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The quenching of probe fluorescence by spin-labeled phospholipid has been used to determine the 
distribution of a series of n-(9-anthroyloxy) fatty acids between coexisting gel and fluid liquid-crystal phases 
in multilamellar phospholipid vesicles. The phase distribution ratio in every case is found to favor the fluid 
lipid phase, but is much greater between fluid and Ca 2 +-induced gel than between fluid and thermal gel. For 
a given gel type, n-(9-anthroyloxy)stearic acids with n = 3, 6, 9 or 12 as well as ll-(9-anthroyloxy)unde- 
canoic acid all exhibit similar behavior, favoring the fluid phase by about a factor of 4 over thermally-in- 
dueed lipid gel phase and by 18 over Ca 2 +-induced gel phase. 16-(9-Anthroyloxy)palmitic acid, with the bulky 
probe at the terminus of the 16-carbon chain, favors the fluid phase less strongly, by a factor of 1.5 or II 
over thermally-induced or Ca2+-induced gel phase, respectively, indicating better packing of this probe in 
phospholipid gel phases. 
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Introduction 

Fluorescent-labeled probe  molecules have 
proven useful for studying lipid phase behavior. 
Coexisting solid- and fluid-phase lipid domains 
have been observed in supported lipid monolayers 
using fluorescent probes and epifluorescence mi- 
croscopy [1,2]. Lipid phase separation has been 
extensively investigated in model phospholipid bi- 
layers, also by use of fluorescent probe molecules 
[3-7]. Evidence suggesting the existence of lipid 
domains in biological membranes [8,9] makes even 
more relevant the understanding of the lipid phase 
distribution behavior of fluorescent membrane 
probes. 

We have utilized a series of n-(9-anthroyloxy) 
fatty acid probes incorporated into multilamellar 
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phospholipid vesicles in which gel and fluid lipid 
phases coexist, to examine the effect of the posi- 
tion of attachment of the fluorescent moiety on 
probe distribution between the two phases. The 
n-(9-anthroyloxy) series was chosen because the 
fluorescence properties as well as the location of 
these hydrocarbon probes in single-component 
phospholipid bilayers have been well characterized 
[10,11]. In addition, the fact that the 9-anthro- 
yloxy moiety is non-polar reduces the likelihood 
of its moving to the polar/hydrocarbon interface, 
as has been observed for 7-nitrobenz-2-oxa-l,3-di- 
azol-4-yl (NBD)-labeled lipids [12]. 

Both thermally-induced and Ca2÷-induced lipid 
phase separations have been investigated, using a 
method developed in this laboratory [13,14] 
whereby fluorescence quenching of a membrane- 
bound fluorophore by spin-labeled phosphati- 
dylcholine ((7,6)PC) is used to determine probe 
distribution between the phases. The binary lipid 
systems examined are dipalmitoylphosphati° 
dylcholine (DPPC)/(7,6)PC, distearoylphosphati- 
dylcholine (DSPC)/(7,6)PC, and dioleoylphos- 
phatidylserine (DOPS)/(7,6)PC _+ Ca 2+. Partial 
phase diagrams for D P P C / ( 7 , 6 ) P C  and 
DSPC/(7,6)PC were obtained using differential 
scanning calorimetry (DSC). The lipid phase be- 
havior of DOPS/(7,6)PC in the presence of excess 
Ca 2+ has been previously determined [15]. 

Materials and Methods 

DOPS, DPPC, and DSPC were purchased from 
Avanti Polar Lipids Inc. (Birmingham, AL). 
(7,6)PC was synthesized by condensation of (7,6)- 
palmitic acid with egg lyso-PC as described previ- 
ously [4]. The fluorescent probes 3-, 6-, 9-, 12-(9- 
anthroyloxy)stearic acid (3-, 6-, 9-, 12-AS), 16-(9- 
anthroyloxy)palmitic acid (16-AP), and ll-(9-an- 
throyloxy)undecanoic acid ( l l -AU) were obtained 
from Molecular Probes Inc. (Eugene, OR). 1,6-Di- 
phenyl-l,3,5-hexatriene (DPH) was from Aldrich 
Chemical Co. (Milwaukee, WI). Pipes buffer was 
puriss grade, from A.G. Fluka (Hauppauge, NY). 
Water was purified through a Milli-Q system (Mil- 
lipore Corp., Bedford, MA). Organic solvents were 
HPLC grade. All other chemicals were reagent 
grade. Lipid purity was established by thin-layer 
chromatography of 20-50 /xg on Adsorbosil Plus 
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P plates (Applied Science, State College, PA) using 
chloroform/methanol/concentrated ammonium 
hydroxide (66 : 30 : 6, v/v)  and hexane/diethyl 
ether/acetic acid (80 : 20 : 1, v/v)  for phospholi- 
pids and fluorophores, respectively. 

Samples for fluorescence experiments were pre- 
pared as follows. Aliquots of stock solutions of 
fluorophore in ethanol were added to phospholi- 
pid in chloroform in 10 x 75 mm borosilicate cul- 
ture tubes. The mixtures were dried to a thin film 
under a stream of N 2 gas, further dried under 
vacuum in the dark for a minimum of 4 h, then 
hydrated under argon in buffer containing 20 mM 
Pipes and 100 mM KC1 at pH 7.0. DPPC/(7,6)PC 
and DSPC/(7,6)PC dispersions were incubated 
for 30-60 min at 45°C and 58°C, respectively, at 
100 #M lipid concentration, followed by mild 
vortex mixing. DOPS/(7,6)PC samples of 1-2 mM 
lipid concentration were incubated at room tem- 
perature and briefly vortexed, then further diluted 
with buffer alone or else buffer containing CaC12, 
to a final concentration of 1 mM lipid with or 
without 2 mM Ca 2÷. Ca 2÷ was equilibrated by 15 
cycles of freezing at - 1 0 ° C  and thawing in a 
water bath, as described previously [15]. Lipid 
blanks were prepared in the same manner as sam- 
ples containing fluorophore. 

Fluorescence measurements were made with a 
home-built spectrofluorometer [16] equipped with 
double monochromators in both excitation and 
emission optics. The excitation/emission wave- 
lengths used were 385/470 nm, with nominal 
bandwidths of 2 and 16 nm for excitation and 
emission, respectively. Sample compartment tem- 
perature was 25 o C. DOPS/(7,6)PC vesicles were 
diluted into acrylic cuvettes of 1 cm 2 cross-section 
(Sarstedt Inc.) containing the same buffer to a 
final volume of 1.5 ml and lipid concentration of 
100 /~M. Because of variable sample transfer ef- 
ficiency to the cuvettes for samples containing 
DOPS in excess Ca 2+, the lipid concentration in 
the cuvette was determined by phosphate analysis 
of aliquots removed from the cuvettes im- 
mediately following fluorescence measurements 
[15]. DPPC/(7,6)PC and DSPC/(7,6)PC samples 
were not diluted further and were not assayed for 
phosphate. Lipid blank fluorescence typically in- 
creased from 5 to 40% of the sample signal as the 
mole fraction of (7,6)PC increased from 0.0 to 0.8. 
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DSC measurements on DPPC/(7,6)PC and 
DSPC/(7,6)PC dispersions were made with a Mi- 
croCal MC-2 scanning calorimeter using a scan 
rate of 0.66 K/min.  Vesicles were prepared from 
stock chloroform solutions as described above, but 
with lipid concentrations of 0.5-1.0 mg/ml. Sam- 
ples were de-aerated, placed in the calorimeter 
cell, then cooled to the appropriate starting tem- 
perature and allowed to equilibrate for about 45 
rain before initiating the scan. Each sample was 
scanned two or three times to check reproducibil- 
ity. The thermal transition data were obtained 
with a computer data acquisition system, and the 
onset and completion temperatures determined 
from integral traces of the transition curves. The 
onset and completion temperatures were corrected 
for the natural width of the pure lipid transitions, 
as suggested by Mabrey and Sturtevant [17]. For 
the lower mole fractions of DPPC or DSPC in 
mixtures with (7,6)PC, only the liquidus tempera- 
ture could be determined because the solidus 
boundary is below 0 o C. 

Results 

The distribution of fluorescent probe molecules 
between coexisting gel and fluid liquid-crystal lipid 
phases can be found by measuring contact 
quenching of fluorescence by nitroxide 
spin-labeled phospholipid [13,14]. The method re- 
quires the use of binary mixtures of spin-labeled 
and unlabeled phospholipid whose phase behavior 
is known, Probe fluorescence is measured as the 
mole fraction of spin-labeled phospholipid in the 
vesicles is varied from 0 to 1, generating fluores- 
cence quenching curves. In the two-phase region, 
the lipid composition of each phase determines 
the quantum yield of fluorescence for probe mole- 
cules in that phase, and hence the ratio of the 
fluorophore concentration in the liquid-crystal 
phase to that in the gel phase, RLc/o, can be 
found from the fluorescence quenching data 
according to 

F =  FLC + [G] (F~ - FEe ) (1) 
R LC/a (1 -- [G]) + [G] 

where F is the measured or calculated fluores- 
cence intensity, FctLC ) is the fluorescence in a 
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Fig. 1. (A) Partial phase diagram for DPPC/(7,6)PC multi- 
lamellar vesicles, illustrating the sofidus and liquidus boundaries 
at 25 o C. Data points were determined by DSC (o) or X-ray 
diffraction (O).  Dashed lines are hypothetical. (B) Fluores- 
cence quenching of 16-AP (O) or 9-AS (zx) in DPPC/(7,6)PC 
multilamellar vesicles at 25 o C. The abscissa is the mole frac- 
tion of (7,6)PC in the vesicles and the ordinate is the ratio of 
fluorescence in the presence ( F )  and absence (F0) of (7,6)PC. 
Probe/ l ipid molar ratio is 1 : 1000. Solid lines are theoretical 
curves calculated according to Eqn. 1 for values of R LC/G of 
1.5 (16-AP) and 4.0 (9-AS), using [(7,6)PC}G =0.11 and 

[(7,6)PC1LC = 0.73. 



membrane of the composition at the gel (liquid- 
crystal) phase boundary, and 

[GI = ([(7,6)PCILc- [(7,6)PCI)/([(7,6)PC1Lc - [(7,6)PCIG). 

[(7,6)PC] is the overall mole fraction of (7,6)PC in 
the vesicles and [(7,6)PC]o(LC) is the mole fraction 
of (7,6)PC in the gel (liquid-crystal) phase at the 
boundary of the two-phase region, as determined 
from the phase diagram. R LC/G, the only un- 
known, is found by fitting the experimental data 
to theoretical curves of F vs. [(7,6)PC] in the 
two-phase region calculated from Eqn. 1. Al- 
though we describe the probe partitioning in terms 
of a concentration ratio, recent measurements of 
its probe concentration and [G]/[LC] indepen- 
dence confirm that it is a true partition coefficient 
[18]. The most reliable measurements can be made 
for a lipid mixture for which gel and fluid phases 
coexist over a relatively large range of vesicle lipid 
composition at the temperature at which the fluo- 
rescence experiment is performed. 

Thermally-induced lipid phase separation and 
probe redistribution were examined in two sys- 
tems, DPPC/(7,6)PC and DSPC/(7,6)PC at 25 ° C. 
Partial phase diagrams determined by DSC are 
shown in Figs. 1A and 2A. The gel-fluid lamellar 

TABLE I 

RATIO OF F L U O R O P H O R E  C O N C E N T R A T I O N  IN THE 
LIQUID-CRYSTAL PHASE TO T H A T  IN THE GEL 
PHASE (RLC/G) IN M U L T I L A M E L L A R  VESICLES AT  
2 5 ° C  

Values represent the best theoretical fits to the experimental 
data, using Eqn. 1. Error indicates the range of R LC/G values 
which could reasonably fit the data. The larger error for the 
DSPC/(7 ,6)PC data results from the combination of steeper 
fluorescence quenching curves and high lipid blank fluores- 
cence. 

Probe Vesicle composition 

DPPC/(7 ,6)PC DSPC/(7 ,6)PC DOPS/(7 ,6)PC 
+ C a  2+ 

3-AS 2.5+0.5 4 +1  1 8 + 2  
6-AS 4 -/-1 5 + 3  175-2 
9-AS 4 +1  4 + 2  185-2 
12-AS 4 5-1 6 5-3 1 9 + 2  
l l - A U  4 5-1 5 + 2  18_+2 
16-AP 1.5+0.5 1.5+0.5 115-2 
DPH 1.55-0.5 1.5+0.5 125-1 a 

a Previously reported [15]. 
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transition range of (7,6)PC of - 30 o C to - 40 o C 
was previously determined by X-ray diffraction 
[15]. In multilamellar vesicles composed of 
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Fig. 2. (A) Partial phase diagram for DSPC/(7,6)PC multi- 
lamellar vesicles, illustrating the solidus and liquidus boundaries 
at 25 o C. Data points were determined by DSC (e)  or X-ray 
diffraction (O).  Dashed lines are hypothetical. (B) Fluores- 
cence quenching of 16-AP (121) or 3-AS (zx) in DSPC/(7 ,6)PC 
multilamellar vesicles at 25 ° C. Probe/ l ipid  molar ratio is 
1 : 1000. Solid lines are theoretical curves calculated according 
to Eqn. 1 for values of  RLC/C , of 1.5 (16-AP) and 4.0 (3-AS), 

using [(7,6)PC]G = 0.12 and [(7,6)PC]L ¢ = 0.91. 
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Fig. 3. Fluorescence quenching of l l -AU (A), 3-AS (A), 6-AS (v), 9-AS (v), 12-AS (O), and 16-AP (O) in 100 /IM DOPS/(7,6)PC 
multilamellar vesicles at 25 °C in the absence (A) of presence (B) of 2 mM Ca 2+. Data points are averages of triplicate samples of 
typically 5% fluorescence variation. Probe/lipid molar ratio is 1 : 1000. The dotted line in (A) represents the average fluorescence 
quenching of the n-AS and 16-AP probes in the absence of Ca 2+ and is reproduced in (B) for reference. Solid lines in (B) are 

theoretical curves calculated according to Eqn. 1 for values of R LC/G of 11 and 18, using [(7,6)PC] G = 0.00 and [(7,6)PC] LC = 0.56. 

DPPC/(7,6)PC, the boundaries of the two-phase 
region at 25°C are [ (7 ,6)PC]c=0. l l  and 
[(7,6)PC]L c = 0.73. As Fig. 1B illustrates, the fluo- 
rescence quenching data for 16-AP in the phase 
coexistence region are best fit by R L c / o  = 1.5. The 
data for 9-AS, shown in Fig. 1B, as well as that for 
6-AS, 12-AS, and ll-AU, are well fit by RLC/G = 4, 

while that for 3-AS isbest described by R LC/6 = 
2.5. In DSPC/(7,6)PC vesicles at 25 o C, the phase 
boundaries are located at [(7,6)PC]G = 0.12 and 
[(7,6)PqLc = 0.91. The partition behavior of the 
probes, illustrated in Fig. 2B for 3-AS and 16-AP, 
is similar to that observed with DPPC/(7,6)PC 
vesicles, although the considerably higher fluores- 
cence quantum yield of the n-AS and l l -AU 
probes in DSPC compared to DPPC results in 
steeper quenching curves for these probes• 

Ca 2+ binding to phosphatidylserine in 

DOPS/(7,6)PC multilamellar vesicles at room 
temperature results in lipid phase separation into 
a Ca(PS)2 rigid gel phase and a PC-rich fluid 
liquid-crystal phase. The boundaries of the two- 
phase region at [Ca 2+] = 2 mM are [(7,6)PC]G = 
0.00 and [(7,6)PC]L c = 0.55-0.60 [15]. As shown 
in Fig. 3A, all of the n-(9-anthroyloxy) probes, 
with the exception of 11-AU, exhibit similar 
quenching behavior in fluid-phase DOPS/(7,6)PC. 
Iodide quenching of 11-AU in egg PC vesicles 
indicates that this probe is located, at least in part, 
near the aqueous interface [11]. This location 
would be consistent with the reduced quenching 
of 11-AU by (7,6)PC, compared with the other 
probes shown in Fig. 3A. In the presence of excess 
Ca 2 +, all of the probes partition strongly out of 
the Ca(PS)2 gel phase, as Fig. 3B illustrates. We 
note that probe fluorescence in pure DOPS multi- 



layers was enhanced 5-15% by the addition of 
Ca 2+ (data not shown), in agreement with previ- 
ous observations for the methyl ester of 12-AS 
[15]. 

The partition behavior of the n-(9-anthroyloxy) 
fatty acids in the three lipid systems investigated 
is summarized in Table I. For comparison, results 
of fluorescence quenching experiments using the 
well-studied probe 1,6-diphenyl-l,3,5-hexatriene 
(DPH) are also shown. 

Discussion 

Using a set of n-(9-anthroyloxy) fatty acid 
membrane probes labeled at different positions 
along the acyl chain, we have examined how the 
fluorophore linkage position influences probe 
packing in phospholipid gel phases and, conse- 
quently, probe distribution between coexisting gel 
and fluid lipid phases. Both thermally-induced 
and Ca2÷-induced gel phases were examined. For 
a given lipid system, when gel and fluid lipid 
phases coexist, all of the probes partition into the 
fluid liquid-crystal phase to the same extent, re- 
gardless of the location of the fluorescent moiety, 
with the exception of the end-labeled 16-AP which 
also favors the fluid phase but much less strongly. 
In addition, all of the probes, including 16-AP, 
exhibit 5-7-fold greater partitioning out of Ca 2÷- 
induced gel phase than thermotropic gel phases. 
We have previously reported a value of R LC/G---- 
18 5-2 for the methyl ester of 12-AS in 
DOPS/(7,6)PC in excess Ca 2÷ [15]. Strong parti- 
tioning into the fluid phase has also been reported 
for 12-AS in DPPC/DLPC vesicles, utilizing mea- 
surements of fluorescence polarization [19]. 

It is reasonable that fatty acids with fluorescent 
labels attached at varying positions would disrupt 
lipid packing in the gel phase to varying degrees. 
An example of an effect of acyl chain perturba- 
tions on hydrocarbon chain packing is the classic 
study by Barton and Gunstone [20] on a series of 
16-mono-unsaturated dioctadecenoylphosphati- 
dylcholines, in which the lowest gel to liquid- 
crystal phase transition temperatures were ob- 
served for isomers with the cis double bond near 
the middle of the acyl chains. In the case of the 
n-(9-anthroyloxy) fatty acids, the fact that all of 
the probes partition out of thermotropic gel phases, 
and even more strongly out of the more rigid [15] 
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Ca(PS)2 gel phase, suggests that these probes also 
do not pack well into the gel lattice. The lack of a 
significant increase in probe fluorescence in the 
Ca(PS)2 gel phase relative to fluid-phase DOPS is 
consistent with this conclusion. We have observed 
a 2-fold increase in fluorescence in Ca(PS)z over 
fluid DOPS for 1-acyl-2-[12-(9-anthroyloxy)ste- 
aroyl]phosphatidylserine, which partitions equally 
between Ca2+-induced gel and fluid phases in 
DOPS/(7,6)PC multilayers [15]. 

The 0nly positional dependence of probe parti- 
tioning that we observe is with 16-AP, where the 
fluorescent group is attached at the methyl termi- 
nal end of the acyl chain. Although the position of 
attachment at the chain terminus is the same for 
16-AP as for l l-AU, this latter probe is much 
shorter in chain length than the surrounding lipid 
matrix. The short chain length of the 11-AU places 
the bulky (9-anthroyloxy) moiety in the midst of 
the lipid acyl chains. In contrast, with 16-AP the 
same bulky probe is positioned near the center of 
the lipid bilayer. Apparently, this position causes 
a smaller perturbation of lipid packing. As shown 
in Table I, 16-AP exhibits similar partition behav- 
ior to the rod-shaped DPH. In qualitative agree- 
ment with our findings, Cadenhead et al. [21] 
report DSC measurements at 20 mol% probe and 
fluorescence polarization measurements at 0.2 
mol% probe that show the relative bilayer per- 
turbation by three 9-anthroyloxy probes in DPPC 
multilayers to be 2-AP > 12-AS > 16-AP. 

These findings have implications for the use of 
fluorescent probes to monitor such membrane 
phenomena as lateral diffusion, inter-bilayer lipid 
transfer, lipid phase separation, and membrane 
fusion. Our results demonstrate that the position 
of attachment of the fluorophore can influence 
how the probe distributes between gel and fluid 
lipid phases. Knowledge of such partition behav- 
ior is valuable in selecting a membrane probe. Of 
the n-(9-anthroyloxy) fatty acids, for example, 16- 
AP would be the most sensitive for monitoring 
lipid gel phases, and its phospholipid derivatives 
might prove to be even better probes. This study 
also demonstrates that homogeneous probe distri- 
bution in membrane lipid cannot be assumed, an 
important consideration in studies of heteroge- 
neous membrane systems of complex lipid phase 
behavior. 
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