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The luminescent lanthanides are potentially useful probes of cation-induced events involving phospholipid membranes. 
In this work, the spectroscopic properties of Tb 3+, Ce 3+ and Eu 3+ are shown to be complementary in defining three 
forms of complex with phosphatidic acid vesicles. Ce 3+, in particular, is useful for studying dilute cation-lipid complexes 
because it has strong excitation bands in the near ultraviolet. In addition to providing a means for detecting chemically 
distinct forms of lanthanide-lipid complexes, the luminescence can be used to monitor cation-induced lateral segrega- 
tion. Ce 3+ to Tb 3+ energy transfer was observed at lanthanide levels as low as 1:1000 Ln3÷/phosphatidic acid, 
indicating clustering or phase separation. Initial clustering occurs on a subsecond timescale, followed by a much slower 
aggregation continuing for several minutes to hours. Addition of a chelator results in slow release of the lanthanides. In 
the case of the dioleoylphosphatidic acid complexes, release is bimodal and indicative of cation entrapment; dimyristoyl- 
phosphatidic acid complexes exhibit this behavior only at high temperatures. These observations are consistent with the 
relative tendencies of these two lipids to form the H n phase. This work sets the foundation for experiments designed to 
determine the size of nucleation sites for cation-induced events such as intramembrane inverted micelle formation and 
membrane fusion. 

Introduction 

The coordination chemistry of polyvalent cations 
bound to membrane phospholipids may be important in 
determining the lateral chemical potential of the lipid 
[1-6], conversion to nonlamellar states [7-12], and defi- 
nition of contacts between adjacent membrane surfaces 
[13-15]. Direct observation of dilute or transient forms 
of these phospholipid complexes with cations such as 
Ca 2+ is difficult because the cation has no convenient 
spectroscopic properties. Physical properties of the lipid 
that would be useful in defining the complexes are 
generally dominated by the free lipid unless the com- 
plex represents several mole-percent. For this reason the 
luminescent lanthanides have been investigated as 
probes of cation-lipid interactions [16-21]. The trivalent 
lanthanides are hard Lewis acids and have ionic radii 
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close to that of Ca 2+. Although the lanthanides are 
unlikely to be important in the biochemical processes 
normally ascribed to Ca 2+, they have been shown to 
substitute into the same sites on Ca / +-binding proteins 
[22-26] and are efficient at inducing membrane fusion 
[5,6,15,271. 

Saris [16] found the luminescence intensity of Eu 3+ 
to vary with the identity of the phospholipid headgroup 
and observed energy transfer between Tb 3+ and Eu 3+ 
in a mixed lipid system. Herrmann et al. [17] used a 
dye-laser system to obtain high resolution excitation 
spectra and luminescence lifetimes for Eu 3+ complexes 
with several pure phospholipids. Their results indicate 
that there is generally one dominant form of complex at 
stoichiometric levels of bound lanthanide and that 1-2  
water molecules remain in the coordination sphere. The 
aquo-Eu 3+ species has roughly 9 coordinating water 
molecules [25]. Studies exploiting the sensitivity of the 
Tb 3+ 4f to 5d excitation bands to changes in ligand 
field demonstrate that there is more than one type of 
lanthanide complex formed with each phospholipid 
species. The populations of the complexes depend on 
either the level of bound lanthanide or the degree of 
protonation of the lipid [18-21]. 

In one of the Tb 3+ studies [19] it was observed that 
near pH 7 the lanthanide forms at least two different 
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complexes with dimyristoylphosphatidic acid (DMPA) 
while the evidence suggested dioleoylphosphatidic acid 
(DOPA) forms only a single type of complex. These two 
lipids differ in the pH dependence of the lamellar 
interfacial area per phosphate [28] and tendency to 
convert to nonlamellar structures in the presence of 
polyvalent cations [7-12]. The experiments presented 
here were intended to test whether the variation in Tb 3 + 
coordination could be understood in terms of these 
established differences in the physical properties of the 
lipids. Lanthanide-lanthanide energy transfer experi- 
ments were explored as a means for detecting dif- 
ferences in the phase behavior of the lanthanide-lipid 
complexes for the two phosphatidic acid species. 

Ce 3÷ is introduced as a sensitive probe of the cation 
binding site and very efficient energy transfer donor to 
Tb 3÷. Because Ce 3÷ has allowed 4f to 5d absorption 
bands with extinction coefficients on the order of 1000 
M - 1 .  cm-1 at wavelengths longer than 240 nm, emis- 
sion studies with conventional fluorescence equipment 
yield intensities at least two orders of magnitude greater 
than that from the more common lanthanide probes, 
Tb 3+ and Eu 3+. The allowed Tb 3+ 4f to 5d bands 
generally occur at the edge of the Xe lamp emission 
profile and are more difficult to study. The Tb3+-phos - 
phatidic acid 4f to 5d excitation bands lying above 240 
nm are apparently spin forbidden, with extinction coef- 
ficients on the order of 1 M - 1 . c m  -1 [19]. The 5d 
excited states in these C e  3+ and Tb 3+ transitions are 
directly exposed to the ligand field and, as a conse- 
quence, the excitation bands are very responsive to 
changes in the coordination environment. The greater 
emission efficiency of Ce 3+ is an important advantage 
for those interested in using the lanthanides to probe 
membrane events. It greatly relieves the instrumental 
demands for the spectroscopy, allowing studies on con- 
ventional fluorescence equipment at micromolar levels. 
Although the Eu3÷-lipid studies of Herrmann et al. [17] 
were also performed at micromolar levels, they em- 
ployed a scanning dye laser as an excitation source. 
Attempts to obtain equivalent E u  3÷ excitation spectra 
with the high resolution fluorescence spectrometer used 
in this work were unsuccessful. A more complete com- 
parison of C e  3+ spectroscopic properties with those of 
the two more common probes, Tb 3÷ and Eu 3+, is pre- 
sented elsewhere [26]. 

Materials and Methods 

The dimyristoylphosphatidic acid and sn-l-palmi- 
toyl-2-oleoylphosphatidic acid were purchased from 
Avanti Polar Lipids, Inc. (Pelham, AL) and di- 
oleoylphosphatidic acid was purchased from Sigma 
Chemical Co. (St. Louis, MO). Lipid concentrations of 
stock aqueous suspensions were calculated from the 
weight of lipid used and 0.1 M NaC1 was present in all 

samples. Analytical grade TbCI 3 and CeCI 3 were used 
and aqueous Eu 3 + was prepared by dissolving Eu 203 in 
a stoichiometric amount  of perchloric acid. 

The lipid suspensions were prepared as sonicated 
vesicles using glass vials mounted in a jacketted bath 
adaptor  for a 300W Fisher sonic dismembrator.  Individ- 
ual samples were sonicated at a temperature above the 
gel to liquid crystal transition until the suspension was 
clear, usually 20 to 60 min. For all experiments except 
the kinetics studies of C e  3+---~ T b  3+ energy transfer, the 
lipid suspension was sonicated a second time after 
addition of the lanthanide solution. The pH was ad- 
justed with either hydrochloric acid or sodium hydrox- 
ide, followed by sonication. A 3 mm diameter combina- 
tion glass electrode was used to measure the pH. In the 
kinetics experiments, 0.02 ml of a 0.2 mM C e  3+ and 0.2 
mM Tb 3 ÷ solution (0.1 M NaC1) was added to 1.0 ml of 
0.25 mM lipid (0.1 M NaC1) and the mixture was gently 
inverted ten times before observation. 

Excitation and emission spectra for Ce 3÷ and Eu 3+ 
were collected with a Spex Fluorolog 2 (Spex industries, 
Inc., Edison, N J). Tb 3÷ excitation spectra and kinetic 
studies of Ce 3+---~ Tb 3+ energy transfer were performed 
on a home-built  instrument described elsewhere [20]. In 
all experiments, a quartz fluorescence cell was used with 
a 4 m m  excitation path. The temperature was controlled 
with a circulating refrigerated bath and a jacketted cell 
holder; a digital thermometer  with 0.1 C o precision was 
used to measure the temperature at the cell. 

Infrared spectra were acquired with a Cygnus 25B 
Fourier transform infrared spectrometer from Mattson 
Instruments, Inc. (Madison, WI) using a thermoregu- 
lated transmission cell. Phosphorous-31 nuclear mag- 
netic resonance experiments were performed on a QE- 
300 multinuclear N M R  spectrometer from the General 
Electric Company (Fremont,  California) using a 10 m m  
broad-band probe. 

Results 

Binding site heterogeneity 
Excitation spectra for Tb 3÷ complexes with both 

DMPA and DOPA at low, medium and high pH are 
presented in Fig. 1; the lipid precipitates at or below 
pH 2. The features that change most noticeably in these 
Tb 3+ spectra are 4f to 5d bands [19,29]. In addition to 
the two Tb3÷-DMPA complexes reported previously 
[19], the 310 nm excitation band present at high p H  is 
indicative of a third form of the complex (Fig. 1). 
Excitation bands characteristic of these three Tb 3+- 
DMPA complexes are listed in Table I. Changes in the 
Tb3+-DOPA excitation spectrum are subtler in compari-  
son, which is consistent with the earlier observations 
[191. 

Ce 3+ was introduced in these studies as a possible 
donor in resonance energy transfer to Tb 3+. Excitation 
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Fig. 1. pH-induced changes in Tb3+-DMPA (left column) and Tb 3+- 
DOPA (fight column) at 25 o C. All six are excitation spectra monitor- 
ing the 545 nm emission band of T b  3 +. The samples consisted of 2.0 
m M  lipid, 0.1 m M  Tb 3+ and 0.1 M NaCI and were sonicated after 

each pH adjustment.  

TABLE I 

Characteristic excitation bands for the three DMPA complexes 

Ln 3 +-DMPA complex Excitation maxima a 

T b  3+ C e  3+ 

low-pH 253 nm 293 nm b 
_ ? c  

mid-pH 264 nm 258 nm 
305 nm 298 nm 

high-pH 270 nm 273 nm 
313 n m  309 nm 

a Dominant  excitation bands  above 230 nm. 
b The low-pH form for Ce3+-DMPA was not well defined in the 

spectra. This band position was estimated by fitting the spectrum 
with four Gaussian functions using a nonlinear regression routine. 
The second band in the low-pH form of Ce3+-DMPA was not fit 
well by the nonlinear regression, so no value is quoted here. 
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Fig. 3. Ce3+-phosphatidic acid pH dependence. Position of the excita- 
tion max imum for Ce3+-DMPA (empty circles) and Ce3+-DOPA 
(filled circles) as a function of pH. The experimental conditions are 

those given in the caption for Fig. 2. 

and emission spectra for this lanthanide consist solely 
of 4f to 5d transitions [26,30,31] and the emission 
intensity is generally two or more orders of magnitude 
greater than that for the other lanthanides. In the exci- 
tation spectrum for Ce 3 +-phosphatidic acid species there 
are only two bands above 230 nm (Fig. 2). The domi- 
nant band in the Ce 3 +-DMPA spectrum appears to shift 
continuously to longer wavelength with increasing pH, 
which is shown more clearly in Fig. 3. There is an 
inflection in the curve near pH 7 and another suggested 
by the data below pH 2.5. These observations indicate 
that Ce 3÷ also forms three different complexes with 
DMPA. Experiments with the mixed acylchain species, 
POPA, gave very nearly the same pH dependence for 
Ce3+-POPA as for Ce3+-DMPA. Table I contains 
estimates of band positions for all three forms of the 
complex. The plot of Ce3+-DOPA band position in Fig. 
3 reveals that there is a change in complexation with 
this lipid which is not as easily discerned in the Tb 3+ 
spectra. 

Eu 3÷ was included to ensure that the Tb 3+ and Ce 3÷ 
studies could be compared with those of Saris [16] and 
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Fig. 2. pH-induced changes in (A) Ce3+-DMPA and (B) Ce 3 +-DOPA at 25 o C. The dashed line is the excitation spectrum for pH 2.8 and the solid 
line is for pH 11.2 in both figures; emission was monitored at 365 nm, The samples consisted of 0.25 m M  lipid, 0.025 m M  Ce 3+ and 0.1 M NaCI 

and were sonicated after each pH adjustment.  
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Fig. 4. pH-induced changes in Eu3+-DMPA (left column) and Eu 3+- 
DOPA (right column) at 25 o C. All six are emission spectra using 
excitation at 394 nm, the strongest Eu 3+ absorption band. The 
samples consisted of 2.0 mM lipid, 0.1 mM Eu 3÷ and 0.1 M NaCI 

and were sonicated after each pH adjustment. 

Hermann et al. [17]. Fig. 4 shows the emission spectra 
for Eu3+-DMPA and Eu3+-DOPA at low, mid, and 
high pH. The sharp bands of Eu3+-DMPA near pH 10 
suggest that there is a dominant form of the complex at 
high pH. The poorer band definition at lower pH is 
consistent with coexistence of two or more forms of the 
complex, as expected from the other lanthanide-DMPA 
studies. Likewise, Eu3+-DOPA behaves much as ex- 
pected with less dramatic changes in the spectral fea- 
tures than observed with the DMPA species. 

The band shapes in the Eu3+-DOPA and Tb3+-DOPA 
spectra and the p H  dependence of the C e  3+ excitation 
band indicate that a mixture of two DOPA complexes 
exist even near pH 11. This is strong evidence that these 
two species do not differ in the degree of protonation of 
the phosphates, or that the coordinating phosphates are 
completely aprotic over the entire pH range for DOPA. 
The two DOPA complexes appear to be very similar to 
the mid- and high-pH Ln3+-DMPA species, based on 
the spectral features of all three lanthanides, suggesting 
that at least these two forms of the DMPA complexes 
are aprotic as well. 

The formation of aprotic complexes in the pH range 
where most of the phosphates should be monoprotic is 
supported by repeated observations of a slow decrease 
in pH by nearly a full pH unit following addition of 
lanthanide. This has been observed with both DOPA 
and DMPA, where the lipid is 0.2 mM with an initial 
pH as high as 11. These results are in qualitative agree- 
ment with the pH changes measured for Ca 2÷ binding 
to phosphatidic acids [32,40,46]. Thus, the pH-induced 
change in lanthanide-phosphatidic acid complexation 
must be a consequence of constraints imposed by the 

surrounding free lipid, which change with degree of 
protonation. Either the number  of coordinating phos- 
phates or the packing geometry changes in response to 
the degree of protonation of the bulk lipid. 

Several at tempts were made to establish the number  
of coordinating phosphates per bound lanthanide using 
31p-NMR, as done with phosphatidylcholines [21,33- 
36]. However, the lanthanide-phosphatidic acid com- 
plexes were found to be in slow chemical exchange, and 
the paramagnetic broadening of the 3]p resonance re- 
suited in the bound state being undetectable under the 
conditions used. Analysis of the phosphate stretch re- 
gion in the infrared spectrum was also at tempted with 
these complexes but, as yet, without success. 

Ce 3 + ~ Tb 3+ energy transfer and  phase  separation 

C e  3+ has a strong emission band near 365 nm that 
overlaps with a group of Tb 3+ 4f to 4f absorption bands 
and has been shown to be an efficient resonance energy 
donor for Tb 3+ [30,31]. Fig. 5 shows emission spectra of 
a 0.007 mM C e  3+ and 0.007 m M  Tb 3+ mixture in 0.1 M 
NaC1, and the same solution with 0.25 mM DMPA at 
pH 7.2. Aquo-Ce 3÷ has an absorption coefficient of 
about 20 M - 1 .  cm-1 at 300 nm (700 M - l .  cm-1 at 265 
nm) while that of Tb 3+ at 300 nm is less than 0.05 
M-1  . c m - 1 .  AS a result, the 365 nm emission of aquo- 
C e  3+ dominates the dashed-line spectrum in Fig. 5. In 
the Ce3+/Tb3+-DMPA mixed complex the Tb 3÷ 490 
nm and 545 nm emission bands are 1400-times more 
intense than those of the aquo-species (Fig. 5) or roughly 
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Fig. 5. Evidence for Ce 3+ to Tb 3+ energy transfer in phosphatidic 
acid complexes. In the absence of lipid the emission spectrum is 
dominated by the Ce 3+ band at 365 nm (dashed line), with a band at 
545 nm for Tb 3+ barely detectable; both lanthanides are present at 
0.007 mM. When bound to phosphatidic acid, excitation of Ce 3+ 
results in very efficient transfer to Tb 3+ with up to 955 quenching of 
the Ce 3+ emission. Here, the Ce3+/Tb3+-DMPA emission spectrum 
is dominated by the Tb 3 + bands at 490 and 545 nm (solid line). This 
spectrum is for 0.25 mM DMPA, 0.007 mM Tb 3+, 0.007 mM Ce 3+, 
0.1 M NaCI, pH 7.2 and 25 o C. The ordinate on the left is for the 
solid line spectrum and is seventy times that on the fight for the 

dashed line spectrum. 
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Fig. 6. Ce 3+ and Tb 3+ clustering as a function of lanthanide to lipid 
ratio, monitored by the apparent energy transfer efficiency. The 
ordinate is the integrated area of the Tb 3+ 545 n m  emission band 
divided by the area of Ce 3+ 365 nm emission band. Direct excitation 
is through Ce 3+ at 300 nm. The empty circles are for 0.25 m M  
D M P A  and the filled circles are for 0.25 m M  DOPA. Both samples 
were at pH 7.2 in 0.1 M NaCI and 25 o C. The samples were thor- 

oughly sonicated after each lanthanide addition. 

700-times greater than those of the Tb 3 +-DMPA species 
alone [19]. Note that for the lanthanide-DMPA complex 
the emission scale is about seventy times greater in Fig. 
5. 

DMPA complexes with I : 1 Ce3+/Tb  3+ yield a max- 
imum Ce 3+ quenching of at least 95%. The remaining 
5%, or less, of the Ce 3+ emission is close to the prob- 
ability of a Ce 3+ having only other Ce 3+ atoms as 
nearest neighbors in the lanthanide-rich phase. This 
suggests that a single nearest neighbor Tb 3+ is sufficient 
for nearly complete quenching of an adjacent Ce 3+. 
Energy transfer with this efficiency is indicative of very 
short lanthanide-lanthanide distances in these com- 
plexes, i.e., less than 1 nm. Fig. 6 shows that this 
clustering of cations occurs well below 1 : 1 0 0  
Ln3+/lipid. The emission from Tb3+-DMPA would be 
less than a percent of that from Ce3+-DMPA if the 
cations were evenly dispersed on the vesicle surface. 
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There is ample evidence that Ca 2+ also induces 
lateral phase separation in membranes containing phos- 
phatidic acid [14,37-45]. The Ce 3+ to Tb 3+ energy 
transfer experiments allow this process to be monitored 
at concentrations and a timescale matched only by 
fluorescence studies of labeled lipids [41,44,45]. 

Tb 3 + emission from the Ce 3 + /Tb  3 +-DOPA samples 
is consistently lower than that for DMPA. This could be 
a consequence of a lower degree of lanthanide cluster- 
ing, greater separation between lanthanide centers, or a 
lower inherent emission efficiency for Tb3+-DOPA. A 
more quantitative set of studies is underway in order to 
distinguish among these possibilities. 

Kinetics studies of the growth and chelator-induced 
dissolution of the lanthanide-rich phase are represented 
in Fig. 7 for DMPA and DOPA at 25 ° C  and Fig. 8 for 
66 o C. DOPA is fluid at both temperatures while DMPA 
is in the gel-state at 25 ° C. At both temperatures, cluster 
growth is more rapid for DOPA, but dissociation of the 
cations from DOPA is much slower, especially at 25 ° C. 
This is consistent with the greater tendency of DOPA to 
form inverted micelle structures, such as the H n phase, 
in the presence of polyvalent cations [7-12]. Addition 
of EDTA to Ce3+/Tb3+-DMPA at 25°C  results in 
monotonic release of lanthanide which is effectively 
complete after 24 h. Ce3+/Tb3+-DMPA at 6 6 °C  and 
Ce3+/Tb3+-DOPA at both temperatures do not yield 
complete release of lantahnide 24 h after EDTA ad- 
dition. In these three cases approx. 10-20% of the initial 
Tb 3+ emission persists for more than one day, an indi- 
cation that the cations have become entrapped in the 
vesicles. 

The initial stage of Ce3+/Tb 3+ clustering occurs on a 
subsecond timescale and very likely involves rapid re- 
lease and readsorption of isolated cations, as well as 
lateral diffusion of the complex to a growing cluster. 
Subsequent growth of the clusters occurs with a half-life 
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Fig. 7. Time dependence of Tb 3+ and Ce 3+ clustering and EDTA-induced release at 25°C :  (A) 0.25 m M  DMPA,  0.004 m M  Ce 3+, 0.004 m M  
Tb 3÷, 0.1 M NaCl (pH 5.8); and (B) 0.25 m M  DOPA, 0.004 m M  Ce 3+, 0.004 m M  Tb 3+, 0.1 M NaCl  (pH 6.6). The ordinate is Tb 3+ emission 
intensity (545 nm) stimulated by excitation of Ce 3+ (300 nm). The experiments were initiated by adding 0.020 ml of a 0.2 m M  Tb 3÷ and 0.2 m M  
Ce 3+ solution to 1.0 ml of a thermally equilibrated suspension of sonicated lipid vesicles. The sample cell was inverted 20 times to mix and placed 
back in the thermally regulated cell holder with a total dead time of 30-50 s. The signal recorded at negative time is background scattering from t h e  

vesicle suspension alone. Roughly 15 min after initial mixing the cell was removed from the instrument  and 0.5 ml of  31 m M  EDTA (0.1 M NaC1, 
pH 5.7) was added, the sample mixed, and the cell returned to the instrument.  
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Fig. 8. T ime  dependence  of  Tb 3 + and  Ce 3 + c lus ter ing and  E D T A - i n d u c e d  release at  66 o C: (A) 0.25 m M  D M P A ,  0.04 m M  Ce 3 +, 0.004 m M  Tb 3 +, 

0.1 M NaC1 (pH 5.8); and (B) 0.25 mM DOPA, 0.004 mM Ce 3+, 0.004mM Tb 3+, 0.1 M NaCI (pH 6.6). The ordinate is Tb 3+ emission intensity 
(545 nm) stimulated by excitation of Ce 3+ (300 nm). Refer to the caption for Fig. 7 for details. 

on the order of hours. This along with slow release of 
cation following addition of EDTA suggests that de- 
sorption of cations from a cluster is very slow and 
probably occurs only at the periphery. 

Slow growth of the cation-rich phase was also ob- 
served in a study of the Tb3+-DMPA infrared spectrum. 
The acyl-chain C-H symmetric stretch was used to 
monitor  the gel-to-liquid crystal phase transition. In 
these experiments, 0.2 M DMPA in 0.1 M NaCI was 
placed in a thermally regulated transmission cell with 
ZnSe windows. The C-H stretch was found at 2852 
cm -1 in the gel state and approx. 2854 cm -1 in the 
liquid-crystalline state, with an inflection in the temper- 
ature dependence at 42 ° C. Within hours of preparing a 
second sample containing 0.08 M Tb 3÷, the gel state 
band was still located near 2852 cm-1,  but the thermal 
transition was less cooperative and gave an inflection at 
25 ° C. In addition, the band shifted to only 2853 cm-1 
at high temperature. This sample was kept at room 
temperature overnight and the experiment repeated. On 
the second day, the C-H symmetric stretch for Tb 3÷- 
DMPA was found near 2851 cm -1 and although the 
band shifted to higher energy by a few tenths of a 
wavenumber with increasing temperature, no clear in- 
flection was observed. 

The apparent loss of the thermal transition on the 
second day is consistent with the calorimetric studies of 
Jacobson and Papahadjopoulos [37], Liao and Pre- 
stegard [46] and Graham et al. [41] for Ca 2÷ binding to 
phosphatidic acids and other anionic lipids. However, 
in a series of Raman studies, Bicknell-Brown et al. [43] 
reported a clear thermal phase transition for Ca 2+- 
DPPA even after 24 h equilibration. It is possible that 
the observable used in the Raman experiments, namely 
the relative intensities of two C-H stretching bands, is 
more sensitive to changes in acylchain packing than 
either calorimetry or the positions of equivalent bands 
in the infrared spectrum. 

A more quantitative set of experiments in progress 
indicate that the, rapid nucleation process involves for- 
mation of relatively small clusters. For DMPA at 60 ° C 

(0.1 M NaCI, initially p H  5.3) the Ce 3÷ emission in a 
1 : 1 C e 3 + / T b  3+ mixture is quenched in the first minute 
to approx. 15% of that in absence of Th3+, with 
D M P A / L n  3+ ratios ranging from 120:1 to 5:1 .  This 
level of Ce  3+ quenching corresponds to formation of 
clusters of 3-5  cations, depending on the number  of 
nearest neighbors assumed per cation and assuming one 
nearest neighbor Tb 3 ÷ completely quenches the Ce 3÷. A 
more rigorous analysis of the Tb 3 + quenching efficiency 
is underway. 

Discussion 

By comparing the spectral features of the lumines- 
cent lanthanides, Tb 3÷, Eu 3÷ and Ce 3÷, it was con- 
cluded that DOPA forms two different complexes with 
these cations which are very similar to two of the 
complexes formed with DMPA. With DOPA the two 
complexes coexist at comparable levels from pH 3 to 
pH 11 and over a wide lanthanide concentration range. 
In contrast, a single D M P A  complex dominates above 
pH 8 and high lanthanide levels. These observations 
indicate that the difference in acylchain packing for the 
two lipids affects the relative populations of the com- 
plexes but apparently not the structures. 

In several studies it has been reported that Ca 2÷ 
binding to phosphatidic acids results in a drop in pH as 
a consequence of deprotonation of the coordinating 
phosphates [32,40,46]. Not  surprisingly, lanthanide bi- 
nding to phosphatidic acid is also accompanied by a 
decrease in p H  that follows the time dependence of the 
phase separation. The nearly equimolar coexistence of 
two Lna+-DOPA complexes above p H  11 indicates that 
the complexes do not differ in protonation of the coor- 
dinating phosphates. They must differ in stoichiometry 
or ligand packing. The same must be true for the 
equivalent pair with DMPA. 

C e  3 + - +  Tb 3÷ energy transfer was observed even at 1 
lanthanide per 1000 lipid molecules, indicating a strong 
tendency for the cations to cluster. This has also been 
observed in several studies of Ca2+-phosphatidic acid 



complexes with the cation-rich phase forming either a 
gel-like state [13,14,27,37-47] or inverted phases such as 
HI1 [7-12,48,49]. The energy transfer experiments pre- 
sented here provide two distinct advantages over most 
other approaches to monitoring growth of these cation- 
lipid phases. With Ce 3+ as a donor, part-per-million 
levels of the cation-lipid clusters are readily detected, 
and the extent of C e  3+ quenching can be related to the 
average cluster size. Although fluorescence microscopy 
has been successfully used to monitor lipid phase sep- 
aration [44,45], the spatial resolution limits the cluster 
definition to domains of several thousand lipid mole- 
cules. Even with electron microscopy it would be dif- 
ficult to detect randomly distributed clusters of only 
five or so lipid molecules. 

The maximum transfer efficiency for DMPA is 
greater than that for DOPA, which is a consequence of 
either a difference in lanthanide packing in the clusters 
or in the extent of cluster formation. Release of the 
lanthanides after addition of EDTA was consistent with 
the relative tendencies of DOPA and DMPA to convert 
to nonlamellar structures [7-12,49]. The observations 
with DOPA are also consistent with those of Smaal et 
al. [11,12] who found that Ca 2÷ is readily transported to 
the inside of the DOPA-containing vesicles. 

The Ce 3+ to Tb 3+ energy transfer experiments are 
being explored as a means to describe cluster growth 
and the relation between domain size and membrane 
fusion events. Ce 3+ provides the sensitivity to make this 
feasible and the 'fingerprint' character of the Tb 3+ 
excitation spectrum provides the means to establish the 
lipid composition of binding sites in mixed lipid sys- 
tems [19]. For example, in mixtures of phosphatidic acid 
and phosphatidylserine Tb 3÷ clearly binds prefer- 
entially to phosphatidic acid [50], with no sign of coor- 
dination by phosphatidylserine until the phosphatidic 
acid is nearly depleted. 

Given that cation-lipid interactions may be im- 
portant in a variety of membrane processes, continued 
exploitation of these unique probes should be encour- 
aged. 
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