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The effect of Ca*+ on the molecular mobility in dipalmitoylphosphatidylcholine membranes was studied hy steady-state and 

time-resolved measurements of fluorescence anisotropy. The fluorescence anisotropy decay of 16diphenyl-1.3,Shexatriene in 

the hydrocarbon region indicated that the free volume of molecular rotation became more restricted when the CL?+ 

concentration was increased. The decrease of the molecular mobility was observed from 1 mM Ca*+, at which the number of 

bound CaZf is much less than that of the total lipid molecules. A distinct difference between Ca2+ and Mg’+ effects suggested 

that the change in various membrane properties was induced by the binding of these ions. From these results we propose a 

long-range attractive interaction between bound Ca” and the polar head groups of distant phosphatidylcholine molecules. 

1. Introduction 

The interaction between divalent cations and 
phosphatidylcholine membranes has been studied 
from two aspects: intermembrane and in- 
tramembrane structures. The intermembrane spac- 
ing varies drastically according to the concentra- 
tion of divalent cations [l]. Theoretical calcula- 
tions of electrostatic interaction have revealed that 
the change in the intermembrane spacing is ex- 
plained we11 by binding of ions with a binding 
constant of 21 M-’ for Ca2+ and 2.5 M- ’ for 
Mg2+ [2,3]. The intramembrane structure has been 
studied by calorimetry and ultrasonic measure- 
ments, indicating that the gel-to-liquid crystal 
transition temperature increases monotonically 
[4,5], whereas the critical phenomenon has a maxi- 
mum at about 10 mM Ca2+ [5]. However, little 

molecular information about the Ca’+-phosphati- 
dylcholine interaction is available because the in- 
tramembrane properties have been studied mainly 
by thermodynamic measurements. We consider 
that the following questions should be answered. 
How does the molecular motion of a polar head 
group as we11 as a hydrocarbon chain vary on 
addition of Ca2’ ? Is the structural change really 
caused by the binding of Ca” and not by free 
Ca2 t in the solvent? 

These questions may be answered by dynamic 
as well as steady-state fluorescence anisotropy 
measurements which are suitable for monitoring 
the molecular motions in membranes (61. There are 
many fluorescent probes containing, e.g., hydro- 
phobic probes and lipid-like probes with fluoro- 
phores in the polar head region. Therefore, an 
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appropriate combination of fluorescent probes 
should reveal the difference in dynamic properties 
between different parts of membranes, Further- 
more, the fluorescence technique has the ad- 
vantage that the restriction of molecular motion 
(the cone angle of barrier against wobbling mo- 
tion) as well as the rate of rotation (wobbling 
diffusion constant) may be determined separately 

[f&71. 
We have measured the steady-state and dy- 

namic fluorescence anisotropy of 1,6-diphenyl- 
1,3&hexatriene (DPH) and dansylphosphatidyl- 
ethanolamine (DPE) in dipalmitoylphosphati- 
dylcholine membranes. Ca” reduced the cone an- 
gle of DPH in the hydrocarbon region, monotoni- 
cally increasing the anisotropy even at a con- 
centration as low as 1 mM. On the other hand, the 
anisotropy of DPE had a shallow minimum. The 
comparison between Ca2+ and Mg*+ demon- 
strated clearly that the binding of the ions causes 
the intramembrane structural change. 

2. Materials and methods 

Synthetic t_-a-dipalmitoylphosphatidylcholine 
(DPPC) was purchased from Sigma and used 
without further purification. DPH was the product 
of Molecular Probes and DPE was synthesized by 
Dr. Y. Kimura. 

We prepared dilute suspensions of multilamel- 
lar liposomes as described previously [8,9]. Vigor- 
ous stirring was avoided to preserve large multi- 
lamellar liposomes. The dry weight concentration 
of lipid was 0.028 mg/ml (turbidity: 0.05 at 360 
nm) for steady-state measurement and 0.055 
mg/ml (turbidity 0.2-0.25) for time-resolved fluo- 

rescence anisotropy measurement. The molar ratio 
of fluorescent probe to DPPC was 1 : 1000 
(steady-state measurement) and 1 : SO0 (dynamic 
measurement). 

The steady-state as well as time-resolved fho- 

rescence anisotropy of DPH was measured by a 
computer-aided multipath nanosecond fluorome- 
ter at different Ca” and Mg’+ concentrations 
and temperatures. The concentration of CaZi and 
Mg2+ was changed by titrating with condensed 
stock solutions. The suspension was incubated at 

42-44°C for 30 min after the titration in order to 
ensure that Ca2+ and Mg2+ were distributed uni- 
formly in the multilamellar system. The incubation 
temperature was selected so that the permeability 
of the membrane became maximum [lO,ll], which 
was confirmed from the time course of the fluo- 
rescence anisotropy as well as the ultrasonic prop- 
erties, so that equilibrium was reached within the 
incubation time. The rate of heating and cooling in 
the temperature-dependence measurement of 
steady-state anisotropy was 15 and 30”C/h, re- 
spectively. 

The time-resolved anisotropy decay was 
analyzed by a wobbling-in-cone model which was 
developed by Kinosita et al. [6,7]. The anisotropy 
was separated into two terms: a relaxation term 
and an equilibrium term. 

rc.2 

TTs2={” cos e,(1 + cos e,)}‘, 

(1) 

in which v, and r, are the anisotropy at the time 
of excitation and the stationary anisotropy, respec- 
tively, and Q denotes the wobbling relaxation time. 
S, is a cone angle in which probes may rotate and 
D, represents a wobbling diffusion constant in the 
limited angel of 0,. (u) is a parameter depending 
on 0, alone. The parameter S denotes the average 
orientational order parameter. The influence of 
Ca2+ on the cone angle and the wobbling diffusion 
constant was examined separately. 

3. Results 

We first measured the dynamic anisotropy de- 
cay in order to elucidate the details of the Ca2+ 
effects on the molecular mobility of phosphati- 
dylcholine bilayers. Fig. 1 shows the time-resolved 
anisotropy decay of DPH in a DPPC membrane at 
43.8”C in the absence and presence of CaZC at 300 
mM. The anisotropy decay curves are char- 
acterized by an initial fast decay together with a 
constant anisotropy after a sufficiently long time, 
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Fig. 1. Fluorescence anisotropy decay (r) of DPH in DPPC 

membranes in the presence (+ Ca*+ ) and absence ( -Ca’* ) of 

0.3 M CaCI,. The anisotropy decay curves (Y, zigzag lines) 

were analyzed by a wobbling-in-cone model. as indicated hy 

smooth lines. Total fluorescence intensity (I, dots) and light 

pulse are also shown. 

as described by Kawato et al. [6]. Solid lines 
indicate the result of the analysis by eqs. l-3 with 
a least-squares method, assuming the wobbling- 
in-cone model. The agreement between the 
analyzed curves with the experimental data is good 
enough demonstrating that DPH molecules rotate 
in a limited angle in the presence as well as 
absence of Ca2+. The stationary value of the ani- 
sotropy apparently increased due to the addition 
of Ca*+, suggesting that the rotational motion of 
DPH was more restricted. 

The time-resolved anisotropy decay was mea- 
sured with and without Ca2+ as a function of 
temperature in the range 30-50°C. The cone angle 
and the wobbling diffusion constant analyzed with 
the use of eqs. l-3 are plotted as a function of 
temperature in fig. 2. The characteristic features of 
the temperature dependence are as follows: Firstly, 
the temperature at which 8, and 0, changed 
sharply shifted by about 2.5”C to higher tempera- 
ture in the presence of Ca*+. This is in accordance 
with the increase in transition temperature as ob- 
served with calorimetry [4] and ultrasonic mea- 
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Fig. 2. Cone angle 13, and wobbling diffusion constant D, of 

DPH in DPPC membranes as a function of temperature. (0, 

0) Suspension in 0.3 M CaCl, solution and in pnre water, 

respectively. 

surements [5]. Secondly, the cone angle was re- 
duced by the addition of Ca2+, particularly in the 
higher temperature region, whereas the change in 
wobbling diffusion constant was not significant in 
the temperature region far from the transition 
point. This feature of the Ca*+ effect on the mo- 
bility of DPH molecules indicates that the free 
volume for the molecular rotation is restricted by 
Ca*+ binding, while the rate of molecular motion 
is not changed significantly. 

Since the wobbling diffusion constant remains 
constant with respect to Ca*+ concentration except 
in the transition region, it should be reasonable to 

study the interaction between divalent cations and 

DPPC bilayers in terms of steady-state anisotropy 
which reflects mainly r,. When the wobbling re- 
laxation time r#~ is much smaller than the fluores- 
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Fig. 3. Relationship between steady-state anisotropy. (r). and 
equilibrwm anisotropy, r_,,. in the presence (0) and absence 
(0) of 0.3 M CaCI,. 

cence lifetime without quencher, 7,. which is valid 
in DPPC membranes for DPH whose optical tran- 
sition moments are parallel to the probe axis [6], 
the average anisotropy, i.e., the steady-state ani- 
sotropy, is approximately proportional to r30 [12]: 

(r) =Lo+&ra, 
To + 9 

In fact, the linear relationship, (r) = 0.041 + 
0.887r,, was obtained from the measurement of 
the temperature dependence of the decay parame- 
ters irrespective of Ca2+ concentration as shown in 
fig. 3. Therefore, we carried out further studies of 
various effects of divalent cations in terms of the 
steady-state anisotropy. 

Fig. 4 shows the CaZf concentration depen- 
dence of the steady-state anisotropy of DPH in 
DPPC membranes at 30, 41.8 and 50°C. The 
steady-state anisotropy, (r), represents the order 
of the hydrocarbon chains in lipids, because r, is 
directly proportional to the order parameter of the 
lipid hydrocarbon chains (eq. 2) [12-151. The val- 
ues of the order parameter are also shown in figs. 
4. 6 and 7. The lipid hydrocarbon chains were in 
the ordered state at 30°C irrespective of the Cal+ 

0 4f 
0 0.1 1 10 100 1000 

[Ca2’l hM) 

Fig. 4. Steady-state anisotropy (and order parameter) of DPH 
in DPPC membrane as a function of Ca2’ concentration at 30 
(m). 41.8 (0) and 50°C (0) 

concentration while they were in the disordered 
state at 50°C. Drastic change in the anisotropy 
was observed above 10 mM Ca2+ at the tempera- 
ture (41.8OC) indicating the Ca*+-induced phase 
transition in DPPC membranes, which was in 
accordance with the increase in transition temper- 
ature [4,5]. It should also be pointed out that the 
anisotropy in the liquid crystalline phase (50°C) 
exhibited a small but definite increase at a Ca*+ 
concentration as low as 1 mM. Because the Ca’+- 
DPPC complex comprises only 0.4% of the total 
number of DPPC molecules at 1 mM Ca*+ as 
calculated in the preceding paper [5], this result 
indicates clearly that the order parameter of hy- 
drocarbons is influenced by a long-range interac- 
tion between bound Ca*+ and DPPC molecules 
within the Debye screening length. 

In order to compare the Ca*+ effect on the 
hydrocarbon region to that on the polar group, we 
carried out analogous measurements using DPE 
instead of DPH in DPPC membranes. A shown in 
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Fig. 5. Steady-state anisotropy of DPE in DPPC membrane as 
a function of CaZ+ concentration at 30 (0). 41.8 (0) and 5O’C 
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Fig. 6. Temperature dependence of steady-state anisotropy of 
DPH in DPPC membrane suspended in pure water (o), 0.3 M 
CaCl, (0) and0.3 M M&I, (a). 
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Fig. 7. Steady-state anisotropy (and order parameter) of DPH 
in DPPC membranes at 41.8”C as a function of the concentra- 
tion of divalent cations; Ca’+ (O), Mg’+ (A) and Ca2+ in the 
presence of 0.3 M Mg2+ (A). 

fig. 5, the behavior of DPE is somewhat different 
from that of DPH. Firstly, the magnitude of the 
anisotropy of DPE is smaller than DPH, suggest- 
ing a larger free rotation of the dansyl group in the 
polar region. Secondly, the anisotropy of DPE 
appears to decrease in the Ca” concentration 
range lower than 0.1 mM at 3O.O”C. This suggests 
the occurrence of long-range interaction between 
the bound Ca2+ and the distant polar head groups 
of lipids, because the bound Ca” amounts to less 
than 1% of the lipid molecules in this Ca2+ con- 
centration range. 

Fig. 6 shows the temperature dependence of the 
steady-state anisotropy of DPH as a function of 
Ca2+ and Mg2+ concentrations. The transition 
temperature increased in the presence of both Ca2’ 
and Mg’+. However, the increase in the transition 
temperature due to Mg2+ was much smaller than 
that with Ca2+. A small decrease in the anisotropy 
at the pretransition of DPPC of 34°C was still 
observable at higher temperature in the presence 



of 0.3 M MgCl, while it disappeared at 0.3 M 
CaCI,. Also, the increase in anisotropy in the 
liquid crystalline phase appears to be smaller with 
Mg”+ than with Ca2+. The concentration depen- 
dence of the anisotropy was measured in detail at 
41.8”C for both CaZ+ and Mg’+ (fig. 7). It is 
apparent from fig. 7 that the increase in the ani- 
sotropy is much larger for Ca’+. Because the ionic 
concentration in the solvent is the same and there 
is little difference in the solution properties be- 
tween these cations, the different effects must be 
due to the different binding constants: 21 M-’ for 
Ca2+ and 2.5 M-’ for MgZ+ [3]. When Ca2+ was 
added to the DPPC liposome suspension in the 
presence of 300 mM Mg”, the increase of ani- 
sotropy was smaller than that in the absence of 
Mg’+. Since Ca2+ and Mg2+ show apparent com- 
petitive binding to DPPC membranes due tr, elec- 
trostatic interaction [3], the reduction of the Ca*’ 
effect due to Mg’+, also proves that the Ca2’ 
effects are caused by binding of the ions. 

4. Discussion 

The present results can be summarized as fol- 
lows: (1) the effects of Ca2+ binding on the molec- 
ular mobility in the lipid hydrocarbon region are 
characterized mainly by the reduction of the range 
of free rotation (the cone angle). (2) The Ca*+ 
effects, i.e., the increase of the anisotropy as well 
as the transition temperature, are observed at Ca2+ 
concentration even below 1 mM. (3) The effects of 
Ca2+ are significantly different from those of 
Mg2+. 

Kinosita et al. [7] first analyzed the rotational 
motion of fluorescent probes in terms of the wob- 
bling-in-cone model in the absence of divalent 
cations. They have shown that the angle of the 
rotation is limited in a certain range (cone angle) 
which is affected by various factors [16]. The 
smaller cone angle indicates the closer packing of 
the hydrocarbon chains. Thus, the decrease in the 
cone angle due to Ca2+ suggests that the hydro- 
carbon chains are more ordered and packed in the 
presence of Ca’+, forming a narrower potential 
well for the rotational motion of DPH. 

There are, in principle, two possible mecha- 

nisms to explain the Ca2’ effects at very low ionic 
concentration: the interaction between Ca2+ in the 
solvent and the polar head groups of DPPC molc- 
cules and the long-range interaction between bound 
CaZf and DPPC molecules. However, the large 
difference between Ca” and Mg’+ excludes the 
possibility of the former, because the properties of 
these ions in solution are very similar. If only 
short-range interaction occurs between bound Ca2+ 
and DPPC molecules, a two-step decrease in the 
anisotropy should be observed in the temperature 
dependence: one from lipid molecules within the 
influence of bound Ca’+ and the other from free 
lipid molecules which are far from bound Ca2+. 
The experimental results, however, indicated a 
sharp single-step change, leading to the conclusion 
that all lipid molecules are almost equivalent, even 
when the concentration of bound Ca2+ is less than 
10 mM, where the bound Ca2+ amounts to about 
2% of lipid molecules (data not shown). Therefore, 
the present results strongly suggest the presence of 
long-range interaction between bound Ca’+ and 
the surrounding DPPC molecules. II seems that 
the decrease in anisotropy of DPE at Ca2+ con- 
centrations below 0.1 mM is also due to long-range 
interaction in the polar region. 

Since direct interaction between DPH and Ca2+ 
or between hydrocarbon chains and CaZf is incon- 
ceivable, the interaction between the polar head 
group of the DPPC molecule and Ca2+. which is 
electrostatic in nature, must be the main cause of 
the closer packing of hydrocarbon region. The fact 
that the wobbling diffusion constant was hardly 
affected by the addition of Ca2+ also appears to 
indicate the interaction mechanism through the 
polar head group: If there is direct interaction 
between the bound Ca” and hydrocarbons, the 
rotational diffusion constant of DPH should be 
influenced by the Ca2+. Thus, the present results 
demonstrate the Ca 2+- hosphatidylcholine interac- p 
tion in which the binding of Ca2+ to the polar 
head group induces the long-range interaction in 
the polar region and causes tightening of the hy- 
drocarbon chain packing throughout the DPPC 
membrane. 

In order to explain the long-range interaction in 
the polar head group region as well as the closer 
packing in the hydrocarbon region in the presence 
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Fig. 8. Schematic diagram of the molecular model of the Ca’+ -phosphatidylcholine interaction. Ca 2t binds to a negatively charged 

group of the zwitterionic head group and attracts the polar head groups of surrounding phosphatidylcholine molecules. The Pressure is 

changed from no to no + An by the addition of CaCl,. 

of Ca2’, we propose a molecular model of the 
Ca’+-phosphatidylcholine interaction, as shown 
schematically in fig. 8 [5]. A Ca2+ binds to a 
negatively charged group of the zwitterionic head 
group of DPPC. Then, the positive net charge of 
the Ca”+-DPPC complex produces an electric field 
not only in the direction perpendicular to the 
membrane but also in the plane of the membrane. 
Due to the electric field in the plane of the mem- 
brane, the zwitterions of the surrounding DPPC 
molecules are rearranged due to the electric field 
in the plane of the membrane so that the nega- 
tively charged groups are oriented to the bound 
Ca2 ‘. Consequently, bound Ca2+ and the sur- 
rounding DPPC molecules attract each other, and 
produce a larger lateral pressure, n0 + AT, than 
that in the absence of Ca2+, rO, and a closer 
packing of hydrocarbon chains. This explains the 
decrease of the cone angle, 0,, in the presence of 
Ca2 ‘. The long-range nature of this kind of inter- 
action was discussed in the preceding paper and it 
is quite plausible that the electric field of bound 
Ca2+ covers the whole membrane surface [5]. 

In the preceding paper, we measured the ultra- 
sonic properties of DPPC membranes and found 
that the critical phenomenon became maximum at 
a Ca2+ concentration of about 10 mM, whereas 
the transition temperature increased monotoni- 
cally. These types of transition behavior were dis- 
cussed in detail and explained well by the same 
molecular model as shown in fig. 8. Therefore, the 
CaZt effects on the molecular motion as well as on 
the thermodynamic properties of DPPC mem- 
branes are consistently explained by the long-range 
attraction between bound Ca2+ and the polar head 
groups of DPPC molecules which increases the 
lateral pressure. We have discussed the Ca2 ‘-phos- 
phatidylcholine interaction only qualitatively. The 
quantitative calculation will be reported elsewhere. 
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