated DPPS, addition of SrZ+ or 
Ba2+ shifts the transition temperature to 71 or 79 "C, re- 
spectively, and some complex melting behavior is observed in 
the range 150-1 90 "C. When examined by X-ray diffraction 
at 20 "C, the Sr2+-DPPS and Ba2+-DPPS complexes show 
little evidence of hydrocarbon chain crystallization. For 
Sr2+-DPPS, only a single wide-angle reflection a t  1 /4.2 A-' 
is present, an indication of the usual hexagonal chain packing 
mode characteristic of gel-state phospholipids. Some, albeit 
weak, additional lines are observed for BaZ+-DPPS, perhaps 
indicating some formation of a more ordered complex, but the 
dominant reflection is again at 114.2 A-'. Although Sr2+ and 
Ba2+ appear to have little effect on the lateral molecular 
packing, they do induce bilayer condensation or collapse similar 
to that induced by Mg2+ and Ca2+. Thus, the bilayer peri- 
odicity for both complexes is 58 A, a value corresponding to 
that of the nontilted anhydrous form I PS. Thus, bilayer 
dehydration without chain crystallization is apparently induced 
bq Sr2+ and Ba2+ (see Figure 8). 
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Conclusions 
Our previous studies have shown that monovalent cations 

such as Na+ and K+ have little effect on PS bilayer structure, 
stability, and chain packing (Hauser & Shipley, 1983). Their 
dominant effect is in shielding the negatively charged surface 
and allowing an ionic strength dependent reduction in the 
aqueous separation of adjacent bilayers. In contrast, the 
monovalent cation Li+ [see Hauser & Shipley (1 98 1, 1983)] 
and the divalent cations Mg2+ and Ca2+ (this study), all with 
small ionic radii, form strong, essentially dehydrated complexes 
with PS (Figure 8). For DPPS, for example, these complexes 
exhibit chain melting transitions at  high temperatures, ap- 
proximately 95 O C  for Li+ and Mg2+ and 155 O C  for Ca2+. 
The Mg2+ and Ca2+ complexes, at least of DMPS and DPPS, 
appear to be structurally similar with tilted chain arrange- 
ments, whereas the Li+ complex has a nontilted structure (see 
Figure 8). The larger divalent cations Sr2+ and Ba2+, while 
inducing bilayer dehydration and stacking, do not as readily 
form the high-melting complexes. Given the differential ability 
of the divalent cations to induce bilayer fusion, we might argue 
that the combined effect of local bilayer dehydration and 
bilayer chain crystallization as elicited by Ca2+ and Mg2+ (and 
not Sr2+ and Ba2+) is of importance in this discriminatory 
effect. 

Registry No. Mg, 7439-95-4; Ca, 7440-70-2; Sr, 7440-24-6; Ba, 
7440-39-3; Li, 7439-93-2; DDPS, 8058 1-67-5; DLPS, 76260-76-9; 
DMPS, 64023-32-1; DPPS, 40290-42-4; DSPS, 5 1446-62-9; 
DPPSsNH,, 80538-62-1. 
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