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In continuation of earlier work, the steady-state fhrorescence polarization in a globally oriented system of planar lipid 
membranes was analyzed experimentally and theoretically for the fluorophores 8-anilino-I-naphthalenewlfonate. 1_6-diphcnyl- 
1.3.5-hexatriene. dansyllysine-valinomycin and n-(9-anthroyloxy) fatty acids. The theoretical analyses of experiments were 
mainly done in terms of the mean orientation of transition moments with respect to the membrane normal. an angle describing 
the region of hindered rotational diffusion and the coefficients of rotational diffvusion perpendicular to the membrane and 
around the membrane normal. The nonvanishing angle between the moments of absorption and emission was taken into 
account. In the case of n-(9-anthroyloxy) fatty acids it was found that the orjentational disorder increases significantly with the 
depth of the fluorophore within the membrane- In order to compare with recent results from time-dependent fluorescent 
polarization in gIobaIIy isotropic membrane suspensions and with ‘H-NMR experiments. the second moment (‘order 

parameter’) of the steady-state orientational distribution of absorption dipoles was calculated. For al1 fluorophores the 
theoretical analysis indicates a preferred orientation of absorption moments u-ithin the membrane plane. 

1. introduction 

In recent years, the so-called nanosecond fluo- 
rescence polarization technique has been used to 
analyze the orientation and mobility of fluorescent 
molecules in membranes [l-7]. The probes have 
been membrane suspensions, i.e.. globally iso- 
tropic systems, however, locally the fluorescent 
molecuIe may be oriented with respect to the local 
membrane plane. Because of the increase in infor- 
mation obtainable from time-dependent fhto- 
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rescence polarization these experiments must be 
regarded as great progress compared with the usual 
measurements of the steady-state anisotropy or 
degree of polarization with isotropic _nembrane 
suspensions. Similar progress has been achieved 
with differentia1 phase fluorometry, a technique 
where the difference in lifetime between the paral- 
lel and perpendicular components of the emitted 
fluorescent light is measured and the sample is 
excited by poIarized sinusoidally modulated light 
[8-I l]_ 

The results of steady-state experiments, con- 
taining only one independent piece of information, 
the fluorescence anisotropy or degree of polariza- 
tion, have usually been interpreted in terms of a 
‘microviscosity’ on the basis of a locally isotropic 
distribution of fluorophores (e.g., see ref- 14). 
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However, it can be shown by simple theoretical 
arguments that the concept of ‘microviscosity’ must 
be regarded very sceptically because of the strong 
influence of local orientations of fluorophores on 
the steady-state fluorescence polarization [ 151. In- 
deed. a significant result of the nanosecond experi- 
ments with the fluorescent probe ld-diphenyl- 
1.3,5-hexatriene has been the evidence that the 
motion of the fluorescent molecules is restncted 
and their anisotropic orientational distribution 
yields an essential contribution to the nonvanish- 
ing steady-state polarization_ 

‘In this connection, a very interesting theoretical 
result of Kinosita et al_ 1161 is that in the case of 
parallel transition moments of absorption and 
emission. the ratio of the values T(M) and r(0) of 
the time-dependent fluorescence anisotropy r(r) 
depends only on the second moment of the sta- 
tionary orientation distribution of the transition 
moments. 

In ref. 16 this ratio is called the ‘degree of 
orientational constraint’, while in an earlier paper 
131 the same authors remarked that it corresponds 
to the ‘order parameter’ commonly used in spin- 
label studies. 

In two recent papers [17-l S], a correlation was 
shown between the order parameter of the local 
orientation distribution of diphenylhexatriene. de- 
rived from the reported fluorescence polarization 
experiment. and the order parameter of lipids as 
determined by ‘E-I-NMR 1191. 

In contrast to steady-state experiments with 
globally isotropic: membrane suspensions, it can 
clearly be shown by theoretical arguments that 
steady-state fluorescence polarization with glob- 
ally oriented systems may yield an essentially 
greater amount of independent information about 
local orientation and mobility of fluorescent mole- 
cules [ 131. Naturally, if one wishes to utilize this 
increase in the information obtainable one has to 
apply a theoretical analysis of increasing complex- 
ity [20,21]. It is not likely that general theoretical 
results (independent of a special model assump- 
tion), e.g., from the orientation distribution of 
transition moments similar to those of Kinosita et 
al_ [ 161, for global isotropy are obtainable in globril 
anisotropic systems apart from very special cases. 
In the special case of parallel transition moments 

of emission and absorption (i.e., fixed fluorescent 
molecules with parallel moments within the mole- 
cules). the steady-state fluorescence polarization 
experiment contains the information about the 
orientation distribution up to the fourth (hexa- 
decapole) moments [ 131. 

The experimental applications of steady-state 
fluorescence polarization to globally oriented bio- 
logical membrane systems 122-281 have not been 
completely successful, mainly because of the lack 
of a satisfactory theoretical foundation for the 
analysis_ A main point in this connection is the 
principal difficulty that the fitting of a very special 
theoretical model (concerning orientation and mo- 
bility properties) to experimental polarized intensi- 
ties is rather problematic. In these cases the 
uniqueness of the fits cannot be estimated_ 

Because of these principal difficulties. some 
years ago we started to develop a systematic proce- 
dure for ‘the theoretical analysis of the static 
polarized fluorescence experiment with planar lipid 
membranes (global axial symmetry) [20,21]. We 
calculated numerically the polarized intensities for 
a number of different model distributions, which 
on the one hand are as simple as possible but on 
the other may be expected to be sufficient for the 
analysis of a wide class of real cases. Then the 
analysis of measured polarized intensities for a 
special fluorescent probe has to be done by careful 
comparison with the corresponding theoretical 
polarized intensities for the different models. In 
this way’one might expect to obtain information 
about the real behavior of the fluorescent mole- 
cules in the membranes_ 

Because in most of the fluorescent probes used 
in our experiments the angle r between the transi- 
tion moments of emission and absorption within 
the molecules is about 30” and cannot be ne- 
glected, we extended the earlier model calculations 
in order to include this situation. The basis of the 
numerical calculations was the general formula 
1211 including the cases of rotational diffusion 
around the normal to the membrane and ‘oscilla- 
tory diffusion’ (‘hindered rotation’, ‘wobbling dif- 
fusion’) perpendicular to the membrane around a 
mean orientation_ 

The steady-state fluorescence polarization in 
planar lipid membranes has been measured and 



analyzed for a number of fluorescent probes: S- 
aniline- 1 -naphthaIenesu~fonat~ 1 .ti-diphenyl- 1.3, 
S-hexatriene, dansylilysine-valinomycin and PZ-(9- 
anthroyloxy) fatty acids (n = 2,6,9,12 and 16). 

With the n-(9-anthroyloxy) fatty acids we 
showed that the orientation and mobility of the 
fhxorophores depend significantly on the position 
on the acy; chain. 

With increasing depth of the position of fluoro- 
phores within the membrane, the orientational 
order decreases, a finding that is in qualitative 
agreement with the results of Sawyer and co- 
workers and ‘H-NMR experiments. 

In section 5 an expression (eq. 23) for the sec- 
ond moment (‘order parameter’) of stationary 
orientational distribution of absorption dipoles as 
a function of the measured fluorescence polariza- 
tion is derived. For ail fluorophores used the order 
parameter tends to be negative. indicating a pre- 
ferred orientation of absorption dipoles within the 
membrane plane. However. in the case of diphen- 
ylhexatriene, the order parameter is close to zero. 
thus indicating a nearly isotropic orientational dis- 
tribution with respect to the membrane. This find- 
ing is in agreement with other results for di- 
phenylhexatriene in membranes above the transi- 
tion temperature_ 

Although a comparison with more complex bio- 
logical membranes is problematic, we believe that 
steady-state fluorescence experiments with well de- 
fined oriented model membranes are a useful tool 
in the investigation of membrane structure, order, 
and dynamic and orientational behavior of macro- 
molecules in membranes_ Further progress could 
be made from time-dependent fluorescence palari- 
zation in globally oriented model membranes. 

2. Theory 

In this section we give a short description of the 
theoretical foundations as far as necessary for the 
following analysis_ Further details may be found 
in previous papers [ 13,20,2 l]_ 

Throughout this paper we make the assump- 
tions that: (i) interactions between the Euorescent 
molecules can be neglected; (ii) their dynamic 
behavior is the same in the ground and excited 

state; (iii) the lifetime of fluorescence is indepen- 
dent of the orientation of the molecuIe; and (iv) 
the angle r between the moments of absorption 
and emission is fixed within the molecule. 

The geometry of the experimental arrangement 
used is shown in fig. I. The more general case 
where the planes of incidence and of measurement 
are not identical is applicable by a slight modifica- 
tion [Zlj. The plane of incidence is formed by the 
light beam and the normal ?i to the membrane. 

The following angles. used in the theoretical 
analysis. are introduced: 

aigle between the incident fight beam and the 
normal Z, 
angle between ii and the direction from the 
fluorescent sample to the analyzer (in our case 
a=p=4S0): 

angle between the efectric vector of the linearly 
polarized incident light and the plane of inci- 
dence; 
polar angle with respect to ii as polar axis; 
azimuthal angle (axial symmetry of a distribu- 
tion means independence of 9): 
angle defining the direction of polarization of 
the analyzer; 
angle between the direction of polarization 

Fig. 1. Geometry of the fluorescence polarizatio_n experiment 
with planar membranes. The normalized vector & denotes the 
direc$on of polarization of exciting light. The normalized vcc- 
tor Do indicates the direction of a transition moment on a cone 
of constant f (from ref. 20). 
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(electric vector) of incident light and a moment 
of absorption described by r; 
angle between a moment of emission and the 
polarization direction of the analyzer; 
angle between a moment of emission and the 
plane of the analyzer; 
angle between the projection of the emission 
moment to the plane of the analyzer and the 
direction of polarization of the analyzer given 

by P- 

Obviously, for the angle & the following ex- _ ___ 
pression holds 

co? i= co&l co9 Y (1) 

+, p and Y depend on the other angles a, /3,f?, c. 9 
and p in the following way 1201: 
cost=-sin~cosecosaccosO+sinrsinBsinO 

=cosrcost9sina (2) 

sinp=cosj3sinrcos++sin~cosr (3) 

cost-sinEcos+sin~) 
co:(p-v)= (toss sintsin* (4) 

The whole process taking place in the steady- 
state polarized fluorescence experiment may be 
schematically divided into absorption, rearrange- 
ment of the moments, emission and measurement. 
The absorption is proportional to cos’+ and the 
stationary orientational distribution of absorption 
moments. 

From the absorption a steady-state intensity of 
the emission function Ia( E, 9) may be determined. 
taking into account the different processes causing 
a nonparallelism of moments of absorption and 
emission, e.g., rotatory and oscillatory diffusion 
during the lifetime of the excited state or a non- 
zero angle I between the moments. The measured 
polarized fluorescence intensity IM for given 
polarization direction of polarizer and analyzer is 
in an arbitrary normalization [20,21] given by in- 
tegration of 1, over all orientations 

(5) 

In ref. 21 we calculated the intensity of emis- 
sion function for the case I = 0 for different dy- 
namic model situations. In the most general case 
we included a two-dimensional rotatory motion of 
the fluorophorcs: rotational diffusion in Q around 
the membrane normal ii and oscillatory diffusion 

(hindered rotation) in l , i.e., perpendicular to the 
membrane within an interval [eO - Ar, l ,, + AC] 
around a mean position IQ,. The lengthy result, 
which can be evaluated through eq. 5 only numeri- 
cally, was 

&=-L-& *- (‘g~)cos(t,+rl)~ 
{ 

-( &)~sin!Cl+~2)*+( *) 

+2(2Z+B’!--1) -sin(c,+cz)cos2Ac 
zz [ 

XgM,,-, a; ’ 
v=, 1 _.- I +4Dg 1 

tcos(c,+rz)sin2AE 2 Mz_ 
( 

I -=I a;_ +4D,r )ll- (6) 
With the abbreviations 

x=sinBsin+-cosBcos+cosa. B=cosOsina (7) 

and 

J~~*==+GZ)] ( +,lArZ,+). 

af=l+ 
*&Z 
-Dr 
4A.t’ C (8) 

where D+ and D, are the coefficients of rotational 
diffusion in cp and 4, respectively_ The dimension- 
less quantities Dp and D+T (7, fluorescence life- 
time) determine the magnitude of the influence of 
rotational diffusion on the steady-state polariza- 
tion. 

In eq.6 different limiting cases are included 



which correspond to different model situations, 
similar to our first numerical model calculations in 
ref. 20. For example, D+T = 0 ( O<T = 0) means that 
during the lifetime of the excited state no re- 
arrangement takes place, while O+r + cc ( D;T - 0) 
means a complete rearrangement in Q or [cc - 
A,c, Q,, + AC]. 

Although eq. 6 is rather lengthy, it simplifies the 
numerical calculation in comparison with our pre- 
vious calculations 1201 because only the integration 
over the intensity of the emission function has to 
be performed_ Furthermore, the cases O+T= I and 
O<r- 1, where one or both rotational relaxation 
times (in e or 9) are comparable to the lifetime of 
fluorescence, can be treated and included for the 
interpretation of the experiments_ 

In most of the available fluorescent probes the 
nonzero angle F between the transition moments 
of absorption and emission cannot be neglected. 
This can be taken into account by using the inten- 
sity of the emission function and replacing in eq. 5 
coszq(c, +) by cos2g(c + P,, Q + F+) in those cases 
where F leads to a displacement of the transition 
moment with fixed values F, and P+ in c and 9, 
respectively. We emphasize that this procedure, as 
used in our model calculations, must be regarded 
as a first approximation. In general, the problem 
of the nonvanishing angle I? in globally oriented 
systems cannot be treated in such an elegant way 
as has been done by Pen-in [12] for macromole- 
cules in isotropic solutions. 

Apart from the described method of theoretical 
analysis a calculation of the second moments of 
the stationary orientational distribution of absorp- 
tion dipoles with respect to the membrane plane is 
done in section 5. 

3. Materials and methods 

3.1. Model membranes and probes 

Black lipid membranes were formed from di- 
acyl-L-a-phosphatidylcholines. Both dierucoyl- and 
diphytanoyl phosphatidylcholine, used throughout 
this study, were synthesized by K. Janko in our 
laboratory [32]. 1,2-Dipalmitoyl-sn-glycero-3- 
phosphorylcholine was used for vesicle prepara- 

tions. 8Aniline-I-naphthalenesulfonate was ob- 
tained from Serva as the magnesium salt. Dansyl- 
lysine-vahnomycin was a gift from Dr. G. Stark 
[33]. The n-(9anthroyloxy) fatty acids were a gift 
from Dr. W.H. Sawyer, Melbourne [29-311. 2-(9- 
Anthroyloxy)stearic acid, 12-(9-anthroyloxy)stearic 
acid, and 16-(9-anthroyloxy)palmitic acid were ob- 
tained also from Molecular Probes,*lano, U.S.A. 
1,6-Diphenyl- 1,3,5hexatriene was a product from 
Fluka. The electrolyte solution was either 0.1 M 
NaCl (Merck), pH ~6, or 0.1 M NaCl and 5mM 
Hepes (Sigma) buffered with NaOH (Merck) at 
pH 7.0 (table 2). 

Membranes were formed. following the method 
of Mueller et al. [34]. over a circular hole in the 
wall of a black Teflon cuvette. Its area was ap- 
prox. 20 mm’. The membrane-forming solution 
contained 1% (w/v) phospholipid in n-decane. The 
membranes reached the black state within 1 h or 
less. 

8-Aniline-I-naphthalenesulfonate was added to 
the aqueous phase whereas all the other probes 
were dissolved in the membrane-forming solution. 
Vesicles were prepared following the method of 
Huang 1351. For separation of vesicles and un- 
bound dye the vesicle solution was chromato- 
graphed on Sephadex G-50 in a column of 23 cm 
length and 1 cm inner diameter [36]. 

All absorption spectra of vesicle suspensions 
and dye solutions were measured with a Zeiss 
DMR-10 recording spectrophotometer. Fluores- 
cence spectra were recorded with a Hitachi-Perkin- 
Elmer MPF-4 fluorometer. 

3.2. Membrane ji’uorometer 

Polarized fluorescence of thin lipid membranes 
and of vesicle suspensions was measured with the 
membrane fluorometer designed by Pohl [33]_ 

Inserting two polarizers, one after the filters 
used for excitation and the other after the filters 
for emission, we were able to record the angle- 
dependent fluorescence values at about 25 posi- 
tions_ The illuminated spot in the middle of the 
membrane was about 7 -F- 2mm’ so that the in- 
fluence of the torus could be neglected. The filters 
for excitation and emission used for the probes 
examined in this paper are given in table I. 
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Table I 

Optical properties of the filters used for the different fluorophores 

ANTS. %anilin*l-naphthatenesulfonate: Dns-val. dansyJJysine-valinomycinr DPH. diphenylhesatriene: AS. (Q-anthroyJoxy)stearic 
acid: AP, (Q-anthroyJoxy)pahnitic acid. 

Probe Excitation Wavelength Maximum Half- Emission Wavelength Maximum Half- 

filters of maximum trans- width filters of maximum trans- v;idth 

(nm) mission (I) (nm) (nm) mission (8) (nm) 

ANS UG J1/6 333 57 60 KV 450 473 55 50 

NAL 447 

Dns-val WG 305/3 335 53 60 KV 399 515 41 45 
UG lJ/6 KV 470 

NAL 520 

Z-AS. 6-AS. WG 280 361 54 60 KV 389 447 52 60 
g-AS, I?-AS. UG 1 KV 399 
16-AP NAL 451 

DPH UGZ 359 59 60 KV 418 433 51 45 
NAL 429 

4. Results 

4. I. Esperiments 

For the analysis of the recorded intensities we 
used the following degrees of polarization defined 
by Frehland and Trissl [20] 

where p f>ves the position of the analyzer_ P, was 
determined for two angles between the electric 
vector of the linearly polarized incident light and 
the plane of incidence (0 = O0 and B = 90”). 

Furthermore, we calculated P,, defined by 
p = I,(f?=o”)-I,(e=90~) 

r z*(e=o~)+z,(e=90~) 

where I, is given by integration of I, over p. 

(JO) 

(1’) 

For all probes, within the experimental error 
for 6 = 0” and B = 90°, the measured intensities 
I,(p) were found to be symmetrical according to 

&l(f)=G.S(~-_p) 

I,~p)+-I,(fs--p)=I,(O”)+l,(fsr) 

for 0 s p S f?r, I, is simply 

II=~~,(00)+~,(90”) 

(‘2) 

(‘3) 

Additionally, the angle pmi, of minimum fluores- 
cence intensity at 8 = 4.5” was determined to yield 
more information about the mobility of the probes 
(cf. the arguments in ref. 20). All signals from the 
membrane-bound probes were corrected by the 
signals obtained after breaking the membrane_ 
These values served as a rough estimate of back- 
ground intensity of the unbound dye during the 
membrane experiment_ It was also checked that 
the scattering from the membrane without probe 
was negligible_ All parameters used for the theoret- 
ical interpretation are listed in table2. It also 
contains the ratio of dye to lipid (D/L) in the 
membrane-forming solution or the concentration 
of the dye in the aqueous phase at the beginning 
of the experiment, respectively_ The relatively high 
dye concentration was necessary for intensity rea- 
sons_ Membranes were formed from di- 
erucoylphosphatidylcholine in all cases except for 
measurements with dansyllysine-valinomycin and 
diphenylhexatriene where diphytanoylphosphati- 
dylcholine was used. 

Although the thinning of the membrane had 
finished 1 h before the polarization measurement 
started, there might still have been an amount of 
solvent left 142,431. Therefore, the possibility of 
formation of lenses cannot be excluded. 

For the interpretation of the data presented we 
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took into account the nonzero angle r between the 
emission and the absorption moments: For S- 
anilino-1-naphthalenesulfonate r was determined 
in two ways. First, a solution of 8-anilino-l- 
naphthalenesulfonate marked DPL-vesicles was 
cooled down to a temperature far below that of 
the transition point. In this temperature region, 
the probe was assumed to be rigidly held during 
the lifetime of the excited state, and the degree of 
polarization P 

should take the characteristic value P,._ 
From P,, one can calculate r according to [ 121 

(‘2 

The other approach was to cool down isotropic 
glycerol/water solutions with several concentra- 
tions of the dye, measuring the degree of polariza- 
tion P as a function of temperature T and viscosity 
11. By plotting the reciprocal of the degree of 
polarization against the coefficient of temperature 
and viscosity we determined PO according to the 
well known equation [ 123 

For dansyllysine-valinomycin we conducted a ves- 
icle experiment like that described above [38]. In 
this way a value of r = 33” was determined_ In the 
case of the n-(9-anthroyloxy) fatty acids, published 

values [29-311 of 30” were taken. For diphenyl- 
hexatriene we used l? = 10” as resulting from the 
limiting polarization PO [3,11] accordings to refs. 4 
and 5. 

Some remarks concerning experimental difficul- 
ties with diphenylhexatriene should be made: As 
shown by Mason and Cehelnik [39], diphenyl- 
hexatriene photolyzed in a variety of solvents, 
similar to those we used as membrane-forming 
solutions. In agreement with their findings, we 
observed a loss of fluorescence intensity during 
our experiments. By measuring all intensities 
Zhl( p, 8) twice we minimized the effect of this loss 
from about 25 to 10%. Therefore, the position of 
minimum intensity pm;, is only a rough estimate of 
the real value and our fit of the experimental data 
is based only on the degree of polarization_ 

4-L Theoretical analysis 

The theoretical analysis of the experimental re- 
sults listed in table2 was done by numerical 
evaluation of eq.5 with the use of the general 
expression (eq. 6) for the intensity of emission 
function and taking into account the nonvanishing 
angle r between the moments of absorption and 
emission as described in section 2. From the inten- 
sity function ZM( p, 0) the parameters P( 6 = O”), 

P( 8 = 900), P, and pm;,, were calculated. The fitting 
procedure of the theoretical values of these quanti- 
ties with the experimental ones was done by varia- 
tion of the model parameters l 0, Ar, O+r and Dp_ 

Table 3 

l-he parameters co. &. D+r, DC7 fitted to experimental parameters P(B=90”). P(f?=O”). J’, and p,,,i, in the table for the different 
fluorescent probes 

Abbreviations as in table I. 

ANS 
Dns-val 

2-AS 
~-AS 
g-AS 

12-AS 
16-AP 
DPH 

co (9 AC (9 47 

73.0” 1.2 19.3k4.6 1.12t0.28 
69.82 1.2 4O.o= 2.0 1.24 = 0.40 
73.1’1.2 22.0? 2.6 1.48’0.21 
77.6’2.6 27.7‘9.3 1.20=0.2s 
78.7k2.2 39.4k3.4 0.90-0.18 
81.0” 1.9 43.02 2.7 1.i4r0.16 
78.9= 2.6 49.3 )4_2 1.05rO.28 
68.5 - 1.4 55.522.1 1.3 “0.4 



The results of this procedure are listed in table3. 
All fits for those problems with r = 30° could be 
done with r, = +30°, r+, = 0” (cf. the remarks in 
section 2). r+ + 0 resulted in poorer fits. This con- 
sideration of the angle r between the moments of 
absorption and emission must be regarded as a 
first rough approximation_ 

The following important remarks concerning 
the results listed in table3 must be made: 

(a) From simple symmetry considerations, re- 
garding the axial symmetry of the fluorescent sam- 
ple it was shown that each set of parameters co. 
AC. D+T, D<Q- cannot be distinguished from the 
equivalent set 180” -cc, Ar. 097, D;T if one re- 
places r, by - r,. It is not possible to decide which 
set describes the actual situation_ For our results, 
this fact is of minor importance because for ap- 
prox. 7S” replacement of co by 180” - zJ and r, by 
-r, leads only to an exchange of the absorption 
and emission moments preserving the main orien- 
tation of both moments approximately parallel to 
the membrane_ In the discussion of the results in 
section6 we will not mention this point further. 

(b) The errors given in table 3 were determined 
by slight variation of the parameters col Ar, D+r, 
DC7 around the fit resulting in a variation of the 
experimental parameters PP. P,. p,;,, respectively, 

which should not be greater than the experimental 
errors. Naturally, these errors in the theoretical 
analysis must not be regarded as a strong measure 
for the possible deviations of the theoretical fit 
from the actual situation: First, there may be 
systematic experimental errors, which cannot be 
estimated and second, it is clear that the theoreti- 
cal models used are a simplification and idealiza- 
tion of the real situation (cf. the remarks in ref. 
20). 

(c) The uniqueness of the theoretical fits cannot 
be proven. Nevertheless, a variation of the model 
parameters, especially the mean orientation co, 
and comparison with the extensive numerical re- 
sults presented previously [20] for r = 0 showed 
that there is no evidence for another set of model 
parameters fitting equally well. 

In figs. 2 and 3, for the two examples, S-anihno- 
1 -naphthalenesulfonate and 6-(9-anthroyloxy)- 
stearic acid, the agreement between the measured 
polarized intensities IM( p. t9) and the theoretical 
fits is demonstrated. 

fcountsllo 5) 

2500 - 

I 
0 30 60 90 120 150 183 

$7<-1 

Fig. 2. Measured polarized fluorescence intensities I,( B. p) for 
the fluorophore 8-aniline-I-naphthalenesulfonate and theoret- 
ical fit (full lines) according to table 3. 

Q(‘) 

Fig. 3. Measured polarized fluorescence intensities J,,(B. p) for 
the fluorophore 6-(9-anthroy1oxy)steat-k acid and theoretical fit 
(full lines) according to table 3. 



5. The order parameter 

The information obtained from the steady-state 
fluorescence polarization experiments with the de- 
scribed method of theoretical analysis is essentially 
contained in the mean orientation l a, the regime 
of hindered rotation AE around c0 and the dimen- 
sionless quantities D+T and Dp as a measure for 
the rotational mobilities within and perpendicular 
to the membrane plane, respectively. 

As reported in section 1, a result of recent theo- 
retical investigations [16] on time-dependent fluo- 
rescence polarization with isotropic membrane 
suspensions has been that under special assump- 
tions (e.g., parallel transition moments of absorp- 
tion and emission) the second moment (quadru- 
pole moment) of the orientation distribution of 
absorption dipoles is given by the ratio r( ce)/r(O). 

It has been argued by Heyn [ 181 and Jahnig [ 171 
that for experiments with diphenylhexatriene, a 
correlation exists between the second moment or 
‘order parameter’ of the local orientation distribu- 
tion of the moments and the order parameter of 
lipids derived from ‘H-NMR [ 193. 

In a paper concerning the general theory of the 
steady-state polarized fluorescence experiment [ 131, 
it was shown that this experiment quite generally. 
apart from information about reorientation (mo- 
bility) and higher (fourth) moments, yields infor- 
mation about the second (quadrupole) moments of 
the global stationary orientation distribution of 
absorption moments. 

Thus, in our case where the global and local 
(with respect to the membrane plane) orientation 
distributions are identical, the derivation of the 
second moments of absorption dipoles should be 
possible without further assumptions and condi- 
tions such as parallel absorption and emission 
moments_ 

We now briefly outline how an expression for 
the dependence of the second moment on the 
experimental parameters P,( 8 = O”), P,( B = 90°) 
and P, can be derived. For further details of the 
theoretical background we refer to ref. 13. 

In cartesian coordinates, the measured polarized 
fluorescence intensity IM for a direction of polari- 
zation of the analyzer given by the normalized 
vector M with components M,( M,. M,., M=) and a 

direction of polarization of the exciting light corre- 
spondingly given by the normalized vector E is 
quite generally determined by the fluorescence 
tensor F of fourth order with at most 36 indepen- 
dent components Fobrd through the relationship 

3 

On the other hand, in the general steady-state 
polarized absorption expetiment, the absorbed in- 
tensity A for an arbitrary direction E of excitation 
is completely determined by the second-order 
tensor A of absorption with components A,,: 

“.h=l 

If FA is the stationary orientation distribution 
function of absorption dipoles, normalized to unity 
by integration over the unit sphere 

/&dQ=l. ('8) 

then A,, is given by & through 

A ,i.=?,/Q,D,dQ. A,,=A,, (4 

where D, and Dh are components of a normalized 
vector D in Cartesian coordinates_ 

The factor PA depends on different quantities, 
e.g., the intensity of incident light, concentration 
of fluorophores and apparatus constants. 

The tensor of second (quadrupole) moments 
UA of the absorption dipole distribution is con- 
tained in A : 

On the other hand. A may be derived from the 
fluorescence tensor F according to 

In our case of axial symmetry with a known 
axis of symmetry (c = 0), FA is independent of + 
and the situation may be drastically simplified, 
e-g., if the normal to the membrane is chosen 



parallel to the z-axis of the cartesian coordinates. 
Then the second moment (P/> of the absorption 
dipole distribution is 

Bearing in mind that the Cartesian coordinates 
are the principal axes of A. A is in diagonal form 

ano A, = A,- With further use of the condition 
of axial symmetry and of eq_ 13 one obtains by 
lengthy but elementary geometric considerations 
an approximate representation of PxA by four in- 
tensities I,( p. a). 

+41~,(0~.0~)+1,(90”.90”)~21,(0~.90~)] (23) 

Eq. 23 is valid only approximately, because in an 
exact treatment of eq. 21 the nondiagonal compo- 
nent FI,=,, of the fiuorescence tension still occurs~ 
if one wants to represent PzA by the four infensities 
I&90”, OO), I&$(0”, 00), 1’,(90”, 900) I&OO, 90”). 
However, an estimation of J?V-_XL by a closer inspec- 
tion of the experimental data in t&e2 shows that 
in all cases the error in eq. 23 is close to zero. A 
publication, where the model-independent analysis 
of fluorescence polarization with planar mem- 
branes based on the fluorescence tensor is exten- 

sively discussed including its nondiagonal compo- 
nents, is in preparation. 

The intensities IM(p,6) in eq. 23 may be re- 
placed by the parameters P( 6’ = 900). P( e = 00), P, 
(cf. eqs. 11, :2 and table 2) used for the theoretical 
analysis. The rest.& is 

cp;‘>= ;;;;, . 

For control of the consistency of the theoretical 
analysis, we can calculate the order parameter 
from the fitted parameters tzg and LI.(F in table3. 
According to the definition of <Pz> 

(I%)= $jF,(3 CCJS~E- I) dQ (25) 

and of the model distribution, a simple integration 
yields the alternative model-dependent expression 

<~~i)(t,.dr)=~4~~si~2(~~,+~E)-sin2(c,-~c)~ 

(261 

The results according to eqs. 24 and 26 for the 
different fluorophores are listed in table4 and 
show good agreement between both quantities. 

For most fluorophores negative values were ob- 
tained. For diphenylhexatriene the deviation from 
zero is not significant within the relatively large 
experimental error. From the definition, eq. 25 

Tabie 4 

Calculated second momems (@) of the stationary orientational distributions of the absorption dipoles for the different fluorescent 
probes used 

The ‘corrected’ order parameter swas derived from AC and referred to a mean orientation around the membrane normal (see test). In 
the fourth coftxmn for comparison. the corresponding ooter p;tmmrters S, from ‘H-NMR cxperimenrs of Scelig and Scdig 1191 
depending on the dentermed position Y are fisted. Abbreviations as in table 1. 

ANS 
Dns-vaf 

2-AS 
GAS 
%AS 

I&AS 
I CLAP 
IWH 

-0.26-0.02 
-o.i2=0_03 
-0.27-‘0.05 
-0.29r0.05 
- 0.22 = 0.05 
- 0.2 I t 0.05 
-0.15”0.05 
-0.1 -0.x 

aO.9 
-0.7 
-0.9 0,43 (C-2) 
=0.85 0.41 (C-5) 
ao.7 0.38 (C-9) 
eO.65 0.28 (C-12) 
40.6 0.16 (C-15) 
= 0.4 
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follows a possible range of values for (Pz) be- 
tween + 1 (complete forward orientation, i.e.. l 0 = 
0. Ar = 0) and - l/2 (orientation within the mem- 
brane plane. i.e., l 0 = 90”, AE = 0). Positive values 
correspond to a preferred forward orientation of 
the absorption dipoles. negative values to a pre- 
ferred orientation within the membrane plane. 
Thus. negative values indicate a preferred orienta- 
tion of absorption dipoles within the membrane 
plane. a result which is confirmed by the obtained 
mean orientations l e between 70 and 90° accord- 
ing to table3. The interpretation of the results in 
terms of an ‘order’ of the lipid surrounding of the 
fluorophores must be done very carefully and will 
be a point of discussion in section6. 

6. Discussion 

The discussion of our results is organized as 
follows: First, we present a critical interpretation 
mainly in terms of our model parameters ee. hr. 
D+T. Dp_ Second. we make a comparison with the 
statements about order and structure in lipid 
bilayers gained from the recent time-dependent 
fluorescence polarization experiments and from 
3 H-N MR. 

Regarding the expCrimenta1 results listed in 
table 2, we see that the probes 8-anilino- l- 
naphthalenesulfonate and 2-(9-anthroyloxy)stearic 
acid, which may be assumed to be located in the 
outer parts of the membrane, show similar behav- 
ior and exhibit relatively large degrees of polariza- 
tion resulting, according to table3, in a small 
angle he = 20°, i.e., a sharp distribution around 
the mean orientation et, ~73~. For those probes 
which are assumed to be located in the interior 
regions of the membranes (12- and 16-(9- 
anthroyloxy)stearic acid, diphenylhexatriene). the 
degrees of polarization decrease strongly, resulting 
in a greater angle Ar = 45-~55~. i.e., a more disori- 
ented behavior_ The results for the different n-(9- 
anthroyloxy)stearic acid probes clearly show an 
increasingly disoriented behavior depending on the 
position of the fluorophores on the fatty acid 
molecules_ This is in agreement with the results of 
Tilley et al. [30] for the steady-state degree of 
polarization observed with multilayered liposomes 

(globally isotropic!) of DL-a- 

dipalmitoylphosphatidylcholine in the liquid - 
crystalline phase, which decreased by z factor of 
approx. 3 from the outer to the inner position of 
attachment of ffuorophores to the acyl chain. 

We obtained a similar factor for P(@ = 900), 
naturally with greater absolute values because of 
the global anisotropy of the planar bilayer. From 
the experiments of Sawyer and co-workers [29-311, 
it is evident that the polarization gradient across 
the lipid bilayer cannot be explained by dif- 
ferences in the fluorescence lifetime of the probes. 
Our results clearly show that the strong differences 
in the orientational behavior, i.e., varying regions 
of hindered rotational diffusion, are decisive for 
the observed differences in fluorescence polariza- 
tion, while the differences in the velocity of rota- 
tional motions in e and 9, expressed by the dimen- 
sionless quantities D+T and Dp, are less significant_ 

We must emphasize that our analysis of global 
anisotropic systems is based upon a larger amount 
of experimental information compared to mea- 
surements on globally isotropic membrane sys- 
tems, which yield a higher degree of certainty of 
the theoretical conclusions. It can clearly be shown 
that varying degrees of polarization measured in 
globally isotropic membrane suspensions can al- 
ways be explained by several completely different 
underlying mechanisms [lS]. The attempts at inter- 
pretation within the concept of microviscosity [ 141 
should be abandoned as they are misleading even 
in the case of diphenylhexatriene [37]. The mem- 
brane cannot be regarded as a standard solution. 

Before we make a comparison with the results 
of time-dependent fluorescence polarization and 
‘H-NMR concerning the order parameter, we want 
to make some general remarks on the use of the 
concept of the order parameter for fluorophores. 
First, all the theoretical parameters, e.g., l e, he or 
the order parameter, are related to properties of 
transition moments. A conclusion on the proper- 
ties of the fluorescent molecules must be based on 
a more or less accurate knowledge of the position 
of transition moments of absorption and emission 
for the special frequencies of excitation and emis- 
sion used in the experiments. Second, the interpre- 
tation in terms of mean orientation cc, and range 
Ar of hindered rotation is more appropriate and 



precise. If we accept that a small AC: corresponds to 
high orientational order of the fluorophores, the 
value of the order parameter may vary between 
+- 1 and - 1 /Z depending on the mean orientation 
Ed, thus for small values, approx. 0, yielding a 
measure of the order of the fluorophore orienta- 
tion only in connection with additional informa- 
tion about mean orientation_ This information 
about higher moments (higher than the second) of 
the orientational distribution can be derived from 
steady-state polarized fluorescence in a globally 
oriented system as shown in ret 13. 

While the order parameters given in table4 
were derived without any model assumption and 
are related to the real steady state. the order 
parameters from time-dependent fluorescence 
polarization are related to an average over a time 
scale of approx. 10 -s s and that from ‘H-NMR to 
approx. 10 -‘s_ It might be interesting to try a 
comparison with the results for the different n-(9- 
anthroyloxyjstearic acid probes with the ‘H-NMR 
results of Seelig and Seelig 1191 on liposomes for 
lipids deuterated at varying positions of the fatty 
acids. Because the planar artificial bilayers used in 
our experiments are in the liquid-crystalline phase, 
a comparison must be made with the “H-NMR 
experiments above the phase transition tempera- 
ture_ 

The qualitative behavior for both methods is in 
agreement and shows a decreasing order from the 

-outer to the inner parts of the membrane. The 
quantitative comparison is problematic because 
the absorption moments of the fluorophores have 
a preferred orientation within the membrane plane. 
This results in negative values of the order param- 
eter, while the fatty acids can be assumed to have 
a mean orientation normal to the membrane. In 
order to make possible some reasonable compari- 
sons, we have taken the fitted values for A< in 
table3 and calculated an order parameter s for a 
mean orientation (with cone angle AE) around the 
membrane normal according to the relationship 

~=fcos~~(Itcos~~) (77) 

following from eq. 25. The underlying idea is that 
Ar is the measure for orientational order. and if 
the order of fluorophore orientation is influenced 
by the surrounding lipids it should be related to 

the mean orientation of the acyl chains. The 
calculated values of s are listed in the third eol- 
umn of table& Comparison with the correspond- 
ing S,, values from ‘H-NMR shows a higher order 
of the tl-(9-anthroyloxyjstearic acid ftuorophores. 
The reasons for this difference might be that (a) 
because of its relative magnitude the mobility of 
the fluorophores is more restricted than that of 
segmented mobility of the acyl chains, or (b) the 
fluorophores strongIy influence the rigidity of their 
environment. 

Finally, we discuss the results for diphenyl- 
hexatriene as a commonly used fluorescent probe 
in time-dependent experiments. Whiie in the liter- 
ature a preferred orientation of diphenylhexatriene 
parallel to the membrane normal is always as- 
sumed_ this assumption is not confirmed by our 
results because of the relatively large experimental 
error and thus definite conclusions should be made 
very carefully. Nevertheless, we give some argu- 
ments showing that a preferred orientation of 
diphenylhexatriene in the membrane plane would 
not be in contradiction to the results obtained by 
the other methods_ First, we should emphasize that 
the order parameter derived from the ratio 
r( c0 )/r(O) in time-dependent measurements 
according to the theory of Kinosita et al. [16] is 
based on special model assumptions. such as 
parallelism between absorption and emission mo- 
ments within the fiuorophore. and represents an 
aserage over 10 -* s whiie (P;“) in the first column 
of table4 is independent of model assumptions 
and represents the real steady state. Second. the 
possibility cannot be completely excluded that the 
measured fluorescence polarization is generated by 
different orientational distribution populations of 
the fiuorophores. This problem has also been dis- 
cussed recently by Steiner {40] who, in an analo- 
gous geometrical arrangement, measured the fluo- 
rescence polarization of diphenylhexatriene incor- 
porated into flat in vitro cell cultures and whose 
results, apart from a slight difference in PJ @ = 0”). 
are in agreement with ours. 

Furthermore, depend@ on rhe generation of 
lipid membranes as described above. the diphenyl- 
hexatriene molecules might be preferentially 
located within special regions (lenses) of the mem- 
branes_ Nevertheless, we must stress that a dis- 
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crepancy would exist only with the usual assump- 
tion about the mean orientation of diphenyl- 
hexatriene, while the experimental results are in 
good agreement_ For example, Kawato et al. [3] 
calculated a cone angle of approx. 70° limiting the 
hindered rotation, which is comparable with our 
result Ar = 55“. The results of Andrich and 
Vanderkooi [41] indicating a preferred orientation 
of diphenylhexatriene parallel to the membrane 
normal are related to the system below the phase 
transition temperature. From experiments with 
membranes above the transition temperature these 
authors concluded a random orientation of di- 
phenylhexatriene relative to the membrane plane. 
Thus, all methods agree as to the conclusion that 
above the phase transition the orientation of di- 
phenylhexatriene with respect to the membrane is 
nearly random. 
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