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Abstract 

When studying lipid-lipid or lipid-protein interaction in membranes, the correct interpretation of data obtained when 
using fluorescent phospholipid probes requires the best possible knowledge of probe behaviour in phosopholipid membranes. 
Analysis of the translational dynamics and photochemical properties of the anthracene-labeled phosphatidylcholine (EAPC) 
shows that a self-association process occurs with this probe in the membrane at the ground state. This anthracene 
self-association is characterized and leads to a hypochromic effect which has been studied by means of ultraviolet absorption 
spectroscopy in unilamellar egg-yolk phosphatidylcholine (EggPC) vesicles. A model with indefinite linear self-association, 
in which each step has the same equilibrium constant, best describes the data. The equilibrium constant was found to be in 
the 300-500 M-’ range and the complex lateral distribution pattern of EAPC in model membranes, which results from this 
self-association process, is characterized and seems to be mainly controlled by the amount of EAPC incorporated into the 
lipid bilayer. 
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1. Introduction 

Knowledge of a clear dynamic picture of lipid and 
protein organization in membranes remains a chal- 
lenging problem in membrane biology. A direct ap- 

Abbreviations: EAPC: sn-1-acyl-sn-2,9-(2-anthrylj-non- 
anoylphosphatidylcholine; EggPC: egg yolk L-a-phosphatidylcho- 
line; DPPC: dipalmitoyl phosphatidylcholine; FRAP: fluorescence 
recovery after photobleaching; OD: absorbance of the sample 

* Corresponding author. 

preach to the study of lipid-lipid and lipid-protein 
interactions involves the labeling of membrane com- 
ponents with site-directed ligands carrying fluores- 
cent and/or chemically reactive photosensitive 
groups [I]. For ten years we have suggested the use 
of 9-(2-anthryl)-nonanoic acid [2,3] or 8-(2- 
anthroyl)-octanoic acid [4,5] and various correspond- 
ing anthryl/anthroyl-labeled phospholipids [2-51 for 
such studies. 

The photochemistry and particularly the pho- 
todimerization of anthracene is one of the oldest 
known photochemical reactions [6,7]. This photo-re- 
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action was chosen for its high specificity and the 
photochemical properties of the photodimers pro- 
duced. After illumination at a wavelength of 360 nm, 
9-9’, 10-10’ covalently bound dimers are formed, 
and these photo-products are not fluorescent. Under 
illumination at 260 nm, the dimers can be split into 
the native monomers. 

Anthracene probes can be incorporated into mem- 
brane lipids by inserting anthracene-labeled lipids 
[8,9] or through metabolic incorporation of 9-(2- 
anthryl) nonanoic acid in both prokaryotic [lo] and 
eukaryotic [ 1 l] cells. Anthracene-labeled lipids, 
which label the hydrophobic core of the membrane, 
are well suited for investigating membrane fluidity 
[12] and intramembraneous micro polarity [4,13], 
when measuring the lateral diffusion rate of lipids by 
FRAP experiments [9] or by following the kinetics of 
the photodimerization reaction [14], and for studying 
the lateral distribution of lipids in biological mem- 
branes by identification and counting of the photo- 
products which are formed between adjacent an- 
thracene-labeled molecules [15]. 

However as for any probe approach, the purpose 
is to obtain structural information or characteristic 
parameters about the phospholipids which compose 
the host membrane, while the validity of fluores- 
cence measurements is related to the fluorophore 
used and depends on the behavior of the lipid probes 
in the phospholipid surrounding. Thus all the knowl- 
edge about the disturbance of phospholipid molecu- 
lar organization by the fluorescent lipid probe used is 
essential. The publication by Bredlow et al. which 
relates the changes brought about in the molecular 
packing of the host lipid by various fluorescent lipid 
tracers [ 161, illustrates reciprocal disturbance be- 
tween the probe and the host phospholipid very 
clearly. Moreover, in this type of study, the probes 
are often presumed to be randomly distributed in the 
membrane without being affected by environmental 
factors of fluidity or polarity. However in the ab- 
sence of lipid probes some phospholipid constituents 
of model membranes are not completely miscible 
[17], and in any case this question of miscibility 
becomes still more complex when lipid probes are 
introduced. Indeed when lateral distribution of a 
probe in a host membrane is investigated ideal misci- 
bility is rarely observed. For example Blackwell et 
al. [18] have shown for pyrene-labeled lipids that the 

excimer fluorescence in fluid membranes arises from 
an aggregated form of pyrene tracers and does not 
reflect controlled diffusion of monomer species in 
the formation of excimers. For a pyrene-labeled lipid 
Somerharju et al. [19] have again shown clearly that 
the partition of pyrene lipids between coexisting 
fluid and solid phases was always favourable to the 
fluid phase and that this preference took place inde- 
pendently of the head group of the host phospho- 
lipid. Various other attempts to analyze the lateral 
aggregation of lipophilic aromatic probes like 
pyren-phosphatidyl cholines [l&20,21] or diphenyl 
hexatrien-phosphatidylcholines [22-241 have also 
been studied. 

Lateral aggregation of lipophilic probes is a criti- 
cal problem which cannot be ignored when using 
fluorescent probes, so analysis of the behavior of a 
lipid probe is to be carried out whenever possible 
because the correct interpretation of data, obtained 
with these procedures, requires exact knowledge of 
the behaviour of the probe molecule firstly in rela- 
tion to itself and secondly in relation to phospho- 
lipids in the host membrane. We report here on the 
study of lateral miscibility of anthracene-labeled 
phosphocholine (EAPC) in a model membrane of 
egg yolk phosphatidyl choline (EggPC). 

2. Materials and methods 

2.1. Chemicals 

EggPC was purchased from Sigma (St. Louis, 
MO, USA), EAPC was synthesized from egg yolk 
lysolecithin, as previously described [2]. The purity 
of these compounds was checked by thin-layer chro- 
matography on silica-gel plates (Merck, Darmstadt, 
Germany). Salts and solvents were of analytical 
grade. 

2.2. Vesicle preparations 

EAPC was added to EggPC at the desired molar 
ratio in chloroform solution. The lipid samples were 
dried by evaporation of chloroform, first under nitro- 
gen and then for at least 2 hours under vacuum (1 
Torr). The dried lipid mixtures were then dispersed 
in pure water at a final concentration of between 0.5 
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Table 1 
Characteristic values of absorbance parameters when measurements are carried out with EAPC/EggPC membrane suspensions. Normalized 
absorbance (OD) (see materials and methods section) and molar absorption coefficients at wavelengths of 380 nm (OD,,,, e3s0) and 360 
nm (C)D,,,, & 

y~~pc (%) [C,l(10-4) OD,s, (10e3) ??3s0 (M-l cm-‘) f de (M-l cm-‘) OD,,, (10e3) e360 (M-l cm-‘) f AC (M-l cm-‘) 

20 
20 
20 
20 

10 
10 

7.5 

5 
5 
5 

4 
3 
2.5 

2 
2 
2 

0.75 
0.75 

0.7 
0.7 
0.7 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.25 
0.25 
0.25 

0.2 

0.1 
0.1 
0.1 

5 
10 
10 

5 

10 
5 

5 

10 
10 
5 

10 
10 
5 

10 
10 
10 

10 
10 
10 
10 
10 
5 

5 
5 

10 
10 
10 

10 
10 
10 
10 
10 
10 

10 
5 

10 

10 

5 
5 

10 

277.4 1386 13 
279.7 1398 13 
280.8 1405 13 
278.6 1383 < 13 

326.9 1634 52 
323.6 1619 35 
330.7 1652 35 

142.1 1421 26 
146.9 1469 26 

160.3 1603 52 

105.7 1408 38 

70.1 1402 32 
71.1 1423 51 
70.9 1417 32 

80.7 1613 70 
81.5 1631 70 

58.4 1460 32 
44.1 1469 38 
36.8 1474 64 

69.1 1728 88 
48.8 1594 114 

29.9 1495 51 36.7 1837 105 
30.1 1508 64 34.8 1740 80 
30.0 1501 51 35.8 1793 70 

16.2 1624 64 
16.5 1649 90 
16.5 1649 64 
16.5 1649 90 
16.5 1649 64 
15.9 1598 64 

17.4 1740 140 
18.2 1828 210 
18.2 1828 140 
18.6 1863 140 
19.5 1951 140 

15.7 2097 90 
15.5 2066 90 

13.4 1915 75 13.3 1909 264 
13.8 1970 77 13.7 1958 175 
13.1 1878 77 15.3 2185 158 

10.7 2139 83 13.0 2285 176 
11.2 2242 83 11.6 2039 176 
11.7 2345 83 12.0 2109 176 
10.8 2165 83 12.4 2179 176 
11.1 2217 90 12.6 2215 176 
10.8 2165 103 14.0 2461 351 

7.7 3093 128 
6.2 3196 128 
7.9 3196 141 

7.0 2461 391 

6.3 3158 154 

4.1 4124 322 
4.6 4640 322 
3.9 3995 257 
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10m3 M to 1 lop3 M, vortexed for 1 minute, 
sonicated for 3 minutes (under nitrogen) in pulsed 
mode (Branson sonifier) and then incubated at room 
temperature 4 to 8 hours. Using this procedure, 
relaxed small unilamellar vesicles (SUV) are pro- 
duced, which best allow the preparation of liposomes 
with minimal turbidity, and in all cases comparable 
or lower (data not shown) to that obtained when lipid 
vesicles are prepared using the method of reverse- 
phase evaporation [25]. Using photon correlation 
spectroscopy apparatus (model N4MD, Coulter USA) 
the samples showed unimodal osize distribution with 
a mean particle radius of 500 A to 800 A depending 
on the preparation. 

2.3. Spectroscopic measurements 

Absorbance measurements were performed with a 
Perkin-Elmer Lamda 5 spectrophotometer, at 20°C 
(thermostated cuvette holder). The absorbance differ- 
ence between cuvette cell and air was measured and 
calibration at zero base line was carried out at the 
same wavelength. Absorbance of the sample (OD) 
was obtained by graphic deconvolution of absorption 
spectra recorded between 240 and 280 and 340 to 
420 nm in order to eliminate absorption due to light 
scattering [26]. Each absorbance measurement was 
performed 3 to 5 times with a new phospholipid 
suspension with a phospholipid concentration in the 
range of 0.5 1O-3 to 1 10m3 M. The values (E) and 
uncertainties (de) of molar absorption coefficients 
indicated in Table 1 are normalized at a total phos- 
pholipid concentration of 1 lop3 M. The extent of 
(AC) corresponds to the dispersion of (E) calculated 
values obtained after analysis of each measurement 
of a new liposomal suspension. 

2.4. Computer calculations 

Calculations were performed using a non-linear 
least-squares package developed in this laboratory 
[27] and already used to analyze other types of data 
[28]. The merit function was expressed as a non- 
weighted sum of squares of residuals between a 
given model and experimental data. The parametric 
confidence intervals at 5% of error risk were calcu- 
lated using a modified boundary method. 

3. Basic considerations 

3.1. Anthracene probe and general concepts 

Three types of photo-reaction can be encountered 
in solutions with anthracene derivatives: dimeriza- 
tion, photo-oxidation and reaction with the environ- 
mental medium [6]. In apolar solutions or in 
anisotropic lipid phase mediums, photo-oxidation was 
negligible [2,3] and we never observed condensation 
of anthracene with unsaturated fatty acids of lecithin. 
Hence our attention focused on the main photochem- 
ical reaction, the dimerization of anthracene. Pho- 
todimerization involves the participation of one an- 
thracene at singlet excited state and another at funda- 
mental state [14,29]. When the anthracene ring is 
substituted by an n-acyl chain in the second position 
(EAPC has this structure), steric hindrance to copla- 
narity from ring hydrogens appears insignificant. 
Moreover when this happens and when the lipid 
probe is in an anisotropic membrane medium, the 
part of the alkyl substituant in the anthracene is on 
average closely aligned to the polarization of the first 
anthracene transition (‘A, + ‘L,) 1301. Thus, it is in 
this case normal for the anthracene residue to cause 
minimum structural disturbance in surrounding lipids 
in the ground state or in the first excited state 
[2,12,13]. 

Moreover the anthracene group is well localized 
in the hydrophobe core of a lipid bilayer and does 
not display any looping back to the surface [12,13]. 
However some preliminary remarks are important, if 
we consider that the lipid probes are statistically 
distributed within the lipid matrix and diffuse later- 
ally according to a free volume translation mecha- 
nism. (i) We will firstly consider the molecular 
packing of EAPC or EggPC. We can say that the 
lipid probe and the host lipid of a membrane have 
comparable molecular areas in a range of around 
60 X lo-l6 cm2/molecule at a lateral pressure of 25 
mN/m and for a temperature of 20°C [2,26]. (ii) 
Secondly we will consider the translational diffusion 
coefficient of phospholipids in a leaflet of EggPC 
model membrane. It has a value of around 3.5 X lo-’ 
cm’/s [28]. By means of the two previous remarks 
we can calculate that the hopping frequency is 1.7 X 

10m7 s-r or the time between two encounters is 
close to 170 10e9 s. (iii) Thirdly, the translational 
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dynamic parameters of EAF’C or EggPC in the mem- 
brane lipids must now be compared with known 
photochemical properties of the anthracene group. 
Generally, the fluorescence life-time of 2-substituted 
anthracenes does not exceed 5 X 10m9 s [4,12,30]. 
Therefore for a probe to lipid molar incorporation 
ratio (~n~rc) of 1% of EAPC in the membrane, with 
the above parameters one can calculate that around 
1.7 X 10m5 collisions between two EAPC molecules 
will occur during the fluorescence life-time of an- 
thracene. Even if the efficiency of the collision is 
maximum and leads to the formation of a pho- 
todimer each time, these kinetic parameters cannot 
explain the effectiveness of the observed dimeriza- 
tion process at this rate of high dilution of the 
anthracene probe. In other words, the anthracene 
groups of EAPC are necessarily pre-positioned in 
order to allow the photodimerization process to oc- 
cur. The phospholipidic membranes (liposomes, mul- 
tilayers, part of cell membranes) are anisotropic and 
ordered mediums with restricted degrees of molecu- 
lar freedom as compared to a three dimensional 
solution. All these elements could cooperate to make 
the stacking process of anthracene rings of EAPC 
molecules easier. 

If pre-associated dimers can exist before a pho- 
todimerization event, then we need to investigate: (i) 
the nature of the pre- association process, (ii) the 
number of EAPC molecules in a given temporary 
aggregate, (iii> the distribution of aggregates at a 
given EAPC incorporation ratio in a membrane, and 
finally, (iv) the consequences of these auto-associa- 
tion processes on the stationary fluorescence and 
photodimerization properties of anthracene-labeled 
lipids. 

3.2. Self-association models 

We wish to propose those self-association models 
which can be derived from studies of small hy- 
drophobic molecules in aqueous solutions [31-331. 
The self-association of anthryl labeled phospholipids 
noted A into aggregates of various sizes, in lipid 
bilayer, is described by the following set of equa- 
tions: 

K2 
A,+A, =A, 

K3 
A,+A,=A, 

Ki 
Ai_,+A=Ai 

K” 
A .~,+A1=A,, 

173 

(1) 
In this reaction scheme, A, represents the 

monomer, Ai stands for an aggregate consisting of i 
monomers, [A,], [AZ], . . . [A,], stand for the corre- 
sponding concentration of each species and K,, K,, 
. . . K, are the equilibrium constants of corresponding 
chemical equations. According to the law of the 
action of mass, 

[A21 
Kz= bII+%I 

4 = [ ‘I”;k 1 A,. 1 
(2) 

IAil 
Ki = [Ai_ 1] . [A,] 

This model contains too many parameters to be 
determined experimentally if extensive aggregation 
occurs. Moreover, anthracene is an oriented but un- 
charged large flat ring structure, and interactions 
between two different aromatic rings are directed by 
very short-range forces. It is physically reasonable to 
assert that there is no difference in the values of 
equilibrium constants for each step. We will there- 
fore consider two models. 

The first corresponding to indefinite self-associa- 
tion in which all equilibrium constants are equal 
(K, = K, = . . . Ki = K). This is the definition for the 
classical associative isodesmic model [31]. There- 
fore, 

[A*1 -= K. [All = p,] 4 (3) 

in which q is a dimensionless variable for this 
chemical equilibrium system. 
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The second, limiting the self-association process, 
is characterized solely by a di-association equation 
and is given later. 

3.3. Self-association models and optical ultra-violet 
properties 

EAPC has previously been spectroscopically char- 
acterized [2]. This molecule shows an ultra-violet 
spectrum similar to that of 2-substituted anthracene 
compounds with systems of bands p and p, and a 
hypochromic effect has already been reported when 
liposome membranes are composed by pure EAPC 
in gel state [3]. Conceptually, the absorption coeffi- 
cient of EAPC lipids in phospholipid vesicles of 
EggPC, at a selected wavelength, depends on the 
specific absorption of each species of associated 
anthracene which label the lipid medium. Thus, we 
have to consider the different contributions of aggre- 
gates to the optical signal, at various wavelengths, 
when the EAPC/EggPC ratio is changing. Indeed, 
when an associated dimer is formed, the absorption 
coefficient for each monomer in the stack changes 
due to the interaction between the excited states in 
the presence of the electrostatic field. The resulting 
aggregate is ‘asymmetric’, and a rotary strength is 
induced due to the interaction between the transition 
dipoles of the two chromophores [34-361. The next 
anthracene group, which aggregates with the previ- 
ous dimer to form trimer, creates an additional 
change. A simple phenomenological description for 
the i-dependence of the molar absorption coefficient 
of the aggregates consists in the assumption that only 
a few interactions are responsible for the change in 
the optical parameters (Fig. 1). Only three types of 
contribution are expected to be necessary for the 
descriptions of the resulting molar absorption coeffi- 
cient [31]: 
(i) The contribution of the free monomer molar 

absorption coefficient, noted E,,,, . 
(ii) In a stack the contribution of the elementary 

unit at the end of an aggregate, noted ??ext. 
(iii) The cont.ribution of all internal units of the 

stack, assumed to have the same molar absorp- 
tion coefficient, noted ??int. 

The expression of the individual molar concentra- 
tions of each n-mers is shown in Annex Al for the 
general isodesmic model. Molar absorption coeffi- 

cients, molar quantities and equilibrium constants are 
volumic in nature and are not directly measurable in 
a bilayer. A relatively simple procedure is given in 
Annex A2 showing how to calculate the effective 
molar concentration C, of EAPC in membrane using 
the incorporation ratio yEApc of EAPC. The values 
obtained for the total phospholipid concentration C, 
= 0.99 M and for C,, C, = yEAPC/lOO are high but 
near those obtained in other studies [37]. They could 
reflect the relative over-concentration and restricted 
degrees of freedom in membrane media. 

3.4. Isodesmic model 

The calculated molar absorption coefficient E,,,~ 
for a given concentration C, of anthracene-labeled 
phospholipid in a membrane is defined as: 

E talc = (Y m0n0 %0,0 + ff,Xt %xt + aint ‘int (4) 

in which (Y,,,, is the molar fraction of the free 
monomer, noted (Ye in Annex Al. (Y,,~ and aint are 
respectively the molar fraction of anthracene units at 
the extremities and inside the aggregates. Because 
CX mono, ff ext, and aint are the molar fraction of each 
species, their sum is equal to 1. It is possible in order 
to correlate each value of (Y,,,,, a,,.., aint to C,, to 
combine Eq. 4 and Eqs. 13-15 of Annex Al. Hence: 

1 l-\I- 
CY m0n0 =-+ 

KC, 2K2C; 

CY ext = 2(1 - %ono - %,“,KC* ) (5) 

aint = 1 - amono - (Y,,~ = a,“,,,( 1 + 2 KC*) - 1 

3.5. Di-association model 

The formulation of equation in the case of a 
unique di-association process leads to a simpler ex- 
pression of C,: 

c, = [A, If a42 1 (6) 
thus in a molar fraction the same relation is written 
as: 

’ = %.x~ + &dim (7) 

in which (Y,,,, can be expressed as a function of the 
total concentration by the relation: 

c lllO”O {W-l 
Ly InO” = - = 

C, 4KC, (8) 



F. Rodriguez et al. /Biophysical Chemistry 53 (1995) 169-180 175 

Eext Eint Eext Eext Emono 

I I II 

w5 AA A 
Fig. 1. Contributions of molar absorption coefficients in the case 
of an aggregate ((A), = pentamer), a stacked pair (AA) and 
monomers (A) of EAPC molecules. Schematic upper view of a 
part of EggPC-EAPC membrane, the molecules are shown per- 
pendicularly to the acyl chain axis. The grey positions are EAPC 
molecules the other loci are EggPC molecules. The bold oriented 
lines are anthryl planes of EAPC molecules showing how the 
stacking processes could occur in n-mers. 

(Ydim = 1 - cr,,“, = 1 - J- l+sKc* -1 

4KC, 

In this relation K is the equilibrium constant for 
the single association-dissociation step. Then the 
expression for the observed coefficient of absorption 
is: 

E talc = ‘dim + amom ’ ( %ono - ‘dim ) (10) 

Knowing the concentration CA of the labeled 
phospholipid, it is possible from the measurement of 
E ohs to calculate the different parameters K, E,,,,, 
E ext, ‘int in an iterative way using a non-linear 
least-squares program [27]. Then, the previous ex- 
pression of E,,,~ (Eqs. 4 or lo>, is taken as the model 
used to fit a set of measured values of E for different 
values of yEArc in known solutions. 

4. Results and discussion 

In Table 1, results of the absorption measure- 
ments at 380 nm and 360 nm are shown for various 

EAPC incorporation ratios (-yEArC) in Egg-PC small 
vesicles. The values of yEArc are in the range of 0.2 
to 20%. The corresponding molar absorption coeffi- 
cient ~~a,, and e360 showed ca. 2 to 3 fold increase 
with decreasing EAPC concentration. Measurements 
were difficult: (i) for low yEArc values because in 
this case the optical density was low, (ii> and also for 
high yEArc values because a light scattering band 
introduced a strong curve in the spectrum baseline. 
So, experimental uncertainties were not negligible 

for (j) YEAPC values lower than 1% and for (jj) the 
absorption band measured at 360 nm, and this was 
accounted for in results shown in Table 1. Therefore 
the uncertainty of each value of molar absorption 
coefficient indicated in Table 1 points out the calcu- 
lated dispersion for each set of surfacic concentration 
yEApc but measured at different total lipid concen- 
trations. Moreover this hypochromic effect detected 

when yEApc increase was not followed by a shift of 
a maximum wavelength of anthracene absorption 
bands. The effect seems to be due to a true auto-as- 
sociative phenomenon in the case of EAPC in vesi- 
cles of EggPC. 

The data in Table 1 was processed using the 
isodesmic model or the di-association model previ- 
ously defined. The corresponding fitted curves are 
plotted in Fig. 2 and Fig. 3 and the solution values 
for each parameter are indicated in Table 2. The 

2400 - 

2200 - 

s 
0 mot- 0” 

law - 

1000 - 

t -1 

[EAPCI hot”, 

Fig. 2. Least squares fit of the molar absorption coefficient values 
of Table 1 measured at a wavelength of 360 nm using the 
isodesmic (continuous curve) and di-association (dashed curve) 
models. The ratio of EAPC incorporated in membrane of EggPC 
vesicles is expressed in molar concentration units of EAPC in 
small liposome membranes. 
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[EAPCI Irn0llll 

Fig. 3. Least-squares fit of the molar absorption coefficient values 
of Table 1 measured at a wavelength of 380 nm using the 
isodesmic (continuous curve) and d&association (dashed curve) 
models. The ratio of EAPC incorporated in membrane of EggPC 
vesicles is expressed in molar concentration units of EAPC in 
small liposome membranes. 

plots show in each case that the isodesmic model The calculated parameters and results of calcula- 
describes the data better. Moreover, the di-associa- tion are summed up in Table 2. We shall mainly 
tion model gives physically unreasonable values for discuss the results for the isodesmic model. The 

optical and thermodynamic parameters. So, the di-as- 
sociation model fails to be an explicative model for 
the self association of anthryl-lipid fluorophore in 
model membranes. If the quality of the least-squares 
fit is better for the indefinite model, are there physi- 
cal reasons for favouring this model? In the case of 
pyrene probes, di-association models have been used 
regarding the fluorescence properties of pyrene and 
excimer formation [30]. In the case of diphenyl 
hexatriene phospholipid probes deterministic models 
are used with a limited number of association steps 
limited to two [22,23]. Our results show that with 
EAF’C self-association of the probe is not in fact 
limited to the dimer stage. We note also that the data 
at 360 nm is more dispersed than at 380 nm, proba- 
bly due to the difficulties in the measurement of the 
central band of anthracene p-system, but this did not 
disturb fundamentally the model (Table 2) [26]. 

4.1. Calculated parameters 

Table 2 
Optical and thermodynamic parameters for EAPC self-association computed using the infinite self-association (isodesmic) or di-association 
(dimer) models. The parameter confidence intervals (PCI) are calculated for a 5% error risk (5%), the values of K and ??are expressed in 
M-r and in M-’ cm-’ units, respectively 

Wavelength Parameters 

Name Value PC1 (5%) 

Min Max 

Isodesmic model 
380 nm 465 415 516 

7531 7292 7774 
1655 1476 1834 

100 13.5 238 

360 nm K 271 242 301 

%cm0 3864 3740 4280 

%t 1719 1665 190.5 

%xt 1164 1038 1290 

Dimer model 
380 nm 985672 492836 1092125 

105773 102387 132850 
1030 913 1292 

360 nm K 1464127 1089311 1622254 

%mn0 62139 55422 68843 

% 1448 1401 1494 
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values of the molar absorption coefficient of the 
monomer agree with measured values in protic or 
aprotic solvents. In the case of ethanol, the values 
are: +a = 4800 M-r cm-’ and e358 = 5842 M-’ 
cm-‘[2]. In hexane and for methyl 9-(2-anthryl) 
nonanoyl, we have measured eaT6 = 4970 M-’ cm-’ 

and E357 = 5666 M-’ cm-’ for identical solution 
C, values. The E values for the nonsubstituted 
anthracene group in ethanol are near 8000-8500 
M-’ cm-’ and reach 9000 M-r cm-’ for -9, 
- 10 substituted anthracenes (when the substitution 
is in the polarization axis corresponding to the A + 
IL, electronic transition) [30,38,39]. For EAPC in 
liposomes we have calculated a value of around 
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3900 M-’ cm-’ at 360 nm and 7500 M-’ cm-’ at 
380 nm (Table 2). On the other hand, the value of 
the molar absorption coefficient found at 360 nm is 
certainly quite low, presumably due to the difficulty 
in the analysis of spectra in presence of a non-negli- 
gible light scattering band. 

Relatively high association constant values are 
found in the isodesmic model (K ca. 500 M- ’ ), by 
comparison, much lower values of around 50 were 
found for purine and pyrimidine compounds in aque- 
ous solutions [31]. However, values of 1500 M-’ 
have been reported in the case of daunomycin [33] 
which is a poly-aromatic anthracyclin which displays 
some analogies with anthracene. In the case of mem- 
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Fig. 4. Calculation of n-mer distribution up to pentamers versus molar concentration of EAF’C in membranes and for four values of the 
association constant K: K = 50 M-’ (A), K = 250 M-’ (B), K = 500 M-’ (C), K = 1500 M-’ (D). The distribution in each curve, is 
given using molar fractions (monomers, dimers, trimers, tetramers, pentamers) and calculated using Eq. (14) for monomers and Eq. (15) for 
wmers. 
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branes, with phosphatidylcholines carrying dipheny- 
hexatrien groups, values of association constants of 
270 M-l have been reported [23]. So, the anthracene 
substituant in EAPC displays comparable behaviour 
to diphenylhexatriene in membrane. 

4.2. Behaviour of EAPC in membranes 

Fig. 4 shows calculated n-mers distribution for K 
values of 50 M-’ (A), 250 M-’ (B), 500 M-’ (Cl 
and 1500 M-’ (D) using the molar fraction calcula- 
tions defined in the theoretical section. The gap 
between the calculated K values of 465 M- ’ and 
271 M-i, respectively, at 380 nm and 360 nm could 
be explained by the difference in the experimental 
ease of recording data at these two wavelengths. 
However in the end, the differences in K have little 
consequence on the molecular distribution of the 
n-mers as shown in the Fig. 4B and Fig. 4C, which 
indicated for a variation of K value from 250 M-’ 
to 500 M-’ the distribution pattern is not very 
different, and though K values are different, the 
EAPC distributions are in a state in which the 
monomers are not predominant. In fact, EAPC 
molecules mainly take part in molecular aggregates 
of more than two units. We show that the distribu- 
tion of EAPC n-mers at current incorporation ratios 
(l-3%) in model systems is quite complex. A trend 
towards a limit value of EAPC is to be expected in 
the number of EAPC in an aggregate but this model 
does not allow us to estimate it. Another result is the 
particular evolution of molar fractions for values of 
yEArC between 0.5 and l%, and chaotic behaviour 
of EAPC in photodimerization studies has been 
recorded near this incorporation ratio (data not 
shown). These are the first elements showing that 
self-association of EAPC could intervene in pho- 
todimerization process. 

4.3. Perspectives and conclusion 

This data shows the particular behaviour of EAPC 
in phospholipidic membranes. At all incorporation 
ratios it seems that aggregates exist, in the form of 
dimers for yEArc values < OS%, and in the form of 
n-mers for the highest concentrations. In all cases, 
this self-association is dynamic. 

Can these aggregation processes be expected for 
other phospholipid probes carrying aromatic fluo- 
rophores in phospholipid membranes? Pyrene-labeled 
molecules form visible dimers in the excited state 
(excimers) [40], which can be explained following a 
bimolecular reaction and if it is diffusion-controlled, 
the reaction rate constant can be related to the diffu- 
sion coefficient of pyrene. In a membrane this as- 
sumption has been extrapolated from the studies in 
organic solvents and has not been adequately tested 
by mean of studies of the concentration dependence 
of the fluorescence-decay kinetics, and significantly, 
Blackwell et al. [18] have shown that excimer fluo- 
rescence in membranes arises from an aggregated 
form of pyrene and does not reflect diffusion con- 
trolled excimer formation. Moreover pre-existing ag- 
gregates in the ground-state as precursors to fluores- 
cence emission at excimer fluorescence wavelength 
have also been suggested by Bohorquez and Patter- 
son as explaining the initial behaviour of excimer 
fluorescence decay ([41] and references cited herein). 
Yes, these aggregation processes in the ground-state 
can be expected for phospholipid probes carrying 
aromatic fluorophores in hydrophobe part of mem- 
branes. 

From a dynamic point of view, the self-associa- 
tion of EAPC does not mean that the probe is 
segregated in a micro-phase in the membrane. Val- 
ues of second-order association rate constants of 
5 x lo-* M-’ s-l and 5 X lo-’ s-l for the disso- 
ciation counterpart have been reported [42]. In the 
case of collisional rate constants for pyrene in mem- 
branes, values of 1 X 10e6 M-’ s-l have mainly 
been reported [181. We can therefore hold the view 
of a bilayer in which partial formation-destruction 
of aggregates occurs very rapidly. Distribution and 
size of the aggregates are mainly directed by the 
incorporation ratio of EAPC in the bilayer. 

If we agree with the assumption of collisional 
events with a characteristic time constant of around 
10-6-10-7 s, the dynamic association processes 
could not ‘interfere’ with the photochemical proper- 
ties of the probes because the life-time of the probe 
in EAPC is lower than lo-’ s and the measured 
fluorescence signal is representative of probe distri- 
bution which is in this case directed by the equilib- 
rium constant of molecular self-association. So, dy- 
namic parameters such as the diffusion coefficient 
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are not dependent on the spatial distribution of the 
probe if we accept that the distribution of n-mers is 
random. 

The problem is the same if we now consider the 
study of the lateral distribution of phospholipids in a 
biological membrane after metabolic incorporation 
of the anthracene fatty acid and photodimerization 
[15]. When a photodimer has been formed, stacked 
n-mers may dissociate and form a new aggregate of 
probes. Probe redistribution occurs and thus the 
self-association process does not disturb the final 
distribution of dimers. 

If we now consider micro-structural information 
obtained by a study of the kinetic dimerization con- 
stant, its variation according to the composition of 
the membrane and its state may be a more complex 
phenomenon. Work is being carried out in the labo- 
ratory to clarify this. The goal now is not only to 
characterize the auto-association processes in the 
case of other anthracene-lipid probes but also to 
clarify the influences of these processes in quantita- 
tive fluorescence studies using these fluorescent 
probes. Accordingly, our view of probe behaviour 
could be quite different from what we know to date. 

5. Annex Al 

5.1. Expression of the individual molar concentra- 
tion and molar ratios of EAPC n-mers 

CA is the total molar concentration of anthracene 
labeled phospholipid in a membrane lipid phase, and 
[Ai] the molar concentration of the aggregate con- 
sisting of i EAPC molecules. In the case of indefi- 
nite self-association mass conservation can be writ- 
ten as: 

(11) 
i=l 

Using molar ratio, noted (Y, instead of concentra- 
tion for each aggregate, the mass conservation equa- 
tion becomes: 

1 = (Yr + (Y2 + . . . (Yi + . . . a, 

in which, 

(12) 

LAil (yi = i. - 
CA 

(13) 

For the isodesmic model, it is possible to obtain a 
relationship between [A,] and C, after selection of 
realistic physical conditions for the variable q(0 < q 
< 1). Therefore the expression of the monomer con- 
centration is calculated by reference to the total 
concentration in the equation: 

[A,] = ; + 
l-/4Kc*+l 

2K2CA 

The other n-mer concentrations [Ai1 are calcu- 
lated applying the law of the action of mass: 

[Ai] = i. (K)‘-’ . [A,]’ (15) 

6. Annex A2 

6.1, Expression of effectiue molar concentrations of 
EAPC in phospholipid bilayer 

The calculations for molecular species in the 
membrane, are carried out using volumic concentra- 
tion units (i.e. expressions of [A,], C, of K), but 
membrane are a quasi ‘bi-dimensional’ media. The 
idea of giving the membrane a third dimension by 
introducing membrane thickness has already been 
used for fluorescent probes embedded in the lipid 
matrix [18,37,43]. The key to the problem is to know 
as closely as possible the value of the total concen- 
tration of phospholipid C, (hosts and probes) in the 
membranes of the sample, expressed in mol 1-l. 

The average molecular weight of EggPC is A4, = 
785 g/mole [43], and corresponds to 80% at acyl 
chain of C,, with one, two or three in saturations. 
On the surface of pure water at Il between 20-25 
mN/m the average of the total interface film thick- 
ness (of this phospholipid medium in expanded phase 
state) is nearly the same value CM,) as this parameter 
for the DPPC in condensed phase state: 25.3 X lo-’ 
cm [44]. Moreover we have estimated the molecular 
area M, at this lateral pressure, from the measure- 
ment of a compression isotherm, it is 60 lo-r6 cm-2 
[26]. The volume VP of one mole of phospholipid is 
then known, VP = M, . M, . N in which N is Avo- 
gadro’s number. So, we can calculate the volumic 
weight of a mole of lipid in all phospholipid bilayers 
of the sample: p = M,,,,/V, = 0.78 X lo3 g 1-l or 
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the molar concentration C, = 0.995 M of phospho- 
lipid per membrane unit volume. Therefore, the value 
of the molar concentration of probe EAPC in the 
EggPC bilayer can be calculated knowing yEArc the 
incorporation ratio of EAPC: 

YEAPC 
CA = - 

100 
.c,=z 

100 (16) 

in which the incorporation ratio of EAPC in a mem- 
brane is expressed in percentage units. The value of 
C, is reckoned to an approximate value of 1 which 
is not unreasonable in regard to experimental approx- 
imations of values. 
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