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ABSTRACT It is well documented that muscle contraction results from cyclic rotations of actin-bound myosin cross-bridges.
The role of actin is hypothesized to be limited to accelerating phosphate release from myosin and to serving as a rigid substrate
for cross-bridge rotations. To test this hypothesis, we have measured actin rotations during contraction of a skeletal muscle.
Actin filaments of rabbit psoas fiber were labeled with rhodamine-phalloidin. Muscle contraction was induced by a pulse of ATP
photogenerated from caged precursor. ATP induced a single turnover of cross-bridges. The rotations were measured by
anisotropy of fluorescence originating from a small volume defined by a narrow aperture of a confocal microscope. The
anisotropy of phalloidin-actin changed rapidly at first and was followed by a slow relaxation to a steady-state value. The kinetics
of orientation changes of actin and myosin were the same. Extracting myosin abolished anisotropy changes. To test whether
the rotation of actin was imposed by cross-bridges or whether it reflected hydrolytic activity of actin itself, we labeled actin with
fluorescent ADP. The time-course of anisotropy change of fluorescent nucleotide was similar to that of phalloidin-actin. These
results suggest that orientation changes of actin are caused by dissociation and rebinding of myosin cross-bridges, and that
during contraction, nucleotide does not dissociate from actin.

INTRODUCTION

Rotational motions associated with muscle contraction may

occur in myosin, actin, or in both (Huxley and Simmons,

1971). Rotations of myosin cross-bridges are well docu-

mented (Dos Remedios et al., 1972; Nihei et al., 1974;

Thomas and Cooke, 1980; Borejdo et al., 1982, 2002b;

Sabido-David et al., 1998; Allen et al., 1996; Hopkins et al.,

1998; Borejdo and Akopova, 2003), but changes in actin

have not been thoroughly investigated. F-actin (Oosawa et al.,

1977; Oosawa, 1977) and G-actin (Page et al., 1998; Galkin

et al., 2002) are dynamic structures displaying many internal

degrees of freedom, so it is likely that the interactions with

myosin have an affect on conformation. Indeed, dissociation

of myosin heads from actin results in a change of

fluorescence polarization (Borovikov and Chernogriadskaia,

1979; Borovikov et al., 1982; Prochniewicz-Nakayama et al.,

1983) and in change of ms-rotational motion detected by

saturation transfer electron paramagnetic resonance spectra

of spin labels on Cys-374 of actin (Thomas et al., 1979).

However, active interaction of heads with actin were found

not to induce ms-rotational motions of Cys-374 (Ostap and

Thomas, 1991).

In this article we studied kinetics of orientation changes of

actin during the power-stroke of skeletal muscle. A narrow

aperture of a confocal microscope defined a small volume

within a thin filament. Rotational motion of a small number

of actin monomers within this volume was synchronized by

rapidly stimulating muscle by a short pulse of ATP. The

amount of photogenerated ATP was enough for a single

turnover of nucleotide by the cross-bridges. The anisotropy

of phalloidin bound to actin changed rapidly at first and was

followed by a slow relaxation back to a steady-state value,

which was different from the original anisotropy. The rates

of orientation change of actin monomers broadly paralleled

rates of rotations of myosin heads observed earlier (Borejdo

and Akopova, 2003).

The observed rotations of actin could be induced pas-

sively—i.e., be imposed by myosin heads, or actively—

i.e., reflect hydrolytic activity of actin itself. Active in-

volvement of actin is consistent with the fact that actin

polymerization-depolymerization may play a role in contrac-

tion of smooth muscle (Barany et al., 2001). The interest in

the active involvement of actin has recently been reactivated

by the demonstration that in vitro interactions of the myosin

motor domain with actin change the actomyosin interface to

produce hot-spots of activity (Tanaka et al., 2002; Nishikawa

et al., 2002). These spots propagate along actin filaments to

enable myosin V or VI to produce large processive steps

during translocation along actin. The active role of actin

requires that it hydrolyzes ATP, i.e., that during contraction

actin-bound ADP is released from the enzyme and is replaced

with excess ATP from the solvent. To test whether such

nucleotide exchange occurs during contraction, we have

incorporated a fluorescent analog of ATP (Alexa-ATP) into

actin and followed its rotation after photogenerating excess

nonfluorescent ATP in the solvent. If the nucleotide were

hydrolyzed and Alexa-ADP released into a solvent, the

anisotropy of fluorescent moiety would not change, because

actin-bound Alexa-ADP has similar anisotropy as free Alexa-

ADP (because of the short fluorescence lifetime of Alexa-

ATP). Instead, anisotropy changes of fluorescent nucleotide

were identical to the changes of phalloidin-actin. This sug-

gests that ADP is not released from actin during muscle
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contraction, consistent with earlier work which showed that

\20% of bound nucleotide was released during super-

precipitation of skeletal actomyosin (Strzelecka-Golaszew-

ska et al., 1975). We suggest that actin rotations are passive,

i.e., that rotations of myosin cross-bridges induce parallel

motions of actin monomers in a thin filament.

MATERIALS AND METHODS

Chemicals and solutions

Standard chemicals, nucleotides, and phalloidin coupled to fluorescein-5(6)-

isothiocyanate (FITC-phalloidin) were from Sigma (St. Louis, MO). 59-
iodoacetamido-tetramethyl-rhodamine-phalloidin (Rh-phalloidin), 5-dime-

thyoxy-2-nitrobenzyl-caged ATP (DMNPE-caged ATP), Alexa647-ATP,

and 1-(4,5-dimethoxy-2-nitrophenyl)-1,2- diaminoethane-n,n, n9,n9-tetra-
acetic acid (DMNP-EDTA) were from Molecular Probes (Eugene, OR).

Cy5-ATP was a gift from Dr. D. Root (University of North Texas). The

composition of solutions is given in Table 1. All solutions used in the

photolysis experiments contained 10 mM of reduced glutathione. The

glycerinating solution contained 80 mMK-acetate, 0.2 mg/mL PMSF, 2 mM

mercaptoethanol, and 50% glycerol.

Labeling of actin in muscle fibers with phalloidin

Muscle fibers were glycerinated and isolated as described earlier (Borejdo

et al., 2002b). The fibers in the relaxing solution were labeled with 0.3 mM

Rh- or FITC-phalloidin for 15 min at room temperature. After labeling, the

fibers were thoroughly washed with the relaxing solution and, when

necessary, by a Ca21-rigor solution. Tension development was studied by

MKB force transducer (Scientific Instruments, Heidelberg, Germany).

Control (unlabeled) fibers developed 0.96 6 0.05 mN/fiber of maximum

isometric tension (n ¼ 32, mean 6 SE). Fibers labeled with 0.3 mM Rh-

phalloidin developed tension within 10% of control. The lack of effect on

tension is in agreement with earlier results (Bukatina et al., 1996). The

degree of labeling was estimated by comparing fluorescent intensity of fiber

with the intensity of known concentrations of Rh-phalloidin. Fig. 1 A shows

the dependence of the fluorescent intensity of a fiber (viewed with a wide-

field microscope using a 103, NA ¼ 0.22 objective) on the concentration of

Rh-phalloidin in labeling solution. Fig. 1 B shows the fluorescent intensity

of different concentrations of solutions of Rh-phalloidin. The intensity of

fluorescence of Rh-phalloidin increased in the presence of F-actin 3.1 times

at 1 mM dye, and 1.4 times at 5 mM dye. Smaller increase is no doubt due to

the insufficient excess of actin (it was impossible to do experiments using

larger excess because of viscosity of F-actin). By comparing Fig. 1, A and B,

we estimate that after 15 min of incubation with 0.3 mM phalloidin, the

concentration of fluorescent phalloidin in muscle was ;4–5 mM. Number

of actin molecules observed by the confocal microscope is equal to this

concentration multiplied by the experimental volume. The confocal volume

was ;0.3 mm3. There are ;1000 labeled actin monomers in this volume.

Specificity of labeling

The specificity of labeling was assessed by inspecting the striation pattern.

To maximize the resolution and reduce thickness of the section, the diameter

of the confocal pinhole was minimized (to 26.3 mm, 0.65 mm on image

plane). Fig. 2 A shows the confocal image of FITC-phalloidin-labeled fiber.

The striation pattern is impossible to visualize without a confocal aperture

(Fig. 2 B). The white spot (indicated by an arrowhead) shows the relative

size of the probing laser beam. The observed volume is shown schematically

in Fig. 2 C. Its width and depth are approximately equal to the diffraction

limit (;0.3 mm) of the illuminating laser spot. Its height is limited by the

confocal aperture (1.35 Airy units) to;3 mm, giving the volume of 0.3 mm3.

The average intensity of the dark (myosin) bands was ;150 times smaller

than the intensity of light (actin) bands. In agreement with earlier

observations on isolated myofibrils (Szczesna and Lehrer, 1993; Ao and

Lehrer, 1995; Zhukarev et al., 1997) phalloidin was not distributed

uniformly along the length of a thin filament. This nonuniformity was

independent of labeling times, the stretch, or the type of dye coupled to

phalloidin. The specificity was further assessed by co-labeling actin and

myosin. Myosin was first labeled by exchanging its native essential light

chain-3 with fluorescent light chain-3 that had been prelabeled with 59-

TABLE 1 Composition of solutions

Solution MgCl2 CaCl2 EGTA EDTA ATP KCl

G-buffer 0.1 0.2

EGTA-rigor 4 2 50

EDTA-rigor 2 50

Ca21-rigor 4 0.1 50

Relaxing 4 2 5 50

Glycerinating 2 5 5 50

All solutions contained 10 mM Tris-HCl buffer, pH 7.5. Ca21-rigor

solution contained 10 mM glutathione. Concentrations in mM.

FIGURE 1 Binding of Rh-phalloidin to a muscle fiber. (A) Single muscle

fiber was irrigated with varying concentrations of Rh-phalloidin for 15 min

at room temperature. The fluorescence intensity was recorded through 103
(NA ¼ 0.22) objective of the wide-field microscope after washing out

the excess of phalloidin. Bars, mean 6 SD of three experiments. (B)

Fluorescence intensity of known concentrations of Rh-phalloidin viewed

through the same microscope optics. (Solid line) Rh-phalloidin in Ca-rigor,

and (dashed line) Rh-phalloidin 1 5 mM actin in Ca-rigor. lex ¼ 543 nm.
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iodoacetamido-tetramethyl-rhodamine (59-IATR) (at Cys-178). Fibers were
then labeled with FITC-phalloidin. Fig. 3 shows the appearance of the fiber

through fluorescein (Fig. 3 A) and rhodamine (Fig. 3 B) filters to show the

distribution of actin and myosin. The two images are combined in Fig. 3 C to

show that, as expected, green FITC-phalloidin fluorescence and red Rh-

phalloidin fluorescence originate from the I- and A-bands, respectively.

There is some co-labeling in the overlap zone (indicated by yellow patches),

but since actin is labeled to much greater extent than myosin, patches are not

well resolved.

Labeling of actin in muscle fibers with
fluorescent ATP

G-actin was prepared according to standard procedure (Spudich and Watt,

1971). 3.4 mg/mL G-actin was passed through a small Sephadex-50 column

and incubated for 2 h in ice with G-buffer (Table 1) containing 50-mM

fluorescent ATP instead of normal ATP. After incubation G-actin was

passed again through a column to remove the excess of fluorescent ATP. The

degree of labeling was;45%. Fluorescent actin was used immediately after

preparation. Thin filaments were extracted from muscle fiber and replaced

with actin containing fluorescent ATP by a modification of the procedure

(Fujita and Ishiwata, 1998). Briefly: 2 mg/mL gelsolin stock solution in

G-buffer buffer was diluted just before the experiment to 0.3 mg/mL with

G-buffer 1 50 mM KCl. Thin filaments were removed by incubation for

80 min at 08C. Fibers were then washed with cold EGTA-rigor. Just be-

fore experiment 20 mL G-actin was diluted to a final concentration of 1 mg/

mL with EGTA-rigor solution containing 0.2 mM ATP and added to a fiber

for 7 min in cold. The incubation-wash cycles were repeated three times.

Finally, the fibers were washed with cold Ca-rigor solution. Tension de-

veloped by fibers labeled with Alexa-ATP was not measured. Labeling gave

excellent striation patterns. Fibers labeled with Cy5-ATP showed weaker

striations then fibers labeled with Alexa647-ATP.

Experimental arrangement

The instrument to measure anisotropy of fluorescence was described

elsewhere (Borejdo et al., 2002b; Borejdo and Akopova, 2003). The current

setup differs from the earlier one in that the laser spot is not scanned and that

the 633-nm excitation and Cy5 emission filters have been added to detect

fluorescent ATP. Briefly, muscle fiber is placed on a stage of a confocal

microscope (Zeiss, LSM 410, Thornwood, NY). A 633-nm visible light

from He/Ne laser is selected by the line selection filter to excite the

fluorescent nucleotide on actin. Ar/Kr laser is selected by another line

selection filter to excite FITC-phalloidin (488 nm) or Rh-phalloidin (568

nm). The polarization of the laser beam can be rotated by a l/2 plate. It is

directed by the dichroic mirror onto an objective (Zeiss C-Apo, 403, NA

FIGURE 2 Labeling thin filaments in a fiber. (A) Fiber

labeled with FITC-phalloidin viewed through confocal

aperture. Fluorescein filter (band-pass 515\l\565 nm).

The arrowhead points to a spot that indicates the position of

the laser beam. Bar ¼ 10 mm, sarcomere length ¼ 2.8 mm.

(B) The same fiber viewed without confocal aperture. (C)

Schematic illustration of the experimental volume. Laser

beam is focused to a diffraction limit. The light is collected

from a volume defined by ellipsoid of revolution with

diameters 0.3 and 3 mm. There are;1000 fluorescent actin

monomers in this volume.

FIGURE 3 Actin labeled with FITC-

phalloidin (green) and myosin labeled

with essential light chain coupled to

IATR (red) in the same muscle fiber.

(A) Muscle viewed through fluorescein

filter (band-pass 515 \ l \ 565 nm).

Only the I-bands, containing fluorescent

actin, are visible. (B) The same fiber

viewed through rhodamine filter (long-

pass l [ 590 nm). Only the A-bands,

containing fluorescent myosin, are vis-

ible. (C) Composite of A and B.

Sarcomere length ¼ 2.65 mm.
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1.2, water immersion). The ultraviolet (UV) beam of an argon laser

operating at 364 and 351 nm is used to photolyze caged-nucleotide. The UV

light is admitted by the shutter. Dichroic combiners merge the UV and

visible beams. Objective focuses the exciting light on muscle, collects it, and

projects fluorescent light onto the photomultipliers through orthogonally

polarized analyzers.

Photogeneration of ATP

Muscle is perfused with 2 mM of 5-dimethyoxy-2-nitrobenzyl-caged ATP

(DMNPE-caged ATP). The UV beam is focused by the objective to

a Gaussian spot with width and length equal to twice the lateral resolution of

the UV beam (;0.2 mm). The height equals to the depth-of-focus of the

objective (;3.5 mm, confocal aperture does not decrease the depth-of-focus

of excitation). A few seconds after the beginning of the experiment, the

shutter admitting the UV light is opened for exactly 10 ms. The laser power

incident on the illuminated area (0.04 mm2) is 0.12 mJ/s. The energy flux

through the illuminated area is 0.12 mJ/(s3 0.04 mm2)¼ 3.0 mJ/(s3 mm2).

ATP stays in the experimental volume on the average for 300 ms. The energy

through the illuminated area during this time is 9 3 10�4 mJ/mm2. This is

larger than the energy flux obtainable with the frequency-doubled ruby laser

(;33 10�5mJ/mm2) (Goldman et al., 1984). The amount of released ATP is

enough for a single turnover of ATP by cross-bridges (Borejdo et al., 2002a;

Borejdo and Akopova, 2003).

Measuring anisotropy

Static anisotropy was measured with a low aperture lens (103, NA ¼ 0.22)

using wide-field microscopy. The polarization direction of exciting light was

kept constant to minimize distortion of polarized light by microscope optics.

To measure orthogonal polarizations, fiber axis was rotated by 908.
Otherwise, the measurements were made as described before (Borejdo

et al., 2002a,b).

Dynamic anisotropy were measured with a high aperture lens (C-Apo,

403, NA ¼ 1.2) using confocal microscopy. Measurement of absolute

anisotropies in the confocal microscope is complicated by unequal

sensitivities of the photodetectors and by the mixing of orthogonally

polarized emitted light by the high numerical aperture (NA) objective. To

estimate sensitivities, the analyzers in front of both photomultipliers were

placed in the same orientation. In this case, both channels must produce

identical images. The voltages controlling brightness and contrast of both

PMs were adjusted until control images were identical. In our microscope,

the ratio of voltages controlling detectors of channels 1 and 2 had to be set at

0.92. The effect of high NA on anisotropy was corrected according to

Axelrod (1979). He pointed out that the observed polarized fluorescence

intensities are weighted averages of the three components of the polarized

fluorescence intensities emitted at the sample, Fx, Fy, and Fz. Expressions

for Fx, Fy, and Fz were derived for fluorescence-labeled cross-bridges in the

muscle fiber (Burghardt et al., 2001). There, many cross-bridges were in the

observed volume and the probe angular distribution was independent of

the azimuthal angle describing the probe distribution at the fiber symmetry

axis. In the present application where ;1000 fluorophores are detected,

probe distribution symmetry at the fiber axis is likewise appropriate. Other

fixed parameters contributing to Fx, Fy, and Fz are the aperture angle s, the

angle between probe absorption and emission dipoles, j, and the extent of

independent probe movement while the probe is bound, d. The water

immersion objective used in the time-resolved experiments had NA ¼ 1.2

giving s ¼;648. To estimate j and dwe measured excitation spectra of Rh-

phalloidin-actin in 90% glycerol (Fig. 4 A). The limiting anisotropy, ro, of
Rh-phalloidin on F-actin at lex ¼ 568 nm and lem [ 580 nm was 0.373,

giving the angle j ¼ 128. The anisotropy of Rh-phalloidin bound to F-actin

tumbling in buffer solution was r � 0.248 (Fig. 4 A). Comparing r0 and r

indicates the extent of probe movement in solution. The fluorescence

lifetime of rhodamine probe is much shorter than the rotational relaxation

FIGURE 4 (A) Fluorescence anisotropy excitation spectra of Rh-phalloi-

din. 0.1 mM free Rh-phalloidin, m; 0.1 mM Rh-phalloidin bound to 5 mM

F-actin, d; and 0.1 Rh-phalloidin bound to 5 mM F-actin in the presence of

90% glycerol, n. Measurements were made at room temperature except

when glycerol was present (08C). lem [ 580 nm. (B) Comparing the

expected Rk (squares) and R^ (circles) detected from NA ¼ 1.2 (solid

symbol) and NA ¼ 0.02 (open symbol) microscope objectives. The NA ¼
0.02 curves represents the case when the objective numerical aperture has no

detectable effect on observed anisotropy. The angles b and g correspond to

the polar and torsional position of the average probe dipole fixed frame

relative to the laboratory fixed frame that has the z axis parallel to the fiber

symmetry axis and the y axis parallel to the microscope optical axis. The

average probe dipole fixed frame is so designated because the probe rotates

independently within infinite square well potentials and the average frame is

fixed to the midpoints of the wells. Assuming for this calculation that the

emission dipole moment is parallel to the z axis of a probe fixed frame and

the absorption dipole moment lies in the x,z plane, these dipoles are rotating

independently and quickly on the timescale of the fluorescence lifetime in

their polar and torsional degrees of freedom limited by the well potentials

that are 308wide. Curves plotted as a function of b for g ¼ 0 (upper) andp/2

(lower) are appropriate for the rhodamine probe with 128 between absorption
and emission dipoles. The g ¼ 0 and g ¼ p/2 curves represent extreme

cases. Comparison of solid and open symbols show that at b � 458, high or

low NA objectives produce the same anisotropy.
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time of Rh-phalloidin-F-actin complex suggesting that the rotation of the

complex cannot depolarize the rhodamine fluorescence and lower r from its

limiting value. Rather, the local probe movement causes depolarization. The

two degrees of freedom, corresponding to the polar and torsional movement

of a reference frame fixed to the probe, describes the local probe movement.

The anisotropy data is consistent with local polar and torsional probe

movement within an infinitely deep square well potential d � 308 wide.
Using s ¼ 648, j ¼ 12, and d ¼ 308 and estimating the cross-bridge angle

from wide-field measurements at ;458 (see below), Fig. 4 B indicates that

the high NA of the objective introduces no significant error in the anisotropy

estimate.

Let subscripts before and after the intensity indicate the direction of

polarization of exiting and emitted light relative to the axis of the muscle

fiber. Perpendicular anisotropy is recorded with the l/2 plate in place. With

muscle axis oriented horizontally on a stage of a microscope, channels 1 and

2 record ?I? and ?Ik, respectively. Parallel anisotropy is recorded with the

l/2 absent. With muscle axis horizontal, channels 1 and 2 record kI? and

kIk, respectively. The ‘‘on-screen-anisotropy’’ R? is defined as (ch1 � ch2)/

(ch1 1 2 3 ch2) 3 256 1 128 and Rk as (ch2 � ch1)/(ch1 1 2 3 ch2) 3
256 1 128. Factors 256 and 128 make R visible on an 8-bit display. The

absolute anisotropies are r? ¼ (ch1� ch2)/(ch11 23 ch2) and rk ¼ (ch2�
ch1)/(ch1 1 2 3 ch2).

RESULTS

Static anisotropy

Table 2 summarizes static anisotropy data. In Rh-phalloidin-

labeled fibers, the anisotropy was large in rigor when the fiber

axis was parallel to the direction of the polarization of

exciting light and small when it was perpendicular. This

suggests that the absorption/emission dipole of Rh-phalloidin

is oriented largely parallel to the muscle axis and is in

agreement with earlier data (Borovikov et al., 1996; Zhukarev

et al., 1997). The excitation anisotropy spectrum of immo-

bilized dye (Fig. 4, top) suggests that the angle between

absorption and emission dipoles is 128. Upon transition to

relaxation, the parallel anisotropy decreased and perpendic-

ular anisotropy increased, suggesting that the dipoles are now

more perpendicular to muscle axis. Assuming the Gaussian

distribution of dipoles at the muscle axis (Thomas and Cooke,

1980; Wilson and Mendelson, 1983), the angles of Rh-

phalloidin dipoles with respect to the fiber axis were

estimated by the method of Xiao et al. (1995) as 428 6 208
in rigor and 478 6 248 in relaxation. Table 2 suggests that the
angle for Alexa-ATP-labeled actin was largely perpendicular

to muscle axis. Changes associated with relaxation are small,

reflecting the fact that the fluorescence lifetime of Alexa-ATP

is short (;2 ns) and that it is not immobilized on the surface

of actin (see below).

Changes of anisotropy of actin labeled
with Rh-phalloidin

The rationale was to observe a small population of actin

monomers, to synchronize motion by rapid application of

ATP and to follow the orientation changes associated with

binding and hydrolysis by myosin of a single molecule of

ATP. Muscle actin was labeled with Rh-phalloidin, fiber was

placed horizontally on a stage of a confocal microscope and

observed through a long-pass filter (l [ 590 nm). The

objective focused visible laser light onto the I-band (white
spot in Fig. 2 A). The laser beam was focused slightly off-

center of the fluorescent band to avoid taking measurements

from the Z-line and from the tips of the actin filaments. The

laser beam was not scanned, i.e., the same actin molecules

were observed throughout the experiment. This has an

important advantage over earlier experiments (Borejdo et al.,

2002b) in that the same fluorophores are observed through-

out the entire experiment and that only a short pulse of UV

radiation is necessary to produce ATP. Unfortunately, it

causes considerable photobleaching because the same fluoro-

phores are under constant illumination. To decrease photo-

bleaching the laser beam was attenuated 300–1000 times.

262,144 (512 3 512) measurements are taken every 25 ms
for a total of 6.55 s. 570 or 130 data points are averaged to

display anisotropy every 14.25 or 3.25 ms. The video card

(Matrox Imaging Series, Matrox, Dorval, Québec, Canada)

calculates the perpendicular or parallel on-screen-anisotropy

in real-time.

The rotations were synchronized by the sudden photo-

generation of ATP from caged precursor. Approximately 3 s

after the beginning of the experiment, the shutter admitting the

UV light is opened for exactly 10 ms. It produces 2 mMATP

in the illuminated volume. The diffusion coefficient of ATP is

3.7 3 10�6/cm2 per second (Hubley et al., 1996), so ATP

diffuses away from the experimental volume in ;300 ms.
Although the actual diffusion coefficient in filament lattice of

muscle fiber may be smaller, this order-of-magnitude

calculation shows that soon after the application of a pulse

there is practically no free nucleotide in the experimental

volume. The sole nucleotide remaining in the volume is the

one bound to the cross-bridge. The anisotropy change after the

pulse reflects actin rotation induced by a turnover of this

molecule of ATP.

Fig. 5 A is a plot of the perpendicular anisotropy of

fluorescence of actin labeled with Rh-phalloidin. The on-

TABLE 2 Static anisotropies

Rk R?

Rigor (Rh-phalloidin)* 0.333 6 0.018y �0.026 6 0.043

Relax (Rh-phalloidin) 0.272 6 0.014 0.122 6 0.026

Rigor (Alexa-ATP)z 0.144 6 0.014 0.119 6 0.008

Relax (Alexa-ATP) 0.152 6 0.017 0.091 6 0.013

The anisotropies were measured in a wide-field microscope using 103 (NA

¼ 0.22) objective. They are defined as: R? ¼ (?I?/C? – ?Ik)/(?I?/C? 1
2?Ik), and Rk¼ (kIk/Ck – kI?)/(kIk/Ck 1 2kI?), where the Cs are correction
factors accounting for depolarization of light by microscope optics. The

fiber, not the polarization of exciting light, was rotated by 908 to make

C? ¼ Ck. Using Chroma rhodamine and Cy5 dichroic mirrors, C ¼ 1.1

and 0.98, respectively. The anisotropy R is related to the polarization

of fluorescence P by R ¼ 2P/(3–P).
*Rh-phalloidin on actin.
yMean 6 SE, n ¼ 5.
zAlexa647-ATP on actin. Excitation at 633 nm.
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screen-anisotropy R?(t) ¼ [(?I?(t) � ?Ik(t))/(?I?(t) 1
2?Ik(t))] 3 256 1 128) was calculated in real-time. 3.25 s

after the beginning of experiment, a 10-ms pulse of UV light

was applied to muscle (arrow). This pulse briefly converts

the solution in which muscle is bathed from Ca-rigor to

contracting. The rate of photobleaching just before applying

the UV pulse was ;2.4% per second. Anisotropy decreased

by 16% during the course of the experiment (without the

application of the UV pulse). This photobleaching was

subtracted from the raw data, which after conversion to r?
gave the data of Fig. 5 B. The anisotropy changes consisted

of a rapid increase followed by a slow relaxation to a new

steady-state level.

To measure the rate of anisotropy change, the time

resolution was increased. The results are shown in Fig. 6 A.
In this plot 130 data points (rather than 570) were averaged to

increase the time resolution to 3.25 ms. In 16 experiments the

average half-time of rapid change was 81 6 25 ms (mean 6
SE). The average half-time of myosin head reorientation

(reflecting cross-bridge dissociation from thin filaments) was

130 6 20 ms (Borejdo and Akopova, 2003), not statistically

different from actin rotation. The significance of these

findings is explored in the Discussion. The rapid increase

was followed by a slow relaxation to a new steady-state value.

The average half-time of this process was 4786 36 ms (n ¼
16). The average half-time of cross-bridge reorientation

(reflecting rebinding to thin filaments) was 660 6 100 ms

(Borejdo andAkopova, 2003), again not statistically different

from actin rotation. Approximately 1.5 s after the pulse, the

anisotropy assumed new steady-state value. This was always

different from the initial rigor value. It is speculated (see

Discussion) that this fact reflects different state of actin before

and after creation of ATP. (The reason the rates are so slow is

because these are single turnover experiments. This slows

FIGURE 5 Perpendicular anisotropy of Rh-phalloidin bound to thin

filaments of muscle fiber. (A) On-screen anisotropy R?(t) ¼ [(?I?(ch1) �
?Ik(ch2))/(?I?(ch1) 1 2?Ik(ch2))] 3 256 1 128. Solid line is a fit used to

de-trend the data to account for photobleaching. (B) Data after correcting for

photobleaching. The anisotropy r?(t)¼ [(?I?(ch1)� ?Ik(ch2))/(?I?(ch1)1
2?Ik(ch2))] has been adjusted to 0 before photogeneration of ATP to

correspond to static value of Table 2. The fiber in Ca21-rigor solution. Pulse

of ATP is generated at arrows.

FIGURE 6 Parallel anisotropy of Rh-phalloidin bound to thin filaments of

muscle fiber. (A) Anisotropy rk ¼ [(kIk(ch2) � kI?(ch1))/(kIk(ch2) 1
2kI?(ch1)] has been corrected for PM sensitivities and for photobleaching

(the NA of the objective does not affect the measured anisotropy according

to Fig. 4 B). 130 points are averaged to give time resolution of 3.25 ms. (B)

Control anisotropy showing that there are no changes when analyzers in both

channels are parallel, rC(t) ¼ [(kIk(ch2) � kIk(ch1))/(kIk(ch2) 1 2kIk(ch1)].
The fiber in Ca21-rigor solution. Pulse of ATP is generated at arrows.
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down dissociation approximately 15 times and rebinding

approximately three times; see Borejdo and Akopova, 2003.)

In our experiments the perpendicular and parallel aniso-

tropies could not be measured simultaneously, because the

microscope did not contain Pockel’s cell to rotate the

direction of the excitation polarization. However, parallel

anisotropy could be measured after the perpendicular one by

manually rotating the plane of polarization by half-wave

plate. Fig. 6 shows one such experiment. Fig. 6 B shows an

important control. Here the control anisotropy is defined as

the difference between the intensities in channels 1 and 2

divided by their sumwhen analyzers in channels 1 and 2 have

the same orientation, i.e., rC(t) ¼ [(kIk (ch2) � kIk (ch1))/(kIk
(ch2) 1 2kIk (ch1). Under those conditions the intensity

recorded by both channels has the same polarization and

therefore anisotropy change must be 0. The fact that it is so, is

a convincing demonstration that the measurements are not

artifacts due to heating of the experimental volume by the UV

light (see Discussion).

Anisotropy of ‘‘ghost’’ fibers

To see whether myosin was necessary for the reorientation of

actin, experiments were done on ‘‘ghost’’ fibers devoid of

thick filaments. A fiber was first tested for rotation of actin.

Myosin was then extracted from the same fiber by the

application of Hasselbach-Schneider solution (0.47 M KCl,

5 mM MgCl2, 10 mM PPi, and 0.1 M PO4 buffer, at pH 6.4)

for 10 min at room temperature followed by extensive

washing with Ca21-rigor solution. After myosin extraction,

there was no change of anisotropy after photogeneration of

ATP (not shown). The same results were obtained in three

experiments on three different batches of fibers.

Anisotropy of actin labeled with fluorescent ATP

Fig. 7 A shows the appearance of a fiber labeled with Alexa-

ATP. Only the I-bands are fluorescent. Fig. 7 B is the fluo-

rescence anisotropy of Alexa-ATP incorporated into F-actin

in solutions containing glycerol, in buffer, and free in buffer.

Limiting anisotropy from the sample in glycerol, ro ¼ 0.4,

is the theoretical maximum consistent with co-linear absorp-

tion and emission dipole moments. Rotational relaxation of

F-actin is much slower than fluorescence lifetime of Alexa-

ATP (;2 ns) such that the fluorescence anisotropy of Alexa-

ATP in F-actin in buffer decreases from its limiting value

only due to independent movement of the chromophore in its

binding site. In a calculation analogous to that used for the

rhodamine probe in Rh-phalloidin, the anisotropy data is

consistent with local polar and torsional probe movement

within infinitely deep square well potentials with width d ¼
458. The residual anisotropy for free Alexa-ATP implies the

isotropic tumbling of the probe is not rapid enough to fully

depolarize the emitted light during fluorescence lifetime of

the probe. Comparison of limiting and residual anisotropies

suggests that rotational relaxation time of free Alexa-ATP is

approximately equal to its fluorescence lifetime.

Fig. 8 A shows transient anisotropy of Alexa-ATP

incorporated into thin filaments. Because anisotropies of

free Alexa-ATP and Alexa-ATP incorporated into F-actin

are equal (Fig. 7 B), these changes do not arise from the

change in nanosecond-timescale anisotropy, but must result

from actin rotation. After the flash (arrow), the anisotropy

FIGURE 7 (A) Fiber labeled with Alexa-ATP. The I-bands are fluorescent. Fiber viewed through Cy5 filter (long-pass l[ 675 nm). Bar ¼ 10 mm. (B)

Excitation anisotropy of Alexa-ATP. 1 mM of free Alexa-ATP in Ca-rigor, .; 2 mM F-actin 1 1 mM Alexa-ATP in Ca-rigor, d; and 2 mM F-actin 1 1 mM

Alexa-ATP in 90% glycerol, n. Emission wavelength ¼ 670 nm, 08C.
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changes rapidly before relaxing to a new value. The response

was the same when actin was labeled with Cy5-ATP (data

not shown).

The kinetics of the orientational change of actin labeled

with Alexa-ATP was identical to the kinetics of actin labeled

with phalloidin. The bottom and top curves in Fig. 8 A is the

experiment in which actin was labeled with phalloidin and

Alexa-ATP, respectively (unfortunately, the experiment

could not be done on the same fiber because phalloidin

inhibits changes of anisotropy of nucleotide). For this reason,

the curves had to be scaled to fit on the same graph and

anisotropy is in arbitrary units. Inspection reveals that the two

curves are similar. To quantify this similarity, we compared

the smoothed anisotropy change of Alexa-ATP and phalloi-

din bound to actin between 3 and 4 s. Fig. 8 B is a plot of two

traces plotted against each other. Each point represents a pair

of anisotropies from Alexa-ATP- and phalloidin-labeled

fibers of Fig. 8 A taken at the same time. It suggests that the

anisotropies are closely correlated; the dashed lines show

99% confidence limits. We conclude that the anisotropy

change of Alexa-ATP bound to actin reflects the rotation of

Alexa-ATP bound to actin monomers, and not the change of

anisotropy due to the release of ADP from monomers during

cross-bridge turnover. The significance of this finding is

explored in the Discussion.

DISCUSSION

Ruling out the artifacts

The artifacts may arise because of 1), heating of muscle; 2),

damage to muscle fiber induced by the UV light; and 3),

motion of fiber. We argue that none of the above is

responsible for the present observations.

1. Heating: The heating is caused by the absorption of UV

light by caged ATP. Extinction coefficient of caged-ATP

at 364 nm is 4400 M�1/cm�1, i.e., 3-mm-thick section of

muscle perfused with 2 mM precursor absorbs 0.264% of

the incident UV light. Because beam diameter is small,

the heat associated with this absorption dissipates in

\;70 ns (Denk et al., 1995). The UV laser delivers 0.9

3 10�11 J in 70 ns, i.e., temperature rise during the

experiment is \28C. The experimental support of this

argument is the observation that the UV pulse did not

cause change in the control anisotropy (Fig. 6 B). The
only difference between the control and actual anisotropy

measurements is the orientation of analyzer in channel 1.

In control experiments both analyzers have the same

orientation. In actual experiments the data is obtained

from a neighboring sarcomere and the only difference is

that the orientation of analyzer in channel 1 is orthogonal

to channel 2. The sample is subjected to the identical

dose of UV light. Yet control shows no change of

anisotropy. There are three additional lines of evidence to

suggest that anisotropy change does not reflect temper-

ature rise in the experimental volume. Firstly, caged

EDTA (DMNP-EDTA), which has the same UV

absorption as caged ATP, caused no change of

anisotropy whatsoever (data not shown). Secondly, there

is no anisotropy change in denatured fibers (left for 24 h

at room temperature, data not shown). Finally, fibers

devoid of myosin did not give any anisotropy change

upon stimulation by caged ATP.

2. Damage: Muscle damage caused by the exposure to the

UV light can be eliminated as a possible source because

there was no anisotropy change whatever in fibers which

did not contain caged ATP but were exposed to the UV

pulse (data not shown).

3. Motion: The mean concentration of ATP in the experi-

mental chamber photogenerated in each experiment is

;63 10�8mM. This is too small to induce global contrac-

tion. There was no evidence of a local contraction either,

inasmuch as when the image of a fiber taken before the

FIGURE 8 The rotation of actin labeled at the nucleotide site by

fluorescent nucleotide and at the phalloidin site by phalloidin. (A, top)

Actin labeled with Alexa-ATP; (A, bottom) actin labeled with FITC-

phalloidin. Arrow indicates the flash of UV light. (B) The correlation

between the top and bottom curves between t ¼ 3 and 4 s. Curves were

smoothed by a running average and linearly correlated (r2 ¼ 0.886). 99%

confidence limits are indicated by dashed lines.
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contraction is subtracted from the image taken after the

contraction, the result is 0 (black) everywhere except in

the area where photobleaching occurred (data not shown).

Actin labeled with Rh-phalloidin

Results summarized in Table 2 suggest that the emission

dipole of Rh-phalloidin undergoes;58 change in angle upon
photogeneration of ATP. The observed changes are due to

rotation of at least 50% of all actin monomers, rather than to

a small fraction of actins rotating a lot, averaged with a much

larger number that do not move at all. This is because in our

experiments muscle is initially in rigor, where approximately

one-half of actins have a cross-bridge associated with it. We

think that the whole thin filament begins to undulate during

contraction, as originally proposed by Ishiwata and Oosawa

(1974).

The kinetics of change revealed that actin rotated in two

phases. The experiments using ghost fibers show that myosin

is necessary for all phases to occur. The first phase was a fast

reorientation. The half-time of this process was ;80 ms, not

significantly different than the rate of cross-bridge dissocia-

tion (Borejdo and Akopova, 2003). Coincidence of changes

in actin and dissociation are consistent with earlier observa-

tion that saturation transfer electron paramagnetic resonance

spectra of spin labels on Cys-374 of actin changed upon

dissociation of S1 (Thomas et al., 1979) and with observation

that binding of S1 to actin labeled with spin labeled analogs of

ATP resulted in some change in actin conformation (Naber

and Cooke, 1994). Preliminary data obtained from the same

muscle fiber in which myosin and actin were labeled (with

fluorescent regulatory light chain and phalloidin, respec-

tively), suggested coincidence of cross-bridge dissociation

and orientation changes of actin. We conclude that actin

orientation changes are caused by cross-bridge dissociation,

and do not indicate active rotation of actin. However, we

cannot rule out the possibility that the changes in actin occur

before changes in myosin. Rapid changes in actin could be

due to the activation process. This may be related to earlier

findings (Huxley et al., 1994; Bordas et al., 1999) that there

was a small decrease in the spacing of the axial repeat of actin

during contraction against the negligible load.

The second phase of the anisotropy change was slow

relaxation to a steady-state value. The half-time of this

process was ;480 ms, again not significantly different from

cross-bridge binding to thin filaments in single-turnover

experiments (Borejdo and Akopova, 2003). We think that

this process reflects binding of cross-bridges.

The second phase of anisotropy change ended with

a resumption of a new steady-state value, typically 1.5–2 s

after the pulse. This value was always different from the

initial rigor value. A possible explanation of this result is that

thin filaments are in different state before and after the

exposure to a pulse of ATP. Before the exposure the thin

filaments are under stress because muscle develops full rigor

tension when it is transferred from relaxing (glycerinating)

solution to rigor solution. After the exposure, however, the

filaments are unstressed because muscle does not develop

rigor tension during single-turnover experiment.

Active role of actin in contraction

This requires that actin hydrolyzes ATP, i.e., that during

muscle contraction strongly bound ADP is exchanged with

ATP in solution. The present results suggest that this does not

occur, i.e., that the nucleotide remains actin-bound during

muscle contraction. Firstly, the anisotropies of free Alexa-

ATP and Alexa-ADP bound to thin filaments are the same

(Fig. 7 B), i.e., 10% changes in anisotropy of Alexa-ATP

incorporated into thin filaments, such as recorded in Fig. 8 A,
must result from actin rotation and not from the release of the

probe into solution. Secondly, the time-course of decline of

anisotropy of ADP approximates the change of anisotropy of

phalloidin, which stays attached to actin at all times. This

suggests that ADP also stays attached to actin. It is unlikely

that ADP comes off actin so late that it would not be detected

in our experiment. ATPase of muscle at 208C is ;5 s�1

(Houadjeto et al., 1992), i.e., ADP dissociates with half-time

of;140 ms, easily within the timescale of our experiment. It

is also unlikely that the fraction of actin-bound nucleotide

undergoing dissociation is too small to be detected. Themolar

ratio of actin to myosin in skeletal muscle is;5:2 (Bagshaw,

1982), i.e., if the hydrolysis of ATP by actin were power-

ing muscle contraction, 40% of actin monomers would have

to release ADP. The confidence that the changes of the

anisotropy of phalloidin- and fluorescent nucleotide-ATP

were the same was high (Fig. 8 B).
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