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Abstract 

Time-resolved and steady-state spectra and kinetics of anisotropy of I-phenylnaphthylamine (I-AN) fluores- 
cent probe in phosphatidylcholine bilayer membranes have been examined using a nanosecond laser spec- 
trofluorimetcr. In this system we consider two kinds of inhomogeneous broadening of spectra, the first of 
which is due to different probe locations in membrane, while the second one is due to the statistical 
distribution of interaction energy within a given location. This broadening causes the red shift of the 
fluorescence spectrum at red-edge excitation, the specific dependences of instantaneous fluorescence and 
fluorescence anisotropy spectra on the wavelength of excitation. A field diagram is presented which, by 
describing the free energy levels of the polar fluorescent probe in membranes, makes it possible to 
unambiguously interpret the whole set of experimental data. It is suggested that the release of potential energy 

of intermolecular interactions which occurs in the process of relaxation, results in accelerated (light-induced) 
rotation of the probe inside the memhrane. 

Keywords: Phospholipid membranes; Fluorescent probe; Red-edge excitation fluorescence shift; Time-resolved spectroscopy; 
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1. Introduction 

To understand the elementary mechanisms of 
complicated processes associated with realization 
of the numerous functions of biological mem- 
branes, one needs detailed information not only 
about their molecular structure, but also about 
their structural dynamics. The purpose of these 
studies is to elucidate the types and characteristic 
times of motions of the molecules and their seg- 
ments in the membrane. The advent of new ex- 
perimental facilities which make it possible to 

achieve a high (subnanosecond and nanosecond) 
time resolution, have spurred a new tide of inter- 
est in the welLknown method of fluorescent 
probes [l-3]. The data that can be obtained by 
means of kinetic fluorescence spectroscopy is es- 
pecially valuable, since this method permits direct 
observation of the dynamics of various processes 
in the condensed media, such as configurational 
relaxation of dipole molecules, electronic excita- 
tion energy transfer, Brownian rotation, various 
photochemical reactions, etc. Besides, it provides 
ways to discriminate between the contributions 
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made by the processes which occur at different 
rates and the superposition of which results in a 
complicated pattern of time-integrated fluores- 
cent characteristics. 

Aminonaphthalenes [1,4,5] are being widely 
used as fluorescent probes in studies of model 
and natural membranes. The sensitivity of the 
fluorescence parameters of these probes to struc- 
tural dynamics of their environment is due to 
their important property, i.e. the considerable 
change of their dipole moment at the time of 
electronic excitation. The fluorescence spectra of 
these probes depend substantially on the polarity 
of the environment and its capability of changing 
orientation during the lifetime of electronic ex- 
cited state, which is the result of the substantial 
influence of dipole-dipole interactions with the 
environment on their characteristics [6]. The 1.8” 
ANS(l-anilinonaphthalene-8-sulfonate) and 2.6- 
TNS 2-toluidinonaphthalene-6-sulfonate are the 
amphiphilic probes whose spectral properties and 
localizations in membrane have been studied in 
the most extensive way. Owing to the presence of 
a negatively charged sulphate group, they located 
in the region of the heads of phospholipids at the 
polar surface layer of the membrane phospho- 
lipid bilayer. As shown by Demchenko and 
Shcherbatska [7], in these cases configurational 
relaxation in the system, which includes probe 
and its immediate environment, occurs in sub- 
nanosecond and nanosecond time domain. 

The question arises: how high is the mobility 
of lipid segments and probe molecules in the 
deeper locations of the bilayer? Phenylnaphth- 
ylamines, l-AN and 2-AN, are among the probes 
enabling the study of the membrane areas located 
deeper than the phospholipid heads [1,5,8]. Since 
no charge is present in these probes, their loca- 
tion corresponds to the level of the glycerol skele- 
ton and carbonyl group of phospholipids [9,10]. 
The bonds between the probe molecules and 
these groups are characterized by the magnitude 
of the association constants, which are of the 
order of 104-lo5 M-l [ll]. 

The study of the decay curves of fluorescence 
intensity, anisotropy and time-resolved fluores- 
cence spectra 1121 proved the existence of 
nanosecond dynamics of 2-AN in lecithin lipo- 

somes. However, this study did not specify the 
mechanism of probe rotation. It was assumed 
that it was essentially the equilibrium Brownian 
diffusion. In a more recent study [9], the spectral 
kinetics of l-AN was observed by using the 
method of phase fluorometry. Several of the lat- 
est publications [13,14] have provided illustrations 
of the heterogeneous character of fluorophore 
incorporation into the bilayer. 

In the present paper the fluorescence and po- 
larization (steady-state and time-resolved) char- 
acteristics of a l-AN fluorescent probe in phos- 
phatidylcholine bilayer membranes have been ex- 
amined using a nanosecond laser spectrofluo- 
rimeter. It is shown that the electronic spectra of 
l-AN in membranes are inhomogeneously broad- 
ened. This is confirmed by the red-edge excita- 
tion shift of the steady-state fluorescence spectra, 
the time-dependent fluorescence shift (TDFS) 
and by their temperature dependencies. The ob- 
tained results proves the existence of the earlier 
unknown effect of the light-induced rotation of 
the probe in membranes. This rotation exceeds 
the equilibrium Brownian one and occurs due to 
the release of intermolecular interactions poten- 
tial energy during the relaxation. The free energy 
diagram is presented which describes the probe 
molecule’s configurational sublevels. 

2. Materials and methods 

The experiments were carried out with vesicles 
obtained by the conventional method from egg 
yolk phosphatidylcholine [15]. Vesicles were pro- 
duced by short-term (lo-15 min) sonication of 
lipid suspension in 50 mM tris-I-ICI buffer, pH 
7.4, using a 150-Watt ultrasonic disintegrator 
(MSE). The conditions for experiment were cho- 
sen to provide the predominant formation of 
bilayer monolamellar vesicles. The vesicles were 

separated by size with a centrifuge and addition- 
ally fractioned in Sepharose 4B. The final Iipid 
concentration and the vesicle size were deter- 
mined as described in [16]. Experiments were 
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carried out with vesicles of sizes ranging from 100 
nm to 200 nm, at a lipid concentration equal to 
10 mg/ml. 

A probe dissolved in ethanol was added to 
lecithin in the chloroform-methanol system prior 
to drying and sonic treatment. In the experiments 
with fluorescence excitation at the maximum of 
absorption the lipid-probe ratio was 1000 : 1 while 
at the red-edge excitation the corresponding value 
was close to be 500: 1. As was shown by prelimi- 
nary studies, higher probe concentrations led to 
distorted fluorescence spectra and to a decrease 
in fluorescence polarization due to the nonradia- 
tive energy transfer. When experiments were con- 
ducted at low temperatures, a 60% (w/v) sucrose 
solution was added to the vesicles suspension (its 
final concentration was not to exceed 20%). The 
spectral characteristics of vesicles at 0’ C with 
and without sucrose were identical. 

The probe l-AN of chromatographic purity 
was synthesized at the Institute of Organic Chem- 
istry of the Ukrainian Academy of Sciences, Kiev. 

The steady-state fluorescence spectra were 
recorded on MPF4 spectrofluorimeter (Hitachi, 
Japan). The spectra of l-AN in ethanol were in 
accord with the literature data [17]. The back- 
ground (vesicles suspension without probe) was 
subtracted from the corresponding fluorescence 
spectra. The quartz cell was thermostabilized by 
circulating of water or of a ethanol/water mix- 
ture using the UTU-3 ultra thermostat (Poland) 
or the MK-70 cryothermostat (Germany). 
Steady-state polarization measurements were 
carried out by means of MPF-4 in which Polaroid 
films were additionally installed. 

To investigate the spectral kinetics and rota- 
tional dynamics of the probe in the phospholipid 
membrane, a nanosecond laser spectrofluorime- 
ter 1181 was used. The recording system can mea- 
sure four fluorescent characteristics: 6) the kinet- 
ics of fluorescence decay at any wavelength of 
excitation and emission, (ii) the kinetics of emis- 
sion anisotropy at any wavelength of excitation 
and emission, (iii) time-resolved emission spectra, 
and (iv) time-resolved spectra of emission 
anisotropy. 

The subsequent processing of data was carried 
out by means of a computer system. 

The kinetics of emission anisotropy was calcu- 
lated using the well-known formula: 

r(t) = ((r”(t) -I’(t))/(r”(f) +2rL(t))), 

where I l’(t) and I I(t) are emission components 
polarized in parallel and perpendicular to the 
direction of light excitation polarization respec- 
tively. 

3. Results 

3.1 Red-edge excitation fluorescence effects in the 
steady -state spectra 

The red-edge excitation fluorescence effect 
(REEFE) is a general spectroscopic phenomenon 
observable in the case of inhomogeneously broad- 
ened spectra and slow (with respect to the fluo- 
rescence lifetime) dipole relaxation of the chro- 
mophore environment. When fluorescence is ex- 
cited at the red edge of the absorption band, the 
fluorescence spectrum is shifted towards a longer 
wavelength. 

The results obtained for l-AN in viscous and 
solid solutions (Fig. 1) demonstrate a substantial 
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Fig. 1. The maxima of the fluorescence spectra of 1 -AN as the 
function of the excitation wavelength. (a) 1 - In polymethyl- 
methacrylate film; 2,3,4 - in glycerol at temperatures - 15 o C, 
l”C, 35 “C, respectively, and 5 - in ethanol, 20 “C. (‘01 In 
phosphatidylcholine vesicles: l-lo C, 2-25 O C. The solid line 

represents the excitation spectrum. 



52 D.M. Gakamsky ef ai. / I-AN spectroscopy in membranes 

I I I I I I I b 1 I 

-20 0 20 40 60 t,“C 

Fig. 2. The temperature dependence of the maxima of the 
fluorescence spectra of I-AN in phosphatidylcholine vesicles. 
Excitation wavelengths: 360 nm (I) and 390 nm (2). 

shift of fluorescence spectra at the transition of 
excitation to the absorption bond red edge. As it 
was expected, the REEFE was absent in a liquid 
solution. This effect considerably decreased when 
the solution of l-AN in glycerol was heated. The 
long-wavelength shift of steady-state emission 
spectrum occurring with the decreasing of excita- 
tion frequency was not accompanied by any no- 
ticeable change of its shape. The isosbestic point 
was also absent, which proves that the observed 
phenomenon cannot be explained by photochem- 
ical transition of the emitting center to some 
other form, but rather correspond to the continu- 
ous reconstruction of the fluorescence center in 
accordance with the the model of continuous 
spectral relaxation. In experiments with l-AN in 
vesicles the REEFE was well pronounced and 
revealed a considerable temperature dependence. 

We have studied the temperature dependence 
of position of l-AN fluorescence maximum in 
vesicles at two excitation wavelengths (at the 
longwave absorption band maximum, 360 nm and 
at its edge, 390 nm> (Fig. 2). It is seen from Fig. 2 
that one can distinguish two temperature regions 
of spectral shifts: from -20’ C to 20” C and 
from 40 ’ C to 60 ‘C. Within the 20-40 a C range, 
l-AN fluorescence spectra are practically temper- 
ature-independent. 

3.2 Nanosecond time-resolved fluorescence spectra 
of I-AN in vesicles and solutions 

The time-resolved fluorescence spectra of 
l-AN in glycerol and in vesicles at two excitation 

I I ., 1 I I I . fi 
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A. nm 
Fig. 3. The time-resolved fluorescence spectra of I-AN in 
glycerol at different excitation wavelengths. (a) A,, = 337 nm: 
l-2 ns, 2-3 ns, and 3-14 RS after excitation. (b) A,, = 416 nm: 

1-2 ns, and 2-8 ns after excitation. 

wavelengths (the excitation at the maximum of (a) 
the absorption band and (b) the red-edge excita- 
tion are shown in Figs. 3 and 4. The shape of 
time-resolved spectra at both excitation wave- 
lengths does not reveal any substantial changes 
with time during the relaxation. Figure 5 shows 
the positions of the time-resolved fluorescence 
spectral maxima of l-AN in glycerol (a) and in 
vesicles (b) as a function of time for different 
excitation wavelengths. At red-edge excitation 

the magnitude of the spectral relaxation de- 
creases for both systems, but for I-AN in glycerol 
the time-resolved spectra at different excitation 
wavelengths tend to the same position while in 
vesicles they tend to different positions. The 
spectral kinetics of the probe in glycerol solution 
disappears at the excitation wavelength of 416 

A, nm 

Fig. 4. The time-resolved fluorescence spectra of I-AN in 
phosphatidylcholine vesicles at different excitation wave- 
lengths. (a) A,, = 337 nm: l-2 ns, 2-3 ns, and 3-14 ns after 
excitation. (b) h,, = 390 nm: 1-3 ns, and 2-8 ns after excita- 

tion. 
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Fig. 5. The dependence of the maxima of time-resolved fluo- 

rescence spectra on the registration time for l-AN in phos- 
phatidylcholine vesicles (a) and in glycerol (b) at different 
excitation wavelengths. (a) Curves 1, 2, 3- at A,, = 337 nm, 
400 nm, and 416 nm, respectively. (b) Curves 1, 2, 3-ar 

A,, = 337 nm, 390 nm, and 410 nm, respectively. 

nm. It is interesting to note that the temporal 
shift of the fluorescence spectra of l-AN in vesi- 
ctes did not disappear at the excitation wave- 
length up to 410 nm, the longest wavelength, 
which could be used in our experiment. The 
registration of probe fluorescence at the excita- 
tion wavelengths greater than 410 nm was not 
possible because of the intensive light scattering 
in membrane suspension. 

3.3 Spectral and temporal characteristics of I-AN 
fluorescence anisotropy 

The nanosecond time dependence of emission 
anisotropy of l-AN in glycerol was measured at 
the excitation wavelength 337 nm (Fig. 6). Within 
experimental error the kinetics of anisotropy was 
monoexponential with a characteristic time 63 f 4 
ns. As seen from Fig. 6, the emission anisotropy 
at the initial moment is close to the limiting value 
r0 = 0.3. According to our measurements this 
value will stay constant along the long-wavelength 
absorption band. Also, we have not found any 
dependence of the nanosecond kinetics of emis- 
sion anisotropy of l-AN in glycerol on the emis- 

sion wavelength. 
On the other hand, the decay of emission 

anisotropy of l-AN in lecithin vesicles are non- 
exponential and depends on the excitation and 
emission wavelengths (Figs. 7 and 8). The 
anisotropy kinetics at the excitation wavelength 

Time,ns 
Fig. 6. Kinetics of anisotropy of l-AN in glycerol at 22 “C 
(excitation wavelength 337 nm). (a) The kinetics of fluores- 
cence (l), emission anisotropy (2) and the excitation pulse (3). 
(b) The kinetics of emission anisotropy in the semilogarithmi- 
cal scale (1) and its approximation (I) by the least-squares 

method. 

337 nm (“blue” excitation) reveals a fast sub- 
nanosecond part (see Fig. 7). We were unable to 
record its initial stage due to the limiting time 
resolution of our setup. The presence of this fast 
component of fluorescence depolarization is indi- 

r 

0.3 

0.2 

0.1 

I 
0 10 20 

Time, ns 

Fig. 7. Kinetics of emission intensity and anisotropy of l-AN 
in phosphatidylcholine vesicles at 22’ C (excitation wave- 
length 337 nm). (a) The kinetics of anisotropy registered on 
the blue (430 nm, curve 1) and the red (485 nm, curve 2) slope 
of the fluorescence spectrum and its approximation by the 
least-squares method (curves 1 and 2). Curves 3 and 4 are the 
kinetics of fluorescence emission registered at the wavelength 
430 nm and 485 nm, respectively. (b) The kinetics of emission 
anisotropy in the semilogarithmical scale registered at the 
wavelength 430 nm (curve 1) and 485 nm (curve 2) and its 

approximation (l’, 2’) by the least-squares method. 
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Fig. 8. Kinetics of emission intensity and anisotropy of I-AN 
in phosphatidylcholine vesicles at 22 “C (excitation wave- 
length 395 nm). (a) The kinetics of anisotropy registered on 
the blue (430 nm, curve 1) and the red (475 nm, curve 2) 
slope of the fluorescence spectrum and its approximation by 
least-squares method (curves 1’ and 2’). Curves 3 and 4 
represent the kinetics of fluorescence emission registered at 
the wavelength 430 and 475 nm, respectively. (b) The kinetics 
of emission anisotropy in the semilogarithmical scale regis- 
tered at the wavelength 430 nm (curve 1) and 475 nm (curve 
2) and its approximation (l’, 2’) by the least-squares method. 

cated by the observed difference between the 
value of r0 anisotropy measured at the initial 
moment and the limiting value r0 of anisotropy 
(Fig. 7a, curves 1 and 2). This effect is more 

Time, ns 

Fig. 9. Kinetics of emission intensity and anisotropy of l-AN 
in phosphatidylcholine vesicles at 4” C (excitation wavelength 
337 nm, emission wavelength 430 nm). (a) The kinetics of 
fluorescence (curve 11, of emission anisotropy (curve 2) and 
the excitation pulse (curve 3). Curve 2 is the approximation of 

curve 2 by the least-squares method. (b) The kinetics of 
emission anisotropy in the semilogarithmical scale (curve 1) 

and its approximation by the least-squares method (1’). 

clearly pronounced at the red slope of the fluo- 

rescence spectrum (curve 2, Fig. 7). The experi- 
ments show that the subnanosecond component 
slows down on cooling of membrane suspension 
(Fig. 9). A sr ‘mi ar result was obtained at the I 
red-edge excitation of bilayer vesicles (Fig. 8). In 
particular at the excitation wavelength 395 nm 
the emission anisotropy kinetics also exhibit the 
dependence on the recording frequency. But in 
this case the initial value of anisotropy on the 
blue slope of the fluorescence spectrum appeared 
to be considerably higher and practically reaches 
the limiting value of r(, = 0.3 (curve 1, Fig. 8). 
Generally it should be noted that the shift of the 
excitation waveiength from the blue to the red 
causes the continuous increase of the initial value 
of anisotropy up to the limiting value. 

4. Discussion 

The comparative analysis of the results ob- 
tained for l-AN in glycerol and vesicles proves 
the existence of inhomogeneous broadening of 
the electronic spectra of the probe in the solution 
and in the lipid bilayer membranes. In both sys- 
tems the effect of red-edge excitation on the 
position of steady-state fluorescence spectra takes 
place. Besides, the time-dependent fluorescence 
shift occurs smoothly without any substantial 
change in the shape of emission spectra. At the 
same time hvo systems are characterized by dif- 
ferent type of spectral relaxation. In particular, 
like in other polar solvents [19], the time-resolved 
spectra of l-AN in glycerol attain the same limit 
independently on the, excitation wavelength. In 
contrast to that for liposom suspension the limit- 
ing position of time-resolved fluorescence spectra 
considerably depends on the wavelength of exci- 
tation. This effect cannot be explained by the 
difference of viscosity in both systems because 
the microviscosity of bilayer at room temperature 
as estimated from probe rotations turned out to 
be even smaller than that of glycerol. This effect 
will be discussed below in Sections 4.4 and 4.5. 
Since the spectroscopic properties of l-AN in egg 
lecithin vesicles and glycerol are similar, the anal- 
ogy of the results obtained for the probe in the 
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solution and vesicles allows us to use the contin- 
uum spectroscopical model developed previously 
for of polar soIutions for analysis of the proper- 
ties of probe molecules in vesicles. However, the 
continuum model should be modified taking into 
account the specific structure of egg lecithin vesi- 
cles as a microheterogeneous system. 

configuration from equilibrium increases its free 
energy compared to the minimum value corre- 
sponding to the equilibrium state by a value equal 
to the work done by the dipole to reconstruct the 
solvate. 

In the differential form, the work dA done by 
the rigid dipole to polarize the environment by 
the value dR is: 

4.1 The model of polar solution 
dA=pdR (1) 

As is known, the fluorescence spectra of the 
probe are largely dependent on the polarity of 
the environment. In the case of fluorophore in 
solution, the role of the elementary unit deter- 
mining the spectral properties plays the solvate 
(the fluorophore and its immediate environment). 
Rubinov and Tomin [20] considered the solution 
model which describes the solvate state by the 
action of two forces: the polarizing force caused 
by the interaction of a constant dipole moment of 
fluorophore molecule with surrounding media and 

If we assume that the returning force is propor- 
tional to the reactive field strength, the ground- 
state soIvate free energy will be described by the 
following equation: 

Fg( R) = (R - Riq)‘/2F (2) 

where REq is reactive field strength in the equilib- 
rium solvate, Z is the solvent polarizability de- 
termined by the Clausius-Mossotti formula: 

the returning force caused by the interaction of 
the solvent molecule dipoles with reactive field R E--l 2 

T’=-- 
inside the solvate. The deviation of the solvate 2F + 1 a3 (3) 

Reactive field intensity Locale electrx field intensity 

Fig, 10. The energy level diagram of fluorescence probe (field diagram). (a) Probe in polar solvent (no site-heterogeneity). (b) 
Probe in the system with site-heterogeneity. See explanation in text. 



56 D.M. Gakamsky et al. ,l I-AN spectroscopy in membranes 

Here E is the dielectric constant of the solvent, a 

is the Onsager sphere radius. 
The excited solvate free energy is determined 

by a similar relation: 

F,(R) =(R-R;“)‘/2X+hu, 

where v0 is the frequency of the pure electronic 
transition of the free probe molecule; h is the 
Planck constant; pp, pe are the dipoIe moments 
of the probe molecule in the ground and excited 
states and Rzq is the reactive field corresponding 
to the equilibrium excited state of the soIvate. 

The diagram of the solvate energy levels con- 
structed according to eqs. (2) and (4) (field dia- 
gram) is given in Fig. 1Oa. It describes the depen- 
dence of the solvate free energy on the reactive 
field magnitude. For simplicity, the vibrational 
broadening of the electronic levels is not shown. 
The local solvate field R serves here as a general- 
ized coordinate characterizing the state of the 
solvate. It varies due to the thermal fluctuation of 
the solution microstructure. Each point on the 
curves describing F,(R) and F,(R) corresponds 
to a particular type of solvate with the field R. 
Since the reactive field of the solvate has no time 
to change during the electronic transition (except 
for its electronic component which can be ig- 
nored), electronic transitions are represented in 
diagram by vertical arrows (intermolecular inter- 

pretation of the Franck-Condon principle). 
Analysis of the diagram shows that when the 

excitation frequency corresponds to vb the pro- 
cess of solvate relaxation is expected to be fol- 
lowed by the red shift of the fluorescence spec- 
trum. But if the excitation frequency is equal to 
viX the spectrum will be shifted in time towards 
the blue region. Between v,‘, and vzX there is a 
particular frequency v*, on excitation at which 
the solvate immediately find itself in the equilib- 
rium state and, therefore, the spectrum relax- 
ation does not occur. The dependence of the 
direction of time-resolved spectra shift on excita- 
tion frequency was first observed in [21]. 

An important result of this model is the Gauss- 
ian character of equilibrium distribution of sol- 

vates over the frequency of the pure electronic 
transition for absorption and emission: 

where 

(6) 

The frequency v,?~ corresponds to the center of 
gravity of distribution and is equal to u,‘, for 
absorption and v * for fluorescence, k is the 
Boltzmann constant, T is absolute temperature. 

4.2 The model of the probe in membranes 

The phospholipid bilayers which make up the 
membrane are arranged in such a way that the 
hydrophilic parts of phospholipids (charged 
heads) face the outside, whereas the hydrophobic 
parts (carbon chains) are located inside the bi- 
layer. Owing to such organization, the mem- 
branes have a significant polarity gradient - the 
polarity decreases from the periphery to the cen- 
ter of the bilayer. The outer part of the mem- 
brane behaves as a polar solution, while its inner 
part is similar to a nonpolar solution. l-AN 
molecules are uncharged and have a constant 
dipole moment, which allows their deep penetra- 
tion into the membrane. As the incorporation of 
a probe into the membrane is a statistical pro- 
cess, a certain distribution of probes over depth 
must take place. Therefore the molecules must 
be situated in local electronic fields having differ- 

ent strengths. This results in statistical variation 
of the energy of intermolecular interactions, and, 
consequently, in inhomogeneous broadening of 
spectra. Besides, at each location of the probe 
fluctuation of the free energy is possible due to 
the segmentary dynamics of phosphohpids to a 
change in the magnitude and direction of the 
local electric field of the membrane. At room 
temperature, the time of rotational diffusion of 
the probe is comparable with the lifetime of its 
excited state, and the translational motion of the 
probe is much slower than the rotational one. 
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Therefore, the inhomogeneous broadening as- 
sociated with the segmentary dynamics of phos- 
pholipids and probe rotation has a dynamic char- 
acter and manifests itseIf in the form of nanosec- 
ond spectral relaxation. On the other hand the 
inhomogeneous broadening associated with the 
distribution of probe over localization depth has 
a static character which manifests itself as a de- 
pendence of final position of time-resolved fluo- 
rescence spectrum on excitation wavelength (see 
Fig. 5). 

The free energy diagram for the probe-en- 
vironment centers (solvates) in egg lecithin vesi- 
cles plotted for simplicity for two different depths 
of probe location are shown on Fig. lob. Here the 
local electric field serves as the generalized coor- 
dinate characterizing the states of the solvate. 
This parameter varies due to the fluctuation of 
the probe location depth and lipid segmentary 
motion. The free energy includes the electronic 
energy of the probe and the energy of the inter- 
molecular interactions in the membrane solvate. 

The free energy in each electronic state is 
represented by a curve with a minimum corre- 
sponding to a most stable probe-environment 
configuration in which all the electric forces de- 
termining the intermolecular interaction are com- 
pensated. In general, the equilibrium values of 
the local electric fieId differ for the ground and 
excited electronic states (g, e) owing to the differ- 
ence of the electronic dipole moments pe and 
F~. It is well known that the frequency of optical 
transition is related to the electric field of solvate 
by the following equation: 

A/-l 
v=v -- 

0 h 
E. 

where u0 is the frequency of electronic transition 
of a probe molecule in vacuum, Ap is the change 
of the electric dipole moment on excitation, E is 
the value of the electric field, and h is Plan&s 
constant. As follows from eq. (7), the energy gap 
between the ground and excited states tends to 
decrease with increasing soIvate inner electric 
field, which, in turn, grows as the polarity of the 
environment increases. Therefore, the free en- 
ergy curves in the left-hand part of the Fig. 10b 
correspond to the “blue” probe centers located 

closer to the membrane interior, while those in 
the right-hand part corresponds to the “red” 
centers located near the polar heads of the mem- 
brane. 

Thus, the notion of dynamic inhomogeneous 
broadening holds for each membrane solvate, and 
its spectral properties can be analyzed by means 
of the field diagram for solution. Analysis of the 
spectral properties of the membrane system as a 
whole must take into account the heterogeneity 
of probe locations and can be carried out on the 
basis of more complicated diagram of Fig. lob. In 
analyzing the diagram, it should be kept in mind 
that due to the low rate of probe translational 
motion at room temperature the transitions of 
the probe between differently located centers do 
not occur during the excited state lifetime. There- 
fore, the inhomogeneous broadening of the probe 
energy levels, associated with its different local- 
ization in vesicles, should be considered as a 
static one at room temperature. 

4.3 Static inhomogeneous broadening of electronic 
spectra of the probe 

As follows from the diagram (Fig. 101, a de- 
crease of the excitation frequency in system with 
slow configurational relaxation (when emission 
occurs from the same configurational state of the 
solvate to which it was excited initially) should 
lead to a red shift of steady-state fluorescence. 
This phenomenon is observed in experiments in 
both solid and viscous solutions and in vesicles 
(Fig. 1). The well known temperature-dependent 
shift of fluorescence spectra (Fig. 2, curve11 has a 
compIex character for l-AN in vesicles: the 
monotonous function of temperature has a 
plateau in the range of 20-40” C. This effect 
appears to be connected with the complex char- 
acter of inhomogeneous broadening of electronic 
spectra of probes in the membrane. It is very 
likely that the position of the fluorescence spec- 
trum maximum within the temperature interval of 
- 20 to 20 ‘C depends on the rotational dynam- 
ics of the segments of phospholipids and of the 
probe, whereas, starting from 40’ C, the fluores- 
cence spectrum maximum is additionally influ- 
enced by the probe translational motion. The 
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plateau on the temperature curve, observed within 
the 20-40 ‘C range, testifies to the fact that the 
configurational relaxation of the probe and seg- 
ments of the membrane is already fast enough 
and does not affect the position of the maximum, 
while the role played by the probe translational 
motion within this range of temperature is in- 
significant. 

4.4 Dynamic inhomogeneous broadening of elec- 
tronic spectra of the probe 

The use of time-resolved spectroscopy makes 
it possible to study the dynamics of configura- 
tional relaxation by observing the TDFS following 
optical excitation [12,22]. As fohows from the 

diagram (Fig. lOa), the fluorescence spectrum 
relaxation in solutions depends essentially on the 
energy of excitation. Excitation at the maximum 
of absorption spectrum results in a Iong-wave- 
length temporal shift of time-resolved spectra. 
On transition to the red-edge excitation (towards 
the frequency v *, see Fig. 10a) the excess of free 
energy decreases which narrows the range of 
spectral relaxation. At the excitation frequency 
V* there is no spectral shift in time observed at 
al1 (see Fig. 5a). 

TDFS also takes place for l-AN in vesicles 
(Fig. 5b). But in this case the time-resolved spec- 
tra excited at the maximum and on the red slope 
of the absorption spectra relax to different posi- 
tions. To explain such phenomenon, it should be 
assumed that the inhomogeneous spectral broad- 
ening caused by the statistical distribution of the 
probe over different locations in membrane is 
wider than the broadening caused by the fluctua- 
tions of solvate structure within the same location 
of the probe. 

At such condition independently on frequency 
we excite the mixture of probe molecules, corre- 
sponding to different locations and different con- 
figuration states of solvate. It is clear that at 
higher frequency (blue excitation, arrow vr at 
Fig. lob) the solvates, situated at different (“red” 
and “blue”) locations, appear to be mostly in 

‘non-equilibrium configurational states (i.e. most 
of the solvates are the “blue” ones). In this case 

the range of spectral shift during relaxation pro- 
cess is expected to be the largest one. 

Let us consider another case, when the excita- 

tion frequency is decreased (arrow v2, Fig. lOa). 
In this case we obtain in the excited state the 
mixture of non-equilibrium (“blue”) solvates in 
“red” locations and equilibrium (“red”) solvates 
in “blue” location of the membrane. Evidently 
the range of the temporal shift in such case will 
be comparatively smaller. The decrease of spec- 
tral shift is clearly seen in Fig. 5b. 

Thus, the inhomogeneous spectral broadening 
is caused by simultaneous effect of two different 
factors: (1) different locations of probe molecules 
in membrane and (2) different configurational 
states of solvates. During the process of relax- 
ation (shift of spectrum in time) most of excited 
solvates become configurationally equilibrium and 
only the first reason of broadening is left. It 
follows form this that the different final position 
of fluorescence spectrum, observed at different 
excitation frequencies (see Fig. Sb), reflects the 
inhomogeneous broadening of probe spectrum 
exdusively due to the different locations of probe 
molecules in membrane. 

4.5 Probe rotational dynamics in membrane and 
solution 

Let us consider the diagram of probe energy 
lcveis in membrane (Fig. lob). Excitation at the 
absorption band maximum by the frequency u1 is 
immediately followed by configurational relax- 
ation during which a free energy excess is re- 
leased in the solvate. This may produce local 
“heating” of the solvate which is able to acceler- 
ate the probe rotation, producing additional fluo- 
rescence depolarization. During relaxation the 
time-resolved spectrum is shifted to longer wave- 
lengths and the magnitude of the additional de- 
polarization must therefore be greater at the 
long-wave part of the fluorescence spectrum. We 
observed this phenomenon experimentally for 
I-AN in phospholipid membranes (curves 2,2’ in 
Figs. 7 and 81. It is interesting to notice that the 
registered initial anisotropy is considerably 
smaller than the Iimiting value. This indicates 
that at excitation by the wavelength 337 nm the 
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subnanosecond (nonresolved in our experiment) 
depolarization takes place. The possibility of the 
effect of the excitation wavelength on the limiting 
anisotropy must be excluded because the time-re- 
solved values of I-AN anisotropy at excitation at 
337 nm in cooled vesicles (Fig. 9) and in glycerol 
(Fig. 6) are close to the limiting anisotropy. 

The discussed data confirm that the additional 
rotation of the probe during the relaxation period 
depends on the amount of released free energy, 
At red-edge excitation (395 nm) the excess of the 
released free energy becomes small as shown by 
TDFS measurements (Fig. 5) and the sub- 
nanosecond depolarization disappears (Fig, 8). 
Yet additional fluorescence depolarization still 
takes place (curve 2, Fig. 8). These results show 
that in the course of configurational relaxation 
the dipole-dipole interaction energy excess goes 
to rotational degrees of freedom of probe. 

Such an effect can be regarded as light-in- 
duced molecular rotation and it was observed 
earlier in a polar solution of 3-amino-N-methyl- 
phthalimide [23]. We have analyzed the thermal 
regime of solvates of this system (glycerol solution 
of 3-amino-N-methylphthalimide at room temper- 
ature) which spectral and polarization properties 
have been studied in detail by us [24]. It was 
shown that the dissipation time of thermal fluctu- 
ations in this case was equal approximately to 4 
ps. Then at the configurational relaxation time 
about 1 rts and spectral shift of 3700 cm-’ the 
change of the solvate temperature correspond to 
50’ C [24]. 

More likely the phenomenon of light-induced 
rotation of molecules is a universal one and should 
be taken into account when considering the spec- 
troscopic and photochemical properties of differ- 
ent liquid polar systems which include dye 
molecules with inhomogeneous broadening of 
electronic spectra. The peculiarity of light-in- 
duced rotation of the probe in the membrane is 
connected with its specific structure, in particu- 
lar, with rigid arrangement of phospholipid 
molecules in the bilayers. It appears that the 
probe itself is more mobile than surrounding lipid 
segments. The absence of light-induced rotation 
of l-AN in glycerol is likely to be associated with 
the realization in the solution of the stick bound- 

ary condition [25]. Using the Einstein formuIa, we 
find from the rotational time of the l-AN in 
glycerol that the probe solvation volume is V = 0.6 
nm3, which is three times higher than the geo- 
metrical volume of the l-AN molecule. On the 
other hand, the solvation volume of 3-amino-N- 
methylphthalimide in glycerol, where light-in- 
duced rotation takes place [23,24], is equal to 
I/ = 0.1 nm3, which correspond to the geometrical 
volume of this molecule. Therefore, we suggest 
that this effect occurs in moIecular systems in 
which the configurational relaxation includes not 
only the rotational motion of solvent molecules, 
but the probe moIecules reorientation as well. 

Lakowicz [26] suggested that in the course of 
relaxation the interaction energy is increased and 
this should result in retarding the chromophore 
rotation, A similar model of “solvate coat” was 
considered by Gaisenok and Sargevski [25]. This 
model could suggest the slower rotation of the 
“red” (long-wavelength emitting) species, How- 
ever, we observed opposite effect: in the course 
of transformation of “blue” into “red” species 
the rotation is accelerated. Similar results were 
reported for 3-amino-N-methylphthalimide in 
glycerol [23] where the dependence of time-re- 
solved anisotropy on excitation and emission 
wavelength was clearly observed. Thus, at spec- 
tral relaxation shift to longer wavelengths (excita- 
tion at maximum) the anisotropy values appear to 
be higher on the bIue slope of emission spectrum. 
CorrespondingIy in the case of relaxation to 
shorter wavelengths (far red-edge excitation) the 
time-resolved anisotropy values become higher 
on the red slope. Such a specific dependence of 
time-resolved anisotropy spectrum on the excita- 
tion wavelength is in fulI accordance with our 
model (Fig. lOa). 

It should also be stressed that the time-re- 
solved anisotropy values measured in our experi- 
ments are not affected by the non-exponentiality 
of the emission decay at fixed wavelengths con- 
nected with the temporal shift of the spectrum. 
However, such an effect in significant in the case 
of steady-state anisotropy measurements, as was 
shown by Bakhshiev and coworkers [271. 

Ludescher et al. 1281 considered the behavior 
of time-resolved anisotropy in heterogeneous sys- 
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tern where two distinct fluorophore types have 
rotational correlation times T,,,~, and T,,~~ without 
interconversion between them. As to this model it 
does not permit to explain the data obtained in 
this work. On the one hand, we have found that 
Y” is independent of the excitation frequency 
within the long-wave absorption band and on the 
other hand the excited state lifetime does not 
essentially depend on the excitation frequency 
[29]. Then, from the point of view of this model, 
we must assume that both types of centers, the 
red and the blue one, have equal y0 and quite 
cIose lifetimes. Besides, we must assume that T,,~, 
is greater than T,,,~ (this follows from the depen- 
dence of the emission anisotropy kinetics on the 
registration frequency). Then, at the red edge 
excitation the anisotropy must decrease, which 
contradicts our experimental data. 

Dependence of the rotational rate of the probe 
in membrane upon the configurational energy of 
the probe makes more complicated the determi- 
nation of membrane microviscosity by the Perrin 
equation. Since this equation does not take into 
account the effect of fight-induced rotation of 
molecules. For the determination of microviscos- 
ity the rotational correlation time should be ob- 

tained from such an experiment which is not 
effect by the light-induced rotation of the probe, 
In particular correct data may be obtained if the 
determination of rotational time is carried out 
after the completion of the relaxational process. 
Besides, it could be important that at the red-edge 
excitation the photoselection between different 
chromophore locations occurs and we may obtain 
microviscosity of the more polar part of the mem- 
brane where most of the long-wave emitting cen- 
ters are located. For centers of such kind using 
this approach we obtained the value of rotational 
correlation time for l-AN in phosphatidylcholine 
membrane equal to 18 &- 2 ns. 

5. Conclusions 

(1) The electronic spectra of l-AN in phospho- 
lipid bilayer membranes show considerable inho- 
mogeneity. Unlike solutions there are two rea- 
sons for inhomogeneous broadening. The first is 

connected with different locations of probe 
molecules in the membrane. lnhomogeneous 
broadening due to the first factor has a steady- 
state character. The second reason is similar to 
that of solution and linked with fluctuations of 
solvate structure. This type of broadening has a 
dynamic character. 

Inhomogeneous broadening affects signifi- 
cantly the spectroscopic properties of the l-AN 
probe in bilayer phospholipid membranes, such 
as the red-edge excitation fluorescence shift of 
the steady-state emission spectrum, the nanosec- 
ond kinetics of fluorescence spectra, the depen- 
dence of the time-resolved spectra position on 
the excitation wavelength. 

(2) The process of spectral relaxation is accom- 
panied by the release of the intermolecular inter- 
actions energy excess, which results in light-in- 
duced rotation of the probe. This process causes 
the rapid subnanosecond kinetics of fluorescence 
anisotropy and explains its non-exponential char- 
acter. As a consequence of the specific depen- 
dence of fluorescence depolarization rate on the 
excitation and emission wavelength is observed. 
The effect of light-induced rotation of the probe 
is most pronounced when the recording is carried 
out at the long-wave of the fluorescence spectra 
and the excitation is made near the absorption 
maximum. It vanishes at the red-edge excitation. 

(3) The revealed inhomogeneous broadening 
of electronic spectra and the effect of light-in- 
duced rotations must take pIace in a considerable 
number of biological systems. A study of these 
phenomena could be important for obtaining new 
data about their structure and dynamics. 
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