Measurements of fluorescence anisotropy are a powerful
tool in biochemical research and medical testing. Upon
excitation with polarized light the emission from many
samples is also polarized. The extent of polarization of the
emission is described in terms of the anisotropy (r). Sam-
ples exhibiting nonzero anisotropies are said to display
polarized emission. The origin of anisotropy is the exis-
tence of transition moments for absorption and emission
that lie along specific directions within the fluorophore
structure. In homogeneous solution the ground-state fluo-
rophores are all randomly oriented. When exposed to polar-
ized light, those fluorophores that have their absorption
transition moments oriented along the electric vector of the
incident light are preferentially excited. Hence the excited-
state population is partially oriented. A significant fraction
of the excited molecules have their transition moments ori-
ented along the electric vector of the polarized exciting
light.

The emission can become depolarized by a number of
processes, the relative importance of which depends upon
the sample under investigation. All chromophores have
transition moments that occur along a specific direction in
the molecular axis. Rotational diffusion changes the direc-
tion of the transition moments and is one common cause of
depolarization. Anisotropy measurements reveal the aver-
age angular displacement of the fluorophore that occurs
between absorption and subsequent emission of a photon.
This angular displacement is dependent upon the rate and
extent of rotational diffusion during the lifetime of the
excited state. The rate of rotational diffusion depends on the
viscosity of the solvent and the size and shape of the rotat-
ing molecule. The rotational rate of fluorophores in solution
is dependent upon the viscous drag imposed by the solvent.
A change in solvent viscosity will result in a change in flu-
orescence anisotropy. For small fluorophores in low-viscos-
ity solutions the rate of rotational diffusion is typically
faster than the rate of emission. Under these conditions the
emission is depolarized and the anisotropy close to zero.

Fluorescence
Anisotropy

The dependence of fluorescence anisotropy upon fluo-
rophore motions has resulted in numerous applications of
this technique in biochemical research. This is because the
timescale of rotational diffusion of biomolecules is compa-
rable to the decay time of many fluorophores. For instance,
a protein with a molecular weight of 25 kD can be expect-
ed to have a rotational correlation time near 10 ns. This is
comparable to the lifetime of many fluorophores. Hence
factors that alter the rotational correlation time will also
alter the anisotropy. For biomolecules the anisotropy is
decreased due to both rotational diffusion and internal flex-
ibility. As examples we note that fluorescence anisotropy
measurements have been used to quantify protein denatura-
tion, which usually results in increased flexibility of the
peptide backbone, and protein association with other
macromolecules, which changes the overall rate of rotation.
Anisotropy measurements can also be used to measure the
dynamics of proteins. The anisotropies of membrane-bound
fluorophores have been used to estimate the internal vis-
cosities of membranes and the effects of lipid composition
upon the membrane phase-transition temperature. In addi-
tion, anisotropy measurements are widely used in clinical
chemistry in the form of fluorescence-polarization
immunoassays.

In this chapter we describe the fundamental theory for
steady-state measurements of fluorescence anisotropy. We
also describe selected biochemical applications. In the sub-
sequent chapters we will describe time-resolved anisotropy
measurements and advanced applications.

10.1. DEFINITION OF FLUORESCENCE
ANISOTROPY

The measurement of fluorescence anisotropy is illustrated
in Figure 10.1. For most experiments the sample is excited
with vertically polarized light. The electric vector of the
excitation light is oriented parallel to the vertical or z-axis.
The intensity of the emission is measured through a polar-
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Figure 10.1. Schematic diagram for measurement of fluorescence
anisotropies.

izer. When the emission polarizer is oriented parallel (Il) to
the direction of the polarized excitation the observed inten-
sity is called /. Likewise, when the polarizer is perpendicu-
lar (L) to the excitation the intensity is called /,. These
intensity values are used to calculate the anisotropy:!

Iu - IL

y =
Iy + 21,

(10.1)

The anisotropy is a dimensionless quantity that is independ-
ent of the total intensity of the sample. This is because the
difference (I, — I,) is normalized by the total intensity,
which is It = I, + 2I,. The anisotropy is an intensity ratio-
metric measurement. In the absence of artifacts the
anisotropy is independent of the fluorophore concentration.

In earlier publications and in the clinical literature, the
term polarization is frequently used. The polarization is
given by

I” - IL

P=
I+ 1,

(10.2)

The polarization and anisotropy values can be inter-
changed using

po_" 103
247 (10.3)

L (10.4)
r—3_P .

FLUORESCENCE ANISOTROPY

The polarization and anisotropy contain the same informa-
tion, but the use of polarization should be discouraged.
Anisotropy is preferred because it is normalized by the total
intensity I = [, + 21,, which results in simplification of the
equations. Suppose the sample contains several emitting
species with polarization values P, and fractional intensities
/- The polarization of this mixture ( P) is given by?

11y f;
(-3 - ;(1_1) (10.5)
P, 3
In contrast, the average anisotropy (7) is given by
r= > fr (10.6)

L

where r, indicates the anisotropies of the individual species.
The latter expression is clearly preferable. Furthermore, fol-
lowing pulsed excitation the fluorescence anisotropy decay
r(?) of a sphere is given by

r(t) = ree ™ (10.7)

where 7, is the anisotropy at # = 0, and 0 is the rotational
correlation time of the sphere. The decay of polarization is
not a single exponential, even for a spherical molecule.

Suppose that the light observed through the emission
polarizer is completely polarized along the transmission
direction of the polarizer. Then /, =0, and P = r = 1.0. This
value can be observed for scattered light from an optically
dilute scatterer. Completely polarized emission is never
observed for fluorescence from homogeneous unoriented
samples. The measured values are smaller due to the angu-
lar dependence of photoselection (Section 10.2.1). Com-
pletely polarized emission can be observed for oriented
samples.

Now suppose the emission is completely depolarized.
In this case I, =1, and P = r = 0. It is important to note that
P and r are not equal for intermediate values. For the
moment we have assumed these intensities could be meas-
ured without interference due to the polarizing properties of
the optical components, especially the emission monochro-
mator (Chapter 2). In Section 10.4 we will describe meth-
ods to correct for this effect.
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p=I;-Iy n=2ly

Figure 10.2. Polarization of a ray of light.

10.1.1. Origin of the Definitions of Polarization
and Anisotropy

One may wonder why two widely used measures exist for
the same phenomenon. Both P and r have a rational origin.
Consider partially polarized light traveling along the x axis
(Figure 10.2). The intensities 7, and /; can be measured with
a detector and polarizer positioned on the x-axis. The polar-
ization of this light is defined as the fraction of the light that
is linearly polarized. Specifically,

_ p
p+n

(10.8)

where p is the intensity of the polarized component and n
the intensity of the natural component. The intensity of the
natural component (n) is given by n = 2I. The remaining
intensity is the polarized component, which is p =1, — I,.
For vertically polarized excitation 1, = I and I, = I,. Substi-
tution into eq. 10.8 yields eq. 10.2, which is the standard
definition for polarization.

The anisotropy (r) of a light source is defined as the

ratio of the polarized component to the total intensity (Iy):

L-1, I-1
=" = 10.9
"TLeL+L I (109

When the excitation is polarized along the z-axis, emission
from the fluorophores is symmetric around the z-axis (Fig-
ure 10.3). Hence I, = I,. Recalling I, = 1, and , = I, one
obtains eq. 10.1.

The polarization is an appropriate parameter for
describing a light source when a light ray is directed along
a particular axis. In this case p + n is the total intensity and
P the ratio of the excess intensity along the z-axis divided
by the total intensity. This distribution of the emission is
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Figure 10.3. Electric field from a radiating dipole oriented along the
z-axis. The thin arrows on the lines indicate the direction of the elec-
tric field E. The wide arrows indicate the direction of energy migra-
tion, which is symmetrical around the z-axis.

F4

shown in Figure 10.3 for a dipole oriented along the z-axis.
In contrast, the radiation emitted by a fluorophore is sym-
metrically distributed about the z-axis. The anisotropy is the
ratio of the excess intensity that is parallel to the z-axis,
divided by the total intensity. It is interesting to notice that
a dipole oriented along the z-axis does not radiate along this
axis, and cannot be observed with a detector on the z-axis.

10.2. THEORY FOR ANISOTROPY

The theory for fluorescence anisotropy can be derived by
consideration of a single molecule.?> Assume that the
absorption and emission transition moments are parallel.
This is nearly true for the membrane probe 1,6-diphenyl-
1,3,5-hexatriene (DPH). Assume this single molecule is ori-
ented with angles 0 relative to the z-axis and ¢ relative to
the y-axis (Figure 10.4). Of course, the ground-state DPH
molecules will be randomly oriented in an isotropic solvent.
If the excitation is polarized along the z-axis then there will
be some preferential orientation of the excited-state popula-
tion along this axis. It is known that emitting fluorophores
behave like radiating dipoles.* Except for the quantized
energy, the far-field radiation can be described completely
by classical electrodynamics. Our goal is to calculate the
anisotropy that would be observed for this oriented mole-
cule in the absence of rotational diffusion. These assump-
tions of parallel dipoles, immobility, random ground-state
orientation, and z-axis symmetry simplify the calculations.

Prior to deriving the expressions for anisotropy it is
instructive to understand the origin of Figure 10.4. This fig-
ure shows /, and /, being proportional to the projection of
the transition moment onto the axes. This is true because
the projection of the transition moment is the same as the
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Figure 10.4. Emission intensities for a single fluorophore in a coordi-
nate system.

projection of the electric field created by the fluorophore.
The shape in Figure 10.3 shows the spatial distribution of
light emitted by a dipole oriented along the z-axis. The elec-
tric field created by the fluorophore is described by>-¢

sin® A
0 (10.10)

E(0.9) = k—

where k is a constant, r is the distance from the fluorophore
and 6 is a unit vector along the 0 coordinate. The intensi-
ty of emitted light is proportional to the square of the elec-
tric field and is given by

sin’0 A
p
2

1(6,9) = k*

(10.11)

where 7 is a unit vector in the direction of propagation.
With this background we can understand the parallel
and perpendicular intensities due to a dipole with some
arbitrary orientation. Figure 10.5 shows the emission inten-
sity for a dipole oriented the same as the previous DPH
molecule. The electric field is always tangential to this sur-
face. Around the equator of this surface the electric field
points in the same direction as the emission transition
moment. Hence the projection of the field onto the z-axis is
proportional to cos 0 and the intensity is proportional to

FLUORESCENCE ANISOTROPY

sin@siny

Figure 10.5. Radiating dipole in a coordinate system.

cos? 0. Similarly, the field along the x-axis is proportional
to sin O sin ¢. The polarized intensities are due to the pro-
jected electric fields, but it is usually easier to think in terms
of molecular orientation rather than the radiated field.
Hence we use diagrams such as Figure 10.4 to describe the
anisotropy theory.

We now know the light polarized intensity along an
axis is proportional to projection of the transition moments
into this axis. Hence the parallel and perpendicular intensi-
ties for the molecule in Figure 10.4 are given by

1,(0.6) = cos?0 (10.12)

1,(0,0) = sin’0 sin’¢ (10.13)

We now need to consider randomly oriented fluo-
rophores excited with polarized light. The anisotropy is cal-
culated by performing the appropriate averaged intensities
based on excitation photoselection and how the selected
molecules contribute to the measured intensity. For excita-
tion polarized along the z-axis all molecules at an angle ¢
from the y-axis are excited with equal probability. That is,
the population of excited fluorophore is symmetrically dis-
tributed around the z-axis. The population of excited mole-
cules is oriented with values of ¢ from 0 to 2n with equal
probability. Hence we can eliminate the ¢ dependence in eq.
10.13. The average value of sin? ¢ is given by

21 in 2
. 051n¢d¢_1
<sin“g>=————=—

e 5 (10.14)
0
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and therefore

1,(0) = cos?0 (10.15)

1
1,(0) = sin’0 (10.16)

Now assume we are observing a collection of fluo-
rophores that are oriented relative to the z-axis with a prob-
ability f(6). In the following section we will consider the
form of f{i0) expected for excitation photoselection. The
measured fluorescence intensities for this collection of mol-
ecules are

IH

fg’zf(e ) cos’0 dO = k< cos?0> (10.17)

I—l 20 'ZE)dG—ﬁ in 20 10.18
L—zof()sm —2<sm > (10.18)
where f(0) d0 is the probability that a fluorophore is orient-
ed between 0 and O + d0, and k is an instrumental constant.
Using eq. 10.1 and the identity sin? 0 = 1 — cos? 0, one finds
that

3<cos?0> — 1
r=——_— (10.19)
2

Hence the anisotropy is determined by the average value of
cos? 0, where 0 is the angle of the emission dipole relative
to the z-axis. This expression is only correct for samples
that display z-axis symmetry. A different expression is
needed to describe the anisotropy of a fluorophore oriented
with unique angles 0 and ¢.

It is instructive to consider the relationship between r
and 0. For a single fluorophore oriented along the z-axis,
with colinear transitions, 6 = 0, the use of eq. 10.19 shows
that r = 1.0. However, it is not possible to obtain a perfect-
ly oriented excited-state population with optical excitation
of homogeneous solutions. Hence the anisotropies are
always less than 1.0. Complete loss of anisotropy is equiv-
alent to 0 = 54.7°. This does not mean that each fluorophore
is oriented at 54.7°, or that they have rotated through 54.7°.
Rather, it means that the average value of cos? 0 is 1/3,
where 0 is the angular displacement between the excitation
and emission moments. In the derivation of eq. 10.19 we
assumed that the transition moments were colinear. A
slightly more complex expression is necessary for almost
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all fluorophores because the transition moments are rarely
colinear. In addition, we have not yet considered the effects
of photoselection on the anisotropy values.

10.2.1. Excitation Photoselection of Fluorophores

When a sample is illuminated with polarized light, those
molecules with absorption transitions aligned parallel to the
electric vector of the polarized excitation have the highest
probability of excitation. The electric dipole of a fluo-
rophore need not be precisely aligned with the z-axis to
absorb light polarized among this axis. The probability of
absorption is proportional to the cos? 6, where 0 is the angle
the absorption dipole makes with the z-axis.” Hence, excita-
tion with polarized light results in a population of excited
fluorophores that are partially oriented along the z-axis
(Figure 10.6). This phenomenon is called photoselection.
The excited-state population is symmetrical around the z-
axis. Most of the excited fluorophores are aligned close to
the z-axis, and very few fluorophores have their transition
moments oriented in the x-y plane. For the random ground-
state distribution, which must exist in a disordered solution,
the number of molecules at an angle between 0 and 6 + d0
is proportional to sin 6 d0. This quantity is proportional to
the surface area on a sphere within the angles 6 and 6 + d.

Excitation |

I,=31,
y

Figure 10.6. Excited-state distribution for immobile fluorophores
with ry = 0.4.
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Hence, the distribution of molecules excited by vertically
polarized light is given by

f(0)dd = cos?0sin do (10.20)
The probability distribution given by eq. 10.20 determines
the maximum photoselection that can be obtained using
one-photon excitation of an isotropic solution. More highly
oriented populations can be obtained using multiphoton
excitation.”

The anisotropy is a function of <cos? 6> (eq. 10.19).
Hence, calculation of <cos? 0> allows calculation of the
anisotropy. For colinear absorption and emission dipoles
the value of <cos? 0> is given by

Jcos?0 f(0) do
T2f(6)de

<cos?9> = (10.21)

Substitution of 10.20 into 10.21 yields <cos? 6> = 3/5.
Equation 10.19 shows a maximum anisotropy of 0.4. This
is the value that is observed when the absorption and emis-
sion dipoles are colinear, and when there are no processes
which result in depolarization. Under these conditions the
excited-state population is preferentially oriented along the
z-axis (Figure 10.6) and the value of I, is one-third the
value of I, ({, = 31,). This value of r = 0.4 is considerably
smaller than that possible for a single fluorophore oriented
along the z-axis (r = 1.0).

It is important to remember that there are other possi-
ble origins for polarized light. These include reflections and
light scattered by the sample. For a dilute scattering solu-
tion, where there is a single scattering event, the anisotropy
is close to 1.0. Scattered light can interfere with anisotropy
measurements. If the measured anisotropy for a randomly
oriented sample is greater than 0.4, one can confidently
infer the presence of scattered light in addition to fluores-
cence. The maximum anisotropy of 0.4 for colinear absorp-
tion and emission dipoles is a consequence of the cos? 0
probability of light absorption. Anisotropy values can
exceed 0.4 for multiphoton excitation (Chapter 18).

10.3. EXCITATION ANISOTROPY SPECTRA

In the preceding section we assumed that the absorption and
emission moments were colinear (r, = 0.4). Few fluo-
rophores display r, = 0.4. For most fluorophores the r, val-
ues are less than 0.4, and in general the anisotropy values

FLUORESCENCE ANISOTROPY

depend on the excitation wavelength. This is explained by
the transition moments being displaced by an angle f3 rela-
tive to each other. In the previous section (eqs.
10.12-10.19) we demonstrated that displacement of the
emission dipole by an angle 6 from the z-axis resulted in a
decrease in the anisotropy by a factor (3cos2 6 — 1)/2. Sim-
ilarly, the displacement of the absorption and emission
dipoles by an angle  results in a further loss of anisotropy.
The observed anisotropy in a vitrified dilute solution is a
product of the loss of anisotropy due to photoselection
(2/5), and that due to the angular displacement of the
dipoles. The fundamental anisotropy of a fluorophore is
given by

2 (3cosP — 1
r() = g ( ) (10.22)

2

where 3 is the angle between the absorption and emission
transitions.

The term r, is used to refer to the anisotropy observed
in the absence of other depolarizing processes such as rota-
tional diffusion or energy transfer. For some molecules (3 is
close to zero. For example, r, values as high as 0.39 have
been measured for DPH, although slightly lower values are
frequently reported.3-10 An anisotropy of 0.39 corresponds
to an angle of 7.4° between the dipoles, whereas r, = 0.4
corresponds to an angle of 0°. The fundamental anisotropy
value is zero when B = 54.7°. When P exceeds 54.7° the
anisotropy becomes negative. The maximum negative value
(=0.20) is found for § = 90°. These values for both r, and
P, are summarized in Table 10.1. For any fluorophore ran-
domly distributed in solution, with one-photon excitation,
the value of r, must be within the range from —0.20 to 0.40
for single-photon excitation.

Measurement of the fundamental anisotropy requires
special conditions. In order to avoid rotational diffusion the
probes are usually examined in solvents that form a clear
glass at low temperature, such as propylene glycol or glyc-

Table 10.1. Relationship between the Angular
Displacement of Transition Moments () and the
Fundamental Anisotropy (r,) or Polarization (P,)

B (deg) 7o P,

0 0.40 0.50=1/2
45 0.10 0.143 =1/7
54.7 0.00 0.000
90 -0.20 -0.333=-1/3
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erol. Additionally, the solutions must be optically dilute to
avoid depolarization due to radiative reabsorption and emis-
sion, or due to resonance energy transfer. One commonly
used solvent for measuring fundamental anisotropies is
propylene glycol at —60 to —70°C. Under these conditions
the fluorophores remain immobile during the lifetime of the
excited state. Glycerol also forms a rigid glass at low tem-
perature. However, glycerol typically displays more auto-
fluorescence than propylene glycol. At similar temperatures
phosphorescence from the fluorophores seems to be more
common in glycerol than in propylene glycol. In these rigid
solutions the measured anisotropy values (r,) provide a
measure of the angle between the absorption and emission
dipoles (eq. 10.22). Since the orientation of the absorption
dipole differs for each absorption band, the angle 3 varies
with excitation wavelength. The changes in the fundamen-
tal anisotropy with excitation wavelength can be understood
as a rotation of the absorption transition moment. A more
precise explanation may be the changing contributions of
two or more electronic transitions, each with a different
value of 3. As the excitation wavelength changes, so does
the fraction of the light absorbed by each transition (Section
10.3.1).

The anisotropy spectrum is a plot of the anisotropy ver-
sus the excitation wavelength for a fluorophore in a dilute
vitrified solution. The anisotropy is usually independent of
the emission wavelength, so only excitation anisotropy
spectra are reported. The lack of dependence on emission
wavelength is expected since emission is almost always
from the lowest singlet state. If emission occurs from more
than one state, and if these states show different emission
spectra, then the anisotropies can be dependent upon emis-
sion wavelength. Such dependence can also be observed in
the presence of solvent relaxation (Chapter 7). In this case
anisotropy decreases with increasing wavelength because
the average lifetime is longer for longer wavelengths
(Chapter 12). This effect is generally observed when the
spectral relaxation time is comparable to the fluorescence
lifetime. In completely vitrified solution, where solvent
relaxation does not occur, the anisotropy is usually inde-
pendent of emission wavelength.

The largest r, values are usually observed for excitation
into the longest wavelength absorption band.!" This is
because the lowest singlet state is generally responsible for
the observed fluorescence, and this state is also responsible
for the long-wavelength absorption band (Kasha's rule).
Absorption and emission involving the same electronic
transition have nearly colinear moments. Larger B values
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Figure 10.7. Excitation anisotropy spectra of DAPI in an unstretched
polyvinyl alcohol film (solid). The dashed line is the absorption spec-
trum. Revised and reprinted with permission from [15]. Copyright ©
1989, American Chemical Society.

(lower r, values) are obtained upon excitation into higher
electronic states, which are generally not the states respon-
sible for fluorescence emission. Rather, the fluorophores
relax very rapidly to the lowest singlet state. The excitation
anisotropy spectrum reveals the angle between the absorp-
tion and emission transition moments. However, the direc-
tion of these moments within the molecule itself are not
revealed. Such a determination requires studies with
ordered systems, such as crystals or stretched films.!2-14

These general features of an anisotropy spectrum are
illustrated in Figure 10.7 for DAPI in an isotropic
(unstretched) polyvinyl alcohol film.!5 This film is very vis-
cous, so the fluorophores cannot rotate during the excited-
state lifetime. The absorption and emission dipoles are in
the plane of the rings. For excitation wavelengths longer
than 330 nm the r,, value is relatively constant. The relative-
ly constant r,, value across the S, -~ S, transition, and a grad-
ual tendency towards higher r, values at longer wave-
lengths, is typical of many fluorophores. As the excitation
wavelength is decreased the anisotropy becomes more
strongly dependent on wavelength. Different anisotropies
are expected for the Sy - S|, S, ~ S, and higher transitions.

The excitation anisotropy spectrum of DAPI is rather
ideal because r,, is relatively constant across the long wave-
length absorption band. Many fluorophores show a gradual
decrease in r, as the excitation wavelength is decreased.
This property is illustrated for 9-anthroyloxy stearic acid
(9-AS) in Figure 10.8. When using such probes careful con-
trol of the excitation wavelength is needed if the experi-
ments depend on knowledge of the r, values.
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Figure 10.8. Excitation anisotropy spectrum of 9-anthroyloxy stearic
acid (9-AS) in propylene glycol at —52°C. The same excitation
anisotropy spectrum was observed for 2-AS, 7-AS, 12-AS and 16-AP.
Revised and reprinted with permission from [16]. Copyright © 1982,
American Chemical Society.
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Figure 10.9. Excitation anisotropy spectrum of Green Fluorescent
Protein. Figure courtesy of Drs. Z. Gryczynski, L. Black and R. B.
Thompson.

Figure 10.9 shows excitation and emission anisotropy
spectra for GFP that was packaged into the heads of T4 bac-
teriophage.!” Each phage head contains about 90 GFP mol-
ecules. Given the size of the phage heads, the anisotropy is
expected to be close to the fundamental anisotropy, which
is near 0.38. Homotransfer between the concentrated GFP
molecules was suggested as the reason for the lower
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Figure 10.10. Excitation anisotropy spectrum of indole in vitrified
propylene glycol. Also shown are the calculated absorption spectra of
the 'L, and 'L, states. Revised from [19].

anisotropy. The anisotropy is constant across the emission
spectrum, which is typical of emission anisotropy spectra.

10.3.1. Resolution of Electronic States from
Polarization Spectra

Some fluorophores can display complex anisotropy spectra,
even across the longest absorption band. One well-known
example is indole.!8-20 The anisotropy varies abruptly with
excitation wavelength across the long-wavelength absorp-
tion band (Figure 10.10, top). This dependence was attrib-
uted to the two excited states of indole ('L, and 'L,), which
are responsible for the absorption from 250 to 300 nm.2!-22
The transition moments are thought to be at an angle of 90°
relative to one another.23-2¢ Emission of indole occurs main-
ly from the 'L, state.

This complex anisotropy spectrum can be used to
determine the absorption spectra corresponding to the S, -
L, and S, - 'L, states.!” This example illustrates the addi-
tivity of anisotropies (eq. 10.6). This example is also impor-



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

tant for an understanding of the fluorescence from trypto-
phan residues in proteins (Chapter 16). At any excitation
wavelength A the observed anisotropy is

ro(A) = £, roq + f(M) 1, (10.23)
where f/(A) represents the fractional contribution of the ith
state to the total absorption at the wavelength A, and r,, rep-
resents the limiting anisotropy of this state. The assumption
was made that r,, and ry, are independent of wavelength,
that emission occurs only from the 'L, state, and that the
quantum yield is independent of excitation wavelength. The
highest observed value of r, was 0.3, and this value was
assigned to ry,. This means that absorption of the 'L state
is assumed to be dominant at excitation wavelengths of 300
nm and greater. Selection of a value for r, is more difficult
since there is no obvious wavelength where the absorption
of 'L, is dominant. The transition dipoles for 'L, and 'L,
states are thought to be perpendicular. The anisotropy
expected for 'L, can be predicted using eq. 10.22, which
describes the loss in anisotropy due to an angular displace-
ment of two oscillators by a known angle. The maximum
value of r, (0.4) is replaced by r,, = 0.3. Hence the
anisotropy of the 'L, state is given by

R
W) (10.24)

rop = 0.30 ( )
Using B = 90° one obtains ry, = —0.15. These values of ry,
and r,, are used in eq. 10.23, along with the restriction that
the total fractional absorption is unity (f,(A) + fy(A) = 1), to
calculate the fractional absorption of each state as a func-
tion of wavelength. Rearrangement of eq. 10.23 yields

ro(A) —ry,  1ro(A) + 0.15
fh) = P 0.45 (10.25)
a A 0.3 — A
fun) =2 o) M 06

roa - I‘Ob 0.45

And finally, the absorption spectrum of each state is given
by

A0 = £,(0) AGL) (10.27)

Ap(r) = k) A(R) (10.28)
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where A()) is the total absorption spectrum. These resolved
spectra are shown in the lower panel of Figure 10.10. The
IL, absorption is structured, but this absorption is less
intense than the 'L, absorption. The peak at 290 nm in the
absorption spectrum of indole is seen to be due to the 'L,
state, and this peak absorption corresponds to a minimum in
the r, value. Above 295 nm only the 'L, state absorbs, and
the anisotropy is relatively constant. This is one reason why
295-300 nm excitation is used when studying the intrinsic
tryptophan emission of proteins. This example illustrates
how polarization spectra reveal the electronic properties of
fluorophores.

10.4. MEASUREMENT OF FLUORESCENCE
ANISOTROPIES

Prior to describing the applications of anisotropy, it is use-
ful to understand the methods used to measure the
anisotropy or polarization. We describe steady-state meas-
urements, but similar considerations apply to time-resolved
measurements of anisotropies. Two methods are commonly
used. These are the L-format method, in which a single
emission channel is used, and the T-format method, in
which the parallel and perpendicular components are ob-
served simultaneously through separate channels. The pro-
cedures described below are intended to correct for the dif-
ferent efficiencies of the instrumentation for detection of
the various polarized components of the emission (Chap-
ter 2).

10.4.1. L-Format or Single-Channel Method

The L format is used most frequently because most fluo-
rometers have only a single emission channel. Assume the
sample is excited with vertically polarized light, and the
emission is observed through a monochromator (Figure
10.11). The monochromator will usually have a different
transmission efficiency for vertically and horizontally
polarized light. Consequently, rotation of the emission
polarizer changes the measured intensities even if the sam-
ple emits unpolarized light. The measured intensities are
not the desired parallel and perpendicular intensities, but
rather intensities that are also proportional to the transmis-
sion efficiencies of the monochromator for each polarized
component. The objective is to measure these actual inten-
sities, I, and I, unbiased by the detection system.

We use two subscripts to indicate the orientation of the
excitation and emission polarizers, respectively. For exam-
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Figure 10.11. Schematic diagram for L-format measurements of flu-
orescence anisotropy. MC, monochromators. The shapes on the right
are the excited-state distributions.

ple, I,y corresponds to horizontally polarized excitation
and vertically polarized emission. This notation is easy to
recall since the order of the subscripts represents the order
in which the light passes through the two polarizers. Let S,
and Sy be the sensitivities of the emission channel for the
vertically and horizontally polarized components, respec-
tively. For vertically polarized excitation the observed
polarized intensities are

Iyy = kSyI, (10.29)

Iyy = kSyl, (10.30)
where k is a proportionality factor to account for the quan-
tum yield of the fluorophore and other instrumental factors
aside from the polarization-dependent sensitivity. Division
of 10.29 and 10.30 yields

]VV SV III IH
—=—=—==06G— (10.31)
Iy Sy I, I,

The measured intensity ratio is different from the true value
by a factor G. To calculate the actual intensity ratio (/,/1,)
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we need to determine the G factor, which is the ratio of the
sensitivities of the detection system for vertically and hori-
zontally polarized light:

G Sv 10.32
sy (10.32)

If the measured intensities are not corrected for the G fac-
tor, the calculated anisotropy will be incorrect. For instance,
assume G = 2.0. This means that the emission monochro-
mator passes vertically polarized light, at the chosen emis-
sion wavelength, with twofold greater efficiency than hori-
zontally polarized light. The G factor is dependent upon the
emission wavelength, and to some extent the bandpass of
the monochromator. Frequently, anisotropy measurements
are performed using an emission filter rather than a mono-
chromator. Filters generally do not have a significant polar-
izing effect, and hence one expects G = 1.0. Nonetheless,
this factor should always be determined since rotation of
the emission polarizer can cause the focused image of the
fluorescence to change position, altering the effective sen-
sitivity.

The G factor is easily measured using horizontally
polarized excitation. With horizontally polarized excitation
the excited-state distribution is rotated to lie along the
observation axis. When this is done both the horizontally
and vertically polarized components are equal and propor-
tional to /, (Figure 10.11). These components are equal
because the electric field is equally distributed around the
observation axis. Both polarizer orientations are perpendi-
cular to the polarization of the excitation. Any measured
difference in I, and I,;;; must be due to the detection sys-
tem. Specifically,

IHV SV IJ_ _ SV

= = =G (10.33)
Lw  Su I S

Frequently the excitation intensity can change when the
excitation polarizer is rotated. This change is a constant fac-
tor in the numerator and denominator of eq. 10.33, and
hence cancels. When the G factor is known the ratio /,/I;
can be calculated using

Iy 1 _ Lyy Iy — 11,
LG Lyylyy

(10.34)

The anisotropy is given by
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I“/IL - 1 10 35
", + 2 (10.35)
which is frequently used in the alternative form:
Iyy — GI
p=—y W (10.36)
Iyy + 2Glyy

10.4.2. T-Format or Two-Channel Anisotropies

In the T-format method the intensities of the parallel and
perpendicular components are measured simultaneously
using two separate detection systems (Figure 10.12). The
emission polarizers are left unchanged, so the sensitivity
of each channel remains the same during the measurement.
It is still necessary to measure the relative sensitivity of
the two detection systems, which is accomplished using
horizontally polarized excitation. The T-format measure-
ments are performed as follows. The excitation polarizer
is first placed in the vertical orientation to measure the
ratio of the parallel and perpendicular signals (Ry). This
ratio is given by

Ry = Gl (10.37)
YOG, '

where G, and G, are the sensitivities of the parallel and per-
pendicular channels, respectively. This ratio can be adjust-
ed to unity, but in practice it is easier to simply measure the
ratio. This ratio is measured again using horizontally polar-
ized excitation. Then both emission channels observe I;
(Figure 10.12). Hence the ratio of intensities is given by

Ry = G/G, (10.38)
Division of 10.37 by 10.38 yields
Ry I

— = 10.39

Ry 1. ( )

which can be used to calculate the anisotropy (eq. 10.35).
The excitation intensity may vary upon rotation of the exci-
tation polarizer. This factor cancels in taking the ratio.
However, difficulties can arise if light from the excitation
monochromator is completely polarized in either the verti-
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Figure 10.12. Schematic diagram for T-format measurements of fluo-
rescence anisotropy.

cal or horizontal direction (Chapter 2). Then either R}; or Ry,
cannot be measured because of inadequate light intensity.
This difficulty can be avoided by using a different excita-
tion wavelength where adequate intensity is available for
each polarization. This is acceptable because R, and Ry, are
properties of the detection system, and are not dependent on
the excitation wavelength or the degree of polarization dis-
played by the sample. The theoretical maximum for /,/1, is
3 (r=0.4). Values of 1,/], in excess of 3 generally indicate
an artifact, typically scattered light. Scattered light is 100%
polarized (/,/I, = «, r = 1.0), and a small percentage of such
light can seriously distort the anisotropy values.

10.4.3. Comparison of T-Format and
L-Format Measurements

For fluorometers with a single emission channel the L for-
mat must be used to measure anisotropies. This procedure
requires four individual measurements: Iy, Iy, Iy, and
I,yy. The latter two determine the G factor, which does not
need to be measured each time. The T-format method again
requires four intensity measurements, which appear as two
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ratios. Because of the simultaneous measurement, fluctua-
tions in signal intensity are canceled in T-format measure-
ments. In the early days of fluorescence spectroscopy T-for-
mat measurements were preferred. With modern instru-
ments there no longer seems to be any significant advantage
to T-format measurements, except possibly for a decreased
time for data acquisition. L-format measurements are rou-
tinely used in this laboratory.

10.4.4. Alignment of Polarizers

Accurate measurement of fluorescence anisotropies
requires that the polarizers be precisely positioned in the
vertical and horizontal orientations. The alignment can be
easily checked and adjusted using a dilute suspension of
glycogen or colloidal silica in water. The scattered light is
100% polarized, that is, » = 1.0. In this laboratory we con-
sider the alignment to be adequate when the measured value
is 0.97 or larger. It is essential to use dilute suspensions of
scatterer. Otherwise multiple scattering events lead to
decreased values of polarization.

Alignment can be accomplished as follows. The exci-
tation polarizer is rotated to the approximate vertical posi-
tion. Precise vertical alignment is not necessary since the
scattered light is vertically polarized. The angular align-
ment of the emission polarizer is adjusted so that the mini-
mum intensity is observed. This is the horizontal position.
It is preferable to use this minimum intensity for alignment.
The maximum intensity for the vertical component is less
sharply defined. One should check that the vertical polariz-
er stop is also properly adjusted. Rotation of the emission
polarizer should now yield the maximum and minimum
intensities when the polarizer is at the vertical and horizon-
tal stops, respectively. These adjustments should be per-
formed with the emission monochromator removed, or its
wavelength chosen for approximate equal transmission effi-
ciencies for vertically and horizontally polarized light. Oth-
erwise, the polarizing properties of the emission monochro-
mator could interfere with the alignment. The wavelength
selection for equal transmission efficiencies can be accom-
plished using either horizontally polarized excitation, to
obtain /, = |, or a sample whose emission is not polarized.
Examples of such solutions are 9-cyanoanthracene in the
fluid solvent ethanol or [Ru(bpy);]** in water.!!

Alignment of the excitation polarizer is performed in a
similar manner. The emission polarizer should be set in the
vertical position. The minimum and maximum intensities of
scattered light should be observed when the excitation
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polarizer is at its horizontal and vertical stops, respectively.
Once again one should consider the polarization properties
of the excitation monochromator.

10.4.5. Magic-Angle Polarizer Conditions

The goal of intensity measurements is usually to measure a
signal proportional to the total intensity (/;), and not pro-
portional to [, or /,. However, since the transmission effi-
ciency of the emission monochromator depends on polar-
ization, the observed signal is not exactly proportional to J,
+ 21, but rather to some other combination of /,and /,. By
the use of polarizers the measured intensity can be propor-
tional to the total intensity, I, = I, + 21, irrespective of the
degree of polarization of the sample. To accomplish this the
excitation polarizer is oriented in the vertical position and
the emission polarizer is oriented (54.7°) from the vertical.
Since cos? 54.7° = 0.333 and sin? 54.7° = 0.667, these
polarizer settings result in /, being selected twofold over /,
forming the correct sum for /; = 1, + 2/,. The use of magic-
angle conditions is especially important for intensity decay
measurements. The intensity decays of the vertically and
horizontally polarized components are usually distinct. If
I,(t) and I () are not properly weighted, then incorrect
decay times are recovered. If the anisotropy is zero, then the
correct intensity and intensity decay times are recovered
independent of polarizer orientation.

10.4.6. Why is the Total Intensity Equal to I + 2I,?

It is widely known that the total intensity is given by [, +
21, but the origin of this result is less widely understood. It
is actually quite simple. For any fluorophore the total inten-
sity is equal to the sum of the intensities along the three
axes: Iy = I, + [, + I,. Each intensity is given by the square
of the transition moment projection on each axis. Using
these terms from Figure 10.4, the sum of the three projec-
tions is unity. This is true for every fluorophore, so that if
the three intensities are measured all fluorophores con-
tribute equally to the total intensity, regardless of this orien-
tation. Now suppose the sample has z-axis symmetry. Then
L=1+2I,.

10.4.7. Effect of Resonance Energy Transfer
on the Anisotropy

In Section 10.3 we discussed an intrinsic cause of depolar-
ization, namely, angular displacement between the absorp-
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tion and emission moments. The fluorophores were
assumed to be immobile and the excited state was assumed
to remain localized on the originally excited fluorophore.
The anisotropy can also be decreased by extrinsic factors
that act during the lifetime of the excited state. These
include rotational diffusion of the fluorophore and the reso-
nance energy transfer (RET) of energy among fluorophores
(Chapter 13). Both processes result in additional angular
displacement of the emission oscillator and hence lower
anisotropies.

The effects of rotational diffusion and energy transfer
are easily separated by selection of the experimental condi-
tions. For example, Brownian rotations cause negligible
depolarization when the rotational rate is much slower than
the rate of fluorescence emission. Therefore, rotation dif-
fusion can be decreased or eliminated using low tempera-
tures and/or high viscosities. Radiationless energy transfer
occurs only in concentrated solution where the average
distance between the fluorophore molecules is comparable
to a characteristic distance R,,, which is typically near 40 A.
Millimolar fluorophore concentrations are required
to obtain this average distance (Chapter 13). This concen-
tration is considerably larger than the usual concentrations
required for fluorescence measurements, which are
about 10-¢ M. Hence radiationless energy transfer is easily
avoided by the use of dilute solutions. The solutions
also need to be adequately diluted so that radiative transfer
does not occur.

The effect of RET on the anisotropy is illustrated by
the excitation anisotropy spectrum of fluorescein in dilute
and concentrated solution.?’ Fluorescein is subject to radia-
tive (emission and reabsorption) and non-radiative energy
transfer because of the small Stokes shift. In this experi-
ment (Figure 10.13) radiative transfer was avoided by using
thin samples, and rotational diffusion was eliminated by
using a vitrified sample. Under these experimental condi-
tions RET is the only mechanism that can decrease the
anisotropy. In dilute solution fluorescein displays its char-
acteristic anisotropy spectrum, with high anisotropy for
excitation above 380 nm. At high concentration the
anisotropy is decreased. This effect is due to RET between
fluorescein molecules. In random solution it is known that
a single non-radiative transfer step reduces the anisotropy to
4% of the initial value.2-2® Hence RET is an effective
mechanism in depolarization. The presence or absence of
RET can usually be predicted from the concentration in the
sample and the spectral properties of the probes.
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Figure 10.13. Excitation polarization spectra of fluorescein in propy-
lene glycol at —50°C. Radiative transfer was avoided by using thin
samples, 30 to 50 microns thick. Revised and reprinted with permis-
sion from [25].

Examination of Figure 10.13 reveals that the
anisotropy (polarization) of the concentrated sample
increases for excitation wavelengths longer than 460 nm.
This increase is due to the failure of energy transfer with red
edge excitation (Chapter 7). The anisotropy increases
because the red-edge excitation results in a shift of the
emission spectrum to longer wavelength, decreased spectral
overlap, and less energy transfer.

10.4.8. Trivial Causes of Depolarization

The measured anisotropies can be lower than the actual val-
ues for several trivial reasons, including light scattering,
reabsorption, and misalignment of the polarizers. While
these are nontrivial experimental problems, they are
dependent only on the optical conditions of the experiment
and do not provide useful information on the molecular
properties of the sample.

Biological samples, such as aqueous suspensions of
membranes, are frequently turbid. This turbidity can cause
scattering of both the incident light and the emitted pho-
tons. The scattered incident light can result in excitation,
and the emitted photons can be scattered prior to observa-
tion. Each scattering event is thought to decrease the
anisotropy of the scattered photon from 0.85 to 0.7 of the
value in the absence of scatter.30-3! The magnitude of the
effect depends on the size of the scatterer. The observed
anisotropy is expected to decrease linearly with the optical
density due to turbidity. The actual proportionality constant
will depend upon the sample under investigation.32 It is
therefore advisable to investigate the effect of turbidity for
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any sample which displays visible turbidity. This can be
accomplished by either actual dilution of the sample or
using a cuvette with smaller dimensions. If dilution does
not change in anisotropy, then there is unlikely to be signif-
icant depolarization due to scattering.

A more serious effect of scattering is the possibility
that scattered light reaches the detector. This is particularly
true for dilute solutions where the intensity is low, and scat-
tering from the optics and sample can be significant. Since
the scattered light will be highly polarized (r = 1.0), a small
percentage of scattered light can result in significant
changes in the anisotropy (eq. 10.6, see also Problem 10.2).
If scattered light reaches the detector, then the measured
anisotropy will usually increase relative to its true value.

Another trivial cause of depolarization is radiative
transfer, which is the reabsorption of emitted photons. It is
more difficult to eliminate radiative transfer since it can
occur at lower concentrations than RET. In fact, radiative
transfer is a frequent cause of low anisotropy values for flu-
orescein. Because of their large spectral overlap, fluores-
cein solutions often show the effects of radiative transfer.
Surprisingly, radiative transfer is less effective than RET in
depolarization. A single radiative transfer step reduces the
anisotropy to 28% of its initial value,33-34 as compared to
4% of the initial value for a single RET step.

Measured anisotropy values can also be too low due to
misalignment or inefficiency of the polarizers. Film polar-
izers become less ideal at short wavelengths. The polarizers
can be tested by examination of a dilute scattering solution
(Section 10.4.4.). And, finally, one should always examine
a blank sample that scatters light approximately the same as
the sample. Background signals can be especially problem-
atic for anisotropy measurements. The background signal
may be polarized if due to scattered light, or unpolarized if
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due to low-molecular-weight impurities. Hence, back-
ground signals can either increase or decrease the
anisotropy. In order to correct for background it is neces-
sary to measure the four individual intensities from the
blank sample, and subtract them from each respective inten-
sity value in eq. 10.36.

10.4.9. Factors Affecting the Anisotropy

The various factors that can affect the anisotropy were sum-
marized in an insightful table,> which outlines the experi-
mental conditions for various anisotropy measurements
(Table 10.2). The fundamental anisotropy can be measured
in dilute highly viscous solution, where rotational diffusion
or RET do not occur. Information about the Forster distance
(R,) for hetero- or homo-RET can be obtained from studies
in concentrated viscous solution. The most interesting con-
dition designated in Table 10.2 is that for dilute non-viscous
solutions. In such solutions the anisotropy is primarily
determined by rotational motion of the fluorophore. For
labeled proteins these motions are dependent upon the size
and shape of the protein, its extent of aggregation, and other
factors. For membranes the anisotropy depends upon the
chemical composition and phase state of the membranes.
As a result, anisotropy measurements are frequently used to
study the properties and interactions of biological macro-
molecules.

10.5. EFFECTS OF ROTATIONAL DIFFUSION
ON FLUORESCENCE ANISOTROPIES:
THE PERRIN EQUATION

Rotational diffusion of fluorophores is a dominant cause of
fluorescence depolarization, and most applications depend

Table 10.2. Extrinsic Causes of Depolarization?

Condition

Observable

Molecular property

Dilute viscous solution
(propylene glycol, =70° C)

Concentrated viscous
solution

Dilute non-viscous
solution (H,O, EtOH,
room temp.)

ryor cos B (eq. 10.22)

0<lIrl < lry
Anisotropy decreased
by energy migration

0 <Irl < lryl
Anisotropy decreased due
to Brownian rotation

Angle between absorption
and emission dipole as a
function of excitation
wavelength

Distance dependence
of radiationless
energy transfer

Size and shape of
fluorophore or
macromolecule

aFrom [3].
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on changes in the rate of rotation. Depolarization by rota-
tional diffusion of spherical rotors is described by the Per-
rin equation:33-37

)

Pl 1+1/6=1+6D1t (10.40)

where 71 is the fluorescence lifetime, 0 is the rotational cor-
relation time, and D is the rotational diffusion coefficient. If
the correlation time is much larger than the lifetime (0 >>
7), then the measured anisotropy (r) is equal to the funda-
mental anisotropy (7). If the correlation time is much short-
er than the lifetime (0 << 1), then the anisotropy is zero.

The Perrin equation can be derived from first principles
based on diffusional steps.338 A simple derivation is possi-
ble using the time-resolved decay of anisotropy r(¢) for a
spherical molecule:

r(t) = roe ™ = rye " (10.41)

In this equation the rotational correlation time of the fluo-
rophore (0) is given by

_nv

0=
RT

(10.42)

where 1 is the viscosity, 7 is the temperature in °K, R is the
gas constant, and V is the volume of the rotating unit. The
rotational correlation time is related to the rotational diffu-
sion coefficient by 6 = (6D)-!. Only spherical molecules
display a single exponential anisotropy decay. More com-
plex expressions are predicted for nonsymmetric species or
molecules (Chapter 12).

The steady-state anisotropy can be calculated from an
average of the anisotropy decay, r(f), over the intensity
decay, I(?):

JEI(0)r(t) dr
F= (10.43)
[EI(t) dt

For a single-exponential intensity decay, substitution into
eq. 10.43 yields

)

r = m (10.44)

which is a form of the Perrin equation. Using this equation,
it is possible to calculate the anisotropy expected for fluo-
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rophores in solvents or for labeled macromolecules, assum-
ing the molecules are spherical. For example, perylene has
a lifetime of 6 ns and r,, = 0.36. In ethanol rotational diffu-
sion is expected to decrease the anisotropy to 0.005 (Prob-
lem 10.5).

10.5.1. The Perrin Equation: Rotational Motions
of Proteins

Prior to the availability of time-resolved measurements the
apparent molecular volumes of proteins were measured
using the Perrin equation. This application can be seen by
rearranging eq. 10.44:

1 1 T
—=— 4+ — (10.45)
rory 1

For globular proteins the rotational correlation time is
approximately related to the molecular weight (M) of the
protein by

nv M _
- = v+
RT - RTV T

(10.46)

where v is the specific volume of the protein, and 4 is the
hydration, 7 is the temperature in °K, R = 8.31 x 107
erg/mol°K, and the viscosity 1 is in poise (P). Values of &
for proteins are typically near 0.73 ml/g, and the hydration
is near 0.23 g H,O per gram of protein. This expression pre-
dicts that the correlation time of a hydrated protein is about
30% larger than that expected for an anhydrous sphere.
Generally, the observed values of 0 are about twice that
expected for an anhydrous sphere.?® For example, for an
anhydrous protein sphere with a 50 kD molecular weight,
with 4 = 0.73 ml/g and n = 0.94 cP, the calculated rotation-
al correlation time at 25°C is near 14 ns. The anisotropy
decay of an immunoglobulin F, fragment, labeled at the
antigen binding site with dansyl-lysine, yielded a rotational
correlation time of 33 ns. This larger correlation time was
consistent with a hydration of 0.32 ml/g and an axial ratio
near 2. This result is typical of that found for proteins (Table
10.3), and is probably a result of the non-spherical shape of
most proteins and a larger effective solvent shell for rota-
tional diffusion than for hydration. For convenience we
have listed the calculated rotation correlation times for pro-
teins with different molecular weights and different
amounts of hydration in Table 10.4.
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Table 10.3. Rotational Correlation Times for Proteins?

FLUORESCENCE ANISOTROPY

Molecular Observed
Protein weight 0 (ns) 0,46/0 cate
Apomyoglobin 17,000 8.3 1.9
B-Lactoglobulin (monomer) 18,400 8.5 1.8
Trypsin 25,000 12.9 2.0
Chymotrypsin 25,000 15.1 2.3
Carbonic anhydrase 30,000 11.2 1.4
B-Lactoglobulin (dimer) 36,000 20.3 2.1
Apoperoxidase 40,000 25.2 2.4
Serum albumin 66,000 41.7 2.4

0
0

obs

calc

is the observed rotational correlation time, adjusted to T/n corresponding to water at 25°C.
is the rotational correlation time calculated for a rigid unhydrated sphere with a molecular

weight of the protein, assuming a partial specific volume of 0.73 ml/g. From [39].

Table 10.4. Calculated Rotational Correlation
Times for Proteins?

Correlation time 0 (ns)
Molecular
T weight (kD) h=0 h=0.2 h=04
2°C 10 5.5 6.9 8.4
25 13.7 17.3 21.1
50 27.4 34.6 42.0
100 54.8 69.2 84.0
500 274.0 346.0 420.0
20°C 10 3.1 39 4.7
25 7.0 9.7 11.8
50 154 19.5 23.6
100 30.8 39.0 47.2
500 154.0 195.0 236.0
37°C 10 2.0 2.5 3.1
25 5.0 6.4 7.7
50 10.0 12.7 154
100 20.1 254 30.8
500 100.5 127.0 154.0

aCalculated using 6 =nM (v + h)/RT with v = 0.75 ml/g, and
various degrees of hydration (4). The viscosities are m
(2°C) = 1.67 cP,n (20°C) = 1.00 cP, 1 (37°C) = 0.69 cP.

The apparent volume of a protein can be determined by
measuring the anisotropy at various temperatures and/or
viscosities. Substitution of eq. 10.42 into 10.45 yields a
modified form of the Perrin equation:

RT
St (10.47)
rorg rmYV

The use of eq. 10.47 was one of the earliest biochemical
applications of fluorescence.*0-#2 The general approach is to

covalently label the protein with an extrinsic fluorophore.
The fluorophore is chosen primarily on the basis of its flu-
orescence lifetime. This lifetime should be comparable to
the expected rotational correlation time of the protein. In
this way the anisotropy will be sensitive to changes in the
correlation time. Generally, the fluorescence anisotropies
are measured over a range of 7/n values. Temperature is
varied in the usual manner, and viscosity is generally varied
by addition of sucrose or glycerol. For biochemical samples
only a limited range of 7/t values are available. At high
temperature the macromolecule may denature, and at low
temperatures the solvent may freeze or the macromolecule
may not be soluble. The apparent volume of the protein is
obtained from a plot of 1/r versus 7/n (Figure 10.14). The
intercept of the y-axis represents extrapolation to a very
high viscosity, and should thus be 1/r,, where r, is the fun-
damental anisotropy of the fluorophore. In practice fluo-
rophores bound to protein often display segmental motions,
which are independent of overall rotational diffusion. These
motions are often much faster than rotational diffusion, and
rather insensitive to the macroscopic viscosity. As shown in
Chapter 12, such motions can be considered to be an inde-
pendent factor which depolarizes the emission by a constant
factor. The effect is to shift 1/r to larger values, and shift the
apparent r, value to a smaller value (larger y-intercept).
This does not mean that the r, value is in fact smaller, but
rather reflects the inability of the Perrin plot to resolve the
faster motion.

What value of r;, should be used to calculate the volume
of the protein? In general the extrapolated value of r, (r,P)
will yield the best estimate of the volume because this value
accounts for segmental motion of the probe and partially
cancels the effects of this motion on the correlation time 0.
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Figure 10.14. Perrin plots for determination of protein volume. The
curves are drawn for a protein molecular weight of 25,000 daltons in
water, i = 0.4 and t = 4 ns. The value of r, = 0.4 represents a rigidly
bound probe and r, = 0.3 represents a probe with some segmented
mobility. The upward curving dashed lines indicate the protein is
denaturing at high temperature.

For example, assume the segmental motion of the fluo-
rophore is much more rapid than the rotational diffusion of
the protein. Then, the value of r, is effectively reduced to

<3cos’a> — 1)

ot = ro( 5 (10.48)

where a is the angle through which the probe undergoes
this segmental motion. The term (1/r,*P) cancels in the cal-
culation of the molecular volume, and the apparent volume
represents overall rotation diffusion of the protein. It is
important to note that, if the short correlation time for seg-
mental motion (04) is not much faster than the overall cor-
relation time (6, ), then the apparent volume can be substan-
tially decreased due to contributions from the more rapid
motions (Section 10.9). Some information is available by
comparison of the extrapolated and frozen solution values
of r,. If ;P is much smaller than r,, one may infer the exis-
tence of segmental motions of the probe on the macromol-
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ecule, independent motions of domains of the protein, or
possibly RET in multiply labeled proteins. Another behav-
ior seen in Perrin plots is a rapid increase in 1/r at high tem-
peratures. Such an increase is usually the result of denatu-
ration of the macromolecule, resulting in an increase in
independent motion of the probe and a decrease in the
anisotropy.

A different version of the Perrin equation is often
found in the older literature:

(10.49)

This equation is equivalent to eq. 10.47, except for the use
of polarization in place of anisotropy. When using the equa-
tion, a plot (1/P — 1/3) versus T/m is used to obtain the
molecular volume. The intercept yields the apparent value
of (1/P»r — 1/3), which can be larger than the true value
(1/P, — 1/3) if there is segmental motion of the probe. The
term p is the rotational relaxation time (p = 30). At present
the use of anisotropy, the rotational correlation time, and eq.
10.44 is preferred.

10.5.2. Examples of a Perrin Plot

It is instructive to examine a representative Perrin plot (Fig-
ure 10.15).1¢ These data are for 9-anthroyloxy stearic acid
in a viscous paraffin oil, Primol 342. The anisotropies were
measured at various excitation wavelengths, corresponding
to different r,, values (Figure 10.8). The y-axis intercepts are
different because of the different r,, values. Also, the slopes
are larger for shorter excitation wavelengths because the
value of r, appears in the denominator of eq. 10.47. In spite
of the very different values of 1/r for different excitation
wavelengths, the data are all consistent with a correlation
time near 15 ns at 25°C (Table 10.5). For a spherical mole-
cule, the correlation time is independent of r,. In Chapter 12
we will see that the correlation times can depend on the
value of r, for non-spherical molecules. This effect may be
the cause of the somewhat different correlation times found
for different excitation wavelengths.

The y-axis intercepts yield the apparent values of r,
extrapolated to high viscosity, which can be compared with
measured values in a glassy solvent (Table 10.5). The
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Figure 10.15. Perrin plots of 9-anthroyloxy stearic acid in Primol 342.
The excitation wavelengths were 316 (®), 337 (0), 353 () and 381
nm (H). The lifetime, ranging from 10.5 to 9.7 ns, is incorporated into
the x-axis. Revised and reprinted with permission from [16].
Copyright © 1982, American Chemical Society.

Table 10.5. Fundamental (r;) and Extrapolated (r,*?)
Anisotropy Values and Rotational Correlation
Times for Anthroyloxy Stearic Acid?

Excitation
wavelength (nm) Ty TP 0 (ns)b
316 0.090 0.075 13
337 0.178 0.136 14
353 0.231 0.179 14
381 0.323 0.242 18
aFrom [16].

bIn Primol 342 at 6°C.

extrapolated values are about 25% lower than the measured
r, values. This is a typical result for Perrin plots. Fluo-
rophores are often non-spherical, resulting in multi-expo-
nential anisotropy decays. In such cases the Perrin plots are
curved toward the x-axis, resulting in higher apparent inter-
cepts on the y-axis.

10.6. PERRIN PLOTS OF PROTEINS
10.6.1. Binding of tRNA to tRNA Synthetase

Perrin plots of labeled macromolecules have been exten-
sively used to determine the apparent hydrodynamic vol-
umes. One example is the binding of methionine tRNA
(tRNAMet) with methionyl-tRNA synthetase (met-RS). The
3" end of the tRNA was labeled with fluorescein (FI) by
periodate oxidation of the tRNA followed by reaction with
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Figure 10.16. Perrin plot of fluorescein (Fl, M) and tRNA™Met Jabeled
at the 3' end with fluorescein (®). Also shown is the labeled t-RNA
when bound to methionyl-tRNA synthetase (met RS, A). The experi-
ments were performed at 20°C. The viscosity | was varied by adding
sucrose. Excitation at 480 nm and emission at 520 nm. Revised and
reprinted with permission from [43]. Copyright © 1986, American
Chemical Society.

fluorescein thiosemicarbazide.#3 The Perrin plots were
obtained at a single temperature with the viscosity changed
by adding sucrose. As expected, fluorescein free in solution
displays a subnanosecond correlation time (Figure 10.16).
More surprising is the apparent correlation time for 3'-Fl-
tRNA, which is 1.7 ns. Based on the size and shape of
tRNA, the rotational correlation time is expected to be near
25 ns. This result indicates that the 3'-fluorescein label dis-
plays significant segmental freedom independent of overall
rotational diffusion of the tRNA and that these segmental
motions are the dominant cause for depolarization.

Upon binding of 3'-FI-tRNA to the synthetase the
anisotropy increases dramatically from 0.062 to 0.197. The
small slope of the Perrin plot indicates that the correlation
time is larger than 30 ns. The synthetase consists of two
identical subunits, 76 kD each, so that its rotational correla-
tion time is expected to be 100 ns or longer. Apparently, the
3" end of the tRNA interacts with the synthetase, immobiliz-
ing the fluorescein residue. It should be noted that the life-
time of fluorescein, typically near 3 ns, is too short to accu-
rately measure the rotational correlation time of the com-
plex. Based on eq. 10.44 the anisotropy of a 3-ns fluo-
rophore will be decreased by only 3% for a correlation time
of 100 ns. For this reason the correlation time is only stated
as over 30 ns in Figure 10.16.
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Figure 10.17. Perrin plot of chaperonin cpn60 labeled with 1-pyrene-
sulfonyl chloride at 25°C. Viscosities were varied with sucrose. Two
points (® and V) were measured at 0°C. The pyrene lifetime was near
45 ns. Revised from [47].

The y-intercepts of the Perrin plots yield the apparent
r, values, which are near 0.2 for these three fluorescein
samples. This value is less than that typical of fluorescein,
which is near 0.35. Hence, there appears to be some unre-
solved motion of the fluorescein even when bound to the
synthetase. It is difficult to determine the y-intercept for flu-
orescein itself due to the large extent of depolarization.

10.6.2. Molecular Chaperonin cpné0 (GroEL)

Molecular chaperonins are proteins that assist other pro-
teins in folding.*45 The cpn60 chaperonin (GroEL) from
E. coli is a large multi-subunit oligomer consisting of four-
teen identical 60-kD subunits. These subunits are arranged
in two stacked rings, each with seven subunits. Each subunit
consists of three domains. The entire protein of 840 kD is a
cylindrical oligomer, 146 A tall, 137 A wide, with a central
channel 45 A in diameter.#6

Rotational diffusion of cpn60 was studied using a
pyrene-labeled protein.#’ Pyrene was chosen for its long
fluorescence lifetime, which can reach 200 ns. In this case
the pyrenesulfonyl label displayed a lifetime near 45 ns.
The Perrin plot for pyrene-labeled cpn60 shows significant
curvature (Figure 10.17). In this figure the data are present-
ed in the older style using polarization instead of anisot-
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Figure 10.18. Perrin plots of immunoglobulin F,, fragments labeled
with AEDANS at the C terminus. Viscosity was varied by adding
sucrose. Revised and reprinted with permission from [48]. Copyright
© 1995, American Chemical Society.

ropy. The chaperonin displays considerable flexibility, as
can be seen from the curvature in the Perrin plot. Different
apparent correlation times can be obtained for different
regions of the curve. At lower viscosities the faster motions
are complete, so that the overall rotational correlation time
can be estimated from the limiting slope. This calculation
results in an apparent correlation time near 370 ns. Calcula-
tion of the correlation time using eq. 10.46, with 0.23 g
H,O/g protein hydration, yields a correlation time near 347
ns. Hence, the slope from the Perrin plot observed for the
lower viscosities provided a reasonable estimate of the
overall size. The data at higher viscosity or lower tempera-
ture indicate the domain or subunits of cpn60 have signifi-
cant independent mobility.

10.6.3. Perrin Plots of an F,, Immunoglobulin
Fragment

A potentially confusing aspect of the Perrin plots is the use
of T/m as the x-axis. This implies that the same result should
be obtained independent of whether temperature or viscos-
ity is varied. Unfortunately, this is not usually the case. In
fact, it is common to observe different Perrin plots for vari-
ation in temperature as compared to variation in viscosity.
This is illustrated by the Perrin plots of F, fragments
labeled with IAEDANS. These F,, fragments show segmen-
tal motions that depend on temperature.*® F,, fragments are
the antibody-binding domains of immunoglobulins. Differ-
ent Perrin plots are observed at 10 and 35°C (Figure 10.18).
At the higher temperature there is more independent motion
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of the probe and/or domains of the F,, fragment. Hence, the
y-intercepts are larger. Perrin plots that depend differently
on temperature or viscosity should not be regarded as incor-
rect, but rather as reflecting the temperature-dependent
dynamics of the protein.

10.7. BIOCHEMICAL APPLICATIONS OF
STEADY-STATE ANISOTROPIES

Anisotropy measurements are ideally suited for measuring
the association of proteins with other macromolecules. This
is because the anisotropy almost always changes in
response to a change in correlation time. Also, the experi-
ments are simplified by the independence of the anisotropy
from the overall protein concentration.

10.7.1. Peptide Binding to Calmodulin

The use of anisotropy to study protein binding is illustrated
by calmodulin. This protein activates a number of intracel-
lular enzymes in response to calcium. One example is
myosin light-chain kinase (MLCK).#® The amino-acid
(RS20) sequence that binds to calmodulin contains a single
tryptophan residue (Figure 10.19). Since calmodulin con-
tains only tyrosine, the peptide (RS20) can be selectively
observed by excitation at 295 nm (Chapter 16). Upon addi-
tion of calmodulin the emission intensity at RS20 increases
and the emission shifts to shorter wavelengths. These
changes indicate a shielded environment for the tryptophan

RS 20: RRKWQKTGHAVRAIGRLSSS

-~

- == +Calmodulin
— H,0
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Figure 10.19. Emission spectra of the myosin light-chain kinase
(MLCK) peptide RS20 in solution (solid) and bound to calmodulin in
the presence of calcium (dashed). Excitation at 295 nm. Revised and
reprinted with permission from [49]. Copyright © 1986, American
Chemical Society.

FLUORESCENCE ANISOTROPY

0.18
r=0.170

0.14}
> i
o
Q o010}
'—
O =
0
z
< o [Rs20]=10"8 M
. =0.033
002}
1 1 1
O 04 08 12

[caAM]=1078M

Figure 10.20. Titration of the MLCK peptide RS20 with calmodulin.
Revised and reprinted with permission from [49]. Copyright © 1986,
American Chemical Society.

residue in the complex. The anisotropy of RS20 increases
dramatically on addition of calmodulin (Figure 10.20).
These data can be used to determine that the stoichiometry
of binding is 1:1. The sharp nature of the transition at 10-3
M calmodulin implies that the binding constant is less than
109 M.

How can such data be used to calculate the fraction of
the peptide that is free in solution (fz) and the fraction
bound to calmodulin (f3)? The additivity law for
anisotropies (eq. 10.6) is appropriate when f; are the frac-
tional intensities, not the fractional populations. Near 340
nm there is no change in intensity upon binding. If the
polarized intensities are measured at this isoemissive point,
the fraction of RS20 bound can be calculated using39-5!

r — rg

s = (10.50)

rg — I'r

where r is the measured anisotropy, and r and ry are the
anisotropies of the free and bound peptides, respectively.
The value of rp. is obtained by measuring the anisotropy of
the free fluorophores, in this case the RS20 peptide prior to
addition of calmodulin. The value of ry is typically obtained
from the limiting value observed when binding is thought to
be complete. At different observation wavelengths the
measured anisotropy can be weighted toward the free or
bound forms. For instance, at 320 nm the bound peptide
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Figure 10.21. Anisotropy of the fluorescein (F)-labeled repressor
DNA sequence upon titration with the Trp repressor (TR). Revised
and reprinted with permission from [52]. Copyright © 1993,
American Chemical Society.

contributes more strongly to the measured anisotropy.
Under these conditions the fraction bound is given by

r —rg

- (r —rg) + R(rg — 1)

I8 (10.51)

where R = f,/f: is the ratio of intensities of the bound and
free forms. Note that in eq. 10.51 the value of f; represents
the fractional concentration and not the fractional intensity.
The fractional concentrations can be used to calculate the
dissociation constant for the reaction.

10.7.2. Binding of the Trp Repressor to DNA

Studies of tryptophan repressor protein binding to DNA52
are other examples of anisotropy measurements. In the

r=0.08
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presence of tryptophan this protein binds to several regions
of the E. coli genome, one of which controls tryptophan
synthesis. Binding to this region of the genome suppresses
the transcription of genes for proteins that are in the trypto-
phan synthesis pathway. The trp repressor binds to the DNA
sequence shown in Figure 10.21. This double-stranded
sequence was labeled with fluorescein on one of its 5' ends.
Upon addition of the repressor protein the fluorescein
anisotropy increases due to the decreased rotational rate of
the DNA 25-mer when bound to the repressor. The concen-
tration of repressor needed for binding was strongly
dependent on the concentration of tryptophan in solution.
The binding to DNA was much stronger in the presence of
tryptophan, which can be seen from the anisotropy increas-
ing at lower TR concentrations. This is consistent with the
known function of the repressor, which is to turn off the
genes responsible for tryptophan synthesis when trypto-
phan levels are adequate.

The titration curves shown in Figure 10.21 can be
understood in terms of a model of Trp repressor binding to
DNA (Figure 10.22). Binding of tryptophan to the repressor
increases the repressor affinity for DNA. This model also
explains another feature of the titration curves, which is the
further increase in anisotropy at higher repressor concentra-
tions (Figure 10.21). Apparently, the DNA 25-mer can bind
more than a single repressor dimer, and this additional bind-
ing occurs at higher repressor concentrations.

10.7.3. Helicase-Catalyzed DNA Unwinding

Anisotropy measurements are rather simple and can be
made rapidly. This allows anisotropies to be used to study
reaction kinetics occurring in fractions of a second.>3-5 One
example is unwinding of double-helical DNA by helicase.>
Helicases are found in all species from humans to bacteria.
Unwinding of DNA is necessary for DNA replication. Heli-
cases move along DNA in a single direction and destabilize
the DNA base pairs using energy derived from ATP. The
helicases typically prefer to act on oligomers that have a
single-stranded region.

Figure 10.22. Binding of the Trp repressor to DNA. Revised and reprinted with permission from from [52]. Copyright © 1993,

American Chemical Society.
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Figure 10.23. Effect of E. coli. helicase on a fluorescein-labeled DNA
oligomer. Revised from [56].

Figure 10.23 shows anisotropy measurements of a flu-
orescein-labeled oligomer in the presence of helicase. The
anisotropy increases immediately upon addition of helicase
to the DNA, showing that the binding reaction occurs rap-
idly. The anisotropy then remains constant because there is
no source of energy to disrupt the hydrogen bonded base
pairs. Upon addition of ATP the anisotropy drops rapidly to
a value lower than the starting value. The final anisotropy is
lower because the labeled DNA strand is no longer bound
to the complementary strand. The single-stranded oligomer
has a lower molecular weight and is more flexible than the
double-stranded oligomer. In this experiment the DNA
strands did not reassociate during the experiment. This heli-
case will not rebind to DNA shorter than a 20-mer. These
results show that anisotropy measurements can be used to
follow the kinetics of biochemical reactions on a rapid
timescale.

FLUORESCENCE ANISOTROPY

10.7.4. Melittin Association Detected from
Homotransfer

In the preceding examples the binding reaction was detect-
ed from the increase in anisotropy resulting from the larger
correlation time. Homo-resonance energy transfer can also
be used to detect binding interactions. This is shown for
melittin, which self-associates at high salt concentrations
(Chapter 16). Melittin was randomly labeled with fluores-
cein isothiocyanate.’” When the solution contained a small
fraction of labeled melittin (1 of 25) the anisotropy
increased at high salt concentrations (Figure 10.24). When
all the melittin molecules were labeled, their anisotropy
decreased markedly at high salt concentration. This
decrease may be unexpected because melittin forms a
tetramer in high salt solution, so its correlation time should
increase fourfold. The decrease in anisotropy can be under-
stood from the spectral properties of fluorescein (Chapter
3). The small Stokes shift and large overlap results in a
Forster distance (R;) of 53 A for homotransfer. The
anisotropy decrease in Figure 10.24 is due to homotransfer
between fluoresceins in the melittin tetramer.

10.8. ANISOTROPY OF MEMBRANES AND
MEMBRANE-BOUND PROTEINS

10.8.1. Membrane Microviscosity

Fluorescence anisotropy measurements can be used to
study biological membranes. These studies have their origin
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Figure 10.24. Self-association of melittin labeled with fluorescein in
a 1:24 mixture with unlabeled melittin (©) or for all melittin labeled
with fluorescein (®). Revised and reprinted with permission from
[57]. Copyright © 1995, Biophysical Society.
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in the early studies of microviscosity of micelles and mem-
branes.>8-% The basic idea is to measure the anisotropy of a
fluorophore in a reference solvent of known viscosity, and
then in the membrane. The microviscosity of the membrane
is then estimated by comparison with the viscosity calibra-
tion curve.

At present there is less use of the term "microviscosi-
ty" because fluorophores in membranes display complex
anisotropy decays, which prevents a straightforward com-
parison of the solvent and membrane data (Chapter 11).
However, steady-state and time-resolved anisotropies are
still widely used because of the dramatic changes which
occur at the membrane phase transition temperature. This is
illustrated by the steady-state polarization of 12-anthroy-
loxy stearate (12-AS) and DPH in DPPC vesicles (Figure
10.25). For both 12-AS and DPH the polarization decreas-
es at 37°C, which is the phase-transition temperature of
DPPC. The change is more dramatic for DPH than for 12-
AS, which is one reason why DPH is so widely used. The
polarization values are sensitive to the presence of choles-
terol, which tends to make the membranes more rigid and
to eliminate the sharp phase transition. In the following
chapter we will see that the anisotropy values may not
reflect the rate of probe rotation in the membranes, but
rather the extent to which the probe motions are restricted
by the anisotropic membrane environment.

10.8.2. Distribution of Membrane-Bound Proteins

In a cuvette experiment it is possible to control the fluo-
rophore concentration, so that changes in quantum yield
can be detected. In fluorescence microscopy this is usually
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not possible because the local probe concentration is usual-
ly not known. Hence a high local intensity could be due to
either a high probe concentration or a high quantum yield in
this region of the cell. Anisotropy measurements are ratio-
metric and, in the absence of other effects, independent of
the probe concentration. Hence, when observing a cell, the
anisotropy can provide useful information even if the local
probe concentration is not known.

In Figure 10.24 we saw how homotransfer could
decrease the anisotropy of nearby fluorophores. This effect
was used to search for clusters of membrane-bound proteins
in CHO cells.%2 The protein of interest was a folate receptor
(FR). The FR is present in two forms: FR-GPI is a form that
binds to glycosylphosphatidylinositol (GPI), and FR-TM is
a transmembrane form not thought to bind to GPI. There are
a number of GPI anchored proteins that are thought to be
involved in lateral segregation of proteins in membranes.
However, such clusters or domains could not be observed
using fluorescence microscopy, suggesting that they were
smaller than the resolution of an optical microscope.

Optical resolution is usually limited to structures over
300 nm in size. RET occurs over much smaller distances,
and should thus be able to detect clustering even if the clus-
ters are below optical resolution. The experimental concept
is shown in Figure 10.26. Suppose the labeled proteins are
distributed randomly in the membrane (top), at a concentra-
tion large enough for RET to occur. If the fluorophore con-
centration is decreased the anisotropy will increase because
of less homo-RET.

Now suppose the fluorophores are contained in small
clusters (Figure 10.26, bottom). The clusters are assumed to
be too small to be seen in a microscope. If the fluorophore
concentration in the membrane deceases there is no change
in the anisotropy because the fluorophores are still in clus-
ters with the same proximity to each other. This schematic
suggests formation of protein clusters in membranes can be
detected from the anisotropy measurements.

The CHO cells containing the labeled folate receptors
were imaged using fluorescence microscopy (Figure
10.27). The images were recorded through a polarizer ori-
ented at 0 or 90° relative to the polarized excitation. The
polarized intensity images were used to calculate a total
intensity image using /, + 2/, (top panels). For both forms
of the receptor there are regions of high and low intensity,
suggesting variations in the receptor concentrations. How-
ever, domains were not detectable.

The intensity images were used to calculate the
anisotropy images (Figure 10.27, lower panels). For FR-
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Figure 10.27. Intensity (top) and anisotropy image (bottom) of labeled folate receptors in CHO cells. Bar is 20 pm. Revised from [62].
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Figure 10.28. Transillumination fluorescence microscope image (left) and white light microscope image (right) of GFP crystals. The arrows indicate
the direction of the direction of the incident polarization. The bars are 30 pm. The upper schematic shows the orientation of GFP (green) and the red
shapes the orientation of the chromophore transition moment of the crystals. Revised from [64].

GPI, the anisotropy appears to be independent of the total
intensity. For FR-TM the anisotropy is lower where the
intensities are higher. FR-TM was not expected to form
clusters. The decrease in anisotropy with increasing intensi-
ty (density) is consistent with the top panel in Figure 10.26
for randomly distributed proteins. FR-GPI was expected to
exist in small clusters. The constant anisotropy independent
of intensity (density) is consistent with the cluster model in
the lower panel of Figure 10.26. These results show how the
principles of anisotropy and RET are being extended to cel-
lular imaging.

10.9. TRANSITION MOMENTS

The concept of a transition moment is somewhat abstract.
When fluorophores are observed in random solutions the
nonzero anisotropy values prove that the transition
moments exist, but the data do not indicate the direction of
the moment in the molecular structure. However, the direc-

tion of the transition moment can be determined if the flu-
orophores are oriented. A dramatic example®3-%4 is shown
for GFP in Figure 10.28. The left panels show microscopic
images of the emission from GFP crystals. Depending on
the orientation of the incident polarization the crystals are
either bright or dark. This result shows that the chro-
mophore in GFP is aligned along the long axis of the crys-
tals. The orientation of GFP and its chromophore in the
crystals is shown in the upper schematic. The B-barrel of
GFP is oriented at an angle to the long axis, but the transi-
tion moments are aligned along the long axis.

Also shown in Figure 10.28 (right) are color images of
the crystals when transilluminated with polarized white
light. The crystals aligned with the incident polarization are
yellow. The crystals are clear or very pale blue when rotat-
ed 90° from the incident polarization. This phenomenon is
called dichroism. The yellow color is the result of the blue-
light absorption of GFP that occurs primarily when the tran-
sition moments are aligned with the incident polarization.
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Figure 10.29. Fluorescence intensities of GFP crystals when illuminated with polarized light (top) or observed through a polarizer. For both traces

only a single polarizer was used. Revised from [64].

Recall from Section 10.2 that for a random solution
the maximum ratio of the polarized intensities was I,/I, =
3. Much greater contrast can be obtained with an oriented
system. Figure 10.29 shows the intensities of the GFP crys-
tals using a single polarizer for the excitation and observa-
tion without an emission polarizer (top). The intensity
changed by a factor close to 10. This result is due to the cos?
0 photoselection of the absorption. The crystals only absorb
when the transition moment is aligned with the incident
polarization.

This experiment was repeated with unpolarized excita-
tion and observation through an emission polarizer (Figure
10.29, bottom). A similar curve was observed, but for a dif-
ferent reason. In this case, the emission is almost complete-
ly polarized along the long axis of the crystal. The cos? 6
dependence is due to the transmission efficiency as the
emission polarizer is rotated. It was not necessary to use
polarized excitation because the oriented chromophores
emit light polarized along their transition moment irrespec-
tive of the polarization of the incident light. Another impor-

tant point from Figure 10.29 is that the absorption and emis-
sion transmission moments are nearly colinear. Otherwise
there would be a shift in the phase of the two curves.

This example is instructive because it demonstrates
several principles, in addition showing the existence and
orientation of the transition moments. The chromophore in
GFP is buried in the protein and held rigidly in a unique ori-
entation. Otherwise the contrast ratio in Figure 10.29 would
be smaller. Also, GFP shows a good Stokes shift and the
protein separates the chromophores by a reasonable dis-
tance. If the chromophores were in direct contact there
would probably be energy transfer, which could result in
some depolarization.
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PROBLEMS

P10.1. Angles (0) between Absorption and Emission Transi-
tion Moments: Figure 12.34 shows the excitation

P10.2.

P10.3.

P10.4.

P10.5.

P10.6.

P10.7.
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anisotropy spectrum of perylene in propylene glycol at
—60°C. What is the angle between the transition
moments for excitation at 430, 290, and 270 nm?

Effect of Scattered Light in the Anisotropy: Suppose
a membrane-bound fluorophore displays a true
anisotropy of 0.30. However, your emission filters
allow 20% of the signal to be due to scattered light.
What is the measured anisotropy?

Calculation of an Anisotropy: Using a T-format
polarization instrument you obtain the following
data for diphenylhexatriene (DPH). The first and
second subscripts refer to the orientation of the
excitation and emission polarizers, respectively.
Calculate r, and P, for DPH. What is the angle o
between the absorption and emission oscillators?

Conditions Iyy

1.330

IHV

—60°C in propylene glycol 0.450

Derivation of the Perrin Equation: Derive the Perrin
equation (eq. 10.44) for a single-exponential decay of
the intensity and anisotropy.

Calculation of an Anisotropy in Fluid Solution: Calcu-
late the expected anisotropy of perylene in ethanol at
20°C, and in propylene glycol at 25°C. The molecular
weight of perylene is 252 g/mol, and the density can be
taken as 1.35 g/ml. The viscosity of ethanol at 20°C is
1.194 cP, and that of propylene glycol at 25°C is 32 cP.
Assume the lifetime is 6 ns, and r, = 0.36.

Binding Reactions by Anisotropy: Derive eqs. 10.50
and 10.51, which describe the fractional binding
from the steady-state anisotropy and the change in
intensity on binding.

Calculation of a Binding Constant From Ani-
sotropies: Assume the probe 1-dimethylamino-5-
naphthalene sulfonic acid (DNS) binds to bovine
serum albumin (BSA). The DNS polarization val-
ues are given in Table 10.6. The dissociation con-
stant (K,) for the binding is given by

IDNS|[BSA] 052

¢ |DNS — BSA| (10.52)

A. Calculate the dissociation constant assuming that

the quantum yield of the probe is not altered upon
binding.
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B. Now assume that the quantum yield of DNS in-
creases twofold upon binding to BSA. What is K?

C. How would you determine whether the quantum
yield of DNS changes upon binding to BSA?

D. Predict the time-resolved anisotropies for each solu-
tion at 20°C. Assume P = 0.3913 for DNS and that

FLUORESCENCE ANISOTROPY

the rotational correlation times of DNS and BSA are
well approximated by that predicted for an anhy-
drous sphere. The molecular weight of BSA is near
66,000 g/mol. The viscosity of water at 25°C is
0.894 cP (g cm! sec!). The density of BSA can be
taken as 1.2 g/cm?.

Table 10.6. Polarization Values of DNS

[BSA] [DNS] P
0 1x107M 0.0149
2x105M 1x107M 0.2727
>>K, 1x107M 0.3913
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