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ABSTRACT
Several complementary techniques have been developed to determine average orientation, dynamics on multiple time scales, and
concerted rotational motions of individual fluorescent probes
bound to biological macromolecules. In both protein domains and
nucleic acids, tilting and wobble are relevant to their functional
mechanisms. Here we briefly review methods to detect angles and
rotational motions of single fluorophores and give an example of
three-dimensional, total internal reflection, single-molecule fluorescence polarization applied to actin as it is translocated by
conventional muscle myosin.

Introduction
Tilting and rotations of molecular domains are crucial
motions in the mechanisms of many protein and RNA
enzymes.1-6 The advantages of single-molecule techniques
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highlighted in this issue, such as measurement of actual
distributions rather than averages and identification of
reverse kinetic steps and rare events, apply to detecting
rotational motions as well. These factors are especially
prominent in molecular motor research because the main
functional output, conversion of chemical energy into
physical translocation, is commonly attributed to tilting
of protein domains.7,8 In dimeric kinesin isoforms, for
example, melting and docking of a peptide segment
termed the “neck linker” on one head moves the other
head forward.9 In myosin, the light chain region, also
termed the “neck” of myosin’s head, serves as a lever arm
to amplify subnanometer atomic motions near the active
site into 5-20 nm translocation of the cargo.2,8,10 Changes
in spatial orientation of these domains are the key
structural changes leading to movement. However, quantifying angle changes in ensemble systems can be very
difficult. For example, during contraction of muscle fibers,
most of the myosin heads are not attached to actin and
have a nearly random angular distribution.11,12 Concerted
rotational motions among the small proportion that are
attached to actin are therefore difficult to detect against
the disordered background.
Single-molecule fluorescence microscopy provides sufficient sensitivity to detect absolute orientation and tilting
on the millisecond time scale relevant to the function of
biological macromolecules.13 In a typical experiment, a
bright extrinsic fluorophore is inserted into the structure
by site-specific labeling. Changes in the orientation of the
fluorophore are considered to signal the rotational motions of the protein or nucleic acid domain in addition to
relative motions between the probe and the protein. This
type of experiment has been applied to several macromolecules such as DNA,14,15 RNA enzymes,16 the F1 ATP
synthase,17 actomyosin,18-20 and kinesin.21,22 When the
orientation of the probe is known relative to the attached
macromolecular domain, the absolute orientation in space
can be estimated.20,21,23 The relative orientation can be
preprogrammed into the structure by the placement of
the labeling sites20,21,23 or determined by crystallography,
NMR spectroscopy,24 or molecular dynamics calculations.25 With the local probe orientation known, the
relative angles between several domains or the kinetics
of structural changes that relate to other functional steps
in the enzymatic cycle can be deduced.
Measurements of tilting motions and rotation in single
molecules were reviewed by Ha et al.,26 Forkey et al.13 and
Peterman et al.27 for molecular motors. In this Account,
we provide some comparative perspective on various
methods to determine orientation and rotational mobility
of single fluorophores and give an example, determining
†
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FIGURE 1. Relative probabilities for fluorophore absorption (panel
A, cos2 θa) and collection of its emission (panel B, sin2 ωe). In the
microscope coordinate frame (x, y, z), the optical axis is z. For axial
illumination (heavy arrow in panel A), x and y are excitation
polarizations. The probe absorption and emission dipole moments
(considered to be parallel) in the (x, y, z) frame are defined by θ
(axial angle) and φ (azimuth, angle between the projection of the
dipole onto the x-y plane and the positive x axis). θax and θay are
angles between the probe dipole and detector polarizations along
the x- and y-axes. ωey and ωez are angles between the probe dipole
and detector optical paths in the y- and z-axes.
the angle of rhodamine incorporated in actin and its
motions when actin is translocated by myosin.

Detection of Fluorophore Orientation
There are fundamentally three physical properties that
enable determination of a fluorophore’s spatial orientation: relative absorption of light polarized in various
directions, the angular distribution of its emitted photons,
and their polarization. The likelihood that a chromophore
will absorb a photon is proportional to cos2 θa, where θa
is the angle between the photon’s polarization (direction
of the oscillating electric field) and the absorption dipole
moment. In xanthene-derivative dyes, such as rhodamine,
the absorption dipole is aligned with the long axis of the
conjugated ring system of the chromophore. The shape
of the cos2 θa function in three dimensions is plotted in
Figure 1A, showing that the angular discrimination by this
absorption probability is a gradual function of angle. But
the amount of fluorescence due to illumination of the
fluorophore with light polarized in various directions will
discriminate among various angles.28
The distribution of paths of photons originating from
a dipole emitter is given by sin2 ωe, where ωe is the angle
between the path of the photon and emission dipole
moment (Figure 1B). For a detector viewing the fluorophore along a narrow aperture, the likelihood of registering an emitted photon is proportional to sin2 ωe. With
wider aperture collecting optics and imaging, the spatial
distribution of emission paths can be transformed into a
spatial variation in the image.29 This topic is taken up later
in this Account.
When a polarizer is introduced before a narrowaperture detector, the likelihood of registering the emitted
photon is given by cos2 θe, where θe is the angle between
the fluorophore emission dipole and the detector polar584 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 38, NO. 7, 2005

ization. The most common configurations of detectors are
a single unpolarized detector21 or a pair of polarized
detectors with the same line of sight but orthogonal
polarizations15,19 We first describe methods based on
comparing fluorescence intensities among several excitation or detection polarizations. Various methods using
large numerical aperture microscope objectives for generating nonuniform excitation or detection fields, which
are scanned across the fluorophore to interrogate its
orientation, are considered later in this Account. Combining several of these orientational dependencies of
probability for absorption and detection can improve the
sensitivity of these techniques.

Single-Molecule Fluorescence Polarization
The orientation of the fluorophore is detected by illuminating the sample with polarized light at various
angles and resolving the polarization of the fluorescence
emission. Development of microscopes using this property
for single molecules evolved in several laboratories. In an
early measurement of single-molecule angles in a functioning biological sample, Sase et al.18 generated epiillumination excitation using light circularly polarized in
the plane of the microscope slide (x-y plane). The
components of fluorescence emission polarized along the
two orthogonal axes in the same plane were projected
separately onto two regions of a video camera detector
chip. This setup was used to monitor actin filament
rotation about its axis similar to the data presented later
in this Account. Warshaw et al.19 used similar optical
polarizations in a confocal microscope to detect rotational
motions of the regulatory light chains when myosin
attached to actin. With this optical arrangement, the ratio
of intensities between the two detectors, corrected for
differences in their sensitivity, gives an intensity-independent signal, sensitive to the angle (φ) of the projection
of the emission dipole onto the x-y plane (Figure 1A). At
fluorophore angles giving φ ) 45° or -45°, the two
recorded intensities are equal, and angular discrimination
away from 45° or -45° depends on differences between
the two intensities. For a given average angle, rotational
mobility of the probe or macromolecule causes the two
recorded signals to become more equal, so the degree of
mobility cannot be unambiguously discriminated from the
mean angle. This arrangement does not provide information regarding the fluorophore angle (θ) relative to the
optical axis, because both the exciting and detection
polarizations are in the x-y plane. Symmetries in the
system prevent angles φ and -φ being distinguished.
This type of ambiguity in φ was avoided for studies of
DNA motions,14,15 the mitochondrial F1 ATP synthase,17,30
and kinesin21,22 by illuminating the sample with polarized
excitation at multiple angles. In these experiments, the
extent of mobility of the sample could be discriminated
from the average angle because the ratio of fluorescence
intensity when the excitation is aligned with the fluorescent probe to that when excitation is perpendicular to it
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FIGURE 2. Experimental setup for three-dimensional single-molecule
fluorescence polarization. Panel A illustrates combining illumination
along all three microscope coordinate axes with x- and y-polarized
detection. The input laser is projected along two paths (path 1,
scattering plane parallel to the diagram, and path 2, scattering plane
perpendicular to the diagram) onto the sample chamber at a high
angle relative to z, creating an evanescent wave at the slide/sample
interface. A bright water-immersion objective, polarization splitting
prism, and two avalanche photodiodes (APDs) collect the x-polarized
and y-polarized fluorescence emission. In panel B, with incident
p-polarization, the oscillating electric field of the laser beam is parallel
to the scattering plane. With s-polarization the E
h -field is perpendicular to the scattering plane. The single-headed arrows show the
indicent paths. Panel C illustrates the expected polarizations of the
evanescent wave for the four combinations of optical path and
polarization. Panel D illustrates the detection polarizations parallel
to the x- and y-axes. The downwardly directed arrows show the
emission direction to the detectors.
depends on the mobility. Again, the axial angle θ is not
determined with this arrangement.
We built a setup that provides sensitive discrimination
of both θ and φ, as well as mobility, by combining
illumination along all three coordinate axes with x- and
y-polarized detection (Figure 2).20,31 Angular ambiguities
between θ and 180° - θ, as well as between φ and -φ,
are not addressed in this instrument, but potential routes
toward breaking these symmetries are described below.
This instrument uses Pockel cells to rapidly modulate
the path and polarization of a laser beam that forms an
evanescent wave at the interface between the microscope
slide and the aqueous sample medium. The laser is
projected onto the sample chamber at a shallow angle
leading to total internal reflection (Figure 2). Path 1
excitation is in the plane of the diagram; path 2 is
perpendicular to the diagram. A scattering plane is defined
as the plane containing the incident and reflected beams;
with p-polarized excitation, the oscillating electric field
of the incident beam is parallel to the scattering plane;
with s-polarized excitation, the E
h -field is perpendicular
to the scattering plane. Figure 2 shows the expected
polarization of the evanescent wave for four combinations
of optical path and polarization. The s-polarized excitation
beams produce y-polarized (path 1) and x-polarized (path
2) evanescent waves. The p-polarized excitation beams

produce strong z-polarized evanescent waves with small
(5-10% intensity) components along the x (path 1) and y
(path 2) directions.32 All three orthogonal directions of the
laboratory coordinate frame are represented in these four
combinations of path and polarization. In a typical experiment on molecular motors, cycles of the four combinations are completed every 40 ms by alternating the
voltages on the Pockel cells. A bright water-immersion
objective, a polarizing prism, and two avalanche photodiodes (APDs) collect the x-polarized and y-polarized
fluorescence emission. The counts from the two APDs
during each of the four combinations of input path and
polarization are binned into eight traces, s1Ix, s1Iy, p1Ix, p1Iy,
s2Ix, s2Iy, p2Ix, and p2Iy, that contain the orientation information with 40 ms time resolution. The raw photocount intensities are corrected for different intensities of the illuminating directions and polarizations, differential detector
sensitivity, the longitudinal components of the evanescent
wave,32 and mixing of the x- and y-polarization emissions
by the high-aperture objective.33 Corrected intensities are
then fitted by a model of the probe fluorescence emission,
including collinear absorption and emission diploes (for
rhodamine).34,35 The model describes polarized fluorescence as a function of the dipole mean angle defined by
θ and φ, limited rotational mobility of the probe on the
subnanosecond time scale, δf, and separately on the
microsecond time scale, δs, and background intensity
measured after photobleaching. Snapshots of the four
parameters, θ, φ, δf, and δs, are estimated every 40 ms. A
qualitative explanation of the effects on the polarized
fluorescence signals of mobility on the two time scales is
given in the next section. With square-wave voltages
applied, the polarization switches very rapidly (2 µs with
the present electronics and ammonium dihydrogen phosphate Pockel cells, which do not exhibit piezoelectric
resonance), so much faster excitation cycling and time
resolution are feasible at higher illumination intensity.
In the single-molecule fluorescence polarization (SMFP)
experiments discussed below, a few hundred photocounts
per polarization per 10 ms time gate were recorded. Under
these conditions, typical standard deviations on angle
measurements from the same static molecule, a measure
of the angular precision, were roughly 5°-15°. The main
source of this uncertainty is photon shot noise.31 Shorter
time gates would lead to enhanced time resolution at the
expense of poorer angular precision due to the associated
reduction in number of photons per gate. The reduced
photon count rate can be partially mitigated by increasing
the excitation power. A significant enhancement of the
temporal resolution can be obtained without a sacrifice
in angular precision, but with a shorter recording time
before the probe photobleaches. Increasing the excitation
intensity is ultimately limited by saturation of the fluorophore. For rhodamine, the best time resolution attainable for SMFP with ∼5°-15° angular precision would be
approximately 100 µs.
VOL. 38, NO. 7, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 585
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FIGURE 3. Effect of fluorophore rotational mobility on emission polarized fluorescence ratios: (A) when an ensemble of static probes with
random orientations is excited at vertical and horizontal polarizations and the fluorescence is detected through vertical and horizontal polarizers,
photoselection causes unequal emission polarization ratios (PV * PH); (B) for a single static molecule, once it is excited, the orientation of the
illumination is irrelevant to its emission, and emission polarization ratios are equal (PV ) PH); (C) if the single molecule wobbles with rotational
correlation time, τr, much greater than the fluorescence lifetime, τf, but much smaller than the measurement time, τc, then PV * PH, as in the
ensemble case; (D) if the probe motion is much faster, τr , τf, then PV and PH are equal but smaller than in panel B.

Time Scales Detectable in Single-Molecule
Fluorescence Polarization Experiments
In conventional ensemble fluorescence polarization experiments, the effects of mobility of the probe or target
macromolecule depend on the time scale of recording.
In a nanosecond time-resolved experiment, deviations of
the absorption and emission dipole moments from collinearity and rotational motions within the dead time of
the instrument control the zero-time anisotropy. Rotational motions on the time scale near the fluorescence
excited-state lifetime (τf) are directly resolved in the
anisotropy decay.28 Rotational motions much slower than
τf are not resolved. In steady-state measurements of
average anisotropy, the subnanosecond motions and
those in the range of τf are averaged together. If the
experimental sample has intrinsic order, such as a cytoskeletal filament or an ordered stack of membranes, the
axial angular distribution relative to the symmetry axis is
detectable in addition to the extent of very rapid motion.36
In single-molecule FP, the average angle of the probe
under interrogation is measured, but surprisingly, two
other time scales of motion affect the polarized fluorescence intensities in different ways and are therefore
586 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 38, NO. 7, 2005

subject to estimation. Thus more dynamic information
about the probe is accessible in the static (or snapshot)
single-molecule case than for the ensemble.
Figure 3 shows qualitatively why this behavior applies.
First, consider an ensemble of probes having random
orientations but being completely immovable on the time
scale of the measurement. Illumination with vertical or
horizontal light in the fluorophore absorption band will
tend to excite molecules oriented near the direction of
the exciting light polarization (Figure 3A). This process,
termed photoselection, is caused by the cos2 θa absorption
probability described earlier. Intensity viewed through a
vertical analyzing polarizer will be more intense for vertical
illumination than for horizontal illumination and vice
versa for intensity viewed through a horizontal polarizer.
Polarization ratios using vertical excitation, such as (VIV/
VIH) or PV ) (VIV - VIH)/(VIV + VIH), will be different from
ratios using horizontal excitation, such as (HIV/HIH) or PH
) (HIV - HIH)/(HIV + HIH), where the leading subscript is
the polarization of the excitation and the trailing subscript
is the polarization of the analyzer. In the case shown in
Figure 3A, (VIV/VIH) * (HIV/HIH) and PV ) -PH, the inequali-
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ties being caused by the optical photoselection and
subsequent immobility.
For a single static molecule, the situation is quite
different (Figure 3B). Vertical and horizontal illumination
may have different probabilities for excitation, but once
the molecule is excited, the orientation of the illumination
does not matter. The excited molecule is exactly the same
whether the illumination was vertical or horizontal. Then
(VIV/VIH) exactly equals (HIV/HIH) and PV ) PH. If, on the
other hand, the single molecule has wobbling mobility on
the time scale .τf but faster than the measurement time
(τc, e.g., 10 ms in the setup described in the previous
section), it will be excited several times during a measurement, but more often when it is aligned with the excitation
than when it is perpendicular (Figure 3C). In this series
of excitation-emission events, a photoselection takes
place very similar to that in the static ensemble case of
panel A and (VIV/VIH) * (HIV/HIH) and PV * PH . The
inequalities here are due to the mobility τf , τr , τc, where
τr is the rotational correlation time of the actual probe
motion.
If the probe motion is much faster, τr , τf , then the
effect on the polarization ratios is different again (Figure
3D). The average time between excitation and emission
of a fluorescence photon is τf . Regardless of the orientation of the probe at the moment of excitation, the probe
will visit the entire distribution of angles (within its limited
range of rapid wobbling), on average, before it emits the
fluorescent photon. The emission is again independent
of excitation polarization. The equalities (VIV/VIH) ) (HIV/
HIH) and PV ) PH again apply, but the numerical values of
the ratios themselves are smaller than in the static case
because the rapid wobble tends to reduce the difference
between VIV and VIH and between HIV and HIH . In the limit
where the rapid wobble is completely unrestricted, VIV )
VIH ) HIV ) HIH and PV ) PH ) 0.
These qualitative arguments show how two separate
time scales of rotational motion affect single-molecule
polarized fluorescence intensities differently. They can be
discriminated from each other and from the mean angle
if they are both present. Another way of describing this
situation is to consider the general relationship between
rotational mobility and polarized fluorescence intensity,
IR:
IR

∫0∞∫∫F(θa,φa,θe,φe,t)(1/τ) e-(t/τ) Pa(θa,φa,ˆ)Pe

)K

(θe,φe,R̂) dΩa dΩe dt
where ˆ is the orientation of the exciting electric field, R̂
is the orientation of the analyzer, K is an intensity scaling
coefficient, F(θa,φa,θe,φe,t) is a correlation function that
describes the probability density of finding the absorption
dipole at orientation (θa,φa) and the emission dipole at
orientation (θe,φe) some time t later. Pa(θa,φa,ˆ) is the
relative probability of absorbing a photon, given absorption dipole orientation (θa,φa) and electric field polarization
ˆ. Pe(θe,φe,R̂) is the relative probability of detecting an
emitted photon, given emission dipole (θe,φe) and analyzer
at R̂. The factor (1/τf) e-(t/τf) is a weighting function that

expresses the normalized probability of emitting a photon
at time t after excitation, assuming the fluorescence
lifetime, τf . The integrations are taken over all possible
orientations of absorption and emission dipole and over
time. dΩa ) sin θa dθa dφa; dΩe ) sin θe dθe dφe (see also
refs 15 and 37).
In the integral above for the case of fast wobble, F(θa,φa,θe,φe,t) can be written as the product of two timeindependent distribution functions, Ffa(θa,φa) and Ffe(θe,φe),
which describe the independent probabilities of finding
the absorption and emission dipoles in particular orientations. Then the terms representing absorption probabilities can be integrated separately from those containing emission probabilities. For slow wobble, the emission
orientation is not independent of the orientation at the
moment of absorption and the integral is not separable.
Although these points have been made before,13,15,20,26
the discussion above and Figure 3 are intended to provide
intuition into how the time scales of motion influence the
polarized fluorescence in different ways. In practice,
analytical equations taking these factors into account, as
well as imperfections of the microscope symmetries, are
fitted to the eight polarized fluorescence intensity traces
to determine K, θ, φ, and δf and δs, the latter two
parameters specifying the extent of wobble on the fast and
slow time scales. These equations are over-determined
(five adjustable parameters, eight intensity samples per
time point), allowing a test of goodness of fit and appropriateness of the quantitative description.

Actin
As an example of the use of fluorescence polarization to
determine the orientation and mobility of single molecules, we use actin filaments very sparsely labeled with
acetamidotetramethyl rhodamine at the reactive residue,
Cys374.31 Actin and myosin II were purified from rabbit
skeletal muscle. The actin was polymerized using 0.3%
rhodamine-labeled actin and stabilized with Alexa-647
phalloidin (Molecular Probes, Inc.). Flow chambers were
coated with poly-L-lysine to attach full-length myosin,
followed by inhibition with BSA, blocking of damaged
myosins with short lengths of unlabeled actin, an ATPcontaining motility buffer (see Figure 4 legend), and
finally, the labeled actin. The observation solution contained either zero or 25 µM ATP and either a deoxygenating cocktail of glucose, glucose oxidase, catalase (GLOXY),
and 10 mM DTT or 50 mM DTT in the absence of
deoxygenating enzymes. Video images of the rhodamine
and Alexa fluorescence were used to locate individual
rhodamine fluorophores within actin filaments. Once a
particular fluorophore was selected and moved automatically to the stage position conjugate to the recording
avalanche photodiodes,31 sets of the eight polarized
fluorescence intensities described above were collected
at 40 ms per set for 10 s.
Polarized fluorescence intensities acquired from a
typical stationary actin monomer (at 0 ATP, 50 mM DTT)
are essentially flat until they bleach simultaneously to the
VOL. 38, NO. 7, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 587
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FIGURE 4. Typical single-molecule polarized fluorescence data for
a stationary actin filament, sparsely labeled with rhodamine at Cys374.
Alternation of excitation pathways (1 and 2) and excitation polarizations (s and p) and simultaneous collection with two detector
polarizations (x and y) produces eight measurements every 40 ms.
Detected photon counts in each 10 ms interval are plotted as eight
polarized fluorescence intensities. A weighted, orientation-independent sum, ITot, is plotted in black in panel 5. The eight intensities are
fit to determine the orientation β (red), R (green), slow wobble, δs
(blue), and weighted total fitted intensity minus background, IFit (blue).
The average angles for this molecule are β ) 54°, R ) 37°, and δs
) 39°. The intensity levels and angles are constant as expected in
actin in the absence of ATP. The assay buffer contained 25 mM
KCl, 20 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid
(Hepes), pH 7.4, 5 mM MgCl2, and 10 mM DTT.
background level (Figure 4, upper four panels), indicating
that the photons detected above the background come
from a single fluorophore. The total fluorescence counts
per 40 ms recording interval (200-250) are distributed in
a single narrow peak, confirming the single-molecule
assignment. A linear combination of the eight intensities
that is approximately independent of fluorophore orientation (ITot, fifth panel) is also constant until the rhodamine
bleaches in a single step (at 7.7 s in Figure 4). Laboratoryframe polar angles (θ and φ, Figure 2) and the extent of
microsecond wobble (δs, the half-angle of a cone describing restricted rotational diffusion of the fluorophore on
the 4 ns , τr , 10 ms time scale) were obtained by fitting
of analytical equations describing polarized fluorescence
intensities to the eight traces.31 These parameters were
converted to angles relative to the axis of the F-actin,
which is the natural reference orientation for this system
588 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 38, NO. 7, 2005

FIGURE 5. Blinking of fluorophore seen when 3 mg/mL glucose,
0.1 mg/mL glucose oxidase, and 0.075 mg/mL catalase are added to
the assay buffer. Values of β, R, and δs were constant (except for
noise) during the “on” intervals suggesting a fixed orientation of
the fluoropohore.
and is stable on the measurement time scale. β is the axial
angle of the fluorophore’s dipole moment relative to the
actin axis, and R is the azimuthal angle around the actin
axis (Figure 4, bottom 3 panels). Thus, these angles
measure orientation of the individual probe and actin
monomer relative to the overall polymeric structure of the
filament. Until the bleaching step, all of these angles are
approximately constant, except for noise, which is due
mainly to the statistics of photon counting.
When the experiment is performed with the GLOXY
system added to the motility buffer to decrease oxygendependent bleaching, fluorescence intensity traces switch
abruptly back and forth between high values and ones
near the background level (Figure 5). This repeated
blinking of the fluorophore on the ∼1 s time scale
abolishes detectable orientation information during the
“off” intervals. However, during “on” intervals, the fluorophore maintains an approximately fixed orientation.
Similar blinking has been reported previously for rhodamines,38-40 GFP,41,42 and other fluorphores.43,44 The duration of the “off” intervals observed here (∼0.25 s) is
probably too long to represent population of the triplet
state. Rather, a reversible structural transition or chemical
change in the fluorophore, such as ionization or oxidation/reduction, renders it temporarily nonfluorescent. This
behavior might be useful in experimental methods that
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FIGURE 6. Typical single-molecule polarized fluorescence data for
an actin filament that is translocated by myosin II in the presence
of 25 µM MgATP, 1 mM creatine phosphate, and 1 mg/mL creatine
phosphokinase. Values of β and δs are roughly constant within each
trace, whereas R exhibits a large oscillation. The average angles
for this molecule are β ) 45°, R ) 49°, and δs ) 26°. The standard
deviation of R is 22°.
depend on appearance or disappearance of singlemolecule fluorescence, such as nanometer spatial discrimination of two fluorophores by high-resolution imaging with photobleaching (SHRIMP).45
When the GLOXY system is replaced with 50 mM DTT,
blinking is very rare. The rate of irreversible photobleaching is lower with the GLOXY system present, but using
high DTT concentration instead essentially eliminates
blinking and allows recording of polarization signals for
1-10 s at illumination levels leading to photocount rates
of 5000-7500 s-1.
At 25 µM ATP added to the medium, the actin is
translocated by myosin at an average velocity of 0.18 µm/
s. Fluorophores are selected that are moving with the actin
filaments. During myosin-induced motion, the angles
describing the orientation of actin-bound fluorophores
exhibit distinctly higher variations of β and R within each
temporal trace (Figure 6). Especially noticeable is a
roughly sinusoidal pattern of changes in R, indicating that
the actin twists about its axis as it moves axially. The
microsecond wobble parameter, δs, is still relatively
constant.

Average values of the actin-frame angles, β
h, R
j , and δ
h s,
using sparsely rhodamine-labeled actin filaments oriented
within (10° of the x-axis were 41° ( 2°, 31° ( 4°, and 31°
( 5° (means among filament averages ( sem, n ) 12),
respectively, at 0 ATP and 51° ( 1°, 44° ( 1°, and 34° (
1°, respectively, at 25 µM ATP (n ) 79). The relatively high
mobility of actin monomers on the microsecond time
scale implies torsional flexibility consistent with spectroscopic and electron microscopic observations.31 Standard
deviations of β, R, and δ during individual traces averaged
4.3°, 10.7°, and 8.4°, respectively, at 0 ATP and 8.8°, 15.6°,
and 9.9°, respectively, at 25 µM ATP. These values indicate
that, on average, β and especially R vary more in the
presence of ATP than in its absence. When the subnanosecond wobble parameter, δf, was included as an adjustable parameter in the angular determination, the average
values obtained, δ
h f, were 20° ( 2° at 0 ATP and 24° ( 1°
at 25 µM ATP. The other angles, (θ, φ, β, R, and δs) are
essentially the same whether δf is made adjustable or not.
In most traces, R varied through a much wider angle than
β. This behavior is expected for a twisting motion, which
would affect R but not β or δf. The results suggest that
the methodology and analysis enable independent determination of these angles.
From Fourier transforms of the R traces, used to
estimate the sinusoidal frequency of the oscillation, and
the filament velocities, the pitch of this twisting was
calculated to be 0.53 ( 0.07 µm, much longer than the 74
nm pitch of the actin structure. The calculation assumes
that two cycles of the observed sinusoidal oscillation of R
correspond to one full azimuthal rotation of the actin,
because the symmetries in the apparatus described above
cause angles R, 180° - R, -R, and -180° + R to produce
the same polarized fluorescence intensities. Possible
routes to avoid this degeneracy are taken up further below.
Some earlier studies also indicated twisting of actin
filaments during in vitro motility18,46,47 but not universally.48,49 Sase et al.18 obtained a similar pitch, 1 µm, of
actin motion to that obtained here. In that study, though,
motions of β could not be distinguished from those of R.
Under the present experimental conditions that produce
helical motion, myosin exerts an azimuthal force as well
as an axial one. This component of force may be very
small, however, because the pitch of the motion is large.

Breaking Symmetries in Fluorescence
Polarization Experiments
As mentioned, the single-molecule fluorescence polarization microscope in our laboratory was carefully aligned
with all polarizers and scattering planes in the x- y- or
z-axes. Symmetry about all three axes results in the mean
angle measurement having an 8-fold ambiguity. Probes
at angles φ, 180° - φ, -φ, and -180° + φ all appear
identical. Similarly probes at θ and 180° - θ appear
identical. Because of the C2 (180° rotational) symmetry in
the interaction between the electromagnetic field and an
electrical dipole, it is impossible, with one optical probe,
to distinguish orientation (θ,φ) from (180° - θ,φ - 180°).
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The other four angular ambiguities present in measurements using only x-, y-, and z-polarized fields and detectors may be distinguished, in principle, by using alternate
or additional orientations of the polarized excitation,
emission, or both.
With axial illumination in a confocal or wide-field epiillumination microscope, intermediate polarization angles,
such as 45° and 135° relative to the x-axis, result in
polarization between the x- and y-axes, allowing discrimination between angles φ and -φ.14,15,21,22,30 Detector polarizations intermediate between the x- and y-axes would
also remove this ambiguity. In the total internal reflection
fluorescence microscopy (TIRFM) arrangement, if the
optical path of the exciting light is rotated <90° about the
optical axis (e.g., 45°), the scattering plane is between the
x-z and y-z planes. The evanescent field generated by
s-polarized excitation then generates polarization at the
sample between the x- and y-axes.17 Molecules having
angles φ and -φ have different absorption probabilities
under this illumination and thus can be distinguished.
Adding linear optical polarizations between the s- and
p-polarizations shown in Figure 2 also enables discrimination of φ and -φ. Prummer et al.50 used a similar
method to resolve the three-dimensional orientation of
dioctadecyl-tetramethylindocarbocyanine (DiI) fluorophores immobilized in a polymer film. The index of
refraction of the polymer is high, so in their experiment,
the glancing illumination traverses the polymer rather
than generating an evanescent wave. Unpolarized images
were recorded by video camera, making the method
sensitive to absorption dipole only. They showed that five
combinations of illumination paths and orientations are
sufficient to fully determine the three-dimensional orientation, resolving all of the symmetry-related ambiguities
(except that between (θ,φ) and (180° - θ,φ - 180°), which
is intrinsic to the fluorophore). Prummer et al.50 point out,
in agreement with our experience, that further illumination directions would add useful redundant information
at the expense of time resolution.
Full detection of the three-dimensional orientation
without ambiguities can provide important mechanistic
information. In the example above, the motions of actin
are obscured to some extent by the symmetry of the
optical arrangement, and in a study of the unconventional
myosin V,20 quantitative estimation of the myosin angular
stroke depended on assumptions about β vs 180° - β.

Other Techniques
Nanosecond Time-Resolved Anisotropy. Several studies
have reported nanosecond time-resolved polarization
measurements on single molecules.51,52 The most common
arrangement is a spot-confocal microscope in which
molecules of interest diffuse in and out of the detection
volume, producing a burst of photons. With brief (nanosecond) pulsed excitation and appropriate resolution of
the arrival time for photons detected through orthogonal
polarizers, the decay of fluorescence anisotropy can be
calculated. The anisotropy is usually defined by r(t) ) [I|590 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 38, NO. 7, 2005

(t) - I⊥(t)]/[I|(t) + 2I⊥(t)], where the subscripts refer to the
polarization of the detector relative to that of the exciting
light. Mixing of polarized emission between the two
detector channels due to refraction by the objective lens
must be taken into account.33,51,53 As mentioned earlier,
the initial anisotropy r(0) relates to the collinearity of the
absorption and emission dipole moments, distortions of
the molecule, and rotational motions much faster than
the instrument dead time. The subsequent time course
of r(t), usually a decay from r(0) toward zero, gives a direct
indication of rotational motion on the time scale of the
fluorescence lifetime, τf, and severalfold longer. When the
molecules are freely diffusing in solution, the average
orientation distribution is isotropic, so no absolute angles
are available. Nanosecond time-resolved anisotropy is also
possible using immobilized molecules, but with the additional complexity over snapshot recording of average
polarization, this method has not been widely adopted.
Orientation Sensitive Image Formation. The interaction between the absorption dipole and the polarization
of the excitation field and the spatial distribution of light
emitted from an individual dipole have been employed
to form intensity distributions that carry the orientational
information. Images of individual dipoles slightly away
from the plane of focus, especially ones near a dielectric
interface54 and when spherical aberration is purposefully
introduced into the collecting optics,55-57 have side lobes
and fringes due to the spatial distribution of polarized light
near the focus of a high aperture objective. These features
have been employed to determine the three-dimensional
orientation of fluorescence emission dipoles and to characterize the dynamics of fluorophore motions in polymer
films.58
Annular illumination from only the edges of a high
aperture objective lens produces a strong z-axis component of polarization at the focal point and a spatial
distribution of polarizations that can be scanned across
the molecule to interrogate its orientation.59,60 In Figure
7,61 the upper three panels show theoretical distributions
of total fluorescence intensity as the focal point of such
an annular illumination spot is raster-scanned in the x-y
plane across a molecule. The exciting beam entering the
back of the objective is polarized in the x direction. The
three distributions are calculated for a dipole located at a
polymer/air interface and polarized in the x, y, and z
directions. The differences among the intensity patterns
demonstrate the orientation sensitivity of this method.
Sick et al.60 provide very clear ray-optics explanations for
the shapes of these expected distributions, due to peripheral rays that contain polarization vectors out of the x-y
plane that combine and interfere in spatially distinctive
patterns. Experimental images of individual DiI molecules
in a thin polymer film (Figure 7, lower panels) show very
similar patterns. In general, the distribution of intensity
is a combination of the three orthogonal patterns, which
can be fitted to the actual measurements to estimate the
polar angles in the microscope coordinate frame. The
same symmetry-related ambiguities as discussed above
for x-, y-, and z-oriented fluorescence polarization meth-
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FIGURE 7. Determination of probe orientation with high numerical
aperture annular illumination entering the objective with x-polarization (double-headed black arrow). Theoretical spatial distributions
of unpolarized fluorescence intensity are calculated for a dipole
located at a polymer/air interface and oriented in the x, y, and z
directions (upper panels). Experimental images of individual DiI
molecules in a thin polymer film (lower panels, x-polarization on the
left, y-polarization on the right) show very similar patterns or
combinations of the orthogonal patterns. Adapted from ref 61 with
permission.
ods (θ vs 180° - θ and φ vs -φ) are present in this system.
The angular precision is ∼5° at 1 s sampling time.50,52
Direct imaging of the spatial emission pattern in the
back focal plane of the objective is shown in Figure 8.29
The top panels give expected patterns of intensity for
various dipole orientations, and experimental recordings
are shown below. The experimental setup enabled illumination with x- or y-polarized light and also with
radially polarized excitation. The radial polarization provides a strong z-axis illumination,62 similar to annular
excitation. The pairs of intensity distributions recorded
with x- and y-polarization or else x- and radially polarized
input beams are the same, indicating (as explained in
regard to Figure 3) that the type of illumination does not
alter the characteristics of radiation from the excited state
of an immobilized single molecule. The bright ring of
intensity at the periphery of each distribution comes from
rays captured beyond the critical angle for total internal
reflection. More optical power is contained in the outer
ring than in the rest of the image, indicating that nearfield light collection by the microscope slide surface is an
important factor.
The precision of angular determination for midrange
angles in the experiment of Figure 8 was 2° at a time
resolution of 1 s. The performance could probably be
improved using brighter illumination, faster acquisition
by pixel binning, and collection of polarized images. Leib
et al.29 point out that with emission pattern imaging,
problems such as blinking, optical aberrations in the
microscope objective, and the exact axial and lateral
location of the molecule all affect the results less than in
methods that use imaging of the absorption dipole. Only

FIGURE 8. Imaging of the pattern of emission paths and the back
focal plane of a collecting objective. Theoretical emission patterns
of dipoles at an air-glass interface with orientations (θ and φ) (a)
(90°,0°), (b) (90°,90°), (c) (0°,0°), and (d) (45°,45°). The outer ring of
bright light is emission collected beyond the critical angle for total
internal reflection. Note that the pattern in panel d is different from
that expected for (θ,φ) ) (45°,135°), breaking a symmetry common
to other techniques. Panel e shows experimental patterns of
emission path for three selected molecules. The left-hand images
are the measured data, and right-hand images are best fits. White
numbers in the top centers are maximum intensities. lx (ly) denotes
excitation with an x-polarized (y-polarized) Gaussian beam, and r
denotes excitation with radial polarization. Note that the emission
pattern does not depend on the polarization of the excitation. Panel
f shows comparison of the spatial fluorescence emission distributions
(similar to those in Figure 7) for the same three molecules (lefthand images) with patterns expected for dipole orientations determined from panel e (right-hand images). White arrows designate
the molecule of interest if another molecule is nearby. Adapted from
ref 29 with permission.
one molecule is interrogated at a time, similar to the
fluorescence polarization technique discussed above with
APD detectors, whereas imaging of the emission dipoles
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can be done together by confocal scanning of several
molecules (Figure 7). All of the methods in this section
currently use algorithms that predict intensity distributions only for static molecules. Therefore motions of the
molecule during the recording time must be minimal. By
contrast, as explained above, SMFP intrinsically detects
motions together with the average orientation. These
various techniques complement each other well.

Conclusions
Applications of single molecule fluorescence polarization
and orientation-sensitive imaging of absorption and emission dipoles to mechanistic questions in macromolecular
biophysics are emerging. A number of incarnations trade
off complexity against time resolution, angular resolution,
and removal of angular ambiguities. Future developments
will provide improved temporal and angular resolution
and combine angular detection with other compatible
methodologies, such as infrared optical traps, atomic force
microscopy, and nanometer-scale resolution of spatial
position. Orientation-sensitive single-molecule spectroscopy has been combined with other dynamic signals to
simultaneously record extensive spectral fingerprints of
single molecules.51,52,63 As many cellular protein and
nucleic acid machines use rotational motions as crucial
features of their functional output, the techniques to
detect these motions are important elements in the singlemolecule biophysicist’s toolkit.
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