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ABSTRACT Although fluorescence photobleaching recovery (FPR) experiments are usually interpreted in terms of the
translational motions of a fluorescently labeled species, rotational motions can also modulate recovery through the
cosine-squared laws for dipolar absorption and emission processes. In a complex interacting system, translational and
rotational contributions may both be simultaneously present. We show how these contributions can be separated in
solution studies using an FPR setup in which (a) the linear polarization of the low-intensity observation beam and the
high-intensity photobleaching pulse can be varied independently, and (b) all emitted fluorescent photons are counted
equally. The fluorescence recovery signal obtained with the observation beam polarized at the magic angle, 54.70, from
the bleach polarization direction is independent of label orientation, whereas the anisotropy function formed from a
combination of parallel and perpendicular polarizations isolates the orientational recovery. The anisotropy function is
identical to that in fluorescence correlation spectroscopy and, for rigid-body rotational diffusion, can be expressed as a
sum of five exponential terms.

INTRODUCTION

The sensitivity and selectivity of fluorescence labels have
made them popular for probing the dynamics of complex
biological systems. There are two techniques in which the
limitations associated with short fluorescence lifetimes
(10-8 s) have been overcome: fluorescence correlation
spectroscopy (FCS) monitors fluctuations, whereas fluo-
rescence photobleaching recovery (FPR) monitors relaxa-
tion following an initial photobleaching perturbation. Sev-
eral groups have considered the effects of rotational diffu-
sion in FCS, but not FPR, experiments for the case of an
isolated rigid body that is free in solution. Ehrenberg and
Rigler (1974, 1976) showed that the use of 2wr collection
optics greatly simplifies the rotational expressions. Aragon
and Pecora (1975) obtained more complicated FCS
expressions assuming restricted right-angle fluorescence
detection, but later concluded that collection of fluores-
cence over 27r or 4wr solid angle would be preferable
(Aragon and Pecora, 1976). In this communication, we
present a theory underlying FPR solution studies, which
allows for both rotational and translational contributions.

In the simplest FPR solution studies involving one
noninteracting species, rotational and translational contri-
butions are naturally separated because they occur on
different time scales. However, if several labeled species
are present, or in complex situations involving interacting
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systems, translational relaxation of some components may
occur on the same time scale as rotational relaxation of
others. FPR experiments may also contain chemical
kinetic contributions involving exchange of a label between
two differently bleached states. The particular design
analyzed below allows one to obtain a recovery signal that
is independent of the orientational distribution of fluores-
cent labels, whereas a combination of measurements can
be used to extract orientational information.

Polarization Dependence of Fluorescence
Recovery Signal

In our laboratory, FCS and FPR are applied in solution
studies to follow motions over arbitrarily long time scales.
The setups for these FCS and FPR studies are similar
(Rigler et al., 1979; Rigler and Graselli, 1980). In both
setups a laser beam is focused on a thin cuvette containing
a solution of fluorescently labeled sample. The cuvette is
surrounded by a highly reflective paraboloid cavity butted
onto a photomultiplier that greatly enhances the efficiency
of fluorescence detection by collecting fluorescent photons
emitted over 2wr solid angle. For FPR work we have
recently developed a system in which the laser output is
split into two beams. One beam can be turned on and off by
an acousto-optic modulator and provides the high-intensi-
ty, short-duration bleach pulse. The other beam is greatly
attenuated and provides continuous low-level illumination
to excite fluorescence and observe recovery. The bleach
pulse is linearly polarized vertically, whereas an arbitrarily
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directed polarizer can be inserted in the observation beam.
The beams are then recombined such that their transverse
Gaussian profiles superimpose at the focal region. This
split beam arrangement allows us to independently vary
the polarizations and intensities of the bleach pulse and the
observation beam while maintaining critical alignment of
their superimposed focused images on the sample.

Fig. 1 schematically illustrates our design for FPR
solution measurements. A small region of fluorescently
labeled sample is illuminated by laser light propagating
along the y-axis. A brief high-intensity pulse inactivates by
irreversible photobleaching a significant fraction of fluoro-
phores and a continuous steady observation beam then
stimulates fluorescence from any active fluorophores in the
region. We assume the observation beam intensity is
sufficiently low to neglect any photobleaching. The bleach
and observation profiles are taken to be identical and
superimposed through the sample. The bleach pulse is
linearly polarized along the vertical z-axis, and the obser-
vation beam is linearly polarized in the x-, z-plane along
unit vector 0 at an angle 0 from the z-axis. We assume that
all fluorescent photons emanating from the sample were
collected equally without bias to their direction of emission
or their state of polarization, either by using a focused
paraboloid cavity (Ehrenberg and Rigler, 1976) or by
other means (Wegener, 1984). The fluorescence signal is
assumed to reflect the instantaneous state of the sample.
That is, we are primarily interested in dynamics that occur

on time scales much longer than fluorescence lifetimes so
that any delay between light absorption and reemission can
be ignored.
We now derive an expression for the fluorescence signal

intensity F(t)o recorded at time t following the end of the
bleach pulse using an observation beam polarized at angle
0. We initially assume the sample contains only a single
species of fluorescent label whose directional absorption
properties are governed by a unique transition dipole fixed
in its molecular axes. If j2 denotes a unit vector along this
absorption dipole, then the angular dependence of the
absorption probability is given as (,u 9)2. The relative
contribution of an active (photoemitting) label at position r
with dipole orientation to the fluorescence signal is
I(r) (& *)2, where I(r) denotes the intensity of the obser-
vation beam at position r. Let p(r, , t) d3rd2Ai denote the
number of active labels with positions within volume
element d3r about r and dipole orientations within d2As
about gA at time t. Then F(t)o can be expressed as a sum
over all positions and 4wr orientations according to

F(t)9 = 3q ffi(r)(jl- -)2 p(r, , t)d3rd2,s, (1)

where q is the product of the label's quantum efficiencies
for light absorption, fluorescence emission and detection,
and the factor of 3 accounts for the fact that an isotropi-
cally averaged value of (i * 6)2 is 1/3. The distribution is
normalized such that integration over all orientations gives
the number concentration of active labels n(r, t) at time t at
position r, i.e.,

n(r, t) = fp(r, -i, t)d2 -. (2)

It is easier to work with changes in fluorescence signal,
so we define AF(t)5 = Fo - F(t)9, where Fo denotes the
signal before bleaching that is 0-independent. If the label
concentration before the bleaching pulse is no, then Fo is
expressed as

Fo = qno f I(r)d3r. (3)

FIGURE 1 A schematic design for solution studies using fluorescence
photobleaching recovery is shown. A linearly polarized laser beam
directed along the y-axis illuminates a region of fluorescent sample
located at the center of a highly reflective paraboloid cavity. Fluorescence
emission over 2w is reflected by the parabolic surface, isolated by cutoff
filters, and focused by a collection lens through a diaphragm at the front
of a gated photomultiplier. The photomultiplier is turned off and the
beam power is briefly increased to provide a high-intensity bleach pulse
polarized along the z-axis. The power is then greatly reduced to provide a
constant observation beam polarized in the x, z-plane at angle 0 from the
z-axis. The photomultiplier is turned on and the resulting fluorescence
signal is recorded.

In the case of rotational and translational relaxation with
complete recovery of the prebleach level of active labels,
AF(t)- 0 for any 0 as t -c, and p(r, , t) - no/4ir.

Because the system was originally randomly oriented,
bleaching produces a distribution that is cylindrically
symmetric about z. If fluorescence signals differences
measured at 0 = 00 and 900 are denoted AF(t)11 and AF(t)±,
respectively, the sum combination S(t) = AF(t)j1 +
2AF(t), can be expressed as

S(t) = 3q f I(r)[no - n(r, t)]d3r, (4)

which involves only the concentration difference weighted
by the beam intensity.
From cylindrical symmetry, we can express the 0-

dependence in AF (t)6 by expanding 0 along axes x and z to
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obtain

AF(t)e = cos2 6 AF(t)I + sin2 6 AF(t)±. (5)

Denoting the fluoresceace signal difference measured at
Cos2 0 = 1/3 as AF(t)m, Eq. 5 yields

AF(t)m = S(t)/3. (6)

Thus, AF(t)o varies smoothly between extreme values as 6
varies from 00 to 900, and, at the magic angle 54.70, is
independent of the orientational distribution of the label.
Making use of the cylindrical symmetry of p(r, a, t)

about the z-axis, the difference combination D(t) = AF(t)
- AF(t)1 can be expressed as

D(t) =-3q ffI(r) P2 (A * 2)p (r, A t)d3rd2A, (7)

where P2(Ai- £) = [3(A. £)2- 11/2 is a second-order
Legendre polynomial, and £ is a unit vector along the
z-axis.

Defining the anisotropy function r(t) = D(t)/S(t), Eq. 5
can be rewritten as

AF(t)o = AF(t)m [1 + 2r(t)P2(cos 6)]. (8)

The dependence on observation angle 6 is isolated in
P2(cos 6), which varies monotonically from 1 at 00, through
0 at 54.70, to -0.5 at 900. The orientationally invariant
contribution AF(t)m provides an overall multiplication
factor and is the only term remaining at the magic angle.
The magnitude of the changes in signal at different values
of 6 are completely governed by r(t) as it multiplies
P2(cos 6). Hence, the dependence of the fluorescence signal
on the orientational distribution of the label resides entirely
within the anisotropy function r(t). If the label is distrib-
uted isotropically at all positions, then p(r, A. t) = n(r,
t)/47r, AF(t)e is independent of 6, and r(t) = 0.

Eqs. 5, 6, and 8 express the 6-dependence of the fluores-
cence signal. Although they were obtained assuming a
single fluorescent species, we now show they apply even if
the sample contains multiple species. Because fluorescence
emission intensities are additive, F(t)o is a sum of terms
F(t)o for each species i. Assuming AF(t)' is given by Eqs. 1
and 3 for each species i, Eqs. 5, 6, and 8 are then reobtained
as general relations between measured fluorescence signal
quantities. Because AF(t)m = 21AF(t)' = 1/3 2iS(t)', with
S(t)' given by Eq. 4 for each species i, measurements at the
magic angle remain independent of orientational distribu-
tions. The measured anisotropy r(t) can be expressed as a
weighted sum of contributions r(t)' = [AF(t)' - AF(t)j /
[AF(t)'j + 2AF(t)j from each species i according to

r(t) = E AF(t)mr(t) / E AF(t)'M. (9)

Thus the relative contribution each species i makes to r(t)
involves a fractional weight [AF(t)' IAF(t)m], which itself
is generally time varying.

Expressions for Single Species Diffusion
With these general properties established, we examine the
simplest case of solution dynamics involving free diffusion
of a single species. We consider a dilute noninteracting
solution of identical macromolecules that are labeled in a
specific and unique manner by a fluorescent tag. Each
particle undergoes Brownian motion and typically moves
on the order of its length during the time needed to
randomly tumble around. This can be qualitatively shown
by evaluating the diffusion coefficients for rotational and
translational displacements given by Perrin (1934) for
ellipsoids. As such, spatial variation in I(r) or p(r, A, t) is
negligible on this scale and orientational relaxation occurs
without involving significant changes in position or cou-
pling to spatial gradients. Likewise, translational relaxa-
tion over distances much greater than particle length occur
without significant anisotropic effects involving oriented
particles. That is, the spatial distribution of the label
essentially evolves on a much slower time scale following
completion of rotational relaxation near initial positions.

Assuming decoupled translational and rotational relaxa-
tion, the conditional probability that an active label with
position r and dipole orientation jA at time t had position r'
and orientation li' at time 0 factors into the product W(r, r',
t) Q (A, ' t), where W(r, r', t) is the conditional probability
that an active label with position r at time t had position r'
at time 0 and Q(J, ', t) is the conditional probability that
an active label with orientation A at time t had orientation
&' at time 0. As general properties, Q(A, A,' t) integrates
over all a or a' at any time t to give unity, equals 6(A, a') at
t = 0, where 6 is the delta function, and, at sufficient time
for the completion of rotational relaxation, approaches
1/47r. Likewise, W(r, r', t) = 6(r, r') at t = 0, and, assuming
active labels are neither created nor destroyed after the
initial bleach pulse, integrates over all r or r' positions at
any time t to give unity.
The distribution of active label at time t evolves from the

initial distribution as

p(r,At) = ffW(r, r', t) ( A,' t)

p (r', ', 0) d3r'd2 A' (lOa)

so the active label concentration n(r, t) evolves from the
initial concentration as

n(r, t) = JW(r, r', t)n(r', O)d3r'. (lOb)

Anisotropy Expressions
To obtain a dynamic expression for r(t), we first insert Eq.
lOa into Eq. 7. For an unoriented system, Q(A, A' t) can
only depend on the magnitude of the relative angle between
A and a' and Q(a, A, t) = Q(A', a t). Following Kinosita et
al. (1977), this allows us to expand P2(A* 2) as
P2(A A')P2(' - 2), plus two other terms. These additional
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terms orientationally integrate to zero if the dipole distri-
bution at time t evolved in a cylindrically symmetric
fashion from each initial orientation. This condition is
ensured if the labels do not move during the bleaching
period. Assuming then that the bleach pulse occurs instan-
taneously at t = 0, r(t) can be rearranged and expressed in
terms of the expectation value involving the dot product
between a label's dipole at times t and 0 as

r(t) = ro (P2(A(t) -(0)D. (11)

Because Q(A,&i', t) involves only the relative differences
between orientations A and A, the expectation value can be
expressed as

(P2[A(t) - A(0)]) = P2(A ') Q (A, A', t)d2A, (12)

for any choice of initial orientation A'.
Using limiting values of Q(A, A', t), (P2[E(t) * '(0)] ) is

unity at t = 0 and vanishes as t . The rotational
dynamics are completely contained in this term, whereas
the ro term is a constant discussed in detail later. Because
of this separation, dynamic models previously developed
elsewhere can be applied here with trivial modifications.
For example, the FCS expressions obtained by Ehrenberg
and Rigler (1974, 1976) are identified as 0.8 r (t)/ro
evaluated for rigid-body rotational diffusion. We also note
that the anisotropy function in fluorescence depolarization
is identical to 0.4 r(t)/ro if the emission dipole there is
parallel to the absorption dipole (e.g., see Eq. 14 in
Kinosita et al., 1977 or Eqs. 20 and 28 in Wahl, 1975).
The most general model we will consider is a label

rigidly fixed to a arbitrary particle undergoing rigid-body
rotational diffusion. Let DI, D2, and D3 denote the principal
rotational diffusion coefficients and ul, A2, and t3 denote
components of Aalong the associated principal axes that
are orthogonal and body fixed. As shown by Ehrenberg
and Rigler (1972), r(t) is a sum of five exponentials:

5

r(t) = rO
Z Ajexp(-E,t), (13)
i-l

where

Al = 3(,2M3)2

A2= 3(MI/3)
El = 3(DS + DI)
E2= 3(Ds + D2)

A3= 3(A1 A2)2 E3= 3(D. + D3)

A4= 3(A + B)/4 E4= 6D, + 2A

A5= 3(A-B)/4 E5= 6DS-2A

and

D,=
I

(Di + D2 + D3);
3

A = (D14 + D 2 + D 2 - DID2 - DAD - D)12

A= A4 + AL2 +4LA=1 +2+ 3-
B = (DI/A)(I4 + 4 - 21A4 + 2#u2)

+ (D2/A) * (134 + #4 - 2A4 + 2 2)
+ (D3/A)(,4 + A4 - 2 4 + 232) - 2D,/A,

such that the Ai values sum to unity.
If the particle has cylindrical symmetry, these expres-

sions collapse to

r(t)/ro = 3 sin2 zO cos2 pe- (5D,+DD)t + (3/4) sin4 qpe-(2D±+4DI)t
+ (1/4)(3cos2¾O _ 1)2e-6D,t, (14)

where DI, and D1 denote the diffusion coefficients for
rotations about the symmetry axis and a perpendicular to
this axis, respectively, and (p denotes the angle that j makes
with the symmetry axis.

Finally, if all three diffusion coefficients are identical
and denoted D,

r(t) = rOe (15)

Assuming that translational relaxation is negligible dur-
ing the label's rotational relaxation, ro = D(0)/S(0) =
D(0)/3F(O)m, or

f I(r)p(r, i, 0) P2 (' * 2)d3rd2A

J I(r) [nO - n(r, O)Jd3r
(16)

To evaluate ro, we examine the photobleaching reaction.
For convenience we assume the bleach pulse has intensity
Ib(r) at each position r that is constant over a period T,
which is sufficiently brief to neglect label motion. We pick
positions such that the maximum bleach intensity occurs at
r = 0 and defineJ(r) = Ib(r)/Ib(O). Because the bleach and
observation profiles are identical, flr) is also equal to
I(r)/I(O). We assume that photobleaching is an irrevers-
ible first-order reaction, with the rate of inactivation of a
label at position r being 3qbIb(O)f(r)(;A * £)2, where qb is an
inactivation coefficient for the label. The degree of bleach-
ing achieved by the pulse is then characterized by a
parameter K, where K = qbTIb(O).
The most useful results occur for small bleaching pulses

for which K << 1. In this case, we obtain the initial
distribution

p(r, ,O) = (no/47r) [ - 3Kf (r) (* 2)2], (17)

and ro reduces to 2/5, regardless of the bleaching pattern
used.
At higher K values, the general solution

p(r, A, 0) = (no/47r) exp [-3Kf (r) (A -)2], (18)

must be used and the results will depend on the particular
bleaching pattern. Stronger bleaches cause ro to decrease
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from 2/5 and approach zero as K >> 1. Expanding Eq. 18 to
order K2 gives ro = 0.4[1 - (27/70)gK], where

g = ff(r)3d3r/ f (r)2d3r, (19)

such that g = 1 for a uniform optical pattern and 2/3 for a
Gaussian beam.
Any rotational motion during the bleaching period will

produce apparent ro values that are reduced from these
calculated values. At small K values, this motion can be
accounted for by treating a particular r(t) model as an
impulse response function to be convoluted with the
bleaching pulse. At large K values, convolution techniques
cannot be used and one would have to solve diffusion
equations with an orientationally dependent photobleach-
ing sink term.

In practice some degree of restricted wobble motion of
the label about its attachment site would always be
expected. This motion generally relaxes in several nanose-
conds or less, whereas typical bleaching periods last micro-
seconds and longer. Rapid, unresolvable wobbling motion
can be qualitatively incorporated into r(t) by assuming
that each label dipole is uniformly distributed within a
cone of semiangle a about some unit vector J'a* that is fixed
during the bleaching period. For K << 1, we evaluate Eq. 16
and find the apparent initial anisotropy

ro = 0.1 [cos a(l + cos a)]2, (20)

from which angle a can be obtained. As expected, ro
becomes vanishingly small if the label wobbles over a large
angular region. The observed decay of the anisotropy from
this initial value then involves the much slower motions of
A*. Evaluating Eq. 11 for K << 1, we find

r(t) = rO (P2([*(t) * A (21)

where ro is given by Eq. 20 and (P2[^i*(t) . jt*(0)]) as
given by Eq. 12 involves the dot product between a label's
Aii* vector at times t and 0. Generalizations for large K
values can also be made, although we shall not do so here.

Fluorescence Recovery at the Magic Angle
To obtain a dynamic expression for AF(t)m, we combine
Eqs. 4 and lOb:

AF(t)m = q ffI(r) W(r, r', t)[no - n(r', 0)] d3rd3r'. (22)

Eq. 22 cannot be immediately factored like r(t) into one
term that depends on the initial bleach pattern multiplied
by another term that contains translational diffusion
dynamics. This is true even though W(r, r', ) depends only
on the distance Ar between r and r', i.e.,

W(r, r', t) = (4irDtt)-3/2 exp (-Ar2/4D,t), (23)

where Dt denotes the particle's translational diffusion
coefficient.

In our setup, the focused laser beam has a Gaussian
profile that passes through thin curvettes with a constant
waist w. Thus fir) is cylindrically symmetric about the
y-axis and independent of the y-coordinate. From Axelrod
et al. (1976), an initial concentration distribution of the
form

n(r, O)/no = 1 + E Am[-Kf(r)]'/m!,
m-I

(24)

yields the series solution

F(t)m/FO= - E A.[(- K)'/n!]/[1 + n(1 + 2t/T)], (25)
n-I

where T = w2/4D,.
For an instantaneous bleaching pulse at t = 0, Eq. 18

gives

n(r, 0)/no = i exp [-3Kf (r)s2] ds, (26)

where s is a dummy variable. From this, Am = 3m/
(2m + 1), which differs from the Am = 1 value of Axelrod
et al. (1976). They used the initial distribution

n(r, 0)/no = exp[-Kf(r)], (27)

which corresponds to the assumption that each label freely
rotates over all angles during the bleach period, rather than
remaining at a fixed direction. These two results constitute
static and dynamic limits of rotational mobility.
To qualitatively evaluate intermediate cases of restricted

rotational motion during the bleaching period, we use the
wobble model. We treat a rapidly moving label as if its
dipole were uniformly distributed within a cone of semian-
gle a that is fixed during the bleaching period. This gives

n(r, O)/no = 4 exp [-Kf (r)[1 + 2XP2(s)]] ds, (28)

where X = 0.5 cos a( 1 + cos a), which yields

Am = J [1 + 2XP2(s)]J"ds (29a)

or
m

Am - E 3-m!Xn(1 - X)m-/n[(2n + 1)n!(m - n)!]. (29b)
n-0

As a - 0, we regain the static limit values Am =
3m/(2m + 1), whereas either a = 900 or 1800 gives the
dynamic limit values Am = 1. For other values of a, Am lies
between these values.
At small values of K, the degree of label rotational

mobility during the bleach is immaterial as far as AF(t)m is
concerned. To first order in K, Eq. 28 becomes n(r, O)/no =
I - KfJr) regardless of a, Eq. 25 reduces to

AF(t)m/FO = 0.5K/(1 + t/r), (30)

and K can be uniquely determined as K = 2AF(0)m/Fo.
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FIGURE 2 Fluorescence photobleaching recovery curves at the magic angle for a freely diffusing single species and a Gaussian profile laser
beam are presented. AF(t),,,FO given by Eq. 25 is plotted against time in units of T. The dashed curves indicate the absorption dipole is fixed
during the bleach and the solid curves indicate the dipole rotates rapidly and uniformly over all angles during the bleach. The number by each
curve shows the value of the bleaching parameter K used. K values were chosen such that pairs of solid and dashed curves start from the same
lAF(O).IFO.

At larger K values, differences in label rotational mobil-
ity will affect the initial value and shape of the AF(t)m
curves as the initial concentrations weight the translational
diffusion modes differently. In the dynamic and static
limits, AF(0)m/F0 is respectively found to be 0.115 and
0.109 for K=0.25; 0.213 and 0.191 for K = 0.5; 0.368 and
0.308 for K = 1.0; 0.568 and 0.443 for K = 2; 0.755 and
0.572 for K = 4; and so forth. In Fig. 2 we compare curve
shapes for several pairs of dynamic and static cases whose
K values are chosen such that their AF(0)m/F0 values
match. As seen, the static case always recovers more slowly
than the dynamic case. For K values in the dynamic cases
up to at least 2, the percentage difference between curve
pairs is found to be -1.4 Kt/r% for t < Sr, with little
further increase after 5r. Using a late recovery time t =
1 Sr and K values for the dynamic cases, we find differences
of 1.7% for K = 0.25, 4% for K = 0.5, 8% for K = 1.0, and
17% for K = 2.0. These results show that AF(t)m is
insensitive to a label's rotational motion during the bleach
pulse for K values sufficiently below unity.

CONCLUSION

The FPR design analyzed here offers several advantages
for solution studies. The magic angle measurement in the
small bleaching regime is obviously desirable when trying
to extract information concerning translational motions
because the recovery curves are independent of label
rotational mobility both during and following the bleach-
ing period. This may be helpful in complex situations such
as those seen in the recent studies of actin polymerization
(Lanni et al., 1981) and the binding of ethidium bromide to

DNA (Icenogle and Elson, 1983a,b). Additional informa-
tion about rotational motions can also be obtained by a
combination of parallel and perpendicular measurements.
As a tool for rotational studies, FPR offers the possibility
of studying extremely slow relaxations that are beyond the
time scales accessible to current techniques involving trip-
let-state lifetimes. In fact, Smith et al. (1981) have
previously applied FPR to oriented membrane systems
using lipid labels with rotational relaxation times of several
minutes. Although designs such as theirs could also be
applied to solution studies, the variant described here leads
to simplified equations, allows the orientational and non-
orientational contributions to the fluorescence recovery
signal to be cleanly separated, and eliminates uncertainties
about the relative orientation between a label's absorption
and emission dipoles.
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