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Abstract. The effects of the fact that the laser
sources typically used in fluorescence photobleach-
ing recovery (FPR) experiments in the most com-
monly employed in-line microscope imaging geome-
tries, are highly linearly polarized, are examined in
some detail. The implications of the results, in
particular for the interpretation of FPR data in
complex cell membrane systems in terms of laterally
mobile and immobile sub-populations of the la-
belled molecular species of concern, are discussed.
Methods of experimentally eliminating the poten-
tially major rotational diffusion-based “artifacts”,
different from those appropriate to three-dimen-
sional (solution or suspension) systems which re-
quire other than in-line geometries, are delineated.
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Introduction

In the decade or so since its effective inception
(Yguerabide 1971; Peters etal. 1974; Edidin et al.
1976; Jacobson et al. 1976a,b; Zagyansky and Edi-
din 1976; Axelrod etal. 1976; Schlessinger et al.
1976) the technique of fluorescence photobleaching
recovery (FPR), alternatively widely known as fluo-
rescence recovery after photobleaching (FRAP) or as
fluorescence microphotolysis, has been widely adopt-
ed for the measurement of translational diffusion of
both small fluorophoric reporter molecules and fluo-
rescently labelled proteins in a variety of biological
systems. Both lateral diffusion in the membranes
and translational diffusion in the cytoplasm of living
cells or organelles, as well as in relatively simple

Abbreviations: FPR, fluorescence photobleaching recovery,
FRAP, fluorescence recovery after photobleaching; 2- and
3-D, two- and three-dimensional

model membrane and isolated protein assembly
systems respectively, have been extensively studied.
The theory, practice in a variety of forms, mainly
“spot”, but also “periodic pattern” (Smith and
McConnell 1978) photobleaching, various artifacts
that might particularly arise from the use of laser
light sources such as “local heating” and photo-
chemical damage and, for the membrane experi-
ments, interpretation of the results in terms of the
“fluid mosaic membrane” hypothesis (Singer and
Nicolson 1972), have been considered in some depth
in a number of recent review articles on FPR in
model and/or living cell membranes (Bretscher
1980; Flanagan 1980; Jacobson 1980; Edidin 1981;
Jacobson and Wojcieszyn 1981; Peters 1981; Webb
1981; Jacobson et al. 1982; Vaz et al. 1982; Jacobson
1983; Koppel 1983; Hoffmann and Restall 1983;
Barisas 1984; Axelrod 1985) and cytoplasm (Ware
1985). The implications of FPR data on lateral
diffusion in model membranes for a qualitative
description of the situation in biological membranes
have also been examined recently in terms of dif-
ferent models of diffusion in such systems (Vaz et al.
1984, 1985). The importance of good quantitative
estimates of lateral diffusion coefficients in biologi-
cal membranes to an understanding of cell function,
and possible dysfunction in pathological cell states,
has been clearly and succinctly indicated by Bret-
scher (1980), and the paradoxical relationship be-
tween FPR and other physically based estimates of
lateral diffusion coefficients and those arrived at
indirectly from membrane biochemical considera-
tions discussed (Kell 1984; O’Shea 1984, 1985; Pink
1985; Kaprelyants 1985).

Theoretical expectations based on fluid hydro-
dynamic considerations {(Saffman and Delbriick
1975; Saffman 1976; Hughes et al. 1981, 1982) ap-
peared initially to be well realized in the results of
FPR measurements of the lateral diffusion coeffi-
cients of both small molecules and of mono- or
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pauci-meric (unaggregated) proteins in mode! mem-
brane systems — D ~5x 1078 — 5x 10~° cm?s™! (Ja-
cobson and Wojcieszyn 1981; Peters and Cherry
1982). Recent, more detailed examination of small
molecule FPR, however, has provided results incon-
sistent with the above, but interpretable on the basis
of a “free volume” (“free area”) model of diffusion
(Vaz and Hallmann 1983; Vaz et al. 1984, 1985). For
cell membranes, however, while the small molecules
tend to diffuse at very similar rates, the majority of
proteins that diffuse do so very much more slowly —
by one to four orders of magnitude (Jacobson and
Wojcieszyn 1981), and there is typically a large frac-
tion of protein that appears to be immobile
(D $3x102¢m?s™!). A schematic of a typical
(idealized) experimental result is shown in Fig. 1.
Furthermore, FPR due to directed flow rather than
diffusion must also be considered in living cell
membranes (Axelrod et al. 1976; Koppel 1979; van
Zoelen et al. 1983). In addition, there are many pos-
sibilities for further complexity to arise in such sys-
tems which may be characterized by high degrees of
heterogeneity, asymmetry and non-planarity, over
the relatively large characteristic dimension of the
spot or pattern period, some of which have been
dealt with at least from a theoretical viewpoint
(Smith etal. 1979; Owicki and McConnell 1980;
Aizenbud and Gershon 1982; Wolf et al. 1982).
A:particularly elegant method of obtaining later-
al diffusion coefficients for small membrane probes
oriented in spherical bilayer membranes (vesicles)
utilises the fact that the laser bleaching and monitor-
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Fig. 1. Schematic of typical fluorescence photobleaching re-
covery curve exhibiting low initial level after bleaching at
time zero, and partial recovery to a steady level lower than the
pre-bleach one indicative of immobility of some of the
bleached material

ing source is linearly polarized (Smith et al. 1981a).
The whole vesicle is illuminated and the observed
recovery has an exponential component reflecting
reorientational randomization of the probe as it
diffuses around the curved vesicle surface. The
polarization of the laser source was subsequently
also utilised in measurements of slow rotational
diffusion of probes in both vesicles and planar
model membranes in which lateral diffusion was
negligibly small (Smith etal. 1981b), estimated
directly from polarized recovery and depletion
signals, and in cell membranes (Johnson and Gar-

Jand 1981) by “depolarization of fluorescence deple-

tion”. :

These results imply a potential rotational diffu-
sion artifact in lateral diffusion measurements by
FPR, since the polarization of the laser bleaching
and monitoring beam is generally uncontrolled but
high, e.g. > 95% at the sample after passage through
the focussing microscope objective (Smith et al.
1981b). As has recently been pointed out (Wegener
and Rigler 1984), while rotational diffusion of a
single, non-interacting species is very much faster
than lateral diffusion, so that all rotational artifacts
are averaged out on the time-scale of measurement
of the latter, the time-scales for different compo-
nents in a heterogeneous system may overlap. The
direct measurement of either process will then
potentially be subject to interference by the other.
The possibility of interference in lateral diffusion
FPR measurements of rotational diffusion on a
commensurate time scale had actually already been
pointed out (Tait and Frieden 1982), but not quan-
titated in any way, for solution FPR. Wegener and
Rigier examined this case in detail and showed that,
if the emission monitored is unbiased with respect
to its direction and polarization, a condition attained
by collection over 27 (or 47) steradians (Wegener
and Rigler 1984) or, for certain beam geometries, by
the summation of appropriately weighted polarized
components of emission (Wegener 1984), any pos-
sible rotational artifact will be eliminated if the
polarizations of bleaching and monitoring excitation
beams are set up at the well-known “magic angle” of
~55°, obtained from the condition that the second
order Legendre polynomial

P, (cosy) = (3/2) cos?y — (1/2)

where y is the angle between the electric vectors of
the two polarized beams, disappears. Actually, the
necessity for this “magic angle” condition had effec-
tively already been realized almost a decade earlier
(Lessing etal. 1975; Lessing and vonJena 1976,
1979) in connection with picosecond laser transient
absorption experiments — FPR is essentially equiva-
lent to fluorescence-monitored transient absorption



— although there it is the “contamination” of level
kinetics by depolarization that is of concern.

More recently, it has been pointed out that
similar, but quantitatively different, considerations
apply to the two-dimensional (oriented membrane)
FPR experiment, and the effect of this on the inter-
pretation of existing FPR data for cell membrane
systems, particularly in regard to quantitation of the
fraction of labelled species that is diffusing laterally
and its absolute coefficient, discussed briefly (Dale
1985). In the present contribution, this result is
derived in full under the simplifying assumptions
made there, and is extended to include some con-
sideration of the effects of selection of polarized
components of emission and to relax some of the
more stringent simplifying conditions to those which
more nearly obtain in a typical FPR experiment.
The three-dimensional case (Wegener and Rigler
1984; Wegener 1984) is similarly considered for
comparison, the implications of these results for the
experimental determination of lateral diffusion
characteristics by FPR discussed, and protocols for
checking polarization effects and eliminating them
in the 2- and 3-dimensional situations emphasized.

Theory

To illustrate the extent to which rotational diffusion
may affect the determination of the parameters of
translational diffusion by thé FPR method in both
2- and 3-dimensional systems, the time-course of
recovery (or depletion) resulting from rotational
diffusion alone, in the complete absence of trans-
lational diffusion or flow, following bleaching in-
duced by a polarized source, will be examined first
under idealized conditions. These are, nevertheless,
approached quite closely in the majority of FPR
experiments, at least in the biological and bio-
chemical spheres of interest, which typically utilize
laser light sources delivered via a microscope optical
system for bleaching and monitoring (e.g. Koppel
et al. 1976; Koppel 1983; Barisas 1984). The initial
idealizing assumptions are:

(i) the bleachable fluorophore is representable as
bearing perfectly linear absorption and emission
transition moments which are also colinear (or
parallel) and are fixed rigidly in the framework of
the rotating species considered;

(ii) the bleaching and monitoring laser beams are
(a) perfectly linearly polarized, (b) perfectly co-
linear, and (c) in the case in which the sample under
investigation is 2-dimensional, fall perpendicularly
onto its perfectly planar surface;

(iii) the observed fluorescence induced by the
monitoring beam is (a) also perfectly colinear with
it, and (b) of an intensity representative of the total
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emission in this direction, i.e. unbiased with respect
to its polarization;

(iv) the bleaching pulse is of very short duration
compared with the relaxation times of interest
(6-pulse);

(v) the elementary bleaching process for fluoro-
phores in a given orientation with respect to the
electric vector of a section of the bleaching beam of
given uniform intensity is (a) exponential with time
during the bleaching period, i.e. a constant (large)
fraction of the fluorophores are in the excited state
during this time, and (b) irreversible;

(vi) the monitoring beam is of low enough inten-
sity that (a) further bleaching during the monitoring
period is negligible, and (b) no non-linear (coher-
ence) effects are observable;

(vii) while the rotational motions considered may
arise from one or more species, and may be iso-
tropic or anisotropic in the 3-dimensional case, e.g.
for a solution of macromolecular aggregates or a
suspension of membrane vesicles, the only mode of
rotation occurring in the 2-dimensional case is uni-
axial about the normal to the plane.

As will be indicated, the relaxation of some of
these assumptions that is required to approximate
somewhat better the physical realities of typical
FPR experiments, related both to ideality of the
probe and the optical system, generally only require
simple, though sometimes tedious, additional work.
These will be examined separately in order not to
obscure the development of the basic results. For
this purpose also, the normal condition in FPR that
the bleaching and monitoring laser beams are iden-
tical except with respect to their intensity, specifi-
cally that their planes of polarization are identical,
will be relaxed.

The 2-dimensional case

Consider first the relevant geometry for the static
situation depicted in Fig. 2. The vector e represents
the projection of the absorption-emission transition
moment E which makes an angle 6 with the direc-
tion of light propagation, i.e. with the normal n to
the plane depicted. The latter contains also the elec-
tric vectors B and M of the linearly polarized
bleaching and monitoring beams at the moment of
excitation with which e subtends angles a and f
respectively,  being the angle between them.

Before bleaching, the intensity of emission ob-
served along n is proportional to the probabilities of
absorption (sin?f cos?f) and emission (sin’f) at the
angular coordinates (@, f) in the interval df, so that
the overall pre-bleach intensity observed is given by:

I(=)=Csin*0 | cos’fdf=nCsin*6/2, (1)
£=0



182

Fig. 2. Schematic of the angular relationships of electric
vectors of bleaching and monitoring beams (B and M respec-
tively) and the projection (e) onto the membrane plane of the
absorption/emission transition moment (E) of the bleachable
probe attached to a membrane constituent (e.g. protein) or
otherwise adsorbed into the membrane

where C is an angle-independent constant including
the intensity of the monitoring beam, extinction
coefficient of the fluorophore at the excitation wave-
length and the quantum yield of fluorophore emis-
sion. The intensity observed after the bleach will be
proportional also to the probability that fluoro-
phores at coordinates (6, ) were not bleached,
which may be expressed in terms of a “bleaching
parameter” B proportional to the intensity and
duration of the bleaching “pulse” and to the absorp-
tion coefficient and intrinsic molecular bleaching
efficiency. For a beam section of uniform intensity
this probability is given by:

P (B,%) = exp [~ B cos?a] )

while for a beam of gaussian radial intensity distri-
bution it is described by the confluent hyper-
geometric function:

P(B,x) = (1—exp[— B cos’a])/B cos*c . 3)

The “polarized” bleaching parameter B is related to
the originally defined “unpolarized” bleaching pa-
rameter K (Axelrod etal. 1976, Jacobson etal
19762a) by K= B/2 for this case, the factor of 2
taking into account the average value for random
orientation in two dimensions:

{cosla)= | cosladn/ | du=1/2, 4)

=0 =0

which appears implicitly in K. Both bleaching pa-
rameters also contain the geometrical factor sin?@
incorporated implicitly into the effective extinction
coefficient. Thus, immediately after the bleach:

I,=Csin*0 | cos’f P(B,a)df 5)
5=0

the subscript w indicating that the angular depen-
dence, after integration over f§ and therefore also a,
will reside only in the difference, w= f — o.

Similarly, the evolution of intensity with time
after the d-pulse bleach, I,(7), is given by Eq. (5)
with £ (¢) for §. If this is due to unrestricted uniaxial
Brownian rotation, as explicitly considered here, the
evolution of cos?f (¢), where the bar is included to
signify that this is a time- and ensemble-average, is
described for a single rotating species by:

2cos’ () —1= (2cos’f~1) exp[—4Dy1], (6)

where D) is the uniaxial rotational diffusion coeffi-
cient (Weber 1953). On combining Egs. (1) and (6)
with the time-dependent analogue of Eq. (5), and
substituting f#=w+a, df = da, a normalised time-
course F, () may be defined:

F,@=1,0/1()

=(1/n) n}w {1+[2cos*(y+a)—1] exp[—4D,1]}

- P(B,o) do . (7)
This is usefully rewritten as:
F,(0)={F,(0) — F(0)} exp[-4Dyf] + F(c0),  (8)
where: .
F,(0)=(2/n) | Ocosz(l//+ o) P (B, o) do

/2
= (4/n) | cos*(w+a) P(B,x) do )
=0
and similarly:
/2

F(e0) = @/m) ] P(B,9) d (10)

the convenient compact integral forms being valid in
the case of the kinds of bleaching probability func-
tions considered, i.e. for P(B,o) = P(B,cos’u) [see
Egs. (2) and (3)], the subscript for F(c0) being
omitted to indicate its independence of .

Equation (9) may also, after expanding the
(w+ o) cosine square and dropping the cross-term
whose product with P (B,a) will disappear over the
half-cycle of integration, be usefully expressed in the
forms:

F,(0) = cos?y F;(0) + sin’y F, (0) . (11)
and
F,(0) = 2cos*y F (00) — (2cos’w—1) F, (0)

= (2cos*y—1) F;(0) + 2sin*y F(00) , (12)

where:
/2

F(0)[=Fy(0)]=(4/n) | cos?a P(B,a)dx (13)
=0
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FL(0)[=Foa(0)]= (4/7) | sinaP(B,o)dx. (14)
=0

On substituting Eq. (12) into Eq. (8) it is also seen
that:

F,(t)=(2cos*y—1) {F(c0)—F,(0)} - exp [—4Dy1]

+ F(0)
= (2cos’y—1) {F} (0) — F(c0)} - exp [~ 4Dy 1]
+ F(0). (15)

From these expressions it is readily evident that:
Fra (1) = Frs(0) = [F) (0)+ F. (0))/2=F(0)  (16)

as depicted in Fig. 3 which illustrates the depen-
dence of F,(0) on the bleaching parameter B. The
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Fig. 3A and B. Variation of initial and final levels of
fluorescence intensity monitored following a bleaching
pulse, relative to unit pre-bleach intensity (cf. Fig. 1),
F,(0) and F(c0), as a function of the angle y between
the electric vectors of bleaching and monitoring beams
(cf. Fig. 2), for different values of the bleaching param-
eter B in the idealized cases of (A) spatially uniform
and (B) gaussian cross-sectional laser beam intensity
profiles (Axelrod et al. 1976) for 2-dimensional FPR in
the rotationally mobile, laterally immobile limit. Re-
covery occurs for 0 =y < n/4, depletion for n/4 < w
= 7/2. No rotational effect is apparent at the “magic
angle” y = y,,, = n/4 for which F,(0) = F,, (1) = F (o)

dependence of F;(0) and F(co) on the bleaching
parameter are shown in Fig. 4, the former corre-
sponding to the (idealized) heretofore normal ex-
perimental situation for FPR determinations using a
laser for bleaching and monitoring, the latter to an
experimental protocol which would eliminate the
influence of slow rotational motion on the observed
signal.

Since the effects predicted by Eq. (15) result
from a rotational motion which gives rise to de-
polarization, it is no surprise that they may be
simply re-expressed in terms of Jablonaski’s emission
anisotropy (Jabloniski 1960), » () which, for the two-
dimensional case considered here, equates formally
with the more classically defined polarization p ():

Fy()y=F(0) = 2cos’y—D) [1-F(o0)lp(t)  (17)



<1

Fmy s+~

", gaussian

uniform

F“(Z)[————],

logip(B)

Fig. 4. Change of inital and final levels of fluorescence in-
tensity monitored following a bleaching pulse, relative to unit
prebleach intensity, F|(0) for y=0, ie. electric vectors of
bleaching and monitoring beams parallel, and F(o0), respec-
tively as a function of the bleach parameter B in the idealized
cases of uniform (lower-pair) and gaussian (upper pair) beam
intensity profiles, for 2-D FPR in the rotationally mobile,
laterally immobile limit

as previously presented elsewhere without proof
(Dale 1985), where p, the “polarization of fluores-
cence depletion” (Johnson and Garland 1981) is
defined by:

p={F{—FL}/{F{+Fi}; F'=1-F (18)
or in the alternative forms:
p={F{~ FL{}/2F’ (c0)

= {F{~ F' (o0)}/F' (o0)

= {F’(00) = F1}/F’(0) (19)
while:
p()=poexp[—4Dy1], (20)

where py is the zero-point polarization. Further, if
the result expressed in Eq. (8) for 0 = w < n/4 were
to be interpreted as though it represented recovery
via lateral diffusion, the recovery to F(w) <1
would correspond to an apparently laterally mobile
fraction f, given by:

Jo'={F (00) = F,(0)}/{1- F, (0)} 21

which again is simply related to the zero-point
polarization via the limit of Eq. (17) for t=0. In
particular, for y=0:

Sit'=po/(1+po) , (22)

while for w=n/4 it disappears, and in 7/4 <y = /2
it becomes negative, signalling its “artifactual”
origin. £} is shown as a function of the bleaching
parameter in Fig. 5, while the dependences of f*
and py on B are depicted in Fig. 6. As evident there,
the low bleach limits, given exactly by expanding
the exponential in P (B,) and performing the inte-
grations of e.g. Egs. (10) and (13) analytically, are
S (B—0)=1/3, po(B—0)=1/2 for both uniform
and gaussian beams, while in the high bleach limit,
fM(B ~ 00) = py (B~ 00) = 0.

It is thus clear that, if an FPR signal free of the
effects of possible slow rotational motions is to be
registered under the idealized conditions envisaged
here, the planes of linearly polarized bleaching and
monitoring beams should be oriented at the 2-D
“magic angle” w,,, = cos™! m= 45° to each other.
This may readily be accomplished in practice by
insertion of a polarizing element in the beam path,
either a polarizer which may be reoriented through
7/4 radians or a half-wave plate with orientations
adjustable by =/8. While the provision of such
elements would also allow access to rotational
phenomena, if it is only lateral diffusion that is of
concern, the equivalent condition may be attained
by insertion of a depolarizing element, either an ap-
propriately oriented quarter-wave plate or scram-
bling wedge, into the beam path. The condition that
emission intensity be registered without bias as to
its polarization may likewise be ensured by insertion
of a similar depolarizer in the observation path.
These may of course constitute physically the same
depolarizer in the common beam path.

It is also of some interest to examine the effects
that observation of a particularly polarized emission
component elicit (compare Smith et al. 1981b). This
geometry is depicted in Fig. 7. In the stationary
situation, E subtends an angle y with 0, the electric
vector of the emission selected by a (perfect) polar-
izer whose transmission vector is oriented at an
angle @ to the electric vector of the monitoring
beam. The before-bleach intensity monitored is then
given by:

1,(=)=Csin*d | cos®fcos?ydp, (23)
p=0

where y=f— o so that, after expansion of cos?y,
integration and collection of terms:

I,(—=)=nCsin*d 2cos’w+1)/8. (24)
Similarly, on expanding cos?y, cos’s and the

exponential appearing in P (B,«) according to Egs.
(2) or (3) and collecting terms, the time-dependence
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Fig. 5A and B. Variation of the apparent laterally
mobile fraction f,}‘ [cf. Fig. 1 and Eq. (21)] artifactually
resulting, in the absence of detectable lateral diffusion,
from uniaxial rotation of the bleachable label in 2-D
FPR measurements in the idealized cases of (A) uni-
form and (B) gaussian beam intensity profiles. The
negative values observed for n/4 < w = n/2 correspond
to a depletion of signal under these conditions rather
than recovery, and are diagnostic of its “artifactual”
origin. The artifact disappears at the “magic angle”
Wy = 45° for which:

fol,=0
at all bleaching ratios

.. gaussian

uniform

-2

logip(B)

Fig. 6. Change of apparent mobile fraction f{ observed for
w=0 (electric vectors of bleaching and monitoring beams
parallel) and of p,, the zero-point polarization to which ﬁM is
related by Eq. (22), as a function of the bleaching parameter B
for 2-D FPR in the rotationally mobile, laterally immobile
limit in the idealized cases of uniform (lower pair) and
gaussian (upper pair) beam intensity profiles
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Fig. 7. Schematic of the angular relationships of the electric
vectors of bleaching, (B), monitoring (M) and observed (0)
beams to the projection (e) of the absorption/emission transi-
tion moment (E) of the probe onto the plane of the membrane
(cf. Fig. 2)

of the signal monitored after bleaching is given by:

I;=Csin* | {(2cos*w—1) cos* B (1)
£=0

+ 2cosw sinw cos® B (¢) sin f (¢)

+ sinw cos? B (1)}
x 2 a;(= B) {(2cos’y—1) cos?
i=0
+ 2cosysiny cos fsinf +sinyl df,  (25)

where ¢ =y — o, and ;= 1/i! or 1/(i+1)! for uni-
form and gaussian bleaching profiles respectively.
Thus, in general, the evolution of a polarized com-
ponent of the emission intensity, I, (¢) will depend
not only on cos? § (¢) as does the unselected emission
cos® B (1) sin B (f). Inspection of Eq. (25) reveals that
these more complex time-dependences are eliminat-
ed only by simultaneously setting =0 or 7/2 and
w = cos ')1/2 = n/4 = w,, leading, after normaliza-
tion by I,,(—), to Fy(f) or F(?), respectively. While
the average of these two signals is free of rotational
artifact [cf. Eq. (16)], there is no condition under
which recovery (or depletion) in the FPR signal due
to rotational diffusion may be eliminated when both
bleaching and monitoring beams are polarized and a
single polarized component of the emission is ob-
served. It is also evident from Eq. (25), however,
that abrogation of polarization selection either of
the monitoring beam or, as assumed in examination
of F,(f), in emission, also results in elimination of
the higher order time-dependences, since their coef-

Fig. 8. Schematic of the angular relationships of the electric
vectors of bleaching (B) and monitoring (M) beams to the
probe absorption/emission transition moment vector (E). # is
the dihedral angle between the projections of E and M onto
the plane perpendicular to B. The corresponding azimuth ¢ of
E about B in the plane perpendicular to M, also used in the
text, is not shown

ficients are now averaged out: {cos’w)=1/2,
{coswsinw) =0, and the results for F,(r) are all
reproduced. If the bleaching beam is depolarized,
on the other hand, there is no initial polarized
photoselection, Eq. (25) effectively reduces, within a
scale factor, to Eq. (23) and any polarized emission
component, I, now, will be free of rotational arti-
fact.

The 3-dimensional case

The relevant geometry for this situation (excluding a
polarizer on the emission side) is pictured in Fig. 8.
The before-bleach intensity of emission in all direc-
tions, is given by:

2 =

I(-)=C | | cos’fsinfdpdp=4rC/3, (26)
$=08=0

where ¢ is the azimuth of E in the plane normal to
M. The bleaching probabilities are of the same form
as previously given in Eqgs. (2) and (3), but with the
bleaching parameter B related to the “unpolarized”
bleaching parameter K by K = B/3 since now:

2n n
{cos?a) = |
7=0

| cos?asino du dy/

x=0 2n =z

[ | sinadudy=1/3 (27)
n=00=0
for random orientation in three dimensions. For a
stationary situation, the after-bleach intensity is
given by:

2n =m

I,=C | | cos’gP(B,x)sinadody. (28)
n=00a=0



The normalized evolution of intensity with time
after the J-pulse bleach will depend, as in the 2-D
case, on cos’ 3 (f) which is given for the 3-D case by:

(3/2) cos? B (1) — (1/2)
=[(372) cos2f — (1/D] f (D), (29)

where f(f) is often a complex function, even for a
single rotating species (see e.g. Ehrenberg and
Rigler 1972) depending on the shape of the rotating
unit, the orientation of the absorption/emission
transition within it, and restriction of the angular
range over which rotation may occur, e.g. for
fluorophores embedded in a phospholipid vesicle
membrane (Kinosita et al. 1977). The largest effects
of concern here will be noted with unrestricted
motion for which f(#) - 0 as ¢ — oo, the simplest
case being that of a spherical rotor: f(¢)=
exp[—6D,t], D, being the isotropic rotational
diffusion coefficient.

On combining Eqs. (26), (28) and (29), substitut-
ing for cos f according to the cosine rule:

COs = €08 y cOS oL + Sin y sin g cos 7 (30)

performing the integration over the azimuth » and
collecting terms, the ratio of intensitities after and
before bleaching may be expressed as:

Fy (1) =1[(3/2) cos*y— (1/2)] {F (c0) = FL(0)} - £ (¢)

+ F(c0)
=1[(3/2) cos’y — (1/2)] {F (0) — F(c0)} - £ (1)
+ F(0), (31)
where:
/2
Fy (0)= | 3cos?aP (B, u)sinxdo (32)
a=0
n/2
F (0)= [ (3/2)sin’a P(B,u) sino do (33)
a=0
and:
n/2
F(wo)= | P(B,a)sine do. (34)
a=0

Equation (11) with the above definitions (cf. Wege-
ner and Rigler 1984) applies here as well as in the
two-dimensional case, and again, the evolution of
intensity after the flash can be expressed in terms of
the (normal) emission anisotropy, defined for the
three-dimensional case by:

r=[F{—F.)/[F{+ 2F{] = [F{— F{]/3F' (0)
= [F{— F' (o0)]/2F’ (00) = [F' (o0) — F{]/F’ (0)

leading to: (35)

Fy ()= F(o0) = Beos’y— D) [1=F(0)]r (1) (36)
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with: ‘
) =r f(D) . (37)
Equation (36) is the equivalent in “F” form of
Eq. (8) given by Wegener and Rigler (1984) in F
form. Again, the apparent laterally mobile fraction

/¥ defined in Eq.(21) is simply related to the
emission anisotropy, e.g. for = 0:

M =2r/(1+2r) . (38)

The limits of »q for B — oo and B — 0 are 0 and 2/5
respectively leading to 0=/ =4/9. The above
results are summarised in Fig. 9 showing the depen-
dence of F,(0) on B, Fig. 10 for F;(0) and F(o0) as
functions of B, Fig. 11 for f as a function of B, and
Fig. 12 depicting the changes in /i and r, with B.

It is further seen that, corresponding to Eq. (16)
for the two-dimensional case:

Fypo() = Fys () = [F1 (0) + 2F L (0)])/3 = F(o0) , (39)

where y,,; denotes the well-known “magic angle”
for 3-D defined, as evident in Egs. (31) and (36), by:

(372) co8? Y3 — (1/2) =0; w3 = cos™' J1/3 ~ 55°.
(40)

As in the equivalent 2-D case, £, disappears under
this condition. Thus, in order to observe a total
emission signal free of possible artifact introduced
by rotational mobility, the bleaching and monitoring
beam polarizations should be set at ~ 55° to each
other. This may be accomplished again by insertion
of an appropriately rotatable polarizer or half-wave
plate in the excitation beam path.

It should be noted, however, that in the usual
microscope FPR configuration, even under the above
conditions, the emission signal observed will not be
proportional to the total emission, but will contain a
component depending on r (¢), even if a depolarizing
element is placed in the (in-line) observation path to
obviate any instrumental bias. This is most easily
seen by examining the effects of observing a partic-
ularly polarized component of the emission. Analo-
gously to Eq. (23) for the 2-D case, the pre-bleach
emission component polarized at an angle w to the
electric vector M of the monitoring beam is given
by: 2n =m
I,(=)=C | [ cos?Bcos?ysinadody, (41)

p=0a=0
where the cosine rule relates y and & for the obser-
vation polarizer, corresponding to # and y for the
monitoring polarizer, to o and # (cf. Eq. (30)]:

cos y= cos & cos o + sin & sin & cos i 43)
and (cf. Fig. 7):
w=y—E&. 43)
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On expanding the circular functions, integrating
over y# and « and collecting terms, the result reduces
simply to:

I,(-)=(4nr C/15)[2 cos’ w + 1]. (44)

Analogously to the 2-dimensional case [Eq. (25)],
the time-dependence of intensity following the
bleach may be written, changing from the above to
the more convenient integration variables § and ¢:

2 L4
I;(=C | | {(cos®w — sin?w cos?$) cos*B (1)
$=04=0

+ 2 cos w sinw cos ¢ cos® B (¢) sin B (£)

| QG R S
2.8 Aﬂ gaussian
m
S B.6t
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Lo
-
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8.4+
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logg(B)
Fig. 10. As Fig. 4, but for 3-D (solution) FPR

e

+sin2w cos? ¢ cos?B ()} D, a;(— B)' (45)

iz
- {(cos? y — sin? y cos? ¢) cos? B
+ 2 cos y sin y cos ¢ cos f sin B + sin® y cos? ¢} df dg.

The conditions for eliminating the higher order
time-dependences are now more stringent than in the
2-dimensional case because of the effective ap-
pearance of the azimuth ¢ in P (B,x). Only
for w=0 and the 3-D “magic angle” condition
w=cos™! J/1/3 = w,; will both higher order time-
dependent rotational terms be eliminated, since only
when y is zero will the coefficient of cos*S(f) con-
tain the potentially “magic” factor (3/2) cos’w—(1/2)
after integration over the azimuth ¢. Additionally,
neither abrogation of polarization selection on the
observation side nor depolarization of the bleaching
and/or monitoring beams will provide any advan-
tage in this respect, i.e. the depletion recovery
equivalent to F,(f) defined in Egs. (31) and (32)
with y = 0 is the only signal observable in the in-line
configuration considered that is free of higher order
rotational correlation complexity. This results from
the fact that part of the information content of the
emission in the 3-D situation is not contained in
components emitted “in-line” with the bleach/moni-
tor beam but does appear in components perpendic-
ular and at other angles to it. Thus, for the 3-dimen-
sional case, it is necessary either to observe a signal
or combination of signals proportional to the total
emission collected over 4 n (or, equivalently, 2 m)
steradians (Wegener and Rigler 1984), as expressed
above in Eq. (39), or to monitor polarized “out-of-
lineg” components (Wegener 1984) in order to free
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with depletion rather than recovery signals observed for
cosT' Y1/3~55° <w==x/2

the recovery signal due to lateral diffusion from the
effects of possible slow rotational diffusion.

Discussion

The above considerations demonstrate the existence
of a considerable potential hazard in both the quan-
titative and qualitative interpretation of FPR data
as generally obtained heretofore. As previously
shown (Wegener and Rigler 1984; Wegener 1984),
these cannot trivially be eliminated for 3-dimen-
sional FPR (unoriented solution samples) in the
usual in-line microscope configurations, but require
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hemispherical collection apertures and/or specialized
rectangular or oblique geometries. On the other
hand, they are rather simply eliminated for 2-
dimensional FPR, in principle, by the additon of
polarizing and/or depolarizing elements in the beam
paths. In practice in the usual case, however, where
a dichroic mirror is used to reflect the bleaching and
monitoring beams through a right angle onto the
sample and to select longer wavelength emission
coming back along the same path from the sample,
the partially polarizing properties of such a filter
will further complicate the issue and render only the
use of a properly oriented depolarizing element be-
tween it and the sample appropriate for complete
elimination of these effects. The further addition of
an appropriately reorientable polarizing element in
the path of the laser beam before it is reflected from
the dichroic mirror will still allow a polarized expe-
riment to be performed in this arrangement.

Under the assumption of unbiased detection of
emitted photons, the severity of the artifactual
recovery (or depletion), induced by rotational rela-
xation has been maximised in the above by con-
sidering only the worst possible cases with respect to
the optical parameters of the FPR apparatus and to
other degrees of rotational freedom and photophys-
ical parameters of the labelled diffusing species. In
practice some, though not necessarily a great deal,
of depolarization of the incoming laser beam, and
considerable depolarization of the observed emis-
sion due to the rather high collection aperture of the
microscope objective will occur, as discussed and
quantitated by Smith etal. (1981b). The former
effect is very simply dealt with in the 2-D case by
considering the resultant F, () as the superposition



190

of signals originating from a combination of iden-
tically linearly polarized and unpolarized compo-
nents of the bleaching and monitoring beams of
polarization pe [defined as (Fyax — Timin)/ (Imax + Tin)s
i.e. with reference to the beam itself rather than the
laboratory coordinate system]. The “true” p(¢) in
Eq. (17) may be replaced by the polarization which
would be observed under this condition and which
is given by pas ()= p&4 p(f). Abrogation of rota-
tional diffusion effects via the use of depolarized (or
circularly polarized) excitation in the 2-D case
follows directly from this relationship. Unfortuna-
tely, no such simple solution exists for the 3-D case,
nor for emission aperture effects in either 2-D or
3-D (see Smith et al. 1981 b).

Factors associated with the fluorophore itself
and, where appropriate, its attachment to a sub-
strate rotating overall at rates comparable with the
inverse time-scale of FPR observation, that will,
possibly substantially, reduce the severity of the ro-
tational artifact in lateral diffusion measurements by
FPR, are:

(a) inherent non-coincidence of the absorption
and emission transition moment vectors in the flu-
orophoric frame;

(b) torsional vibrations (Jablofski 1950) of the
fluorophore over a restricted range occurring on a
very fast time-scale (< 0.1 ns);

(¢) limited fast time-scale (< 1us—1ms, de-
pending on the system) rotational freedom of the
fluorophore about the bond or bonds by which it
may be attached to the rotating unit of primary
interest;

(d) limited torsional or tumbling motions, on the
same time-scale as in (c), of all or part of the rotating
unit of primary concern in an, at least locally,
anisotropic environment, superimposed on its main,
long time-scale rotational relaxation, e.g. restricted
torsion about or wobble of the axis (about which the
“main” slow uniaxial rotation occurs) of a protein or
subunit of a protein aggregate embedded in a
phospholipid bilayer, local twisting and/or kinking
of sub-units in an oligomer, polymer or aggregate
with overall slow, unrestricted rotational freedom.

For the simplest cases considered here, namely,
uniaxial rotation of a probe or labelled substrate in
e.g. a planar membrane about the normal to that
plane (2-D case), and isotropic rotation (or also
special cases of anisotropic rotation in which the
time-dependence of the anisotropy reduces to a
monoexponential form) in solutions (3-D case), the
diminution that is produced by the factors con-
sidered above of the extent of the possible rotational
artifact in estimates of translational diffusion rates
and immobile fractions by FPR measurements made
without due regard to polarized photoselection ef-

fects, is rather simply taken into account, at least to
a good first approximation. Taking the 3-dimen-
sional case first, if the overall orientational distribu-
tion of the transition moments of the fluorophore is
rapidly azimuthally randomized with respect to
some axis in the overall rotating unit, the zero-point
emission anisotropy r, whose magnitude determines
the extent of the recovery (or depletion) artifact —
see Hq. (36) et seq. and Eq. (29) et seq. — will be
reduced from its limiting, B-dependent value by an
overall depolarization factor d; which represents the
product of the individual depolarization factors for
each reorientational process (Soleillet 1929):

dy=[(3/2)cos? A= (1/2)] TT [3/2) {cos’ e,y — (1/2)] ,
(46)

H

where 4 is the angle between absorption and emis-
sion transition moments in the fluorophore frame,
while the average brackets denote (azimuthally ran-
dom) averages over the distribution of polar angles
o; characterising the i’th reorientational process. A
more detailed discussion of this relationship and its
limitations is given elsewhere in a different, but
related context (Restall et al. 1984). In the case that
the main relaxation process is not described by a
monoexponential emission anisotropy decay, the
factor in cos> 2 cannot be factorized out (see e.g.
Wegener 1984), but the other depolarization pro-
cesses may still be treated to a good approximation
in this way. The occurrence of the 3-D magic angle
condition in any one or more of these depolarizing
processes ({cos® g;» = 1/3 corresponding to a very
high degree of rotational freedom (27 or 47 steara-
dians), or cos? A = 1/3) leads to immediate ablation
of the rotational artifact in translational FPR in
solution.

An analogous situation obtains in the 2-dimen-
sional case. Here each depolarization factor is deter-
mined by the 2-D orientational distribution arising
from projection of the physical 3-D distribution
onto the sample plane. The overall depolarization
factor d, multiplying the zero-point polarization p,
— see Eqgs. (17) and (20) et seq. — is given, analo-
gously to Eq. (46), by:

dy=(2c0s*{— 1) [T (2 <cos?ery — 1), 47

where { and ¢ are the projections of 1 and ¢; onto
the sample plane. Again, the appearance of the 2-D
magic angle condition ({cos’e;y=1/2, implying
a very high degree of rotational freedom, or
cos?{ = 1/2) ablates the possible rotational artifact.
These depolarizing effects may well be quite
extensive in many actual experimental cases and
diminish the artifact to an undetectably low level. In
addition, the size of aggregates in solution or in
membrane systems, or the size of gel-phase patches



in an otherwise fluid liquid-crystalline membrane,
that would rotate at rates sufficiently slow to induce
the artifact, may actually be greater than the spot
size or pattern period used in an FPR experiment.
Under these conditions, the effect is lessened be-
cause only a part of the free isotropic or uniaxial
rotation will be “seen” and contribute to the re-
covery (or depletion), i.e. the long-time limits of
polarization or anisotropy, p (c0) and r(o0), assume
non-zero values. A directed circular, spiral (whirl-
pool) or other curvilinear flow of membrane con-
stituents, as opposed to random diffusion, would be
expected to give rise to a similar effect.

In principle, the occurrence of a significant
rotational artifact in FPR measurements of transla-
tional diffusion rates would be signalled by a smaller
decrease in the immobile fraction on repeated
bleaching than expected. If there is no rotational
artifact present, then the immobile fraction will
decrease geometrically with repeated bleachings of
equal (less than unit) efficiency; at the other ex-
treme, if all the recovery observed is rotational in
origin (and no non-rotating species is present), the
immobile fraction will remain constant from bleach
to bleach. In the presence of both rotational and
translational diffusion, however, this will surely be a
difficult, if not impossible, diagnostic. A cleaner
alternative would be to record FPR curves at diffe-
rent “spot” sizes (or pattern periodicities): the reten-
tion of a component of the decay having a constant
exponential time-dependence would indicate its ro-
tational origin. In the limit of large illumination
area, only this component would effectively remain.

The most straightforward test in principle of the
presence of rotational diffusion, however, is to
compare Fy(f) and F (¢) either directly or by form-
ing the polarization or anisotropy decay function
from them for enhanced sensitivity, after incorporat-
ing appropriate polarizing and depolarizing ele-
ments into the beam paths as indicated earlier in the
discussion. Such a system, including appropriate
collection geometry for the 3-D case, has the ob-
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vious advantage that, not only can translational dif-
fusion processes be definitively freed from any pos-
sible rotational interference, but any rotational mo-
tion on the appropriate time-scale (although, as
already pointed out, it cannot be directly monitored
free of interference from translational diffusion
on the same time-scale which will contribute to
depolarization by exchanging the orientationally
selected unbleached fluorophore population for an
unselected one) can be quantitated and exploited to
aid in providing a better insight into the nature and
complexity of such structured and heterogeneous
two- and three-dimensional systems as, for example,
the plasma membrane and cytoplasmic compart-
ment of living cells. The modifications to existing
FPR apparatus required to accomplish this for the
oriented membrane case at least, would appear to be
inexpensive and relatively trivial to commission.
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Appendix

Expansions of Fy(0) and F (o) for small values of the
bleaching parameter B

In the evaluation of Egs. (10), (13), (32) and (34),
for Fy(0) and F(oco) from which F,(0), £ and p,
may all be derived, direct evaluation of the ex-
ponentials in P (B, ) was not accurate enough for
small values of B. For this reason, and also for speed
of calculation, all the functions presented in Figs.
3—6 and 9—12 were actually calculated up to B=1
as the analytical integrals of the expansions up to
fifth order terms in B. The expansions are all of the
form:

F=2 (-1'q8’

and the coefficients ¢; (i = [0,5]) are given in Table 1.

(A1)

Table 1. Coefficients g, in the integrated expansions of F| (0) and F(co) up to 5th order

Dimension

Beam profile Component g, q T q3 q4 qs
aniform Fy(0) 1 3/4 5/16 35/384 21/1,024 77/20,480
D F(0) 1 172 3/16 5/96 35/3,072 21/10,240
Jussian F}(0) 1 3/8 5/48 35/1,536 21/5,120 77/122,880
£ F(c0) 1 1/4 1/16 5/384 7/3,072 7/20,480
. F|(0) 1 3/5 3/14 1/18 1/88 1/520
D uniform F(0) 1 1/3 1/10 1/42 17216 1/1,320
. Fy(0) 1 3/10 /14 1/72 1/440 1/3,120
gaussian F(o0) 1 1/6 1/30 1/168 171,080 1/7,920
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