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Summary. Theoretical results are presented which are appropriate for the analy-
sis of the static polarized fluorescence experiment with oriented pigment mole-
cules in spherical arrays (vesicles). Though the global orientation mediated over
the whole sphere is isotropic, the fluorescent molecules may have preferred local
orientation with respect to the local plane. As in a former paper, concerning
fluorescence polarization in planar arrays, three basic (local) orientation distri-
butions of the electronic transition moments are investigated, which may be
expected to describe a wide class of real cases with sufficient accuracy. Analytic
expressions for the degree of polarization are derived. One important result is
that the degree of polarization may be extremely dependent on the local orienta-
tion of transition moments. Hence the usual method of determination of micro-
viscosities from experiments with vesicles with the use of the theory of fluores-
cence polarization for macromolecules in solutions should be regarded with
great caution.
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Introduction

In a recent paper [1] we have developed a quantitative theory of the static polarized
fluorescence experiment with fluorescent molecules in planar arrays. With this theo-
ry it has been possible to study orientation and mobility of molecules incorporated
into artificial plane membranes. — Often it may be more convenient to perform
fluorescence experiments with molecules bound to spherical membranes (e.g. vesi-
cles)'. Hence in this paper a theory of fluorescence polarization of oriented mole-
cules in spherical arrays is presented.

In this connexion “orientation” means local orientation with respect to the local
membrane plane, whereas the global orientation distributions, mediated over the
whole sphere, are assumed to be isotropic.

! Results and further references concerning such experiments are reported in the review articles of

G. K. Radda and J. Vanderkooi [2] and A. Azzi [3]
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As in the well known theory of fluorescence polarization with macromolecules in
solutions [4—5] only one independent degree of polarization is available from the
experiment. Therefore the information from the polarized fluorescence experiment is
much smaller than from experiments with oriented membranes (e.g.) [6].

Similarly as in [1] the method applied in this paper is as follows: From the
infinite number of possible (local) orientation distributions we have choosen three
model distributions, which on the one hand are as simple as possible, but on the
other hand may be expected to be sufficient for the quantitative analysis of a wide
class of real cases. We restrict to the case where the transition moments of absorp-
tion and emission within the molecules are parallel. A reorientation of transition
moments during the excited state is assumed to be done by rotational motion of the
molecules.

Theoretical Foundations

The basic assumptions for the theoretical description of the experiments are essen-
tially the same as in I. But now the fluorescent sample consists of a number of
spherical vesicles within an isotropic medium. Hence the stationary distribution of
transition moments of absorption is isotropic (spherical symmetry). Throughout this
paper we assume that the vesicles themselves do not move (rotate) during the lifetime
of fluorescence 7. Furthermore the influence of translational motions of the pigment
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Fig. 1. Introduction of global polar coordinates (9, ), adapted to the polarlzatlon of exciting light, and
of local coordinates (&*, ¢*) adapted to the local membrane plane. E,,, E0 J_DO are normahzed vectors
with E| » parallet to the dlrectlon of polarization of excmng light and Eo .1, perpendicular, D0 denotes the
direction of a transition moment in local position &*, ¢*
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molecules within the (spherical) membrane of the vesicles on possible reorientations
is neglected. Both assumptions are justified because the typical lifetimes of fluores-
cence (between 1 and 100 ns) are in general small compared with the characteristic
times governing translational motions of pigments and motions of the vesicles them-
selves.

In Figure 1 spherical coordinates ), ¢ are introduced with the axis ¢ = 0 parallel
to the direction of polarization of the linearly polarized exciting light. The fluores-
cence process taking place in the experiment is as follows: The linearly polarized
monochromatic light beam excites a stationary isotropic orientation distribution F,
of dipole moments of absorption. The intensity of absorption of a single dipole
moment is proportional to cos? ¢, where ¢ is the angle between the electric vector of
exciting light and the dipole. The intensity of absorption defined by

I,=P, -F, cos® ¢ (D

is obviously independent of ¢ (rotational symmetry with ¢ = 0 as axis of symmetry).
The factors of proportionality P,, P,, in (1) and below in (2) are not specified. They
depend on different quantities such as apparatus constants, quantum yield of fluo-
rescence etc.

During the lifetime 7 of the excited state a complex rearrangement of transition
moments can take place, resulting in an intensity of emission 7. I, determines the
fluorescence intensity I,, passing through a polarizing analyzer by

; 2.7
I,=Py,- | [ I, cos* Ksin® db do @)

d=0¢=0

The plane of the analyzer is oriented perpendicularly to the direction from the fluo-
rescent sample to the analyzer. K is the angle between a transition moment of
emission (direction ¢, ¢) and the direction of polarization of the analyzer. The densi-
ties F,, I, and I, are defined as densities on the unit sphere.

Because the fluorescent sample is assumed to be completely isotropic, the emis-
sion I resulting from the rearrangement of transition moments must be independent
of ¢ as well as the absorption I,. This symmetry condition on the one hand yields an
extraordinary simplification of the theory. On the other hand the information which
can be derived from the experiment is smaller compared with the information which
is contained in the polarized fluorescence experiment with molecules in oriented
arrays (see [1}).

Hence all information is obviously contained in the polarized intensities 1, I,
with direction of polarization parallel, perpendicular to the polarization of exciting
light respectively [5]. In analogy to the polarized fluorescence experiment with mac-
romolecules in solutions we define as the relevant quantity the degree of polarization
P: :

I, —1
P 1 1 (3)
I, + Ii

P is independent of the factor of normalization P,, in (2).
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Explicite Model Calculations

Additionally to (9, ¢) in Figure 1 are introduced local spherical coordinates (£*, ¢*)
adapted to the local membrane plane. We will perform model calculations for three
different local orientation distributions with respect to the local membrane plane,
which are shown in Figure 2. All orientation distributions have local rotational
symmetry with the normal #* (¥, ¢,) as axis of rotation. In the first case the dipoles
are assumed to be homogeneously distributed in ¢} around a mean position 5. Then
the local districution Fj (¢*) is:

R . .
Fi(e*) = [ande smer [OF (DA =t <(eh+ A0 )
0 else

Second a circular rectangular distribution is considered, i.e. homogeneous distribu-
tion on the unit sphere with a solid angle 27 (1—cos Ap) around a mean position (£f,
¢¢) . Introducing polar angles &, ¢ with the local mean direction (&¥, ¢%) as polar axis
the stationary distribution F; belonging to the mean position (&}, ¢¥) is:

! for e<Ay<n

F(%, gh, ) =12 n(1 — cos Ap) 5)
0 else
Third we regard a delta-shaped distribution F3(s*) of transition moments
. 1
F* = —— 8(* — €}), (6)

sSin &

where the molecules are assumed to make Jocal rotational diffusion in ¢*, i.e. around
the normal n*.

rectangular circular distribution about®;,e]

rotational diffusion in®*

9=0°

plane of incidence

Fig. 2. Different local model distributions of transiton moments around a local mean position &}, ¢f,
presented in a perpendicular projection from the unit sphere to the local membrane plane
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The first two model distributions correspond to those discussed in I. The third
case we have recently treated for plane membranes [6].

Introducing the coefficient of Brownian rotational diffusion D, and the lifetime
of fluorescence 7 the result for the local intensity of emission I3* is according to [7]
in local coordinates

sin? £* — sin? ¥
IF*(Dy, €%, p*) = {——i——" + cos? £* - cos? B,

1
+(1+ Dw.r)(Z sin €* - cos €* - cos ¢* - sin ¥, - cos ¥y (7)
1 in? £* . sin? 2 % 1
——— | sin? £* . sin? P (cos —1
+(1+4D0-T) olcos’ g* — 1)

We emphasize that the three considered distributions are oriented only with
respect to the local membrane plane. Globally, i.e. mediated over the whole sphere
they all yield isotropic distributions. Hence for all models, in case no (observable)
rearrangements take place during the fluorescent state, the degree of polarization P
is 0.5. The first two models are treated for lifetimes of fluorescence being great
compared with the characteristic relaxation times of transition moments. For the
angle ¢ between a transition moment in local orientation (¢*, ¢¥) and E,
holds:

cos § = + sin €* - cos ¢* - sin ¥ + cos £* - cos ¥, . 8

The calculations are facilitated, if we take into account that obviously the degree of
polarization in the first two models depends only on Ag, Ap respectively and not on
the mean local orientation &}, because globally all orientations are equally repre-
sented. Hence for simplification of calculations we choose the mean local orientation
to be £} = 0. In contrast to this in the third model the degree of polarization depends
on the local orientation. For ¢* = 0 the local intensities of emission are for the first
and second model:
cos? p* - sin’ §, + cos? B,

2
2 k2.0 4ol ;
Il}*(’l’o, &, 99*) |l cos® ¢ smzz')o cos® 9, ] (sm 2 As) for —Ae < £* < As
2 Ae
0 else C)]
and
1 sin? @
3+ cos Ap(l + cos Ap) (—— ") for & < Ayp.

1B, %) =13 (10)

0 else

For Calculat10n of P the polarized intensities 7, and J, must be known. Additionally
to EO, being parallel to the direction of polarization of incident light a normalized
vector EO 1 being perpendicular, is introduced (see Fig. 1). Then the intensities 7, and
I, are given by integration of the local intensities of emission 7% over all orientations
in the following way:
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2 n
I, [ dy [ sin 9, db,
=0t =0 (11a)
1 7 2x N s
o U [ Iy €% 9% - (By - Dy)? - sin e* de* d¢*)
*=0 g*=0

4
£

1
T4

——

and

1 2n L
L= L;iq;ozfosm B, db,
P = o (llb)

1 2 L3 - - . \
(ﬂ jo fOIE* (B, €%, 0*) - (Ey,- Dy)* - sin &* de* d(p*) .
&= 9’* e
. . — — ed 1
The scalar product between an orientation Dy and E,, E,, respectively may be
expressed in local coordinates as follows:

- -

(Eq - Dy) (B, €%, 0*) = cos ¢* - sin £* - sin 9y + cos £* - cos 7, (12a)

(Eoy 1_50) (D 0gs €%, 0*) = — cos ¢* - sin £* - cos g, + cos B,

e . " . (12b)
+ sin @* . sin £* - sin g, + cos £* - cos ¢, - sin 9. ,
With (12) the evaluation of the integrals in (11) is elementary but rather lengthy for
all three model distributions. The final results for the degrees of polarization
are:

First model (local rectangular distribution in £*):

1+342 sin 2 Ae
T7+4 7 7T 2A¢ (13)
Second model (local circular rectangular distribution):
P=25  B—cos Apl A Ap< 14
=0T B = cos Ap(1 + cos Ay), p<m. (14)

Third model (local delta-shaped distribution in €*, rotational diffusion around the
local normal to the membrane):

4 cos? £* + sin® e* — 4 sin? £* cos? £*

1 1
S 12 2 ok, qin? ok I 3'4*
+(1+Dw~r) cos? g* . sin? £* + <l+4D,,-T> sin® €
P= (15)

8 cos* £* + 7 sin* £* + 12 sin? £* cos? £*

1 1
+ [———=—] 4cos?e*. sin?e* + [———] sin® e*
1+D, -7 1+4D, -7

The results are plotted in Figures 3, 4, 5. In all cases holds P = 1/2, when no
rearrangement can take place (Ae =0, Ay =0, D, -7 =0 or £* = 0). A complete
depolarization in the third model is possible only for tg? £* = 2 (¢* ~ 54,3°) and
D, -7 co.
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Fig. 3. Degree of polarization P as a function of Ae¢ for model distribution 1
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Fig. 4. Degree of polarization P as a function of Ap for model distribution 2
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Fig. 5. Degree of polarization P as
a function of local orientation &*
for different values of D, - ¢
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Discussion

Because the static polarized fluorescence experiment with molecules in spherical
arrays yields only two independent polarized intensities, and hence only one degree
of polarization, it is in general not possible to derive unique information about
orientation and mobility without having available additional information from other
experiments. Generally, the measured degree of polarization can be fitted by all three
calculated model distributions, e.g. for a degree of polarization P =~ 0.3: First model
Ae = 45°, second model Ap = 35°, third model: orientations £* from about 25° up
to 90° with varying mobility D, - T from oo to & 0.4. Furthermore the results for the
third model distribution in Figure 5 show, that from the degree of polarization P
alone determinations of microviscosities (see e.g. [8, 9] are rather difficult and
should be done with great caution, if no further informations about preferred local
orientation and rotational degrees of freedom are available. A further complication
arises when molecules are bound to the vesicle membranes in two different popula-
tions (orientations). In this case a change in the degree of polarization may be
coupled to a change in the preference of one of these populations and not to a
change in microviscosity.

In any way fluorescence polarization experiments with oriented systems, e.g.
plane membranes [1, 10] or cylindrical (nerve) membranes [11, 12] contain much
more independent informations about orientation and mobility of the fluorescent
probes. Nevertheless the polarized fluorescence experiment with vesicles can provide
us with helpful information, if from other experiments (e.g. with plane membranes)
or from chemical and geometric properties of the fluorescent probes informations
are available about the nature of the incorporation into membranes. On the basis of
these additional informations one can take into account one of the calculated model
distributions for the theoretical interpretation of the measured degree of polarization.
E.g. for the first and second model the spread Ae or Ap of the non delta-shaped
distributions may yield information about the degree of binding to the membrane.
For the delta-shaped distribution one gets information about the rotational mobility
around the normal to the membrane if the orientation of transition moments with
respect to this normal is known.

I wish to thank Prof. P. Liuger and Dr. G. Pohl for interesting discussions. This work has been
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