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brids.3 The fluid membrane model also accounts for the ob­
servation of a rapid rotational mobility of membrane-bound 
proteins.4 Both the rotational and lateral mobility of mem­
brane-bound macromolecules may be directly related to the 
lipid lateral diffusion coefficients.5'6 Ample evidence has 
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Abstract: The possibility of chemically induced phase separation in lipid lamellae containing charged lipids is demonstrated. 
In mixed membranes of synthetic dipalmitoyllecithin (DPL) and dipalmitoylphosphatidic acid (DPA), a lipid domain struc­
ture may be triggered both by the addition of Ca2+ and of polylysine in random coil configuration. A new optical (excimer 
forming) probe, pyrenedecanoic acid, is introduced. The rate of excited complex formation is the crucial physical parameter 
yielding quantitative information on both the coefficient of lateral diffusion and on the lipid segregation. At all pH values bi­
valent ions bind strongly to DPA or mixed DPA-DPL lamellae. The number of ions bound per lipid molecule is one at pH 9 
and about one-half at pH 5-7. The Ca2+ bound phosphatidic acid segregates into regions characterized by a rigid (or crystal­
line) structure. A quantitative analysis of the experiments shows that at pH 9 the number of DPA molecules segregated is 
about equal to the number OfCa2+ ions. At pH 9 polylysine attaches strongly to DPA membranes and triggers the formation 
of lipid domains that differ in their microviscosity from the rest of the membrane. At this pH the transition temperature T1 
of the lysine-bound DPA is shifted from Tx = 47° to T1 = 61°, corresponding to a shift from pH 9 to 2. Strong evidence is 
provided that the polylysine assumes such a (random coil) configuration that the charged lysine groups point toward one di­
rection and that one lysine group may bind one DPA molecule. The coefficient of lateral diffusion of pyrenedecanoic acid in 
DPA at pH 9 and at 60° has been determined as DL = 1.7 X 10~7 cm2/sec. The corresponding value for DPL at 60° is Di. = 
0.8 X 10-7cm2/sec. 
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been provided that a fast mobility of the membrane constit­
uents is essential for biological growth and transport pro­
cesses (cf. ref 5, 7, and 8). 

At first sight the fluid membrane model involves a com­
plete and rapid randomization of the lipid and membrane-
bound proteins. However, one expects that as in three-di­
mensional multicomponent systems the complete randomi­
zation of the lipids and protein molecules may be overcome 
by the tendency for phase separation. A lateral phase sepa­
ration (that is a domain formation in multicomponent lipid 
lamellae) is expected at low temperatures where one lipid 
component undergoes a phase transition from the liquid 
crystalline to the crystalline state. In fact, a thermally in­
duced lipid segregation in binary phospholipid lamellae had 
been detected several years ago by calorimetry.9 More re­
cently McConnell and coworkers reported ample evidence 
for thermally induced phase separation in both artificial 
and biological membranes.1 0-1 1 Previously, a thermally in­
duced domain structure was also observed in lipid lamellae 
containing steroids or other lipoids.12 In the rigid state the 
lipoids form clusters of closely packed molecules that a re 
embedded in the lipid matrix. More recently several 
groups1 3 15 reported a lateral phase separation (or lipid se­
gregation) in the neighborhood of membrane-bound pro­
teins (e.g., cytochrome P 450 reductase,1 3 cytochrome oxi­
dase 1 4) in biological systems well above the lipid phase 
transition. 

The primary purpose of the present work is the demon­
stration of chemically (that is, isothermically) induced lipid 
segregation in vesicles containing charged phospholipids. 
Mixed model membranes (vesicles) of dipalmitoylphospha-
tidic acid (DPA) and dipalmitoyllecithin (DPL) were stud­
ied. It is shown that domain formation may be triggered 
both by the addition of C a 2 + and polylysine (in random coil 
configuration). In fact, C a 2 + induced phase separation in 
lipid lamellae containing natural phosphatidic acid that 
were absorbed to millipore filters was reported very recently 
by Ito and Ohnishi (cf ref 16). 

A pyrene-substituted fatty acid was used as optical probe 
for the detection of the lipid segregation. The rate of forma­
tion of optically excited complexes is used as a structural 
sensitive probe. A simple model allows an estimation of the 
relative amount of segregated lipid from the rate of excimer 
formation. Our spin label study of the D P A - D P L system 
will be presented in a forthcoming paper. 

Experimental Section 

Materials. Synthetic dipalmitoylphosphatidic acid (DPA) from 
Serdary (London, Ontario, Canada) and synthetic DL-dipalmitoyl-
phosphatidylcholine from Fluka were used without further purifi­
cation. Polylysine that was purchased from Miles Biochemicals 
had a molecular weight of about 33,000. 

The optical label, a pyrene-substituted fatty acid [pyrenedeca-
noic acid, (I)], was a gift from H.-G. Scholz and Dr. W. Kiihnle of 
the Max-Planck-Institute in Gottingcn. 

Buffers as described in ref 17 were used: (a) pH 10.5, mixture of 
47.2 ml of 0.1 M NaOH, 52.8 ml of 0.2 M Na3BO3; ionic strength 
0.153; (b) pH 9, mixture of 81.6 ml of 0.05 M Na2B4O7 and of 
18.4 ml of 0.2 M H3BO3, containing also 0.05 M NaCl; (c) pH 
7.8, same as in (b) but only 20.6 ml of 0.05 M Na2B4O7 in 100 ml 
of buffer; (d) pH 5, acetate buffer (70.5 ml of 1 M NaOH, 100 ml 
of 1 M acetic acid, and 329.5 ml of H2O) with ionic strength 0.14 

Figure 1. Pauling-Corey atomic model of pyrencdecanoic acid (I) in­
corporated between lipid molecules. 

M; (e) pH 2 and pH 3, mixture of KCl and HCl of ionic strength 
0.1 M. 

Vesicle Preparation. All experiments were performed with ves­
icles prepared by cosonication of the lipid components (DPA and 
DPL) together with the label in the presence of either polylysine or 
Ca2 + . The label concentration was varied between I and 4 mol % 
with respect to the lipid content. The vesicles were prepared as fol­
lows. First a thin film of DPA and label was deposited on the wall 
of a 20-ml glass flask under an atmosphere of purified, oxygen-free 
nitrogen. After addition of an appropriate amount of (oxygen-free) 
buffer containing cither the Ca2+ ions (in the form of CaCl2) or 
the polylysine, the dispersion was rinsed for about 10 min with 
oxygen-free nitrogen at about 50°. Thereafter, the sample was son­
icated under a nitrogen atmosphere for about 10 min at a tempera­
ture above the DPA phase transition until a clear vesicle prepara­
tion was obtained. The final lipid concentration was 1.33 X 1O-3 

M. 

Addition of Ca2 + to pure DPA vesicles caused coagulation if the 
Ca 2 + concentration was about equal to the DPA concentration. 
Vesicles containing more than 5 mol % DPI, were considerably 
more stable even at a high Ca2 + concentration. The preparations 
were more turbid in the presence of polylysine than in the absence 
of the polypeptide. However, the addition of polylysine did not lead 
to coagulation within several hours after preparation. 

The fluorescence spectra were taken with a Baird atomic fluo­
rescence spectrometer as described previously. The fluorescence 
lifetime was measured with a laser flash spectrometer. 

The Excimer Probe 

Aromatic molecules that form complexes in the excited 
state are very sensitive both against changes in the micro-
viscosity and against cluster formation. Figure 1 shows that 
the pyrencdecanoic acid fits nicely in a monolayer of lipids 
containing palmitin chains. 

The crucial physical parameter in the application of ex­
cimer probes is the rate of formation of (short-lived) excited 
sandwich complexes according to 

p * + P 5=»: ( P P ) * 

The formation of excimers (PP)* is indicated by the ap­
pearance of a broad fluorescence band (maximum intensity 
/ ' at wavelength 470 nm) which is well separated from the 
wavelength region where the monomer P emits (maximum 
intensity / a t wavelength 385 nm). 

The principles of application of excimer-forming mole­
cules as structural sensitive probes may be summarized as 
follows (cf. ref 18). 

1. The ratio of maximum fluorescence intensities / ' / / is 
related to the second-order rate constant kA of complex for­
mation according to 1 9 
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Figure 2. pH dependence of the transition temperature for DPA ves­
icles. The upper and the lower points ( • ) denote the transition temper­
ature obtained upon increasing and decreasing the temperature. 
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Figure 3. Transition curve of DPA vesicles at pH 7.8 observed at in­
creasing and decreasing temperatures. 

K is a correction factor (cf. ref 18) and has a value20 of K = 
0.62 for the pyrenedecanoic acid (I). The ratio of the transi­
tion probabilities, kf/k/, for the radiative decay is k{/k/ = 
0.14.20 This ratio is a characteristic constant of the label 
and is not influenced appreciably by the nature of the sol­
vent. For membranes, the concentration of the label is mea­
sured in molecules/cm2. The dimension of k3 is cm2 mole­
cules - 1 sec - 1 , TO' is the total lifetime of the excimer. 

2. In fluid membranes the complex formation is a diffu­
sion-controlled process. The rate of complex formation k&-c 
is equal to the number, vc, of label collisions per second.22 

Therefore, the lateral diffusion coefficient, Z)L, of the label 
may be determined from the intensity ratio / ' / / according 
to18 

DT 4d„ Kl ft/ 4do-T0 ' 'c 
(2) 

dc is the critical interaction distance and X is the length of 
one diffusional jump. 

3. The solubility of the eximer probe in crystalline lipid 
lamellae is of the order of 0.1 mol % (cf. ref 18). If the label 
concentration exceeds this limiting value clusters of closely 
packed label molecules are formed that are embedded in the 
rigid lipid matrix. 

4. A distinction may be made whether the excimer for­
mation is determined by the lateral diffusion or by the clus­
ter formation. In the first case, the intensity ratio / ' / / in­
creases linearly with the label concentration c, while in the 
second case a more complicated nonlinear concentration de­
pendence is observed. 

1 2 3 4 
MOLE Ss OF PYRENE-DECANOIC ACID. 

Figure 4. Concentration dependence of the fluorescence intensity ratio 
/ ' / / for two mixed DPA-DPL model membranes at 60°. A and • de­
note measured values for vesicles containing 10 mol % DPL and O and 
• denote vesicles with 50 mol % DPL. Both in the absence and in the 
presence of Ca2+ the excimer formation is diffusion controlled (cf. eq 
1). The coefficients of lateral diffusion obtained from the slopes of the 
straight lines are DL = 1.52 X 10 -7 cm2/sec and DL = 0.99 X 10 - 7 

cm2/sec for the Ca2+ free membrane containing 10 and 50% DPL, re­
spectively. 

5. Assume a membrane undergoes a transformation to a 
heterogenous structure of alternating rigid and fluid do­
mains. It is then expected from the above principles (cf. 
item 4) that the label molecules will be squeezed out of the 
rigid domains into the fluid patches. Accordingly, the effec­
tive label concentration in the fluid membrane increases 
leading to a corresponding increase in / '//. This demon­
strates the applicability of excimer-forming molecules as 
optical probes for the investigation of domain formation in 
lipid lamellae. 

Experimental Results 

Mixed DPA-DPL vesicles were studied between 25 and 
70°. Vesicles containing 5, 10, 25, 50, 75, and 100 mol % 
DPL were prepared. Ca2 + (or polylysine) was added (prior 
to sonication) up to concentrations corresponding to an 
equimolar ratio of DPA and Ca 2 + (or DPA and lysine 
groups) of 1:1. The number of lysine groups was estimated 
from the molecular weight of polylysine used. 

Transition Temperatures and pH Dependence. As shown 
recently by Eibl and Trauble23 and by Verkleij et al.,-24 it is 
characteristic for charged phospholipids that the transition 
temperature depends strongly on the pH of the aqueous 
phase. The pH dependence of the transition temperature T1 

of DPA is shown in Figure 2. The values of T t have been 
determined from the temperature dependence of the fluo­
rescence intensity ratio (cf. Figure 3). According to Figure 
2, the transition temperature decreases strongly with in­
creasing pH. A sharp decrease in 7\ is observed at pH 7-8 
where the second OH group in the phosphoric acid residue 
starts to dissociate. The sharp drop in the transition temper­
ature at pH 7-8 is most probably caused by a decrease in 
the packing density of the twofold charged DPA mole­
cules.23 

In the pH region where single and double charged lipids 
are present simultaneously, the lipid phase transition is dis­
tinguished by a very strong hysteresis (cf. Figure 3). The 
thermally induced phase transitions observed at increasing 
and decreasing temperatures are separated by about 5°. 
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Figure 5. Effect of Ca2+ on the transition curves of the fluorescence in­
tensity ratio for vesicles containing 90% DPA and 10% DPL. The 
curves measured at decreasing temperature are shown. At tempera­
tures above 50° the excimer formation is diffusion controlled (see Fig­
ure 4). The transition temperatures are Tx = 42, 43, 45, 46, and 47° 
for DPA/Ca2+ molar ratios of 1:1, 2:1, 3.3:1, 10:1, and «>. 

Lateral Diffusion. First the lateral diffusion coefficient of 
the label (I) was determined in membranes containing dif­
ferent DPA/DPL molar ratios. For this purpose / ' / / was 
measured for each membrane preparation as a function of 
the label concentration. Membrane preparations containing 
2, 3, and 4 mol % label with respect to the total lipid were 
studied. Figure 4 shows two typical results at 60°, that is, at 
a temperature well above the phase transition of the lipid 
lamellae. In all cases studied / ' / / increases linearly with the 
label concentration showing that the eximer formation in 
the absence OfCa2+ or polylysine is diffusion controlled. 

In parallel experiments the excimer lifetime T0' was mea­
sured for each membrane preparation separately. The T0' 
value at 60° was r0 ' = 50 ± 5 nsec for all lipid composi­
tions. 

It is reasonable to assume that the values of the critical 
interaction distance dc (dc ~ 8 A) and of the length of one 
diffusional jump, X (X ~ 8 A), that have been used in the 
previous paper18 for pyrene are also valid for pyrene at­
tached to fatty acids. For the calculation of the label con­
centration c a value of F ~ 60 A2 for the area per lipid mol­
ecule has been assumed both for DPL and DPA. This value 
has been chosen since it is close to the experimental value of 
F = 58 A2 for DPL above the phase transition.23 The later­
al diffusion coefficients obtained from the slopes of the 
straight lines using the above values of dc, X, and F are 
given in the text of Figure 4. 

In Figure 4 plots of / ' / / vs. label concentration are also 
given for the two membrane preparations after addition of 
Ca 2 + . Obviously Ca 2 + addition induces a considerable in­
crease in the label collision rate vc. However, straight lines 
are obtained showing that even after the Ca 2 + addition the 
excimer formation is still diffusion controlled. 

LU 

Z 
LU 

UJ 
O 
Z 
UJ 

o 
CO 
UJ 
CC 
O 
3 

O 
O 
< 
CC 

2D-

1B-

1.6-

1.4-

1.2-

1.0-

( W 

0.6 

Q) 

I - " - * * 

*.—--

, — 

DPA* DPL AT 6 0 0C 
MOLAR 
RATIO 
DPL DPA 

„-•• r.o.n 

• 

y / / / 
/ .. •• r-0.33 

S "• r. 1.0 

.*• 

0.1 0.2 0.3 04 0.5 0.6 

MOLAR FRACTION OF Ca" 

20-

1B-

"̂ — 1B-

UJ 

\-
Z 1 4 ' 
UJ 

IN
T 

UJ 1.2-

* 
UJ 

$ 10-

i I 
r - Molar Ratio DPL: DPA / j 

R- Molar Ratio Ca" : DPA / /Molar Ratio 
/ / DPL:DPA 

b) / /• r-011 

/ . / / • / / / 
/ / 
/ / 

/ / o r.0.33 
/ / 

/ . / 
/ } 

S 

.*" ^ ,'** • r-1.0 

_ i 
U- 0B< 
LL „ . , - ' - r-3 
O t i A - __A 

go* 
< 
CC 

. „ . - * - - * • 

"* °° 
0.1 0.2 0.4 0.5 

MOLAR FRACTION OF Ca+t JL. 

Figure 6. (a) Rate of excimer formation in mixed DPA-DPL vesicles 
as a function of Ca2+ content and of the DPA/DPL molar ratio. The 
ordinate gives the fluorescence intensity ratio at 60° and at pH 9. The 
dots (•) are the measured values, (b) Solid lines: intensity ratio calcu­
lated under the assumption that the Ca2+-bound DPA forms rigid clus­
ters in which the label solubility is negligibly small (cf. eq 5). Points 
(symbols • , D, O, and A) are experimental values taken from Figure 
6a. 

Ca2+ Induced Phase Separation. As a typical example, 
Figure 5 shows the effect of Ca 2 + on the rate of eximer for­
mation in lamellae containing 10 mol % DPL and 3 mol % 
label. The transition curves have been taken both at increas­
ing and decreasing temperatures. The fluorescence spectra 
were recorded at temperature intervals of 2°. The abrupt 
change in the ratio / ' / / is an indicator of the lipid-phase 
transition. The sharp increase in / ' / / upon lowering the tem­
perature below the lipid-phase transition is interpreted in 
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Figure 7. Effect of Ca2+ on transition curves of DPA vesicles. Above 
50 mol % Ca2+ the vesicle system coagulates immediately after prepa­
ration. 

terms of the formation of clusters of closely packed label 
molecules in the rigid state.18 Addition of Ca 2 + affects the 
transition curves in two ways. Firstly, the rate of excimer 
formation above the phase transition increases strongly with 
increasing Ca 2 + concentration. Secondly, the lipid phase 
transition is shifted to lower temperatures with increasing 
Ca 2 + concentration. 

The above two Ca 2 + induced effects have also been ob­
served for membrane preparations containing higher DPL 
concentrations. By recording transition curves as shown in 
Figure 5, the fluorescence intensity ratio has been measured 
as a function of the DPL concentration of the Ca2 + concen­
tration and of the label concentration. In Figure 6a the 
measured values of / ' / / are plotted as a function of the Ca 2 + 

concentration for different DPL concentrations and for a 
temperature (60°) well above the transition temperature of 
DPA (7\ ~ 47°) and at pH 9. In all cases studied / ' / / was a 
linear function of the label concentration measured with re­
spect to the total lipid content, showing that the excimer 
formation is diffusion controlled. 

In Figure 7 the transition curves of the excimer forma­
tion rate (or / ' / / ) are shown for pure Ca2+-doped DPA ves­
icles. With increasing Ca 2 + concentration the phase transi­
tion is shifted somewhat to higher temperatures. At molar 
ratio of DPA/Ca 2 + = 2:1 the transition is very broad and 
nearly suppressed. The transition curve for an equimolar 
ratio of DPA and Ca 2 + could not be measured accurately 
since at this Ca 2 + concentration the vesicle preparation 
coagulated immediately after sonication. 

Polylysine Induced Phase Separation. Figure 8a shows 
the temperature dependence of the excimer formation rate 
(or / ' / / ) for pure DPA vesicles after addition of polylysine. 
The curves were taken at pH 9. At this pH, polylysine is ex­
pected to be in a random coil configuration and the lysine 
groups are protonated (that is, positively charged). In the 
presence of polylysine the transition curves clearly exhibit 
two well-separated phase transitions. A lower transition is 
observed at a temperature 7V which decreases slightly from 
7V = 48° (in the absence of polylysine) to Tt

x = 44° at an 
equimolar ratio of lysine groups and DPA. 

The upper transition at 7\u is slightly shifted from T\a = 
57° at a molar ratio (DPA)/(lysine) = 1:1 to 7\u = 62° at 
a molar ratio (DPA)/(lysine) = 10:1. 

Figure 8 clearly shows that a phase separation has been 
induced by the addition of polylysine. The lower transition 
temperature agrees well with the corresponding value of 
DPA vesicles at pH 9. The upper transition temperature 
corresponds to DPA lamellae at a pH of ~2. 

Discussion 

Effect of Ca2+. According to Figures 4-6 addition of 
Ca 2 + to mixed DPA/DPL lamellae has a dramatic effect 

a to 

UJ 05-

a) DPA + POLY-LYSINE 

DPA•• LYSINE 

3O 
TEMPERATURE[°C] 

'•-©....©....©J 

50 60 70 

MOLAR FRACTION OF LYSINE-GROUPS 
Figure 8. (a) Temperature dependence of fluorescence intensity ratio 
/ '// for sonicated DPA vesicles and the effect of polylysine at pH 9. 
The curves have been normalized in such a way that the maximum in­
tensity ratio is / '// = 1. In the presence of polylysine two clearly sepa­
rated transitions are observed, (b) Fraction of bound phosphatidic acid 
plotted as a function of the molar fraction of lysine groups (with re­
spect to the DPA). The experimental values ( • ) have been determined 
from the height of the second step in the transition curve. 

on the rate of excimer formation, k&, both above and below 
the phase transition. Figure 4 clearly shows that above the 
phase transition the excimer formation is diffusion con­
trolled both in the absence and in the presence of Ca2 + . Ob­
viously the optical probe is still in a fluid lipid environment 
after addition of Ca2 + . The strong increase in the excimer 
formation rate upon addition of Ca 2 + must therefore be due 
to an increase in the effective label concentration. This find­
ing may only be interpreted as follows. Ca 2 + binds strongly 
to DPA leading to the formation of rigid clusters of the 
bound phosphatidic acid. The label is squeezed out from 
these rigid patches into the fluid lipid regions of the vesicles 
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and consequently the label concentration in the latter in­
creases. This interpretation of our findings in terms of a 
lipid segregation is supported by the following additional 
observations. The transition temperature T1 is shifted from 
T1 = 48° in the absence of Ca 2 + to Tt = 42° at an equimo-
lar ratio of DPA and Ca2 + . The latter value of Tt agrees 
with the transition temperature of DPL. This shows that 
nearly all DPA is transformed into a rigid state at an equi-
molar ratio of DPA and Ca 2 + and at a pH of 9. In the Ap­
pendix it is shown (at least for the case of Mn 2 + ) that at pH 
of 9 each bivalent ion may bind one phosphatidic acid mole­
cule. 

Provided the above interpretation is correct the floures-
cence intensity ratio v = / ' / / in the presence of Ca 2 + may be 
calculated as follows. Denote by R the molar ratio of Ca 2 + 

to DPA and by r the molar ratio of DPL to DPA. Then the 
concentration of free phosphatidic acid is «A

f = « A ° 0 — 

R), where nA° is the initial DPA concentration. 
The experimental values of the intensity ratio vm° = / ' / / 

for the mixed DPL/DPA vesicles in the absence of Ca 2 + 

(cf. Figure 9) obey the following empirical rule 

= (1 )t'A" + * I > L (3) 

where vA° and vL° are the intensity ratios for pure DPA and 
DPL vesicles, respectively. According to Figure 9 VL° = 
0.55, vA° = 0.95. * L ° is the molar fraction (or molar per­
centage) of DPL with respect to DPA in the absence of 
Ca 2 + ( * L ° = r/l + r). Provided the free lipid is arranged in 
a continuous bilayer (or monolayer) the fluorescence inten­
sity ratio, vm, in the presence of Ca 2 + may easily be ex­
pressed in terms of the molar ratios r and R and of the in­
tensity ratios vA° and VT_°. 

In the presence of Ca2+- the molar fraction of DPL 
changes to x\_ = r/(l — R + r). The molar ratio of optical 
label to free lipid, p, increases according to 

P = 
1 + r 
- R + 

(4) 

where the superscript 0 refers to the absence of Ca 2 + and 
Po0 is the molar ratio of optical label to the total lipid DPL 
and DPA in the absence of Ca2 + . Equation 4 is valid for po 
« 1. This condition is easily fulfilled for vesicle prepara­
tions containing at least 10 mol % DPL and not more than 3 
mol % pyrenedecanoic acid. Upon addition of Ca 2 + the in­
tensity ratios vA° and vr_° in eq 3 have to be replaced by vA 

= VA°P/PO° and v/. = vi°p/p0°, respectively. One therefore 
obtains from eq 3 

•{(1 - R)vA° + rrL
0} (5) 

(I - R •>- r \ 

The intensity ratios calculated according to eq. 5 with vA° 
= 0.95 and VL0 = 0.55 are plotted in Figure 6b as a function 
of the molar fraction, R/l +R, of Ca 2 + (with respect to 
the DPA content). Up to a molar fraction R/l + R ~ 0.33 
very good agreement between the calculated and the experi­
mental intensity ratios is obtained. This finding supports 
our above conclusion (1) that the binding of Ca 2 + to DPA 
induces the formation of domains or regions of rigid DPA 
lipid and (2) that the label is squeezed out from these 
patches. 

The agreement between the calculated and the experi­
mental intensity ratio becomes poor if the Ca 2 + concentra­
tion approaches the DPA concentration. This discrepancy is 
most pronounced at very low DPL concentrations and is 
therefore most probably due to the finite label solubility in 
the rigid membrane regions. The exact concentration de-
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Figure 9. Intensity ratio / ' / / as a function of DPL content in mixed 
DPA-DPL vesicles at a temperature of 60° and pH 9. The excimer 
lifetime Tn' is 50 ± 5 nsec for all lipid compositions. 
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Figure 10. Binding of Mn2+ to DPA vesicles. In the ordinate the ampli­
tude of the ESR signal of free Mn2+ (sextet spectrum) is plotted. 

pendence of the excimer formation rate in rigid membranes 
is not known yet. It was therefore not possible to calculate 
the intensity ratios at large values of R. 

Effect of Polylysine. The appearance of a two-step transi­
tion curve upon addition of polylysine clearly shows that 
this polypeptide binds strongly to DPA lamellae. The tran­
sition temperature of DPA in contact with polylysine is 
shifted to 7"t

u ~ 60°, corresponding to a pH of 2. Obviously 
the positively charged lysine groups decrease the local (ef­
fective) pH at the polar head group region of the mem­
branes. The occurrence of a sharp phase transition at T1" 
shows that the lipid bound to the protein forms a continuous 
domain of closely packed lipids. Judged from the Pauling-
Corey model of polylysine, the protein may in principle as­
sume a random coil configuration in such a way that most 
of the lysine groups point in one direction. In this configura­
tion the average distance of the lysine groups is about 8 A 
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and is thus close to the average distance of the lipid mole­
cules. 

The height of the high-temperature steps in the normal­
ized transition curves of Figure 8a is an approximate mea­
sure of the relative amount of bound lipid. In Figure 8b this 
relative concentration is plotted as a function of the molar 
fraction (with respect to DPA) of lysine groups. Obviously 
half of the lipid is bound at an equimolar ratio of lysine 
groups and DPA. 

Conclusions 

The evaluation of the present experiments demonstrated 
the possibility of chemically induced lipid segregation or 
phase separation in membranes containing phosphatidic 
acid as charged lipids. Experiments by Ohnishi and Ito25 

and preliminary experiments in our laboratory show that 
model membranes containing neutral phosphatidylserine 
show similar phase separation effects upon addition of biva­
lent ions. 

The data have been discussed on the basis of lateral 
phase separation alone. The vesicles have been prepared by 
cosonication of the lipid and Ca2+. In small vesicles the pos­
sibility of unequal lipid distribution between the outer and 
the inner monolayer has to be considered. Some experi­
ments were also performed with unsonicated, that is, large 
multilamellar, systems. Identical results were obtained. We 
therefore assume that lateral phase separation is the domi­
nant process responsible for our observations in small ves­
icles. 

Most interesting is the phase separation induced by poly-
lysine. This shows that proteins adsorbed to the surface of 
lipid lamellae may have a dramatic effect on the lipid distri­
bution. As shown recently, polypeptides with a net positive 
charge may affect the molecular alignment in the lipid ma­
trix considerably.26 From these findings it is expected that 
changes in the lipid matrix may trigger changes in the dis­
tribution and (or) in the conformation of the surface pro­
teins of membranes. In fact, Kleemann and McConnell11 

provided evidence recently that the thermally induced phase 
separation in the lipid matrix of Escherichia coli auxo-
trophs may lead to a domain-like distribution of the pro­
teins. 

Such cooperative and simultaneous conformational 
changes of surface (or integral) protein and the lipid matrix 
may well play a role as a switching mechanism for short-
term memories. The possible role of lateral phase separa­
tion to membrane permeability has been stressed recent­
ly.27'28 

It should be emphasized that the ultimate cause for the 
domain formation is the shift in the transition temperature 
induced by the change in the charge of the polar head group 
or in the local pH at the lipid water interface. 
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Appendix 
Bivalent ions such as Ca2+ and Mn2+ bind strongly to 

membranes of DPA both at low and high pH. The strong 
binding of Mn2+ to DPA vesicles can easily be studied by 
EPR spectroscopy. If a Mn2+ ion is transferred from the 
bulk aqueous phase to the membrane surface, the symmetry 
of the Mn2+ solvation shell is distorted. Consequently, the 
ESR spectra become very broad. Since Mn2+ in the bulk 
phase exhibits a sharp sextet spectrum, the relative concen­
tration of free Mn2+ may be easily determined. In Figure 
10 the results of such an experiment are shown for DPA at 
pH 6.9 and 9. For pH 6.9 no ESR signal of free Mn2+ is ob­
served up to a molar ratio of R = 0.45. At pH 9 the concen­
tration of free Mn2+ is zero up to a molar ratio of R = 0.9. 
This shows that at pH 6.9 two DPA molecules can bind one 
Mn2+ while at pH 9 one Mn2+ ion may be bound by one 
lipid molecule. The very strong binding of Mn2+ to the lipid 
matrix is also shown by the finding that the Mn2+ concen­
tration of bound ions is not affected considerably by tem­
perature changes between 10 and 60°. 
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