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Abstract 

A fluorescence study of a diacylglycerol derivatized with the n-(7-nitrobenz-2-oxa-l,3-diazol-4-yl) chromophore 
(NBD) was carried out. Fluorescence self-quenching was observed for this probe in lecithin model membranes due to 
collisional interaction rather than to an aggregational behaviour of the probe. The efficient energy migration (Ro = 28 
,~,) of the NBD fluorophore was studied via the fluorescence depolarization upon increase of probe concentration in 
membranes, and the results are compared with a model where a random distribution of the probes is assumed. A sur- 
face location of the chromophore was concluded for the NBD derivative of diacylglycerol, both from the fluorescence 
parameters and from the study of its fluorescence quenching by spin label probes. Very high lateral diffusion coeffi- 
cients were obtained for these probes, both from the self-quenching (D = 2-6  x 10 -6 cm 2 s -l) and from the spin 
probe quenching (D = 3.5 × 10 -6 cm 2 s -l) studies. A concomitant fluorescence study of the related probe NBD- 
phosphatidylcholine revealed that its photophysical behaviour is similar to the derivatized diacylglycerol. 
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1. Introduction 

Diacylglycerols (DG) are known to have a rele- 
vant role in several biochemical processes, namely 

* Corresponding author. 
Abbreviations: DPPC, dipalmitoylphosphatidylcholine; EYL, 
egg yolk lecithin; NBD, 7-nitrobenzo-2-oxa-l,3-diazol-4-yl; 
NBD-DG, l-oleoyl-2-hexanoyl-NBD-glycerol; NBD-PC, l- 
oleoyl-2-hexanoyl-NBD-phosphatidylcholine; n-NS, n-(N-oxy- 
4,4-dimethyloxazolidin-2-yl)stearic acid; PS, bovine brain 
phosphatidylserine 

activation o f  protein kinase C [1], alteration of  
membrane structure [2] and eliciting a great vari- 
ety o f  biological activities [31. Given the physio- 
logical importance o f  DG,  we have obtained a 
fluorescent derivative that could be used to study 
more o f  its role as a bioactive lipid. In the present 
work we used a D G  derivatized with the fluores- 
cent chromophore  N B D  (Fig. 1). For  this new 
probe we will present (i) its photophysical  
characterization in homogeneous  and hetero- 
geneous media, (ii) a study of  its distribution func- 
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Fig. 1. Chemical structure of the diacylglycerol fluorescent 
derivative 1 -oleoyl-2-hexanoyI-NBD-glycerol. 

tion (information of distances) when incorporated 
in model membranes, via energy transfer (migra- 
tion) and (iii) information on its dynamics (lateral 
diffusion) in model membranes via fluorescence 
self-quenching and from quenching by lipophylic 
nitroxide probes. 

In order to evaluate specific effects that could be 
due to the presence of the chromophore (NBD) 
and not ascribed to the DG structure, the con- 
comitant study of a derivatized standard phospha- 
tidylcholine (NBD-PC) was also carried out. 

2. Materials and methods 

1-Oleoyl-2-hexanoyl-NBD-glycerol (NBD-DG) 
(Fig. 1) was synthesized for us by Lipid Products, 
Surrey, UK. l-Oleoyl-2-hexanoyl-NBD-phospha- 
tidylcholine (NBD-PC), egg yolk lecithin, bovine 
brain phosphatidylserine and dipalmitoyl-phos- 
phatidylcholine were obtained from Avanti Polar 
Lipids Inc., Birmingham, AL, USA. 5-Doxylstear- 
ate and 16-doxylstearate were obtained from 
Sigma, Poole, Dorset, UK. Spectroscopic-grade 
organic solvents were purchased from Merck, 
Darmstadt, Germany. Twice-distilled and deioniz- 
ed water was used. 

Phospholipid vesicles were made as follows: 
chloroform solutions containing the phospholipid 
and the appropriate amount of NBD-DG or 
NBD-PC were mixed, the organic solvent removed 
under a stream of dry N2 and last traces removed 
by a further evaporation under vacuum. Multi- 
lamellar vesicles (MLV) were formed by addition 
of 0.1 mM EDTA, 100 mM NaCI, 5 mM Hepes, 
pH 7.4 buffer and mixing using a bench vibrator. 

Samples for fluorescence quenching of the 
NBD-derivative by spin label nitroxides were per- 
formed as follows: MLV containing phospholipid 
and the NBD-derivative prepared as described 
above were extruded through two stacked polycar- 
bonate filters (Nuclepore, 0.1/~M pore size) using 
an extruder (Lipex Biomembrane Inc., Vancouver, 
Canada) to form large unilamellar vesicles (LUV). 
To these LUV the nitroxide probes were added 
from an ethanolic stock solution. No alteration of 
the bilayer structures is reported, even for the 
highest amount of ethanol added, 3% [4]. Lipid 
vesicle samples were analyzed for organic phos- 
phorous by the method of Bartlett [5]. Probe con- 
centrations were calculated using a molar 
extinction coefficient in ethanol E = 2.24 × 10 4 

M -t cm -t (X = 465 nm) [61. 
Absorption spectra were recorded on a Perkin- 

Elmer Lambda 15 spectrophotometer, using 1 cm 
path cuvettes. 

Steady-state excitation and emission spectra 
were carried out using 5 mm x 5 mm cuvettes in 
a Spex F112 A Fluorolog spectrofluorometer with 
a double emission monochromator and a ther- 
mostating unit. Excitation and emission band- 
widths were 1.8 and 2.25 nm, respectively. 
Correction of excitation and emission spectra were 
performed using a rhodamine B quantum counter 
solution and a standard lamp, respectively [7]. 

Fluorescence self-quenching, anisotropy and the 
nitroxide (n-NS) quenching measurements were 
carried out on a Spex F112 A Fluorolog or on a 
Shimadzu RF-540 spectroflurometer, using excita- 
tion and emission wavelengths of 462 and 543 nm, 
respectively. 

All the fluorescence measurements were carried 
out in a right-angle geometry, and the eventual 
artefacts arising in a steady-state experimental ap- 
proach were taken into account. 
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Fluorescence quantum yields were determined 
vs. diphenylanthracene in cyclohexane (¢~r = 0.90 
4- 0.02 [7]). Fluorescence measurements in lipid 
solutions were obtained in a magic angle arrange- 
ment, to avoid polarization bias of intensity. Flu- 
orescence anisotropies were determined from 
Eq. 1, where Ivv and Ivh are fluorescence inten- 
sities, the two subscripts indicating the orientation 
of the excitation and emission polarizers, respec- 
tively, and G = Ihv/Ihh is the instrumental factor. 
Glan-Thompson polarizers were used, the excita- 
tion and emission wavelengths were 462 and 543 
nm, respectively, and 'blank' intensities were taken 
into account. 

r = (Ivv - G lvh)/(lw + 2G Ivh) (1) 

Fluorescence decays were measured using the Sin- 
gle Photon Timing technique. The excitation 
source was a nitrogen-filled flash-lamp (Edinburgh 
Instruments, 119F), operated at 80 KHz. Excita- 
tion (X = 337 rim) and emission (X = 543 nm) 
wavelengths were selected with monochromators 
(Jobin Yvon, H20), with band-passes of 8.0 and 
10.0 nm, respectively. Collection of pulse and sam- 
ple profiles, detected with a cooled (-30°C) Philips 
XP2254 B photomultiplier, was alternated with 
maximum cycle times of 15 min. The sample tem- 
perature was controlled up to ±0.1°C. Decays 
were observed for three decades of intensity, with 
0.122 ns/channel resolution, and 10 K counts were 
accumulated in the peak channel. Data analysis 
was performed with the ~-function convolution 
method [8], using Rose Bengal (r = 500 ps) as a 
reference [7], in order to avoid the 'color' effect of 
the photomultiplier. The best fit parameters (life- 
times, z, and pre-exponentials, a) were obtained 
from a non-linear least-squares iterative program, 
minimizing x 2. The adequacy of the fit to the 
decay data was judged from the X 2 value and in- 
spection of the weighted residuals plots. 

Fluorescence decays were in general complex 
and described by two exponentials, the mean 
lifetime, z, being obtained from Eq. 2: 

"~ = ~ a  i "ri2/~ai 7 i (2) 

3. Theory 

In the energy transfer studies, the critical radius 
of transfer, R o, was evaluated from F6rsters's for- 
mula [9], rewritten as: 

Ro = 0.02108 [k 2 q~D n-4 I~*I(X) e(X) X 4 d'h] 1/6 (3) 

with Ro in nm, where k 2 is the orientational fac- 
tor, t~D is the donor quantum yield in the absence 
of the acceptor, n is the refractive index of the me- 
dium, I(X) is the normalized fluorescence spec- 
trum, e(h) is the molar absorption coefficient in 
M -l cm -l and X is in nm. In the above expression 
the orientational factor corresponding to a dyna- 
mic isotropic regime of transfer, k2= 2/3, was 
assumed; and n = 1.36 (ethanol), taken from the 
solvatochromic response of the chromophore (see 
Results), was considered. 

For the purpose of surface concentration deter- 
mination in the energy transfer experiments, a 
value of 77 .4, 2 was considered for the area of 
phospholipid headgroup of EYL [10]. 

The extent of collisional quenching in a lipid 
bilayer depends upon the lipid/water partition 
coefficient and upon the rate of diffusion of the 
colliding species in the lipid bilayer [ll]. Therefore 
the collisonal quenching of fluorescence can be 
used for calculating the diffusion coefficient for 
NBD-DG in lipid vesicles. In a membrane, where 
quenching occurs only in the lipid phase and quen- 
cher partition in the water phase may be signifi- 
cant, the following applies: 

1/kapp = ~rn (1/km - l/km P) + l/km P (4) 

where kap p is the apparent (measured) bimolecular 
quenching constant in M -l s -J, c~ m is the frac- 
tional volume of the membrane phase, and P is the 
partition coefficient, in units of (moles of quencher 
per volume of phospholipid)/(moles of quencher 
per volume of water). A plot of 1/kap p as  a func- 
tion of am gives a straight line with l/km P as in- 
tercept and (1/k m - 1/k m P) as slope. In order to 
estimate the lateral diffusion coefficients of NBD 
probes in the membrane we have used the 
Smoluchowski equation, taking into account 
transient effects [12]: 
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k m =  4 ~ NARpq 3' (Dp + Dq) (1 + Rpq 3'/ 

~/((Dp + Dq) to) (5) 

where 3" is the quenching efficiency parameter of 
the reaction, Rpq is -the sum of the molecular radii 
of probe plus quencher, N A is Avogadro's number 
per millimole, Dp and Dq are the diffusion coeffi- 
cients of the probe and quencher, respectively, in 
the membrane, in units of cm 2 s -l and ro is the 
fluorescence lifetime of the probe in the absence of 
quencher. 

From the van der Waals radii we estimate a 
molecular radius of 4.3 A for NBD-DG and 4.6 .A 
for 5-NS [131. We have assumed 3' = 1, as there is 
evidence that nitroxide quenching is an efficient 
process [14]. Anyway, a precise knowledge of 3' is 
not essential regarding the dynamic information to 
be derived, i.e. the diffusion coefficients to be ob- 
tained are a lower bound. The lifetime for this 
probe is r o = 6.4 ns; and Dq = 2.5 × 10 -7 cm 2 s -t 
for a similar fluid membrane [15] was assumed. 

Collisional self-quenching is described by the 
following kinetic scheme: 

F + h p - F* (la) (6) 

F* k f F + h u (kfIF*l = If) (7) 

F* + F km.  F + F (kmIF*l[Fl) (8) 

F* kck F (kd[F*]) (9) 

(F is the fluorophore, I a is the intensity of absorb- 
ed light, kf and kd are the radiative and non- 
radiative rate constants and k m the bimolecular 
self-quenching rate constant). If the concentration 
of F, IF], is low enough to hold a linear Lambert- 
Beer relationship, then 

1a = Io ~ [ ~  l ( lO) 

(e, molar absorptivity; I, light path; Io, intensity of 
incident light), and in steady-state conditions the 
fluorescence intensity is given by 

I f = k f I F * ] = I o t k f l  [F]/(kf+k d+km [F]) (11) 

o r  

1~If = km/(I o ~ I kf) + (kf + kd)/(I  o ~ l kf) 1/[El (12) 

Once the probe lifetime at infinite dilution is 
known, from the slope and intercept of Eq. [12] 
k m can be determined. 

4. Results and discussion 

4.1. Photophyslcal  characterization 

In Fig. 2 the corrected excitation and emission 
spectra of NBD-DG incorporated in EYL vesicles 
are shown. The spectra show no significant vibra- 
tional resolution, and a strong overlap between 
them is observed. 

Table 1 summarizes the maximum excitation 
and emission wavelengths, steady state anisotropy, 
r (dilute solutions) and mean fluorescence lifetimes 
(~) of NBD-DG in homogeneous solvents and 
incorporated in several model systems of mem- 
branes. The probe displays a solvatochromatic 
effect, the energies of the excited (absorption) and 
relaxed (fluorescence) states being very dependent 
on the medium polarity. A concomitant depen- 
dence of the quantum yield was observed (results 
not shown), a very low value being obtained for 
water (~b < 10-3). 

The lifetimes are complex, being in general 
described by two exponentials even in the case of 
homogeneous solvents. This effect is more evident 
when the probes are incorporated in lipid bilayers, 
and for EYL at 257C, for example, the com- 
ponents are r 1 = 3.55 ns (al = 0.23) and r 2 = 6.84 
ns (a2 = 0.77). The mean lifetimes are also 
solvent-dependent, the shortest one being obtain- 
ed in water, and, as expected, the anisotropy 
values in homogeneous solvents are quite low. For 
the quantum yield, q~, of NBD-PC incorporated 
into EYL vesicles a value ~ = 0.48 was obtained. 

While the NBD probes have been intensively 
used in biochemistry [16], its complex photo- 
physics has not been reported in detail. This probe 
shows a very strong solvent response of its fluores- 
cence parameters. As shown in Table 1, a red-shift 
of the emission upon increasing the solvent polari- 
ty is observed, this being compatible with a large 
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Fig. 2. Corrected excitation (her a = 467 nm) and emission (~x = 543 nm) spectra of  NBD-DG (10 -5 M) incorporated in EYL 
membranes (5 × 10 -4 M) at 25°C. 

transition moment  of  the fluorophore. A concomi- 
tant decrease of  both the mean lifetime (with the 
exception for chloroform, r = 9.76 ns) and of the 
quantum yield were also observed. These results 

Table 1 

Maximum excitation 0%x) and emission (hem) wavelengths 
(corrected spectra), steady-state anisotropy (r) and mean 
lifetimes (~) of  NBD-DG (10 -5 M) in homogeneous media and 
incorporated in different phospholipid vesicles (5 x 10-4M). 

Medium Xex (nm) )~m (nm) r z" (ns) 

Hexane 430 507 0.005 6.17 
Chloroform 486 519 - -  9.76 
Ethanol 469 530 - -  5.81 
Water 478 550 - -  1.08 
EYL 462 543 0.135 6.40 
PS 462 543 0.127 - -  
DPPC 25°C 462 543 0.156 6.09 
DPPC 50°C 462 543 0.084 - -  

are similar to the ones reported for an NBD 
derivative of  phosphatidylethanolamine, where the 
NBD label is bound to the lipid headgroup [17]. 
The lifetimes reported for this latter probe in 
ethanol (r = 6.7 ns) and water (r = 1.1 ns) are also 
very close to the ones shown in Table 1. It should 
be stressed that at variance with Arsinte et al. [17], 
we also observe complex decays for the probe even 
in homogeneous solvents. In this way, due to the 
complex photophysics of  the NBD chromophore,  
the existence of different environments in the 
membrane cannot be inferred from the complex 
lifetime data observed. 

The fluorescence parameters are insensitive to 
the type of lipid where the probe is incorporated, 
as shown in Table 1, namely the absorption and 
emission wavelengths. This is evidence that in all 
cases the probe location in the membrane is iden- 
tical and, in addition, it is incorporated in a polar 
environment, near the lipid/water interface, since 
the emission wavelength (543 nm) is between those 
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Fig. 3. Double-reciprocal representation of the fluorescence intensity (If) vs. probe concentration ([F]) for EYL membranes contain- 
ing NBD-DG (panel a) and NBD-PC (panel b), at 25°C, Phospholipid concentration was 4 x 10 -4 M. 

obtained for ethanol (530 nm) and water (550 nm). 
It is common that for probes where the polar 
chromophore is located at the end of a lipidic ali- 
phatic chain, it approaches the surface instead of 
being buried inside the membrane. A similar ob- 
servation was reported [18,19] for NBD labels 
placed at the end of fatty acyl chains of 
phosphatidylcholines. Because of this fact a cer- 
tain caution should be exercised before extending 
the conclusions on dynamics and aggregation of 
NBD-diacylglycerols to unlabeUed diacylglycerols. 

The anisotropy values obtained for the probe in- 
corporated in model membranes (Table 1) are in 
the range 0.13-0.16. These moderately high 
values, due to a restricted depolarization dyna- 
mics, are compatible with a probe location near 
the membrane interface. For DPPC in the gel 
state, the highest anisotropy value is obtained 
(r = 0.156), this anisotropy being lower for the 
other two lipids in the liquid-crystalline state, PS 
and EYL. The anisotropy value for DPPC above 
the phase transition temperature is the lowest. As 
an increase in temperature could 0nly decrease the 
fluorescence lifetime and in this way increase the 
anisotropy value, this result is evidence that in 
DPPC in the liquid-crystalline state (at 50°C) the 
probe motion is more facilitated regarding the 
other two lipids (at 25°C). 

4.2. Fluorescence self-quenching 

Both for NBD-DG and NBD-PC, an efficient 
fluorescence self-quenching was observed upon in- 
creasing its concentration in the membrane, a 
downward curvature of fluorescence intensity (If) 
vs. concentration being obtained. When the recip- 
rocal intensity 1~If is plotted vs. the reciprocal 
concentration 1/IF] (see Eq. 12), linear relation- 
ships were obtained, as shown in Fig. 3a for the 
self-quenching of NBD-DG and in Fig. 3b for 
NBD-PC, when these probes were incorporated in 
EYL membranes. 

In all these experiments, no spectral evidence of 
ground state association was obtained, for the 
highest probe concentration used. 

A fluorescence self-quenching has been reported 
for N-NBD-phosphatidylethanolamine in a study 
where this interaction was used to monitor Ca 2÷- 
induced fusion of vesicles [20], but rate constants 
were not presented in that work. 

From the slopes and intercepts of these plots, 
together with the lifetime value r = 6.4 ns, the 
bimolecular quenching rate constants k m were ob- 
tained and are presented in Table 2. The 
bimolecular rate constant, as described under The- 
ory, is given by Eq. 5; the values of diffusion coef- 
ficients D obtained in this way are presented in 



Table 2 
Anistrophy at infinite dilution (rd), limiting anistropy in the 
high concentration range (re), bimolecular rate constant of  
quenching (k m, in M -I s -l)  and lateral diffusion coefficient 
(D, in cm ~ s -I) for NBD-DG and NBD-PC incorporated in 
EYL vesicles, at 25°C. 

Probe r d r c k m D 

NBD-DG 0.13 0.10 1.6 × l09 2.1 × l0 -6 
NBD-PC 0.12 0.07 4.2 × l09 6.6 × 10 -6 

Table 2, the value of NBD-DG being slightly lower 
than that of NBD-PC. These coefficients are one 
or two orders of magnitude higher than those ob- 
tained from FRAP techniques, and this point will 
be addressed later in this work. It should be em- 
phasized that a collisional mechanism where no 
ground-state interactions are considered (static 
quenching) correctly describes the experimental re- 
sults. This is further supported from transient state 
data in highly doped membranes with the related 
probe N-NBD-phosphatidylethanolamine. Work- 
ing out the lifetime values of Fig. 4. in Arsinte et 
al. [17], a value of km = 2.2 x 109 M-Is -l is ob- 
tained close to the ones shown in Table 2. 

1.0 

0.8 

In this way we can conclude from our results 
that no significant aggregation of NBD-DG is pre- 
sent in the model membrane under study. 

4.3. Energy transfer (migration) 

Both for NBD-PC and NBD-DG, a decrease in 
anisotropy is observed upon increasing the probe- 
lipid ratio, as shown in Fig. 4a,b. In these plots the 
anisotropy values are normalized to the value 
obtained in dilute solutions (rd) (probe:lipid = 
1: 1000). 

The variation of anisotropy is due to the energy 
migration (dipolar mechanism); radiative trans- 
port contribution is negligible because of the low 
optical densities, and, in addition, 5 mm cuvettes 
were used. 

For both probes, limiting values of anisotropy 
in the higher concentration range (re) are clearly 
defined. In Table 2 the absolute values obtained 
for infinite dilutions (rd) and for the limit in the 
high concentration (re) are presented. This last 
value is higher for NBD-DG than for NBD-PC. 

The energy migration efficiency should decrease 
the fluorophore anisotropy, without affecting its 
lifetime. In agreement we verified that in the dilute 
concentration range where the anisotropy study 
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Fig. 4. Dependence of  the ratio of  the anisotropy to the anisotropy at infinite dilution (r/r d) vs. the probe/lipid ratio for NBD-PC 
(panel a) and NBD-DG (panel b) incorporated in EYL membranes,  at 25°C. Phospholipid concentration was kept constant to 

4 x 10 -4 M. Solid lines are based on Monte-Carlo simulation (Snyder and Freire, [23]). 



82 M.J.E. Prieto et aL / Chem• Phys. Lipids 69 (1994) 75-85 

was carried out (Fig. 4a,b), the probe lifetime is in- 
variant. As shown in Fig. 2, there is a considerable 
spectral overlap of  absorption and emission for the 
NBD-DG chromophore in membranes, and from 
Eq. 3 a Frrster  critical radius R o = 28 ,/k was 
determined, pointing to an efficient electronic 
energy migration in these probes. For the purpose 
of R o determination, the quantum yield for the 
parent probe NBD-PC in MLV 4~ = 0.48 was con- 
sidered, and the molar absortivity e was taken 
from the literature [6]. 

Because of the explicit distance dependence 
(r -6) of the dipolar mechanism, information on 
the distance distribution function of molecules can 
be obtained; however, the theoretical modelling of 
the fluorescence anisotropy variation is not trivial, 
and only approximate models are available. Simu- 
lations for energy migration in two dimensions 
were recently presented [21], as well as experimen- 
tal work in model systems of membranes [22]. 

The most immediate approach to the quantita- 
tive variation of anisotropy is the work of Snyder 
and Freire [23]. These authors used a Monte-Carlo 
simulation technique to predict the decrease of 
anisotropy in a random distribution of probes in 
two dimensions, assuming also random (isotropic) 
orientation of the transition moments. For prac- 
tical purposes the anisotropy variation upon probe 
concentration was fitted to a fourth-order poly- 
nomial, and its application to NBD-PC and NBD- 
DG in EYL model membranes is also shown in 
Fig. 4a,b. For NBD-PC (Fig. 4a), the theoretical 
expectations verify the experimental values, a 
deviation being noticed for the higher probe con- 
centrations. This deviation is rationalized on the 
basis of the restricted depolarization dynamics of 
the probe incorporated in the membrane, at vari- 
ance with the model assumption where random 
(isotropic) transition dipoles were assumed. It 
should be stressed that in our model systems there 
is no effect of bilayer curvature affecting the 
energy transfer efficiency, i.e. the anisotropies, as 
shown in the literature [24,25]. In addition, the 
meaning of the anisotropy value at the plateau 
region (r c in Table 2) is very interesting: it should 
be related and close to the limiting anisotropy roo 

[26] of the probe in the membrane; as shown in the 
work of Johansson et al. [21], a residual aniso- 

tropy is obtained for non-isotropically oriented 
dipoles. Upon increasing the fluorophore concen- 
tration a very efficient energy transfer is operative, 
but the maximum depolarization allowed by the 
system is controlled by the wobbling diffusion 
angle of the probe. This experiment would then be 
a way of obtaining information on r~ from energy 
migration experiments. It should be stressed that 
the observed plateau is not affected by an aniso- 
tropy increase due to collisional self-quenching 
(because of lifetime reduction). Even for the higher 
concentration range this effect is negligible. In- 
terestingly, the value for NBD-DG (rc= 0.10) 
(Table 2) is higher than the one for NBD-PC 
(r e = 0.07). 

The results for NBD-DG (Fig. 4b) show that in 
the dilute range the energy migration is more effi- 
cient than the theoretical prediction. This could 
suggest a non-random distribution of probes, i.e. 
some segregation of NBD-DG into domains 
would exist. Instead we think that it should be due 
to the higher value of r= for this probe, i.e. the 
dipoles are already in a very favourable orienta- 
tion for transfer, the orientational factor k 2 in Eq. 
3 being greater. 
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Fig. 5. Stern-Volmer plot of quenching of NBD-DG fluores- 
cence by 5-NS at 25°C in EYL vesicles, at different membrane 
fractional volumes (Otto): 0.28 x 10 -3 (El); 0.21 x 10 -3 (m); 
0.14 x 10 -3 (O) and 0.10 x 10 -3 (I). The NBD-DG to phos- 
pholipid ratio was kept at 1:100 (mol/mol). Insert shows a com- 
parison of the quenching produced by 5-NS and 16-NS at a 

fractional volume, a m, of 0.14 × 10 -3. 
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4.4. Intermolecular quenching 

The quenching effect of the membrane probes 5- 
doxylstearate (5-NS) and 16-doxylstearate (16-NS) 
on NBD-DG fluorescence is shown in the inset of 
Fig. 5. The quenching kinetics is described by a 
collisional mechanism, as shown by the linearity of 
the Stern-Volmer plots. It can be seen that 5-NS, 
which has its nitroxide group at carbon-5, quen- 
ches NBD-DG fluorescence more effectively than 
16-NS, which has its nitroxide group at carbon-16. 
These probes were used before in a number of 
similar studies designed to determine the location 
of chromophores in membranes [27,28]. The fin- 
ding that 5-NS is a more efficient quencher than 
16-NS is compatible with a location of the NBD 
fluorophore near the lipid-water interface, in 
agreement with the photophysical parameters of 
this probe (see above). 

The calculation of the lateral diffusion coeffic- 
ient of NBD-DG when incorporated into phos- 
pholipid vesicles can be approached through 
studies of the quenching of NBD-DG fluorescence 
by 5-NS, as described previously (Eqs. 4 and 5). 

Fig. 5. shows Stern-Volmer plots for the quen- 
ching of NBD-DG fluorescence, when incor- 
porated in EYL vesicles, by 5-NS, at different lipid 
concentrations. From these plots apparent bi- 
molecular quenching constants (kapp) values were 
calculated. The fit of Eq. 4 to those values is 
shown in Fig. 6, a bimolecular quenching rate con- 
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Fig. 6. Plot of  l/kap p vs. membrane fractional volumes (O~m) , 
using values from Fig. 5. Points corresponding to two different 

sets of  experiments are shown. 

stant k m = 1.1 × 109 M -t s -l and a partition co- 
efficient of quencher P = 9.2 x 103 being 
recovered. In order to calculate the lateral diffu- 
sion coefficient of NBD-DG in the membrane we 
used in the Smoluchowski equation (Eq. 5), a 
value Dq = 2.5 x 10 -6 cm 2 s -1 [15]. In this way 
Dp = 3.5 x 10 -6 cm 2 s -1 is determined, close to 
the one obtained from the self-quenching study 
(Table 2). The partition coefficient P of 5-NS is 
also of the same order of magnitude as that 
previously reported [28]. 

We are aware that these diffusion coefficients 
are two orders of magnitude higher than those ob- 
tained by fluorescence recovery after photobleach- 
ing (FRAP) techniques. This discrepancy is well 
known [29], and recently was addressed in detail 
by Vaz and Almeida [30]; these authors compared 
the high values obtained from short-range techni- 
ques (e.g. quasielastic neutron scattering) with 
those of long-range diffusion (FRAP), and ra- 
tionalized them within the model of the free- 
volume for diffusion in a lipid bilayer. Fluores- 
cence quenching is a specific bimolecular reaction 
that senses an intermediate range (several lipid 
diameters), and the derived diffusion coefficients 
from experiment are model-dependent. 

Membranes are a quasi-two-dimensional medi- 
um, and models for fluorescence quenching based 
on this dimensionality were presented in the litera- 
ture [31-331, as well as applications of the theory 
of random walks in fractal domains [34]. At vari- 
ance with diffusion in three dimensions, when 
reducing the dimension of the system, no steady 
state is attained, i.e. a time-independent rate cons- 
tant is not reached after an initial transient period, 
and non-linear Stern-Volmer plots are obtained 
[33]. It should be stressed that differences in D 
values, with respect to various models, are more 
significant for probes with long lifetimes, e.g. 
pyrene. On the other hand, when using a three- 
dimensional analysis in a two-dimension situation, 
underestimated values of D are obtained [35], i.e. 
the diffusion coefficients obtained in this work 
would still be higher. A contribution of static 
quenching would imply the determination of 
overestimated D values. However, in our study 
this situation is contradicted by the following 
facts: (i) the existence of identical lipid domains in 
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different situations (self-quenching:probe-probe; 
nitroxide-quenching:probe-quencher) should be 
invoked and (ii) as previously indicated from 
transient state data for self-quenching in highly 
doped membranes with a related probe (Fig. 4 of 
Arsinte et al. [17]), an identical bimolecular rate 
constant is obtained. 

5. Conclusions 

This work describes a fluorescence study of a 
diacylglycerol labelled with the NBD probe, incor- 
porated in model membranes. In order to unders- 
tand any specific effects due to the presence of the 
label and not associated to the DG structure, a 
concomitant study of an NBD-PC was carried out. 

Photophysical parameters of both probes are 
very similar, and from its study in homogeneous 
media it can be concluded that the NBD- 
chromophore is located near the membrane sur- 
face. In addition, non-specific effects due to the 
type of phospholipid were noticed; fluorescence 
excitation and emission wavelenghts and lifetimes 
are independent of the type of lipid where the 
probe is incorporated. 

Fluorescence self-quenching of the NBD-DG 
and NBD-PC probes were studied in EYL, the 
data being described by a modified Stern-Volmer 
kinetics which only considers a collisional mecha- 
nism. The diffusion coefficients obtained for both 
probes are in the range of D = 2-6 x 10 -6 cm 2 
s -1, this study being evidence that no significant 
aggregates of fluorescent diacylglycerol exist in the 
membrane; this conclusion was also supported by 
working out transient state data for a similar 
probe in the literature [17]. Nevertheless, this can- 
not rule out the possibility that in biological mem- 
branes with heterogeneous lipid composition, and 
where different lipid domains may be present, DGs 
might be preferentially concentrated in some of 
these domains. 

An efficient energy migration (R o = 28 .~) was 
observed for these probes. The experimental data 
of the anisotropy dependence on probe concentra- 
tion in model membranes was compared with a 
model that considers random distribution in two 
dimensions and isotropic orientation of the transi- 
tion moments. The theoretical expectations were 

verified in the dilute region, and, interestingly, in- 
stead of complete depolarization, values of 0.07 
(NBD-DG) and 0.10 (NBD-PC) were obtained at 
high probe concentrations. This incomplete de- 
polarization is due to the limited wobbling cone of 
diffusion of the probe in the membrane, i.e. the ex- 
istence of an anisotropy at infinite time ro.. It is 
very interesting that information on this parameter 
could be obtained directly from an energy migra- 
tion study in a membrane. 

The depolarization data on the dilute range 
again are evidence for a random distribution of 
NBD-DG, i.e. there is no significant aggregation 
of the probe. 

The surface location of the fluorophore of 
NBD-DG probe was further confirmed from a 
study of its fluorescence quenching with the spin 
labels 5-NS and 16-NS, a diffusion coefficient 
D = 3.5  × 10 -6  c m  2 s - |  being obtained in agree- 
ment with those of the self-quenching study. 

It should be stressed that NBD-DG has a diffu- 
sion coefficient similar to that of a phospholipid 
such as NBD-PC, and hence it can difuse easily in 
the membrane. The rapid movement of DGs may 
have significance, since it is known that their con- 
centration in biological membranes is very low, 
reaching at most transient levels of 2 mol% after 
stimulation [36]. Hence if it is produced in very 
limited amounts, at a site in the membrane 
separated from the point where it should act, its 
capacity to diffuse rapidly would be an advantage 
to shorten the delay time between its generation 
due to an external stimulus to the cell and the 
generation of a biological signal as a response. 
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