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ABSTRACT: We have measured the microsecond rotational motions of myosin heads in contracting rabbit
psoas muscle fibers by detecting the transient phosphorescence anisotropy of eosin-S-maleimide attached
specifically to the myosin head. Experiments were performed on small bundles (10-20 fibers) of glycerinated
rabbit psoas muscle fibers at 4 °C. The isometric tension and physiological ATPase activity of activated
fibers were unaffected by labeling 60~80% of the heads. Following excitation of the probes by a 10-ns laser
pulse polarized parallel to the fiber axis, the time-resolved emission anisotropy of muscle fibers in rigor (no
ATP) showed no decay from 1 us to 1 ms (r, = 0.095), indicating that all heads are rigidly attached to
actin on this time scale. In relaxation (5 mM MgATP but no Ca?*), the anisotropy decayed substantially
over the microsecond time range, from an initial anisotropy (ry) of 0.066 to a final anisotropy (r.) of 0.034,
indicating large-amplitude rotational motions with correlation times of about 10 and 150 us and an overall
angular range of 40-50°. In isometric contraction (MgATP plus saturating Ca?*), the amplitude of the
anisotropy decay (and thus the amplitude of the microsecond motion) is slightly less than in relaxation,
and the rotational correlation times are about twice as long, indicating slower motions than those observed
in relaxation. While the residual anisotropy (at 1 ms) in contraction is much closer to that in relaxation
than in rigor, the initial anisotropy (at 1 us) is approximately equidistant between those of rigor and relaxation.
Therefore, the anisotropy decay in contraction is not a simple linear combination of those in rigor and
relaxation, implying that there are myosin head rotations in contraction that are distinct from those in both
rigor and relaxation. Fiber stiffness in isometric contraction is about 70% of the rigor value, suggesting
that a majority of cross-bridges are attached to actin. Therefore, much of the rotational motion observed

in contraction probably occurs in the attached phase of the cross-bridge cycle.

Muscle contraction requires movement of the myosin
cross-bridge, which consists of two globular actin-binding
myosin “heads” (S1) connected to the thick filament by a single
rodlike domain (S2). Motions involving molecular rotation
of or within S1, elastic deformation of S2, or helix-coil tran-
sitions within S2 have all been postulated [review by Cooke
(1986)]. Much structural, biochemical, and mechanical ev-
idence supports such motions, but most of this evidence is
indirect, serving only to establish the plausibility of flexible
cross-bridge mechanisms. Some of the most direct information
about cross-bridge orientation and rotational motion, and their
role in force generation, has come from spectroscopic molecular
probes. These probes have three properties that no other
method combines [review by Thomas (1987)]: (1) They can
be attached covalently and specifically to myosin heads, so that
the information comes directly and exclusively from heads.
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(2) Through a judicious choice of the probe and the instru-
ment, signals can be detected that provide information only
about rotation, the type of motion postulated in most muscle
theories. (3) The measurements of these motions can be made
under physiological conditions during muscle action.
Spectroscopic studies of myosin head rotation usually involve
a paramagnetic or optical probe covalently attached to the fast
reacting sulfhydryl (SH1) in the myosin head (Thomas, 1987).
These studies have established several important conclusions
about cross-bridge motion. Cross-bridges in synthetic filaments
are flexible, allowing heads to undergo thermally driven
fluctuations of large amplitude. Fluorescence anisotropy
studies, limited to the nanosecond time range, established that
myosin heads can wobble independently of the coiled-coil tail
in myosin monomers (Mendelson et al., 1973, 1975). Satu-
ration-transfer EPR,! with sensitivity to both nanosecond and
microsecond motions, confirmed the fluorescence results and
showed that microsecond cross-bridge flexibility occurs in
myosin filaments (Thomas et al., 1975, 1980). Absorption
and phosphorescence studies, using long-lived triplet probes,

I Abbreviations: CP, creatine phosphate; CPK, creatine phospho-
kinase; DTT, dithiothreitol; ESM, eosin-5-maleimide; EGTA, ethylene
glycol bis(8-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; EDTA, eth-
ylenediaminetetraacetic acid; EPR, electron paramagnetic resonance;
MOPS, 3-(N-morpholino)propanesulfonic acid; TAA, transient absorp-
tion anisotropy; TPA, transient phosphorescence anisotropy.
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combined microsecond sensitivity with time resolution to
provide more detailed information about these motions of heads
in filaments, showing that the head wobble is restricted in
amplitude and that at least two modes of microsecond motion
occur (Eads et al., 1984; Kinosita et al., 1984; Ishiwata et al.,
1987; Ludescher et al., 1988). These studies clearly demon-
strated that cross-bridge flexibility is inherent in the myosin
structure. The motion is complex, probably representing
segmental rotations of the head (S1) and part of the rod (S2).

Myosin heads in relaxed myofibrils are rotationally mobile.
Although fluorescence studies of myofibrils detected little
mobility in the nanosecond time scale (Mendelson & Cheung,
1976), saturation-transfer EPR revealed microsecond head
rotations in relaxed myofibrils, comparable to the motions in
filaments made from purified myosin (Thomas et al., 1980).
Studies with phosphorescent probes confirmed this microsecond
mobility, resolved at least two correlation times, and showed
that the motion is restricted only slightly compared to that seen
in solution (Ishiwata et al., 1987; Ludescher & Thomas, 1988).

Myosin heads bind rigidly to actin in the absence of nu-
cleotides. Tn solution, actin eliminates virtually all nanosecond
rotations of myosin heads, as detected by fluorescence
(Mendelson et al., 1973; Highsmith et al., 1976), and the
microsecond motions are greatly restricted, as detected by
ST-EPR (Thomas et al., 1979, 1980) and absorption anisot-
ropy measurements with phosphorescent probes (Eads et al.,
1984; Kinosita et al., 1984). Even more profound immobi-
lization has been consistently observed in myofibrils, apparently
due to more rigid actin filaments, as detected by ST-EPR
(Thomas et al., 1980) and phosphorescence (Ishiwata et al.,
1987; Ludescher & Thomas, 1988).

Direct insight into the role of cross-bridge flexibility in the
force generating event, however, requires measurements on
intact muscle fibers. Spectroscopic studies of muscle fibers
have so far employed only paramagnetic or fluorescent probes.
The orientational resolution of conventional EPR has been used
to show that myosin heads are highly oriented in rigor and
highly disoriented in relaxation (Thomas & Cooke, 1980) and
that in contraction most heads are in a disoriented population
but a small fraction has a rigorlike orientation (Cooke et al.,
1982). Saturation-transfer EPR, which is sensitive to mi-
crosecond motions, indicates that the disorder seen in relax-
ation (Fajer et al., 1988) and contraction (Barnett & Thomas,
1989; Fajer et al., 1990) is dynamic on the microsecond time
scale. However, these measurements lack the time resolution
needed to characterize fully the complex rotations expected
to occur during the active cross-bridge cycle. Time-resolved
fluorescence anisotropy studies of cross-bridge motion in fibers
are limited to the nanosecond time range, due to the short
excited-state lifetimes of singlet probes (Burghardt &
Thompson, 1985; Burghardt & Ajtai, 1985). Therefore, we
report here phosphorescence emission anisotropy measurements
of the microsecond rotational motions of eosin-labeled myosin
heads in glycerinated rabbit psoas muscle fibers in the phys-
iological states of rigor, relaxation, and contraction. These
are the first time-resolved measurements of cross-bridge motion
in fibers in the physiologically important time range from 1
to 1000 us.

MATERIALS AND METHODS

Reagents and Solutions. Eosin-5-maleimide (ESM) was
obtained from Molecular Probes (Eugene, OR) and stored at
a concentration of 2 mM in dimethylformamide (DMF) at
—70 °C. Glycerol was from Fisher Scientific (Pittsburgh, PA).
Catalase, glucose oxidase, glucose, ATP, creatine phosphate
(CP), and creatine phosphokinase (CPK) were from Sigma
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(St. Louis, MO). All chemicals were of the highest available
purity. The following solutions were used in our experiments:
washing solution (W) 20 mM MOPS, 120 mM KAc, | mM
EGTA, 2 mM MgCl,, 0.1 mM NaNj; labeling solution (L)
W + 5 mM PP, + 5 mM MgCl,; rigor solution (R) 84 mM
KPr, 25 mM MOPS, 2 mM MgCl,, 1 mM EGTA, 10 mM
CP; rigor solution plus backup (RI) R + 583 units of
CPK/mL,; relaxation solution plus backup (RE) RI + 5 mM
ATP; contraction solution (C) RE + 1.5 mM CaCl,. The ionic
strength of RE was 154 mM.

Preparations. Glycerinated rabbit psoas fibers were pre-
pared and stored at ~20 °C for up to 3 months (Ludescher
& Thomas, 1988; Fajer et al., 1988). Myofibrils were made
by homogenizing fibers (Ludescher & Thomas, 1988). Fibers
were labeled with ESM by a procedure similar to that de-
scribed previously (Ludescher & Thomas, 1988). Bundles of
glycerinated fibers about 0.2-0.4 mm thick were tied to glass
rods and washed with solution W to remove glycerol. Mem-
brane debris was removed by soaking fibers for 15 min in
solution W plus 0.5% Triton X-100 and 0.1 mM DTT. The
fibers were then washed three times (10 min each) with so-
lution W. After a 15-min prelabeling wash in solution L, ESM
was added at a final concentration of 4 uM, and the fibers were
labeled for 60 min. The reaction was quenched for 15 min
with solution L plus 4 mM DTT. The fibers were washed
three times (10 min each) in solution W and then stored in
solution W plus 50% glycerol and 0.1 mM DTT at -20 °C
for up to 3 months without significant changes in spectroscopic,
mechanical, or biochemical properties.

Biochemical and Mechanical Assays. Protein concentration
was measured with a Biuret assay modified from that of
Gornall et al. (1949). Protein at a concentration of 1-6
mg/mL was incubated in a solution containing 1.5% CuSO,,
6% sodium potassium tartarate, 30% NaOH (w/v), and 2%
Sterox (v/v) for 15 min, and the absorbance was measured
at 310 nm. Bovine serum albumin, assayed by the same
procedure, was used as a standard. To determine the amount
of eosin incorporated, myofibrils made from eosin-labeled
fibers were dissolved in 0.5 M KCl. Urea was then added to
a final concentration of 5 M, and the solution was then spun
at 1000g for 10 min at 0 °C., The protein concentration of
the supernatant was measured by the Biuret assay, and the
amount of eosin incorporated was calculated by measuring the
absorbance at 530 nm (Es3 = 97000 ML em™). The ex-
tinction coefficient was calculated by allowing a known con-
centration of dye to react to completion with myofibrils, which
where then treated as above, and then measuring the absor-
bance at 530 nm. The mole ratio of eosin bound per head
(dye/head) was calculated as described previously (Ludescher
& Thomas, 1988), assuming that 50% of the protein is myosin.
The ATPase activity of myofibrils made from fibers was
measured by monitoring the inorganic phosphate release, as
previously described (Eads et al., 1984). The fraction (fgy)
of the labeled fast-reacting thiols in the 20-kDa domain of
myosin (SH1, Cys 707, or SH2, Cys 697) was determined as
the fractional inhibition of the K/EDTA ATPase (Ludescher
et al., 1988). The specificity of labeling, i.e., the fraction of
bound labels that are bound to these SH groups, was deter-
mined as fgy/(dye/head). This is a lower bound for the
fraction of bound labels that are bound to the 20-kDa domain
of the myosin head.

Force measurements were made on single fibers by using
an Akers force transducer (Fajer et al., 1988). The tension
was calculated by dividing the measured force by the cross-
sectional area of the fiber, as measured with a stereo micro-
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scope. Stiffness was measured as described previously (Fajer
et al., 1988), except that the force transducer was Model
FXA-0 from Cambridge Technology (Cambridge, MA).

Spectroscopic Experiments. Small fiber bundles (approx-
imately 0.2 mm in diameter) in solution W/50% glycerol were
glued to a support that fits diagonally in a 1-cm cuvette
(Burghardt & Thompson, 1985) and bathed in R solution.
The fibers were oriented vertically, parallel to the excitation
polarization, and the bathing solution was deoxygenated prior
to data collection by an enzymatic procedure (Eads et al.,
1984). The cuvette was covered with parafilm, and the air
above the solution was displaced continuously with a nitrogen
purge. Deoxygenation of the fibers occurred within 15 min,
as indicated by a high and stable phosphorescence yield. To
obtain relaxation, the fibers were first deoxygenated in 2 mL
of RI solution, and then 106 uL of 100 mM MgATP was
added through the paraffin with a Hamilton syringe and mixed
with the solution; the fibers were allowed to equilibrate with
the new solution for 5 min before data acquisition. This was
sufficient to obtain saturation with ATP and deoxygenation.
Isometric contraction was induced by addition of 30 uL of 100
mM CaCl,, and this was also allowed to equilibrate for several
minutes before data acquisition.

Time-resolved phosphorescence emission was measured as
described by Ludescher and Thomas (1988), except that the
photomultiplier gating was transmitted from the laser power
supply via a fiber optic cable, to minimize radio frequency
interference. The phosphorescence emission decays polarized
parallel (7,) and perpendicular (/) to the vertical excitation
polarization were collected through a Polaroid sheet polarizer.
Data acquisition and signal averaging were controlled by a
LeCroy 3500 multichannel analyzer using a CAMAC inter-
face. Each decay (1024 channels) was digitized by photon
counting, using a LeCroy multichannel scalar (Model 3521)
that has a time resolution of 1 us or greater per channel. A
typical anisotropy experiment consisted of collecting decays
from 2000 laser pulses, with the emission polarizer first vertical
and then horizontal (a single loop), and repeating this for
15-25 loops. Since the laser was typically operated at a
repetition rate of 100 Hz, each experiment lasted about 10-15
min. Repeat experiments with the same sample were virtually
identical, and the functional properties of labeled fibers were
preserved, ruling out photochemical artifacts.

The excited-state lifetimes were determined from the total
(unpolarized) intensity decay, I(t) = I, + 2GI, where G is
a correction factor determined in control experiments on an
isotropic sample (1 uM E5M in solution). Alternatively, I(f)
was obtained by placing the emission polarizer at the magic
angle (54.7°) with respect to vertical, with identical results.
The rotational correlation times were determined from the
anisotropy decay, r(f) = (I, - GI)/I(¢).

Analysis of Phosphorescence Data. I(t) was analyzed by
a nonlinear least-squares fit to a sum of exponentials plus a
constant background (Ludescher et al., 1988). When this
background is subtracted, the function becomes

1) = éa,- exp(~1/1) (1)

where 7, is the excited-state lifetime for component /. The
anisotropy decay was fit to a sum of exponential plus a constant
(Ludescher & Thomas, 1988)

Ho) = éri exp(=1/) + . @)

where ry = r(0) is the initial anisotropy and ¢; is the rotational
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correlation time for component i. The number of exponentials
(nin eq 1 or 2) was increased until no further improvement
was observed in the fit, as evaluated from the modified x? value
(minimized in the least-squares fit) and the residual plot (data
minus fit). For I(¢), we found consistently that the fit was
improved by increasing n from 2 to 3, but not by increasing
nto 4. For r(t), n = 2 was usually both necessary and suf-
ficient for an optimal fit.

Time-resolved phosphorescence anisotropy allows for the
analysis of the rates (diffusion coefficients, which are inversely
proportional to the observed correlation times ¢; in eq 2) and
angular amplitudes (roughly proportional to the amplitudes
r; in eq 2) of probe rotational motions. The proportionality
constants depend on the type of anisotropic motion that is
occurring (Zannoni et al., 1983; Burghardt, 1985). The am-
plitudes of the anisotropy decay depend on the amplitudes of
the rotation and the orientation of the probe relative to the
fiber axis (Zannoni et al., 1983; Vogel & Jihnig, 1985). In
a randomly oriented system, r, is determined by the angle
between the excitation and emission dipoles and by the am-
plitudes of motions too fast to detect (in this case, ¢ < 1 us),
while the amplitude of decay to r., depends on the dynamic
disorder, determined by the amplitudes of rotations in the
detected time window (in this case,  us < ¢ < 1 ms). Inan
oriented system, such as oriented fibers, 7, and #, are affected
by the same factors, but also by the static orientation, de-
termined by the amplitudes of probe rotations slower than the
detected time window (in this case, > 1 ms).

In the case of vertically oriented fibers, only axial rotations,
which change the angle between the vertical (fiber) axis and
the emission transition moment, are detectable. Azimuthal
rotations, rotations about the fiber axis, are not detectable.
We analyzed r; and r., using the formalism developed by Vogel
and Jihnig (1985). In this analysis, 7, and 7., are expressed
in terms of two types of order parameters, which define the
static orientation and dynamic disorder. For the experiments
in the present study, in which the exciting light is polarized
vertically (parallel to the fibers), the relevant expressions are

ry =
(55/35)(Py)(Py)g - (36/35)(Py)y(Pya + (2/5)
1+ 2(Py)y(Py)q "

o(MF)
(3)
ro = [({Pp)y(Py)g + (36 /35)(Py)s(Py)d* + (20/35) X

(PP + (2/5)(Py)d?) /(1 + 2({Py)( Py)g)]ro( MF)
4)
where the subscript d denotes dynamic disorder, due to rota-
tional motions occurring in the observed time window (between
1 us and 1 ms), and the subscript s indicates static orientation,
due to rotations slower than 1 ms. The static orientation is
defined relative to the fiber axis, whereas the dynamic disorder
is relative to the director of the static orientation. The order
parameters are ensemble averages (indicated by angled
brackets), over the appropriate time windows, of the Legendre
polynomials P, & P,(cos 0,) & (3 cos? ©,— 1)/2 and P, = P,(cos
0;) = (35 cos* ©; — 30 cos? O, + 3)/8, where 0, is either O
or 6,. Equations 3 and 4 are derived directly from the ex-
pressions of Vogel and Jihnig (1985), with the addition of
ro(MF), the r; value obtained from the anisotropy decay of
myofibrils in rigor, which accounts for any submicrosecond
disorder and the angle between the absorption and emission
moments.
Since there are four unknown order parameters ({P,),,
{P4)ss {P3)4, {(P4)q) but only two observables (ry and r.), we
must assume a model for the disorder to estimate the angular
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FIGURE |: Definition of the angular amplitudes used to analyze the
anisotropy decays, including both the dynamic disorder and static
orientation. The emission transition moment, u, is assumed to wobble
within a cone of semiangle 64 within the observed time window of
1 us—1 ms. The director of this cone, Zy, is confined within a band
centered at ©; relative to the fiber axis, with a haif-width of 60,
defining the static disorder that is assumed to occur on a time scale
longer than 1 ms.

Table I: Labeling Extent and Specificity?
ATPase activity (IU)

sample K/EDTA Ca/EDTA dye/head  specificity
unlabeled 0.637 0.075
(0.021) (0.004)
labeled 0.205 0.146 0.69 0.98
(0.024) (0.007) (0.03) (0.02)

2 All ATPase activities were measured at 25 °C in the media de-
scribed under Materials and Methods, using myofibrils made by hom-
ogenizing labeled or unlabeled fiber bundles. The units (IU) for ATP-
ase activities are umol of P; released min™! (mg of protein)™!. The
specificity is defined as the fraction of SH groups labeled (the frac-
tional inhibition of the K/EDTA ATPase) divided by the dye/head
ratio (determined from optical absorption). Unlabeled fibers went
through the labeling procedure except for the ESM. The numbers in
parentheses indicate the ranges of duplicate measurements.

amplitudes. We assume that the dynamic disorder of the
emission transition moment is described by a wobble in a cone
(with semiangle 6,), where the center of the cone (defined by
the axis Z4) must lie within the angular range defined by the
static orientation, centered at ©,, with a width of 86, (Figure
1). Integration of the Legendre polynomials over these an-
gular ranges yields values of the four order parameters, and
eqs 3 and 4 can then be used to obtain expressions for 7y and
r. in terms of the three angles (6,, 66,, and 6,). A search
was performed over all possible values of these angles (with
a 1° resolution), to determine which values are consistent with
the observed values of ry and r,. We found that we could
determine the dynamic disorder 8, uniquely, but not the static
orientation (defined by 6, and §6;). The result is a probability
distribution for 64, with the peak of the distribution deter-
mining 64 and the width of the distribution equal to the un-
certainty in this angle. To define unambiguously 6, and 46,,
experiments would have to be performed at several different
orientations of the fiber axis with respect to the excitation
polarization (Vogel & Jihnig, 1985).

RESULTS

Extent and Specificity of Labeling. For a typical ESM-
labeled fiber preparation, 0.69 £ 0.03 molecules of eosin were
covalently bound per myosin head, as measured from the dye
absorbance (Table I). The K/EDTA ATPase activity was
inhibited by 68% = 0.02, so 98 + 6% (0.68/0.69) of the eosin
in labeled fibers is attached to SH1 or SH2, in the 20-kDa
domain of the myosin head (Table I).

Functional Properties of Labeled Fibers. The physiological
characteristics of labeled and control fibers at 4 °C are similar
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Table II: Physiological Characterization of Eosin-Labeled Fibers®

relaxation contraction
tension tension
sample ATPase (IU) (kg/cm® ATPase (IU) (kg/cm?)
unlabeled 0.003 0.013 0.018 1.24
(0.001) (0.006) (0.001) 0.11)
labeled 0 0.14 0.016 1.33
(0.001) 0.09) (0.002) (0.08)

¢ All measurements were made at 4 °C, in the same media used in
spectroscopy. The units (IU) for ATPase activities are umol of P, re-
leased min~! (mg of protein)~!. Unlabeled fibers went through the la-
beling procedure except for the ESM. The numbers in parentheses are
the standard errors of the mean, with n = 5.
‘]
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FIGURE 2: Transient phosphorescence intensities /() at 4 °C of
E5M-labeled fibers in rigor, relaxation, and contraction. I(t) was
determined from the same raw data sets [/,(¢) and 7| (¢)] used to
calculate the anisotropy decays (Figure 3). Each curve is the average
of nine data sets, superimposed on the fit to a three-exponential
function (eq 1 with n = 3). The results of the fits are shown in Table
III. The residuals for two-, three-, and four-exponential fits are plotted
for contraction, showing that the three-exponential fit is optimal. The
residual plots for rigor and relaxation are similar to those of contraction
(data not shown).

(Table II) and are in agreement with previously reported values
at 6 °C for unlabeled fibers (Yanagida et al., 1982). The
tension in the absence of Ca is slightly higher for labeled than
for unlabeled fibers (Table 1I), probably due to a change in
the interaction between myosin and actin caused by SH
modification (Svensson & Thomas, 1986; Titus et al., 1989).
In the presence of calcium, both the tension and ATPase are
unaffected by labeling with E5M, suggesting that the inter-
actions of the active cross-bridge with actin are essentially
normal. In particular, it is likely that the labeled cross-bridge
is undergoing the same motions as the unlabeled cross-bridge.

Phosphorescence Intensity Decay. The phosphorescence
emission intensity decays obtained with unpolarized excitation
and detection, I(¢), of ESM-labeled muscle fibers at 4 °C in
rigor, relaxation, and contraction are shown in Figure 2.
These curves do not decay to zero in 1 ms, due to the presence



Rotational Dynamics of Myosin in Muscle Fibers

Table III: Phosphorescence Emission Decay Parameters for
Eosin-Labeled Muscle Fibers?

2

state a, T a, T2 a, T3 X
rigor 0272 101 0221 73.6 0507 745 193
(0.009) (0.1) (0.003) (1.4) (0.008) (33) (0.04)

relaxation  0.282 10.2 0239 729 0474 582 2.04
(0.007) (0.2) (0.007) (2.0) (0.012) (13) (0.03)

contraction 0.346 107 0236 692 0416 629 2.10
(0.006) (0.1) (0.007) (1.7) (0.011) (18) (0.06)

9Nonlinear least-squares fit of the (unpolarized) phosphorescence
intensity decay /() to a sum of exponential decay terms with ampli-
tudes a; and excited-state lifetimes 7; (eq 1). The values are averages
from nine experiments, and the numbers in parentheses are the stand-
ard errors of the mean. The average decays of these data sets are
shown in Figure 1. This table shows only the results for three-expo-
nential fits (n = 3 in eq 1), which were judged to be optimal on the
basis of residual plots (Figure 2) and x? values.

of a long-lifetime component; measurements over 10 ms do
decay to zero (data not shown). Although the three-expo-
nential fits to the data in Figure 2 (Table III) show that ATP
and/or calcium have a slight effect on the long-lifetime com-
ponent (r3), the changes are not enough to account for the
large differences in the anisotropy decays reported below
(Ludescher, 1984; Ludescher et al., 1987b).

The multiexponential character of I(¢) in fibers does not
imply site heterogeneity. Extracted myosin shows the same
complex distribution of lifetimes as the fibers (Ludescher &
Thomas, 1988), and eosin displays complex decay behavior
in numerous other protein systems. Such behavior occurs when
the reactive group is iodoacetamide (Eads et al., 1984), ma-
leimide (Jovin et al., 1981; Ludescher & Thomas, 1988), or
isothiocyanate (Austin et al., 1979) and when the labeled
protein is water soluble (Cherry et al., 1976) or membrane
bound (Biirkli & Cherry, 1981). The case of a single-expo-
nential decay for eosin bound to a protein is quite rare
(Garland & Moore, 1979).

Phosphorescence Anisotropy Decay. The anisotropy decays
for fibers in rigor, relaxation, and contraction are shown in
Figure 3. The anisotropy in rigor is essentially flat with a
slight upward rise. This rise is also seen in randomly oriented
myofibrils in rigor (Ludescher & Thomas, 1988) and is
probably due to lifetime heterogeneity; if a short-lifetime
component has a smaller constant value for the anisotropy than
a longer lifetime component, then the changing weighted av-
erage of the two components will give a rising anisotropy
(Ludescher, 1984; Ludescher et al., 1987b). Despite this
complication, it is clear that the myosin heads are immobile
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FIGURE 3: Transient phosphorescence anisotropy at 4 °C of ESM-
labeled fibers in rigor, relaxation, and contraction, under the same
conditions as in Figure 2. Each curve is the average of nine data sets,
superimposed on the fit to a two-exponential function (eq 2 with n
= 2). The results of the fits are shown in Table IV. The residuals
for one-, two-, and three-exponential fits are plotted for contraction,
showing that the two-exponential fit is optimal. The residual plots
for rigor and relaxation are similar to those of contraction (data not
shown).

on the time scale from 1 to 1000 us.

Relaxation, induced by the addition of 5 mM MgATP to
the rigor solution, induces complex rotational motion of the
E5M-labeled heads. The anisotropy decay (Figure 3) can be
fit by either a one-, two-, or three-exponential function (eq
2withn =1, 2, or 3). Increasing n from 1 to 2 improves the
x2 value slightly (Table IV) and clearly improves the residual
plot in the early channels (Figure 3). However, no further
improvement was obtained by increasing n to 3 (Figure 3),
so our further discussion focuses on the two-exponential fit.
The major decay component, representing about two-thirds
of the microsecond decay amplitude, has a correlation time

Table IV: Phosphorescence Anisotropy Parameters for Eosin-Labeled Muscle Fibers?

state r & r @ fo ro x?

rigor -0.012 260 0.093 0.081 1.092
(0.006) 69) (0.003) (0.003) (0.022)

-0.011 15.0 -0.009 468 0.095 0.075 1.066
(0.003) (3.7 (0.001) (83) (0.004) (0.004) (0.022)

relaxation 0.022 55.1 0.035 0.057 1.058
(0.001) (6.8) (0.001) (0.002) (0.018)

0.020 12.0 0.012 167 0.034 0.066 1.022
(0.002) (2.2) (0.001) (35) (0.001) (0.002) (0.015)

contraction 0.021 70.9 0.048 0.069 1.115
(0.002) (8.3) (0.003) (0.004) (0.021)

0.019 19.3 0.010 311 0.046 0.075 1.058
(0.002) (1.4) (0.001) (39) (0.003) (0.004) (0.016)

4 Nonlinear least-squares fit of the anisotropy decay #(r) to a sum of exponential decay terms with amplitudes #, and rotational correlation times
¢, (eq 2). The values are averages from nine experiments, and the numbers in parentheses are the standard errors of the mean. The average decays
are shown in Figure 3. Results are shown for both one- and two-exponential functions (n = 1 and 2 in eq 2). The two-exponential fits were judged
to be optimal, on the basis of the lower x2 values and flatter residual plots (Figure 3).
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of 12 us. The remainder of the decay has a correlation time
of 167 us. The initial anisotropy (r,) is substantially lower
in relaxation than in rigor, indicating that the submicrosecond
(¢ <1 us) disorder is greater and/or the static (¢ > 1 ms)
orientation is different in relaxation (Vogel & Jahnig, 1985).
The nonzero value of the residual anisotropy (., in eq 2), which
is unaffected by the number of fit components (Table 1V),
indicates that the microsecond rotational motion of the heads
is restricted in angular amplitude.

Contraction also induces complex rotational motion of the
cross-bridge. As in relaxation, the decay can be fit by either
a one-, two-, or three-exponential function, with two expo-
nentials required to obtain an optimal fit (Figure 3 and Table
IV). Contraction differs from relaxation in having (a) higher
values for both the initial and residual anisotropies, indicating
that the orientational order is greater in contraction than in
relaxation and (b) longer correlation times, indicating slower
rotational motions.

To ensure that saturating concentrations of ATP were
available throughout the muscle fiber bundle during data
acquisition, we included an ATP-regenerating system, con-
sisting of creatine phosphate (CP) and creatine phosphokinase.
We characterized this system by detecting the phosphorescence
anisotropy decay in contraction, varying [CPK] and [CP].
Increasing [CPK] above 583 units/mL had no effect, implying
that [CPK] was at a saturating level. We then varied [CP],
keeping the ionic strength constant by varying [KPr]. In-
creasing [CP] from 0 to 5 mM caused a significant decrease
in r,, from 0.065 % 0.002 to 0.050 = 0.002; the higher value
is probably due to the presence of some rigor cross-bridges at
0 mM CP. However, further increases in [CP] up to 20 mM
had no effect on 7., or any other anisotropy parameter, indi-
cating that CP (and hence also ATP) is saturating under our
standard conditions (10 mM CP),

DiscussIioN

The time-resolved phosphorescence anisotropy of eosin-
maleimide, attached to myosin heads in muscle fibers, does
not decay in rigor, indicating a rigid, immobile cross-bridge
in the time window from 1 us to 1 ms (Figure 3). In relax-
ation, the initial anisotropy is substantially lower, and the heads
undergo rotational motions characterized by correlation times
of 12 and 170 us. The nonzero residual anisotropy in relax-
ation indicates that these microsecond motions are restricted
in angular amplitude. In contraction, the initial and final
anisotropies have intermediate values, and the rotational
motions are substantially slower (¢ = 19 and 310 us) than in
relaxation. Further analysis is needed to obtain estimates for
the angular amplitudes of these motions and to relate these
motions to the complex cross-bridge cycle.

Angular Amplitudes. The ryand r,, values obtained from
the two-exponential fits in Table IV can be analyzed to de-
termine the amplitude of axial rotations in the microsecond
time window, as characterized by the cone semiangle 6,
(Figure 1), by using eqs 3 and 4. Assuming a single cone of
rotational motion, the values of ©4 in relaxation and contraction
were 22 ® 2° and 21 % 1°, respectively (Table V). Thus,
the overall amplitudes of microsecond rotational motion are
very similar in relaxation and contraction. These amplitudes
are both large, suggesting large-scale rotational motions of the
head, in agreement with previous EPR measurements in re-
laxation and contraction (Cooke et al.,, 1982; Barnett &
Thomas, 1989). The initial and final anisotropies are higher
in contraction than in relaxation, indicating that the submi-
crosecond (¢ < 1 us) disorder is smaller and/or the static (¢
> 1 ms) orientation is altered in contraction, probably due to
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Table V: Amplitudes of Rotational Motion®

two-cone model

state one-cone model fast slow
relaxation 22 £ 2° 17 £ 1.5° 125 1°
contraction 21+ 1° 17+ 1° 11.5 £ 2°
attached in contraction
70% 21 £ 2° 17 £2° 12 £ 2°
35% 22 + 2° 16 £ 2° 14 £ 2°

2Semicone angle 6, (Figure 1) obtained from the anisotropy ampli-
tudes (Table IV), using eq 3 and 4, as discussed in the text. The first
column shows the results of assuming one overall motion, while the
second and third columns are based on two modes of rotational motion,
corresponding to the fast (r;, ¢,) and slow (r,, ¢;) decay components in
Table IV. The first two rows correspond to a direct analysis of relax-
ation and contraction (Figure 3a and top part of Table 1V), while the
bottom two rows correspond to the different decays assuming 70% or
35% of heads attached in contraction (Figure 6 and Table VI).

actin’s restriction of myosin head rotation during force gen-
eration. Further analysis of the rotational amplitudes is more
model dependent. For example, if we assume that there is no
static disorder in relaxation or contraction, i.e., 66, = 0 (Figure
1), we can then calculate 6, from the experimental value of
.. The 6; values thus obtained for relaxation and contraction
are 50.4° and 48.4°, respectively. When these 6, values are
input into eq 3, the calculated r, values for relaxation (0.065)
and contraction (0.076) are in excellent agreement with the
observed values (Table IV). Thus, the data are consistent with
a small (2°) change in the static orientation in going from
relaxation to contraction. However, several other models,
including decreased amplitude of submicrosecond rotation in
contraction, are also consistent with the data. Experiments
with higher time resolution and with other fiber orientations
would provide more complete information, resulting in a less
model dependent description of the rotational motions (Vogel
& Jdhnig, 1985).

Since the anisotropy decays in both relaxation and con-
traction are fit much better by two correlation times than one,
it is reasonable to assume that each correlation time corre-
sponds to an independent mode of rotational motion, modeled
as a wobble in a cone (Eads et al., 1984; Ludescher et al.,
1987a). As in the case of previous studies of eosin-labeled
myosin (Eads et al.,, 1984) and myofibrils (Ludescher &
Thomas, 1988), this type of analysis is justified because of the
large difference between the correlation times ¢, and ¢,. The
effective #y and 7., (to be input to eqs 3 and 4) were determined
for each decay component as described by Eads et al. (1984).
The results of this analysis are shown in Table V. The two
modes of rotational motion appear to have significant am-
plitudes in both relaxation and contraction. Activation de-
creases the amplitude of the fast motion and increases that
of the slow motion.

State Heterogeneity. Up to this point, we have modeled our
data with the implicit assumption that each myosin head is
undergoing essentially the same motions, allowing for the
possibility of more than one degree of freedom (two micro-
second rotational motions plus static orientation). However,
the complexity of the cross-bridge ATPase cycle suggests
strongly that the steady-state population of heads is bio-
chemically and mechanically heterogeneous; i.e., several bio-
chemical/mechanical states may have significant populations
in the steady state of isometric contraction. Therefore, some
of the complexity of the anisotropy decay could be due to the
presence of more than one population with different motional
states. As a first step in considering motional heterogeneity,
following the suggestion of previous EPR work (Cooke et al.,
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FIGURE 4: Time dependence of x(?), the fraction of the anisotropy
decay in rigor [r;,()] contributing to the decay in contraction, as-
suming that the contraction decay at each point is a linear combination
of the decays in rigor and relaxation (eq 5): x(f) = [reon(?) — Frer
(0]/[rag(t) — rei(t)]. The observation that x is dependent on 7 implies
that the motions occurring in contraction are not a simple sum of those
occurring in rigor and relaxation.

1982; Fajer et al., 1988; Barnett & Thomas, 1989), we have
analyzed our anisotropy decays to determine whether the decay
in contraction (r,) could be a linear combination of those in
rigor (r,,) and relaxation (r.), i.e.

rcon(t) = xrrig(t) + (1 - x)rrel(t)’
50 x = [rcon(t) - rrel(t)]/[rrig(t) - rrel(t)] (5)

where x is the mole fraction of the rigor decay that contributes
to contraction. If the results obey this expression, i.e., if x is
constant over the entire observed time window, a straight-
forward interpretation would be that a fraction (x) of cross-
bridges bind in a rigid, rigorlike orientation, with the remaining
cross-bridges either detached or attached with the same mo-
bility and orientation as in relaxation. As shown in Figure
4, x is approximately 0.2 over much of the 1-ms time window,
indicating that, to a first approximation, the decay in con-
traction is 20% rigorlike, consistent with previous EPR results
(Cooke et al., 1982; Barnett & Thomas, 1989). However, the
plot of x vs time is not flat, with x decaying from 0.55 to 0.25
in the first 100 us. Since the anisotropy decay in contraction
is not a linear combination of those in rigor and relaxation,
the motions of the cross-bridges are different from those seen
in rigor and relaxation.

One of the most important problems is to determine which
motions in contracting fibers correspond to actin-attached
cross-bridges, since only they can be generating force. This
requires a measure of the fraction of attached cross-bridges.
It has been suggested that the instantaneous stiffness, divided
by that of rigor, is an accurate measure of the fraction of
attached cross-bridges (Goldman & Simmons, 1977), since
all myosin heads are rigidly attached to actin in rigor (Thomas
& Cooke, 1980). We measured the stiffness of single labeled
muscle fibers under the conditions of our phosphorescence
measurements, obtaining a stiffness value in contraction of 70
=+ 12% of the stiffness in rigor. The results for unlabeled fibers
were not significantly different. This result is consistent with
previous stiffness measurements on both unlabeled fibers
(Goldman & Simmons, 1977) and spin-labeled fibers (Barnett
& Thomas, 1989; Fajer et al., 1990). Using the fraction of
rigor stiffness (fgr) as a measure of the number of attached
cross-bridges, we can obtain the anisotropy decay of the at-
tached cross-bridges during contraction by subtracting the
decay for relaxation from the decay for contraction: r,,(?)
= ren(t) = (1 = fopr(t). This plot (Figure 5, “70%”) indicates
that attached heads in contraction are rotationally mobile, with

Biochemistry, Vol. 29, No. 43, 1990 10029

0.12

0.11 4

0.10 4 rigor
0.09 <

0.08 1 35%
0.07 -

0.06
0.05
0.04 - 70%

0.03 4 relaxation
0.02
001 1

0 T —r T T y
0 0.2 0.4 0.6 0.8 1

Time (milliseconds)

FIGURE 5: Phosphorescence anisotropy decay for attached heads during
isometric contraction, assuming that the fraction of attached heads
is given either by the fraction of rigor stiffness (fsr) during contraction
(70%) or by half this value, assuming single-headed attachment in
contraction (35%). These two decays were obtained from the data
in Figure 3, using the expression 7,,(f) = [7a(?) — (1 = fs1)ra(O}/fo1-
The data for fgr = 0.35 (single-headed attachment) was smoothed
for display with no change in the fit parameters. Residual plots and
x? values showed that a two-exponential function (eq 2 with n = 2)
provided the optimal fit in each case. The best fits to a two-exponential
function are shown in Table IV. The best fits to the decays in rigor
and relaxation are shown for comparison.

Emission Anisotropy

Table VI. Anisotropy Parameters for Attached Cross-Bridges in
Contraction®

attached in

contraction  r N r é2 . ro x?
70% 0.014 178 0.052 0.066 1.121
0.019 258 0.011 878 0.047 0.077 0977

35% 0.015 444 0.066 0.081 1.134

0.016 20.3 0.013 598 0.066 0.093 1.105

9The results of fitting the difference decay (Figure 5), obtained by
assuming that the fraction of attached heads is given by either the
fraction of rigor stiffness (0.70) or half that value for single-headed
attachment (0.35) and that the decay of detached heads in contraction
is the same as in relaxation (see legend to Figure 5).

correlation times of about 25 and 900 us (Table VI, “70%”).
The amplitudes of these slower motions (Table V) are similar
to those calculated from the overall decays in relaxation and
contraction. If both heads of each cross-bridge are attached
during contraction, contributing equally to stiffness, then this
result corresponds not only to the motion of attached cross-
bridges but also to that of attached heads.

Alternatively, the fraction of attached heads in contraction
could be less than the fraction of rigor stiffness; i.e., some heads
could bear more stiffness in contraction than they do in rigor.
Evidence that this is possible comes from combined EPR and
stiffness data from fibers in the presence of AMPPNP (Fajer
et al., 1988) and pyrophosphate (Pate & Cooke, 1988), where
up to half of the heads (presumably one head per cross-bridge)
can be detached without a significant loss of stiffness. If only
one head of each cross-bridge is attached in contraction and
bears the same stiffness as a two-headed cross-bridge in rigor,
then our estimate (from stiffness) for the fraction of attached
heads in contracting fibers decreases to 35%. If we subtract
35% rather than 70% of the decay in relaxation, we obtain a
decay of the attached heads in contraction that indicates more
restricted motion (Figure 5, Table V, “35%”) but still much
more motion than in rigor. It is possible that the fraction of
attached heads in contraction is even lower than 35%. For
example, this fraction could be 21%, corresponding to the
nearly constant value of x from 100 us to 1 ms (Figure 4);
but this is unlikely, since it would imply that the average
attached head in contraction bears at least 60% more stiffness
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than the average entire cross-bridge in rigor.

A more definitive description of attached head motions will
require a more direct measure of head attachment under
spectroscopic conditions. This goal seems most obtainable in
solution studies of S1 and actin, where the fraction of attached
heads can be measured directly by sedimentation experiments
(Berger et al., 1989). Further studies correlating head rota-
tions to the ATPase and mechanical cycles, possibly involving
transient biochemical or mechanical perturbations or nu-
cleotide analogues, will be required to clarify the motions of
the attached heads and their functional role. Nevertheless,
it appears that attached myosin heads in contraction undergo
microsecond rotational motions that do not occur in rigor, and
these motions are slower and more restricted than those oc-
curring in relaxation.

Relationship to Other Optical Anisotropy Decays. Time-
resolved studies of cross-bridge dynamics in fibers using
fluorescent probes are sensitive to motions on a much shorter
time scale. For example, the probe 1,5-TAEDANS attached
to SHI in fibers has a lifetime of only 20 ns (Burghardt &
Thompson, 1985), so only the first 100 ns can be studied
accurately. In studies of vertically oriented fibers, Burghardt
and Thompson (1985) found no detectable nanosecond motion
in rigor but were able to detect the initial part of a decay in
relaxation with an apparent correlation time on the order of
1 us. The amplitude of this decay, and decays corresponding
to slower motions, could not be detected due to the short
lifetime. The present study overcomes this difficulty by em-
ploying a phosphorescent probe with a predominant lifetime
of nearly 1 ms (Table III), providing anisotropy data with high
signal to noise ratio over the entire time window from 1 us to
1 ms.

Our previous phosphorescence anisotropy results on myo-
fibrils (Ludescher & Thomas, 1988) are consistent with the
present results on fibers. For myofibrils in rigor [Figure 2b
in Ludescher and Thomas (1988)], the anisotropy shows a
slight rise but no decay in the microsecond time scale, as
observed for fibers (Figure 3a of the present study), indicating
that all heads are rigidly immobilized in rigor. The initial
anisotropy level in vertically oriented fibers (present study)
is only slightly less than that in randomly oriented myofibrils
(Ludescher & Thomas, 1988), suggesting (from eq 3) that the
angle of the emission transition moment relative to the fiber
axis (O,) in rigor is only slightly greater than the magic angle
of 54.7° (Vogel & Jahnig, 1985). The results from relaxed
myofibrils are similar to those of relaxed fibers, although in
fibers the amplitudes are less and the correlation times are
greater. This could indicate more restricted cross-bridge ro-
tation in fibers than in myofibrils, but a more likely explanation
is based on the effects of fiber orientation. While both azi-
muthal (twisting about the fiber axis) and axial (tilting relative
to the fiber axis) rotations can contribute to the anisotropy
decay in randomly oriented myofibrils, only the axial com-
ponents of rotations can contribute to the decay in vertically
oriented fibers. Two correlation times are clearly resolved in
the microsecond time range in both relaxation and contraction.
It is not yet possible to assign these motions unambiguously
to specific structural components and rotational modes, but
the shorter correlation time is probably that of the head and
possibly part of S2, whereas the longer correlation times
probably correspond to larger scale rotations of the cross-bridge
or to a less mabile (less flexible) conformation (Ludescher et
al., 1988).

The rotational motion of eosin-labeled heads, in filaments
made from purified myosin, has also been measured by
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time-resolved absorption anisotropy (Eads et al., 1984; Lu-
descher et al., 1987a, 1988). Absorption measurements are
essentially equivalent to the emission anisotropy experiments
in the present study, but absorption detection provides a shorter
dead time, providing useful data starting 50 ns after the laser
pulse (Ludescher et al., 1987a; Thomas, 1986). In the time
window from 50 ns to 50 us, eosiniodoacetamide-labeled
myosin heads rotate with correlation times of about 1 and 5
us (Eads et al., 1984; Ludescher et al., 1988). These corre-
lation times are shorter than those detected by phosphorescence
in myosin filaments and relaxed myofibrils (Ludescher &
Thomas, 1988) and in relaxed fibers (present study). This
difference probably arises mainly from two factors: (a) the
shorter time window may bias the results toward shorter
correlation times; (b) the probe is different, so its transition
moments may be oriented differently relative to the rotational
diffusion axes.

Relationship to EPR. Many studies of cross-bridge rotation
have employed spin labels attached to myosin heads [reviewed
by Thomas (1987)], but the only one that addresses directly
the microsecond rotational motions of myosin heads in con-
tracting fibers is a recently published saturation-transfer EPR
(ST-EPR) study employing a maleimide spin label attached
to SH1 (Barnett & Thomas, 1989). Consistent with the
present phosphorescence results at 4°, ST-EPR at 20° showed
that the spin labels are all rigid in rigor (effective correlation
time greater than 1 ms), rotationally mobile in relaxation
(effective correlation time 10 us), and almost as mobile in
contraction (effective correlation time 25 us). In steady-state
ST-EPR, the effective correlation times are based on the as-
sumption of a single isotropic rotational motion, and there is
little or no information to distinguish amplitude effects from
rate effects (Thomas, 1986), so a direct comparison with
time-resolved phosphorescence data is not possible. This is
partly remedied by conventional EPR measurements on the
same spin-labeled fibers, which can resolve the orientational
distribution of the probe relative to the fiber axis (Thomas &
Cooke, 1980; Barnett et al., 1986; Fajer et al., 1990). A
conventional EPR study on oriented muscle fibers (Cooke et
al., 1982) showed that the orientational distribution is very
broad in relaxation and is slightly more restricted in con-
traction, consistent with the increase in residual phosphores-
cence anisotropy (Figure 3). Both conventional (Cooke et al.,
1982) and saturation-transfer (Barnett & Thomas, 1989) EPR
spectra in contraction at 20° were approximated well by a
linear combination of spectra in rigor (12-22%) and relaxation
(78-88%). A more quantitative analysis has shown that the
orientational distribution in contraction is not strictly a linear
combination of those in rigor and relaxation and that the
rigorlike fraction is even smaller at 4° than at 20° (Fajer et
al., 1990). The present phosphorescence study confirms that
the rotational dynamics in contraction are more similar to
relaxation than rigor, but time resolution shows much more
clearly that distinct motions are occurring in contraction
(Figure 4 and Table V). The high stiffness of contracting
fibers suggests that many of these dynamic myosin heads are
attached to actin, and this hypothesis is supported by the
observation of microsecond rotations of spin-labeled S1 still
bound to actin after photolysis of caged ATP (Berger et al.,
1989), and spin-labeled fibers in relaxation at low ionic
strength (Fajer et al., 1985).

Conclusion. In the time window from 1 us to 1 ms, eosin-
maleimide rigidly bound to the myosin head is rigidly im-
mobilized in rigor, rotationally mobile (¢ = 10 and 150 us)
but restricted in amplitude in relaxation, and less mobile (¢
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= 20 and 300 us) with a larger restriction of amplitude in
contraction. The anisotropy decay in contraction is not a linear
combination of those in rigor and relaxation, indicating that
distinct motions occur in contraction. This result and the high
stiffness in contraction suggest that much of the rotational
motion seen in contraction involves cross-bridges that are
attached to actin. These results are consistent with the hy-
pothesis that in contraction there is a large population of
attached cross-bridges that are dynamically disordered (Huxley
& Kress, 1985). The results are also consistent with the
proposal that a rapid rotation of cross-bridges among several
attachment angles could help explain force transients observed
in quick-release experiments (Huxley & Simmons, 1971). To
obtain more complete information about the dynamic disorder
and static orientation of the labeled myosin heads, future
measurements must be done on fibers at different tilt angles
relative to the excitation polarization. Higher time resolution
will also be required to obtain a more complete description
of the rotational dynamics of the cross-bridge during force
generation. Experiments with phosphorescent probes bound
to other sites will be needed to determine whether (a) the
motions of the labeled domain are characteristic of the whole
head, (b) labeling this site modifies cross-bridge motions, or
(c) motions are induced in actin as well as myosin.
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