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Fluorescence Polarization of Skeletal Muscle Fibers Labeled with
Rhodamine Isomers on the Myosin Heavy Chain
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ABSTRACT Fluorescence polarization was used to examine orientational changes of Rhodamine probes in single, skinned
muscle fibers from rabbit psoas muscle following either photolysis of caged nucleotides or rapid length changes. Fibers were
extensively and predominantly labeled at SH1 (Cys-707) of the myosin heavy chain with either the 5- or the 6-isomer of
iodoacetamidotetramethyirhodamine. Results from spectroscopic experiments utilizing the two Rhodamine isomers were
quite similar. Following photolysis of either caged ATP or caged ADP, probes promptly reoriented toward the muscle fiber
axis. Changes in the fluorescence polarization transients elicited by the photolysis of caged ATP in the presence of saturating
Ca?* greatly preceded active force generation. Photolysis of caged ADP caused only a small, rapid decrease in force but
elicited changes in the fluorescence polarization signals with time course and amplitude similar to those following photolysis
of caged ATP. Fluorescence polarization signals were virtually unchanged by rapid length steps in both rigor and active
muscle fibers. These results indicate that structural changes monitored by Rhodamine probes at SH1 are not associated
directly with the force-generating event of muscle contraction. However, the fluorescence polarization transients were slightly
faster than the estimated rate of cross-bridge detachment following photolysis of caged ATP, suggesting that the observed
structural changes at SH1 may be involved in the communication pathway between the nucleotide- and actin-binding sites

of myosin.

INTRODUCTION

At the molecular level, muscle contraction is due to the
cyclic interaction of two proteins, actin and myosin, which
convert the chemical energy of ATP hydrolysis into me-
chanical work. The conventional cross-bridge theory postu-
lates that the myosin molecule attaches to actin and then tilts
to generate force, myofilament sliding, or both (H.E. Hux-
ley, 1969; AF. Huxley and Simmons, 1971). Extrinsic
probes attached to the catalytic domain of myosin at SH1
(Cys-707, the most reactive sulfhydryl of the myosin heavy
chain) have been used in conjunction with spectroscopic
techniques such as fluorescence polarization (Tregear and
Mendelson, 1975; Borejdo et al., 1982), electron paramag-
netic resonance (EPR; Cooke et al., 1982; Barnett and
Thomas, 1989; Berger et al., 1989; Fajer et al., 1990b;
Berger and Thomas, 1993), and phosphorescence anisot-
ropy (Stein et al., 1990) to examine changes in orientation
and mobility of the myosin head under a variety of condi-
tions. However, all these previous studies lacked sufficient
time resolution to correlate changes in the spectroscopic
signals directly with the force-generating event of the con-
tractile cycle.
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Tanner et al. (1992), using a combination of mechanical
and spectroscopic techniques with millisecond time resolu-
tion, were able to compare changes in linear dichroism from
Rhodamine probes at SH1 in single rabbit psoas muscle
fibers with mechanical transients elicited by photolysis of
caged nucleotides (inert analogs of ATP and ADP until
activated by UV light; Kaplan et al., 1978). The study of
Tanner et al. found that changes in the orientation of the
Rhodamine probes at SH1 accompany nucleotide binding
but precede the development of force, arguing against the
idea that myosin rotates as a rigid body during the power
stroke. The dichroism signal used by Tanner et al. provides
only one order parameter for evaluating the change in the
orientational distribution of the probes at SH1 and thus
cannot always distinguish between changes in average
probe angle and changes in the degree of dispersion about
the average angle. Furthermore, in that research the fibers
were labeled by use of a commercial preparation of iodoac-
etamidotetramethylrhodamine (IATR) containing unknown
proportions of its 5- and 6-isomers (Fig. 1). It is possible
that the two isomers of Rhodamine probes, covalently
bound at SH1, could adopt independent orientational distri-
butions. Ajtai et al. (1992) reported that these isomers have
different reactivities and specificity within the myofilament
lattice, but their results were also obtained with probes for
which no evidence of purity or isomeric ratio was presented.

Allen et al. (1996), using an improved spectroscopic
technique (fluorescence polarization) capable of distin-
guishing changes of orientation and dispersion, studied mo-
tions of Rhodamine probes bound to the myosin regulatory
light chain. Like Tanner et al. (1992), they also found
orientation changes (mainly disordering) that promptly oc
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(CH3)oN ‘N(CHy)s MATERIALS AND METHODS
Chemicals and solutions
S-isomer
R, = H; R, = NHCOCH, Experimental solution compositions are shown in Table 1. All reagents,
) ' unless otherwise noted, were analytical grade. Nucleotides were obtained
6-isomer

from Sigma Chemical Company (St. Louis, MO). Caged ATP and caged
ADP were synthesized as in Walker et al. (1989) and contained less than
0.04% and 0.02%, respectively, residual contaminants as determined by
reverse-phase HPLC. ADP was purified to greater than 99.9% by ion-

R, = NHCOCH,l; R, = H

R, exchange chromatography as described by Dantzig et al. (1991). The pure
5- and 6-isomers of IATR (see Fig. 1) were synthesized and characterized
FIGURE 1 Structure of IATR. as previously described (Corrie and Craik, 1994). Bundles of rabbit psoas

muscle fibers were dissected, skinned with glycerol, and stored as in
Goldman et al. (1984a).

curred following photolysis of caged ATP, with little further
change in the orientation distribution during force develop-
ment. Irving et al. (1995), on the other hand, detected Muscle fibers were labeled with the 5- or 6-isomer of IATR as described
changes in the orientation distribution of Rhodamine-la- by Tanner et al. (1992) and are referred to as being ATR labeled because

. . . the iodide atom of IATR is lost during the covalent modification of
beled regulatory light chains when quick length changes sulfhydryl sidechains. Briefly, fiber bundles were washed for 30 min in

were applied to isometrically contracting muscle fibers. The labeling buffer (LB: 80 mM KCI, 5 mM MgCl,, 2 mM EGTA, 5 mM
fluorescence polarization signals changed during the ap- sodium phosphate buffer, 5 mM ATP, pH 7.0, 4°C), treated for 20 min with
plled length Changes’ Signa]ing e]astici[y in the cross- LB + 0.1% Triton X-100, washed again for 20 min with LB, reacted with
bridges, and also during the quick recovery of tension 222 uM of either 5-IATR or 6-IATR in LB for 60 min, and then washed

h h fl h . . f th brid extensively with LB for 2—-4 h before being returned to glycerol storage
thought to reflect the active motions o € Cross-bridges solution. All steps were carried out at 4°C in the dark. The extent of

(A.F. Huxley and Simmons, 1971). labeling at SH1 was determined from the fractional inhibition of the
To understand the motions at the catalytic domain of  myosin K*/EDTA ATPase activity (600 mM KCl, 50 mM MOPS, 5 mM

myosin following photolysis of caged nucleotides and rapid =~ N2ATP, 10 mM EDTA, pH 7.5, 25°C):

length changes, we measured fluorescence Polarlzatlon sig- fraction SHI1 modified = 1 — (Axrr/AuL)s

nals from Rhodamine probes bound to SH1 in muscle fibers.

We used well-characterized, pure samples of each of the where A,rx and Ay, are the K*/EDTA ATPase activities of myofibrils

two isomers of IATR (Corrie and Craik, 1994) to eliminate obtained from ATR-labeled and unlabeled muscle fiber bundles, respec-

possible inhomogeneity in the attachment of the probes to tively (Reisler, 1982; Crowder and Cooke, 1984). The rate of phosphate

. . . .. e liberation was measured by the method of Lanzetta et al. (1979). We
SHI owing to differential reactivity or specificity of the two assessed further modification at SH2 (Cys-697 of the myosin heavy chain)

isomers. The present study and those of Irving et al. (1995) by measuring the fractional change in the K*/Ca®>* ATPase activity (600
and Allen et al. (1996) are complementary and give dy- mM KCl, 50 mM MOPS, 5 mM Na,ATP, 10 mM CaCl,, pH 7.5, 25°C) of
namic structural information that distinguishes two separate the ATR-labeled myofibrils relative to unlabeled myofibrils (Reisler, 1982;

locations on myosin during active force generation. Some of Crowder and Cooke, 1984). Active and relaxed ATPase activities of
cations 0 yos uring g ' ATR-labeled and unlabeled myofibrils were determined under conditions

this research was Pfesemed previously in preliminary form identical to those used in the muscle fiber experiments, but ATP was not
(Berger et al., 1994a,b; 19958,b). added to the solutions until the start of the assay.

Fiber preparation and labeling

TABLE 1 Composition of experimental solutions

Solution MgCl, Na,ATP Na,ADP Na,CP EGTA CaEGTA HDTA
Relaxing 7.7 54 0 19.1 25 0 0
0.1 mM MgATP relaxing 2.7 0.1 0 21.5 30 0 0
Rigor 32 0 0 0 52.7 0 0
Calcium rigor 1.3 0 0 0 0 20 326
Rigor with MgADP 4.1 0 2.0 0 20 0 26
Calcium rigor with MgADP 3.2 0 20 0 0 20 26
Preactivating 6.9 5.0 0 19.5 0.1 0 249
Activating 6.8 5.0 0 19.5 0 25.0 0

All concentrations are in mM. All solutions contained 100 mM TES (N-tris(thydroxymethyl)methyl-2-aminoethanesulfonic acid), 10 mM reduced
glutathione, and 1 mM free Mg>*. Relaxing solutions also contained 1 mg/ml creatine phosphokinase (=100~200 units/mg activity). Solutions were made
up at room temperature (20°C) and brought to a pH of 7.1 with KOH or HCI. The ionic strength of all solutions was 200 mM, and the major cations were
Na* and K*. Solutions with no added calcium contained <<10™* M free Ca®*, and solutions with added calcium contained ~30 uM free Ca>*. For
photolysis solutions, concentrated rigor stock solutions, caged ATP or caged ADP, and H,O were combined to yield the above concentrations plus 10 mM
caged nucleotide. No adjustment was made for the ionic strength contribution of caged nucleotide. CP, creatine phosphate; EGTA, ethyleneglycol-bis-
(B-aminoethylether)-N,N,N' ,N'-tetraacetic acid; HDTA, 1,6-diaminohexane-N,N.N' ,N'-tetraacetic acid.
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We estimated labeling specificity of the myosin heavy chain by quan-
titating the fluorescence from SDS-polyacrylamide gels (5-15% linear
gradient) of myofibrils obtained from ATR-labeled fiber bundles. We used
Polaroid 667 black-and-white film to photograph gels for Rhodamine
fluorescence under UV light. The photographs were digitized and quanti-
tated on a Discovery Series desktop scanner (PDI, Huntington Station, NY)
interfaced with PDI Quantity One analysis software (v. 2.4). Optical
resolution was set at 64 um in the reflectance mode, and the detector
sensitivity was set to a linear range. We determined exposure times by
calibrating the optical response of the Polaroid film with known amounts
of 5-ATR-labeled bovine serum albumin. Following photography, gels
were stained with Coomassie Brilliant Blue dye, and bands identified by
comparison with protein standards of known molecular weight were run in
adjacent lanes.

Fluorescent images of myofibrils obtained from ATR-labeled muscle
fibers were recorded with a cooled CCD camera (CH220; Photometrics,
Tucson, AZ) by Dr. Vladimir Zhukarevand Dr. Henry Shuman, using a
Nikon Diaphot inverted microscope equipped with a Zeiss PlanApo 100 X
1.3-N.A. oil immersion phase contrast objective, a Rhodamine excitation
and emission filter cube (Omega, Brattleboro, VT), and a 100-WHMO
illuminator. Images were stored and processed as in Zhukarevetal. (1995).

Experimental apparatus

The apparatus for mechanical measurements on single, skinned muscle
fibers following photolysis of caged nucleotides or rapid length changes
was similar to that described previously by Goldman et al. (1984a). Single
muscle fibers were dissected from bundles stored in glycerol, and short
segments (2-3 mm) were cut and placed in aluminum T-clips. The muscle
fiber segment was mounted by means of the T-clips to hooks on a
strain-gauge force transducer (Sensonor, Norway; natural frequency =5
kHz) at one end and a moving coil motor (Cecchi et al., 1976) programmed
for length steps at the other end. Length steps, complete within 200 us,
were applied either as a staircase of releases in which the muscle fiber was
successively shortened by a fixed amount at 50-ms intervals or as a series
of stretches and releases (equal in amplitude but separated by ~5 ms) that
were applied to the muscle fiber at 25-ms intervals. The fiber was bathed
in different experimental solutions that were contained in one of five
interchangeable stainless-steel troughs. Caged nucleotides were photolyzed
with a frequency-doubled ruby laser (347 nm) focused on the fiber through
a fused-silica window on the front of the first solution trough. We varied
the amount of caged nucleotide photolyzed to release ATP or ADP in some
experiments by placing one to eight glass slides between the frequency-
doubled ruby laser and the muscle fiber. Sarcomere lengths and fiber
dimensions were determined as described by Goldman and Simmons
(1984).

Fluorescence polarization data were acquired essentially as described by
Tanner et al. (1992) and Allen et al. (1996). Probes in ATR-labeled muscle
fibers were excited through a fused-silica window in the bottom of the first
solution trough by a continuous, 514-nm argon laser (model 5500A; ILT,
Salt Lake City, UT; 100 mW attenuated to =1 mW at the muscle fiber).
The polarization of the exciting light was alternated between orientations
parallel () and perpendicular (L) to the muscle fiber axis at a rate of 84.2
kHz by a photoelastic modulator (PEM-80 model FSA; Hinds Interna-
tional, Portland, OR). The emitted fluorescence, collected from above the
muscle fiber, was separated into parallel and perpendicular components
with respect to the muscle fiber axis by a Wollaston prism, and each signal
(| and L) was collected by an independent photomultiplier tube (model
R928; Hamamatsu, Bridgewater, NJ). The amplitudes (Dy and D) of the
84.2-kHz modulation of fluorescence intensity were extracted by two
lock-in amplifiers (model 3961B; Ithaco, Ithaca, NY). The output of the
two photomultiplier tubes was also passed through two 1-kHz low-pass
filters (model 3100F; Pacific Instruments, Concord, CA) to yield the
average fluorescence intensities (I and L) of the fluorescence signals.
Tension, motor position, and the four optical signals (Dy, D,, Ly, and L)
were simultaneously sampled, digitized at 12-bit resolution and 500-us
sampling rate, and stored on disk by an 80386-based computer. Fluores-
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cence polarization ratios (defined below) were calculated off-line from the
digitized optical signals after the small background signal levels obtained
with the exciting light blocked were subtracted and with scaling factors
obtained with a random, immobilized sample of IATR as described by
Allen et al. (1996).

Analysis of fluorescence polarization and
mechanical transient data

Fluorescence polarization ratios, described in detail by Allen et al. (1996),
were defined as

Oy = DyLy= Gy — LIIGh + LI,
Q, =D,L, =(1, - ||1J.)/(lIJ. + ||I_L)’

where D and L are as defined above, [ is the fluorescence intensity, and the
left and right subscripts denote the polarization of the excitation and
emission polarizers, respectively. The fluorescence polarization ratios can
be used in a model-independent manner to assess qualitatively the orien-
tational distribution of Rhodamine probes with respect to the muscle fiber
axis as follows: If @, < Q, then the average angle of the probes with
respect to the muscle fiber axis is less than the magic angle (54.7°); if
Q, > Q, then the average angle of the probes with respect to the muscle
fiber axis is greater than 54.7° if @y = Q,, then the probes are either
oriented at 54.7° with respect to the muscle fiber axis or isotropically
disordered.

To assess more quantitatively changes in the orientation of the Rhoda-
mine labels, we fitted simple models of the probe orientational distributions
to our data, using routines developed with Mathcad 6.0" software (Math
Soft, Inc., Cambridge, MA). In all models the fluorophores are assumed to
wobble within a cone of semiangle 8 on a time scale that is fast compared
with the fluorescent lifetime (Allen et al.,, 1996; Ling et al., 1996). The
simplest model that fits the data assumes two populations of probes, one
helically ordered at ah angle ® with respect to the axis of the muscle fiber
and another population that is completely disordered (isotropic). This
“helical plus isotropic” model requires that three parameters be fitted: 0,
f (the fraction of probes in the disordered group), and 8. We found that the
data could be fitted only over a very limited range of values for 8 and thus
set 8 = 0.2 rad (11.5°). Assuming this value of & reduced the number of
parameters to be fitted to two (® and f). In this model changes in the degree
of disorder of the probe distribution among various physiological states are
described as changes in f. A second, “Gaussian plus isotropic,” model was
also fitted to the data. In this model the probes were again assumed to have
two populations, one completely disordered and one with a peak angle (8,)
and a Gaussian dispersion of ¢ about that angle (n[a] = exp(—(1/2)((a —
0,)/0)” sin a; Allen et al., 1996). f was assumed to arise primarily from
nonspecifically bound labels and was therefore set, along with 8, as a
constant. f was varied from 0.3 to 0.6 based on the estimates of nonspe-
cifically bound probes from SDS-PAGE experiments described below (see
Table 2 in Results). For the 5-ATR- and 6-ATR-labeled fibers we found
only one value of f(0.44) that produced exact fits for all the data when the
other adjustable parameters were varied. If was fincreased or decreased by
even 0.01, exact fits for all the data were not obtained. The 6-ATR data
could also be fitted with values of f in the range 0.44-0.55, presumably
because of the slightly larger number of nonspecifically bound probes, but
this resulted in no significant change in the fitted values of ©, and in less
than a 10% decrease in o. Thus, for the sake of simplicity, we assumed
values of f = 0.44 and 8 = 11.5° for the data from both isomers, again
reducing the number of parameters to be fitted to two (@, and ). In this
model changes in the extent of disorder of the probe distribution between
physiological states are described as changes in the dispersion (o) about the
peak angle (O).

To compare the rate of cross-bridge detachment with the rate of change
in the optical signals arising from Rhodamine probes at SH1, we fitted a
simple three-state kinetic model to the tension transients generated by
photolysis of caged ATP, using a nonlinear least-squares analysis (Fletcher
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and Powell, 1963) implemented by Mr. Marcus Bell of our laboratory. This
model (Scheme IV from Dantzig et al., 1991) included the rate of ATP
photoliberation from caged ATP (118 s~' at 20°C), detachment of rigor
cross-bridges on ATP binding (kp), and finally cross-bridge reattachment
and force generation (k,):

1185
Caged ATP—— ATP
rigor—» detached — active.
kp A

Reciprocal half-times (s™') for cross-bridge detachment were calculated
from the fitted kinetic parameters of the model and compared with the
reciprocal half-times measured from the fluorescence polarization tran-
sients. We estimated apparent second-order rate constants (M™' s™') for
cross-bridge detachment and changes in Q) and Q, by minimizing the
squared residuals between measured and predicted reciprocal half-times
over a range of nucleotide concentrations, using a routine developed with
Mathcad 6.0". Myosin head concentration within the muscle fiber was
assumed to be 150 uM (Ferenczi et al., 1984).

Experimental protocol

Single muscle fibers began each experiment in relaxing solution. For rigor
experiments the fiber was sequentially moved from relaxing solution to 0.1
mM MgATP relaxing solution to rigor solution. Fibers were then trans-
ferred directly from rigor solution into rigor solution containing Ca?*,
ADP, caged ADP, or caged ATP. Fibers activated without caged ATP were
transferred from relaxing solution into two washes of preactivating solution
(0.1 mM EGTA, Table 1) and finally into an activating solution containing
5 mM MgATP and saturating Ca®>*. The fiber was incubated in each
solution (except activating solution) for at least 2 min. Fluorescence
polarization data were collected from the solution trough fitted with optical
windows, and the fiber was returned directly to relaxing solution following
each experimental trial. The amounts of ATP or ADP liberated by photol-
ysis of caged ATP or caged ADP, respectively, were determined by HPLC
analysis as previously described (Goldman et al., 1984a; Dantzig et al.,
1991).

RESULTS
Labeling of fibers

The extent and specificity of labeling SH1 was examined by
biochemical characterization of myofibrils obtained from
muscle fibers labeled with either the 5- or the 6-isomer of
IATR. These results are summarized in Table 2. Fractional

TABLE 2 Characterization of ATR-labeled fibers

Rhodamine Isomers at Myosin SH1

3333

inhibition of the K*/EDTA ATPase activity of labeled
myofibrils relative to that of unlabeled myofibrils was used
as a measure of the extent of labeling at SH1 (Kielley and
Bradley, 1956; Reisler, 1982; Crowder and Cooke, 1984).
With either isomer, more than 50% of the myosin heads
were labeled, but the extent of labeling at SH1 (Cys-707 of
the myosin heavy chain) was greater with 5-ATR (71%)
than with 6-ATR (57%). The K*/Ca®>* ATPase activity of
myosin is activated by labeling at SH1 but is inhibited if
SH2 (Cys-697 of the myosin heavy chain) is also modified
(Reisler, 1982; Crowder and Cooke, 1984). Myofibrils ob-
tained from fibers labeled with either isomer of IATR had
elevated K*/Ca®* ATPase activities relative to the unla-
beled myofibrils. The K*/Ca®* activity was higher in the
5-ATR- than in the 6-ATR-labeled myofibrils, partly be-
cause the extent of labeling at SH1 was greater in the
5-ATR fibers. Moreover, the increase relative to unlabeled
fibers in the K*/Ca** ATPase activity of the 6-ATR-la-
beled fibers was less than that of the 5-ATR-labeled fibers.
This result suggests that 6-IATR may be labeling more of
SH2 than is 5-IATR, assuming that the increase of the
K*/Ca?* ATPase activity that is due to labeling at SH1 is
linearly related to the decrease in K*/EDTA ATPase
activity.

We estimated the specificity of each isomer for labeling
the myosin heavy chain by quantifying the fluorescence
from myofibrillar extracts run on SDS-polyacrylamide gels
(Fig. 2). There were three major protein bands labeled in
myofibrils reacted with either isomer of IATR: myosin,
tropomyosin, and light chain 1, as determined by compari-
son with known molecular weight standards stained with
Coomassie Blue. A small amount (<10%) of free-Rhodam-
ine dye was also observed at the front of the gel only in
those lanes containing extracts obtained from the 6-ATR-
labeled fibers. Quantification of the fluorescence from the
gels indicates that >50% of the total fluorescence was
localized to the myosin heavy chain in fibers labeled with
either 5-ATR (68%) or 6-ATR (53%). Fluorescence micro-
graphs of myofibrils obtained from 5-ATR-labeled fibers

Unlabeled 5-ATR Labeled 6-ATR Labeled

Extent and specificity of labeling labeling

K*/EDTA ATPase activity* 0.732 £ 0.023 0.213 + 0.016 0.315 = 0.055

K*/Ca** ATPase activity* 0.078 = 0.004 0.180 = 0.010 0.119 = 0.005

Fraction SH1 modified — 0.71 * 0.02 0.57 = 0.09

Labeling specificity — 0.68 = 0.02 0.53 £ 0.03
Physiological properties

Relaxed ATPase activity* 0.012 = 0.001 0.026 * 0.001 0.023 = 0.001

Active ATPase activity* 0.233 = 0.009 0.186 * 0.008 0.209 = 0.006

Active tension (kN/m?) 202+ 17(n=29)

137 = 18 (n = 19) 15223 (n=14)

*All ATPase activity values are expressed in units of wmol phosphate (P;) released per min per mg protein and are given as the mean * SE for three sets
of fiber bundles from separate animals. The fractional modification of SH1 and specificity of labeling the myosin heavy chain with 5-ATR or 6-ATR were
determined on the same three sets of fiber bundles as described in Materials and Methods. The fraction of SH1 residues modified was determined from
the fractional inhibition of the K*/EDTA ATPase activity. Labeling specificity was determined from fluorescent images of myofibrillar extracts in
SDS-polyacrylamide gels as in Fig. 2. Active tension values were obtained from single isometric muscle fibers and are given as the mean = SE.
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Fluorescent Image % Intensity
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Myosin 68% 53%
9% 10%
12% 21%
Free Dye — 8%

FIGURE 2 Coomassie Blue-stained and fluorescent images of a SDS-PAGE gel of myofibrils obtained from 5-ATR- and 6-ATR-labeled muscle fibers.
Proteins were identified by their calculated molecular weights relative to known molecular weight standards. Relative intensities of the major fluorescent
bands (far right) were determined by scanning densitometry of the fluorescent image of the SDS-PAGE gel obtained under UV illumination (see Materials

and Methods). TN-T, troponin T; TM, tropomyosin; LC, myosin light chain.

show the fluorescence to be localized within the myosin-
containing A band of the sarcomere (Fig. 3 A). Myofibrils
obtained from the 6-ATR-labeled muscle fibers show a
similar labeling pattern within the sarcomere, although ad-
ditional labeling at the Z lines and in the H zone can also be
observed (Fig. 3 B).

Modification of SH1 with either isomer of ATR resulted
in limited changes in the basic physiological properties of
the muscle fibers (Table 2). The relaxed ATPase activities
of 5-ATR- and 6-ATR-labeled fibers were slightly elevated,
and the calcium-activated ATPase activities of 5-ATR- and
6-ATR-labeled fibers were slightly depressed relative to
those of unlabeled fibers. Active tension of 5-ATR- and
6-ATR-labeled muscle fibers was also depressed relative to
that of unlabeled fibers. However, the relative levels of
force reduction (25-35%) were less than the relative levels
of SH1 modification (55-70%) for both the 5-ATR- and the
6-ATR-labeled muscle fibers (Table 2).

Steady-state fluorescence polarization

Steady-state values of fluorescence polarization for muscle
fibers labeled with 5-ATR and 6-ATR are given in Table 3.
The results are qualitatively similar for both isomers under
all conditions studied. In rigor Q, is much greater than Q),
indicating that the average angle of the probes is more

perpendicular than the magic angle (54.7°; Tregear and
Mendelson, 1975; Irving, 1996) to the fiber axis. Addition
of saturating Ca’* to rigor fibers slightly increases the
difference between Q) and @ ,, indicating a more ordered
overall probe distribution. Addition of caged ATP and
caged ADP to rigor, on the other hand, decrease the differ-
ence between Q) and Q , which is indicative of a slightly
more disordered overall probe distribution. In actively con-
tracting or ADP-rigor fibers Q) is greater than Q |, indicat-
ing a substantial reorientation of the Rhodamine probes with
the addition of nucleotide and a more axial distribution of
probe orientation than in rigor. Furthermore, the values of
Q) and Q, are also closer together in the presence of
nucleotide than in rigor, indicating a more disordered over-
all probe distribution. The addition of 10 mM phosphate to
active fibers depressed force by approximately 30% (data
not shown) but produced only a very slight change in the
fluorescence polarization ratios. In relaxed fibers Q) and @ |
are almost equal, indicating a highly disordered population
of probes.

Fluorescence polarization following photolysis of
caged nucleotides

To examine the temporal relationship between force gener-
ation and the reorientation of Rhodamine probes at SHI
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A. 5-ATR labeled myofibrils.

3335

B. 6-ATR labeled myofibrils.

2 um

FIGURE 3 Fluorescent images of myofibrils obtained from 5-ATR- and 6-ATR-labeled muscle fibers. Each image contains five consecutive sarcomeres
from a single myofibril.

during activation of muscle fibers from rigor, we simulta- that the probes are preferentially oriented perpendicular to

neously recorded force transients and fluorescence polariza-
tion ratios on photolysis of caged ATP in the presence of
saturating Ca>*. In Fig. 4 the muscle fibers are in rigor (no
nucleotide) before photolysis, and for both the 5-ATR- and
the 6-ATR-labeled fibers Q, is greater than Q), indicating

TABLE 3 Steady-state fluorescence polarization ratios

the muscle fiber axis. In both 5-ATR- and 6-ATR-labeled
fibers, photolysis of caged ATP induces large and very rapid
changes in the fluorescence polarization ratios, as expected
from the steady-state data. Q) increases and Q, decreases,
causing the two polarization ratio signals to cross following

5-ATR Fibers 6-ATR Fibers
Solution Q" Q. Q" Q,
Relaxing 0.442 * 0.004 0.416 = 0.003 (n = 12) 0.450 = 0.005 0.371 *+ 0.003 m=11)
Activating 0.467 * 0.006 0.372 = 0.003 n=19) 0.435 * 0.002 0.396 * 0.002 (n=14)
Active + 10 mM P; 0.443 * 0.002 0.383 = 0.005 (n=3) 0.436 * 0.002 0.392 £ 0.003 n=3)
Rigor 0.310 = 0.008 0.633 + 0.008 (n=11) 0.341 = 0.006 0.518 * 0.007 (n=11)
Ca®* rigor 0.268 = 0.008 0.660 + 0.007 (n=12) 0.314 = 0.006 0.537 £ 0.007 (n=10)
Rigor + ADP 0.498 = 0.010 0.393 + 0.007 (n=25) 0.466 * 0.002 0.390 * 0.004 n=25)
Ca®* rigor + ADP 0.480 = 0.010 0.433 = 0.007 (n=25) 0.442 = 0.004 0412 * 0.003 n=4)
Ca®* rigor + cATP 0.402 = 0.002 0.624 * 0.004 (n = 30) 0.382 + 0.004 0.506 * 0.005 (n=19)
Ca®>* rigor + cADP 0.419 = 0.010 0.579 = 0.004 (n=6) 0.373 = 0.020 0.535 £ 0.015 m=35)

Solutions are as defined in Table 1; cATP, caged ATP; cADP, caged ADP. Q and Q, were calculated as defined in Materials and Methods. Values given

are the mean * SE.
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FIGURE 4 Fluorescence polarization (fop) and force (bottom) transients elicited by photorelease of ATP from caged ATP (arrows) in 5-ATR- and
6-ATR-labeled muscle fibers in the presence of ~30 uM free Ca®* at 20°C. 836 uM ATP was photoreleased in the 5-ATR-labeled fiber (dimensions:
sarcomere length, 2.43 um; fiber length, 2.33 mm; cross-sectional area, 5447 um?). 699 uM ATP was photoreleased in the 6-ATR-labeled fiber
(dimensions: sarcomere length, 2.52 um; fiber length, 2.88 mm; cross-sectional area, 5423 um?).

photorelease of ATP. Q) becomes greater than @, , indicat-
ing a large decrease in the average probe angle with respect
to the muscle fiber axis. The changes in the fluorescence
polarization signals are virtually complete well before the
muscle fiber develops appreciable active tension, suggest-
ing that the structural changes that occur at SH1 on activa-
tion are not concomitant with force generation.

We also examined changes in the fluorescence polariza-
tion ratios following the photolysis of caged ADP (Fig. 5).
In contrast to ATP, ADP causes only a small decrease in
force when it binds to myosin in the muscle fiber and
therefore does not induce a power stroke. However, on
photolysis of caged ADP the time course and the magnitude
of the changes in Q) and Q, are very similar to those
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Q, Q
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QII Q_L

200 ADP
Y
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observed following the photolysis of caged ATP for both
Rhodamine isomers, despite the opposite and much smaller
change in force. The two fluorescence polarization traces
again cross following the photorelease of ADP, indicating a
significant redistribution of the probe orientations toward
the fiber axis, as expected from the steady-state results.
These kinetic results support the conclusion of Tanner et al.
(1992) that Rhodamine polarization reports structural
changes at SH1 that are more closely related to nucleotide
binding than to the force-generating step of the contractile
cycle.

Inasmuch as on photolysis of caged ATP the fluorescence
polarization ratios change substantially before the main
force development, we considered whether the structural
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FIGURE 5 Fluorescence polarization (top) and force (bottom) transients elicited by photorelease of ADP from caged ADP (arrows) in 5-ATR- and
6-ATR-labeled muscle fibers at 20°C. 819 uM ADP was photoreleased in the 5-ATR-labeled fiber (dimensions: sarcomere length, 2.43 um; fiber length,
2.33 mm; cross-sectional area, 5447 um?). 851 uM ADP was photoreleased in the 6-ATR-labeled fiber (dimensions: sarcomere length, 2.52 um; fiber

length, 2.88 mm; cross-sectional area, 5423 p.mz).
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changes relate to the initial detachment of rigor cross-
bridges by ATP binding. Over a range of photoreleased
ATP concentrations, we estimated the apparent rate of
cross-bridge detachment following photolysis of caged ATP
by fitting a simple kinetic model (Scheme IV, Dantzig et al.,
1991) to the resulting tension transients (Fig. 6). Reciprocal
half-times for cross-bridge detachment were calculated
from these fits and compared with the reciprocal half-times
measured from the fluorescence polarization transients. The
dependence of the observed reciprocal half-times for the
changes of Oy, 0, and cross-bridge detachment on [ATP]
are shown in Fig. 7 for fibers labeled with both isomers of
ATR. For the 5-ATR-labeled fibers, Q) changes slightly
faster than Q| following photolysis of caged ATP, and both
polarization signals generally change faster than does the
apparent rate of cross-bridge detachment. Apparent second-
order rate constants for cross-bridge detachment (0.67 X
10°M~' s7") and changes in Q; (1.35 X 10° M ™' s™") and
Q, (1.12 X 10° M~ ' s7') were determined for each data set
as described in Materials and Methods. Because the myosin
active sites are not fully saturated at low ATP concentra-
tions, the dependence of reciprocal half-times for cross-
bridge detachment and changes in @y and @, on nucleotide
concentration rises more steeply at low [ATP] than would
be predicted by a single apparent second-order rate constant.
Comparable results are observed with the 6-ATR-labeled

| 5-ATR
N Q
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o

50 ms

FIGURE 6 Fit of a simple kinetic model (see Materials and Methods) to
tension transients elicited by photorelease of 676 uM ATP from caged
ATP (arrow) in a 5-ATR labeled muscle fiber in the presence of ~30 puM
free Ca®* at 20°C. Superimposed upon the tension transient are the
estimated rates of cross-bridge detachment (solid curve) and active force
generation by cross-bridge reattachment (dashed curve). Fluorescence po-
larization transients (trop) are shown for comparison. Fiber dimensions:
sarcomere length, 2.38 um; fiber length, 2.32 mm; cross-sectional area,
5019 pum?.
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fibers, and apparent second-order rate constants were also
calculated for cross-bridge detachment (0.97 X 10° M™!
s~") and changes in Q) (1.38 X 10° M~ ! 571 and 0,
(1.14 X 10° M~ s7h.

The rates of change of Q) and Q| following photolysis of
caged ADP are slightly faster than those observed following
the photolysis of caged ATP. For the 5-ATR-labeled fibers
the apparent second-order rate constants observed are
2.10 X 10°M ™' s™! for Qyand 2.01 X 10°M~'s™ ' for @,
(data not shown). Although we did not measure the rates of
change of Q) and Q, following photorelease of a range of
ADP concentrations in the 6-ATR-labeled fibers, it is evi-
dent from Fig. 5 that they are approximately the same for
both the 5-ATR- and the 6-ATR-labeled fibers.

Fluorescence polarization following rapid
length steps

Another method for synchronizing events in the cross-
bridge cycle is to apply rapid length changes to the muscle
fiber (A.F. Huxley and Simmons, 1971). For releases, there
is an initial drop in tension concomitant with the length step,
followed by a partial recovery of force as the cross-bridges
undergo partly synchronized power strokes. We examined
changes in fluorescence polarization following rapid length
steps in active and rigor muscle fibers (Fig. 8). To ensure
that possible small changes in Q) or @, would be detected,
we averaged multiple tension and fluorescence polarization
traces for both the active and the rigor experiments (Irving
et al., 1995). Each trace consisted of a staircase or repeated
sequence of identical length changes that were averaged
together as well, resulting in an =~6-fold total improvement
of signal-to-noise ratio over that for single events. However,
even for large releases (12 nm/half-sarcomere) of 5-ATR-
labeled muscle fibers during active contraction there is no
significant change in the fluorescence polarization ratios
during the step or the quick recovery of force. The same is
true for stretches and releases up to 10 nm/half-sarcomere in
5-ATR-labeled muscle fibers in rigor, in which all the
cross-bridges are presumably attached to actin. These re-
sults suggest that the myosin domain containing SH1 does
not rotate relative to actin either during an active contraction
or in rigor.

DISCUSSION
Modification of Cys-707 by IATR

We used fluorescence polarization to examine orientational
changes of Rhodamine probes in single muscle fibers fol-
lowing either photolysis of caged nucleotides or rapid
length changes. Fibers were preferentially labeled at SH1
(Cys-707) of the myosin heavy chain with either the 5- or
the 6-isomer of IATR, although the extent and the specific-
ity of SH1 labeling were found to be slightly greater for the
5-isomer (Table 2). The extent of modification at SH1 with
each isomer was greater than previously reported (0.37) by
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FIGURE 7 Dependence of the reciprocal half-times for cross-bridge detachment and changes in Q) and Q, on the concentration of photoliberated ATP
for 5-ATR- and 6-ATR-labeled muscle fibers in the presence of ~30 uM free Ca?* at 20°C. The solid curves show the predicted reciprocal half-times as
a function of ATP concentration calculated for the apparent second-order rate constant shown to the right of each curve and include the rate of

photoliberation of ATP from caged ATP (118 s~ at 20°C).

Tanner et al. (1992). The significant increase in SH1 mod-
ification is most likely due to the purity of the probes used
in the present study (Corrie and Craik, 1994), which do not
contain the unidentified contaminants found in the commer-
cial preparations of mixed isomers used by Tanner et al.
(1992). Ajtai et al. (1992) reported that 6-IATR labels
primarily actin, not myosin, in conflict with the present
results. The lack of reactivity of the 6-IATR probes with
SH1 in the research of Ajtai et al. (1992) may have been
caused by contaminants in the commercial preparation of
IATR that effectively competed with the probe for SH1 or
blocked its reaction at that site. We observed little evidence
of noncovalently bound Rhodamine probes in our prepara-
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tions. Free-Rhodamine dye was not detectable in lanes of
our SDS-polyacrylamide gels containing extracts from the
5-ATR-labeled muscle fibers, and less than 10% of the
Rhodamine was observed as free dye in lanes containing
extracts from the 6-ATR-labeled muscle fibers. Thus the
present results indicate that most or all of the changes in the
fluorescence polarization signals reported here and in Tan-
ner et al. (1992) during flash photolysis and rapid length
changes arise from Rhodamine probes at SH1 of the myosin
heavy chain.

It is important to consider the effect of extensive SH1
modification on the physiological properties of the muscle
fiber. Root and Reisler (1991) have suggested that SH1
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FIGURE 8 Fluorescence polarization (Q;and Q , ) and force (7) transients elicited by rapid length changes (AL) in active and rigor 5-ATR-labeled muscle
fibers. The data shown are the average response of the fiber to a total of 32 length steps over 4 active (S mM MgATP and ~30 uM free Ca?*) or 2 rigor
(no added ATP or Ca?*) contractions at 20°C. Length steps (complete within 200 us) were applied as a staircase of releases during active contractions and
as a series of stretches and releases in rigor. Fiber dimensions: initial sarcomere length, 2.45 um; fiber length, 2.16 mm; cross-sectional area, 5853 wm?.
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modified cross-bridges are not active but can enhance that
catalytic activity of unmodified myosin heads, resulting in a
nonlinear relationship between force production and degree
of sulfhydryl modification in myosin. However, other stud-
ies have demonstrated that modification of SH1 does not
inactivate myosin but alters the kinetics of the cross-bridge
cycle by slowing the rate of ATP hydrolysis, shifting the
population of strongly bound cross-bridges toward the
weakly bound states, and reducing the number of strongly
bound cross-bridges during an isometric contraction (Sleep
et al., 1981; Matta and Thomas, 1992; Bell et al., 1995;
Raucher et al., 1995). The net result of this modification is
an approximately 70% reduction in isometric force and
steady-state ATP hydrolysis in fibers almost completely
modified at SH1. We observed similar, but smaller, effects
on ATPase activity and isometric force in our labeled mus-
cle fibers. The difference between the present results and
those of previous studies (Matta and Thomas, 1992; Bell et
al., 1995) is probably due to the lower fraction of modified
SH1 groups in our preparation. For both 5-ATR and 6-ATR
fibers the relative decrease in force was appreciably less
than the level of SH1 modification, suggesting that SH1-
labeled myosin heads generate force, albeit less than un-
modified heads. The estimated rate of cross-bridge detach-
ment in the Rhodamine-labeled muscle fibers is also
somewhat slower than that of unlabeled muscle fibers (5 X
10° M~ s™!; Goldman et al., 1984a,b), which is likely to be
related to the slower kinetics of SH1-modified cross-bridges
(Sleep et al., 1981). Thus, it appears that SH1-labeled cross-
bridges can actively hydrolyze ATP and generate force, and
therefore the major features described here concerning Rho-
damine-labeled cross-bridges are applicable to unmodified
cross-bridges as well.

Steady-state fluorescence polarization

Polarization ratios (Q signals) were qualitatively similar for
the 5-ATR- and the 6-ATR-labeled muscle fibers. However,
under many conditions the difference between @ and Q,
was smaller in muscle fibers labeled with 6-ATR than in
those labeled with 5-ATR. These results suggest a more
disordered probe distribution in the 6-ATR-labeled fibers
than in the 5-ATR-labeled fibers, probably because of the
greater number of nonspecifically attached 6-ATR probes.
"The fact that both preparations are highly disordered in the
presence of nucleotide indicates that the nonspecific probes
are nearly randomly distributed. The similarity in the fluo-
rescence polarization data from fibers labeled with either of
the isomers suggests that both probes report the same struc-
tural changes at SH1. This conclusion again conflicts with
the report of Ajtai et al. (1992) that only 5-ATR is sensitive
to the physiological state of the muscle fiber. The difference
between the two studies is most likely due to the difference
in purity of the probes used and the consequent effect on
labeling reactivity and specificity as discussed above.

In the presence of nucleotide (e.g., ADP-rigor, relaxation,
activation), the static fluorescence polarization ratios of
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5-ATR- and 6-ATR-labeled muscle fibers were quite simi-
lar. Under all these conditions Q) was only slightly greater
than Q |, suggesting that the Rhodamine probe distribution
is disordered, with an average angle of slightly less than the
magic angle (54.7°). In rigor, the difference between the
polarization ratios is greatly increased, with Q, becoming
greater than (), suggesting a more ordered probe population
than in the presence of nucleotide. Furthermore, the average
angle of the probes also increases in rigor to greater than
54.7°. The small but consistent change in the polarization
ratios on addition of calcium to fibers in rigor indicates a
slight tilt of the probes away from the fiber axis. This tilt
may be due to an effect of calcium either on the cross-
bridges or on another protein that was also labeled. Distin-
guishing between these possibilities will require further
experiments. The addition of caged ATP or caged ADP to
rigor fibers decreases the difference between Q) and Q,,
indicating a slight disordering of the probes. This is prob-
ably so because caged ATP and caged ADP bind weakly to
myosin with affinity in the millimolar range (Thirlwell et
al., 1995), and thus a small population of the cross-bridges
is likely to be in the nucleotide bound state that disorders the
Rhodamine probes at SH1.

It was previously shown by use of linear dichroism mea-
surements that a substantial change in the orientational
distribution of the probes at SH1 follows the addition of
MgADP or MgATP (Borejdo et al., 1982; Burghardt et al.,
1983; Tanner et al.,, 1992) to Rhodamine-labeled muscle
fibers in rigor. In all those studies the average probe angle
with respect to the fiber axis was greater than the magic
angle (54.7°) in rigor and less than the magic angle in the
presence of nucleotide. Although the numerical value of the
calculated probe angle is model dependent, the changed sign
of the dichroism in the previous studies (Borejdo et al.,
1982; Burghardt et al., 1983; Tanner et al., 1992) and the
switch between @, > @ in rigor to Qy > @, in the
presence of nucleotide (Table 3 and Figs. 4—6 of this paper)
indicate that a net rotation of the probe population toward
the fiber axis follows addition of nucleotide, independently
of models of the orientational distribution of the probes.

To relate the polarization values quantitatively to changes
in the orientational distribution of the probes we fitted two
different models, “helical plus isotropic” and “Gaussian
plus isotropic” (as described in Materials and Methods), to
the data (Table 4). It should be noted that the actual orien-
tational distribution of the Rhodamine probes is probably
much more complex than can be described by models that
contain only the few adjustable parameters that can be
constrained by our data. In rigor both models produce
similar values for the average angle of the ordered popula-
tion of probes (®, @,) in fibers labeled with either the 5- or
the 6-isomer of IATR. A larger fraction of probes appears to
be disordered in rigor fibers labeled with 6-ATR (0.67) than
in the rigor fiber labeled with 5-ATR (0.52), in agreement
with the larger estimate of nonspecifically bound probes for
the 6-ATR isomer (see Table 2). However, the dispersion of
probes about ®,, in the Gaussian plus isotropic model (o) is
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TABLE 4 Orientational distribution parameters
Helical plus isotropic model
5-ATR Fibers 6-ATR Fibers

0(°) f 909 f
Relaxing 473 0.88 432 0.81
Activating 409 0.82 46.8 0.84
Rigor 73.3 0.52 66.8 0.67
Ca?* rigor 73.7 0.45 61.7 0.62
Rigor + ADP 36.1 0.86 41.2 0.85
Ca” rigor + ADP 383 0.93 46.9 0.87

Gaussian plus isotropic model
5-ATR Fibers 6-ATR Fibers

6o () o () 6 (°) o ()
Relaxing 464 247 444 21.7
Activating 419 23.5 46.8 22.1
Rigor 79.0 21.1 62.3 20.1
Ca®* rigor 73.9 5.1 64.8 17.7
Rigor + ADP 338 309 421 25.2
Ca” rigor + ADP 36.5 349 46.3 24.3

The helical plus isotropic and the Gaussian plus isotropic models are as defined in Materials and Methods. & was set equal to 11.5° for both models. f was

set equal to 0.44 for the Gaussian plus isotropic model.

almost identical for 5-ATR- and 6-ATR-labeled rigor fibers.
Addition of calcium in the rigor solution has only very small
effects on ® or O, and slightly decreases f and ¢ for fibers
labeled with either isomer. The addition of ATP or ADP to
a rigor fiber, in either the absence or the presence of
calcium, induces a major change in the orientational distri-
bution of both isomers of ATR. In the helical plus isotropic
model the helically ordered probes become more axial in the
presence of nucleotide, and the fraction of disordered probes
increases substantially.

Under all conditions studied, the peak angles of the
Gaussian distribution (®,) determined for the ordered pop-
ulation of probes in the Gaussian plus isotropic model are
not much different from the angles (@) calculated for the
helically ordered probes in the helical plus isotropic model.
However, addition of ATP or ADP to rigor fibers results
only in modest increases of the dispersion (o) about ®,, for
fibers labeled with either isomer. This limited range of
values for o is surprising considering the large increase in f
on the addition of nucleotide to rigor fibers in the helical
plus isotropic model. Both models support the existence of
a significant population of well-ordered Rhodamine probes
in rigor, with a substantial axial reordering of the probes on
nucleotide binding, for both the 5-ATR- and the 6-ATR-
labeled fibers. This is consistent with the qualitative, model-
independent, analysis of the Q signals given in Results.
However, in the presence of nucleotide the helix plus ran-
dom model is consistent with the majority of Rhodamine
probes’ becoming isotropically disordered, whereas the ran-
dom plus Gaussian model predicts a significant population
of ordered probes with only a relatively small increase
(=20°) in the dispersion about their mean angle. The fact
that Q) and Q, have similar values does indeed suggest a

more disordered distribution of the Rhodamine probes at
SHI in the presence of nucleotide for fibers labeled with
either isomer, but the estimated amount of disordering is
quite model dependent. In the actual distribution there are
probably more than two distinct populations of probes, and
a complete description of the structural changes at SH1 will
require additional information to refine potential models
further.

Fluorescence polarization transients

Despite the very different tension transients elicited by
photorelease of ADP and ATP, transients of the Q signals
after photolysis have similar time courses and amplitudes.
Following activation by photolysis of caged ATP, force
decreases and then increases substantially; whereas, follow-
ing photolysis of caged ADP, force rapidly decreases by a
small amount. On photolysis of caged ATP the fluorescence
polarization transients are much faster than force develop-
ment and may even precede cross-bridge detachment, as
estimated by kinetic analysis. No changes in the Q signals
were observed following even large-amplitude, rapid length
steps in active and rigor muscle fibers, indicating no change
in the orientational distribution of the probes at SH1. These
results support the conclusion of Tanner et al. (1992) that
structural changes at SH1 detected by Rhodamine probes
are not directly related to the myosin power stroke during
force generation.

Allen et al. (1996), using regulatory light chains (LC-2 or
RLC) labeled mainly with 6-ATR from a commercial prep-
aration, also observed fast transients of fluorescence polar-
ization that accompany either ATP binding or the subse
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quent cross-bridge dissociation. In that study, as in the
present experiments, the Q traces were virtually flat during
the onset of tension development following activation by
photolysis of caged ATP. Irving et al. (1995) found, in
contrast to the present data, that in muscle fibers labeled on
the RLC with pure 6-ATR, quick length changes elicit
transients of fluorescence polarization both during the
length change and during the quick recovery within the
subsequent few milliseconds. Possible explanations of why
Rhodamine probes on the RLC are sensitive to structural
changes during force development following rapid length
changes but not following photolysis of caged ATP are
discussed in detail by Allen et al. (1996). The simplest
explanation for the difference in response to length changes
in RLC- versus SH1-labeled fibers is that the light chain—
binding region of the myosin head tilts during length
changes and the subsequent quick recovery, whereas the
nucleotide- and actin-binding region of myosin containing
SHI1 does not. Although it is possible that the probes at SH1
are positioned at an unfavorable orientation to detect angle
changes induced by mechanical strain, the change in aver-
age orientation between rigor and active contraction make it
unlikely that the probe disposition would be unfavorable in
both states.

Solution of the crystal structure of myosin subfragment-1
(S1) has shown the head to be composed of a catalytic
domain containing the nucleotide- and actin-binding sites
and an extended C-terminal a-helix that binds both the
essential and the regulatory light chains (Rayment et al.,
1993b). An important revision of the conventional rotating
cross-bridge model suggested from the crystal structure is
that the myosin head does not rotate as a rigid unit but rather
that the catalytic domain that contains SH1 remains rigidly
bound to actin while the C-terminal a-helix and light chains
tilt as a mechanical lever arm (Rayment et al., 1993a). In
support of the role of the light chain region as a lever arm,
VanBuren et al. (1994), using an in-vitro motility assay,
found that the amount of force generated by a cross-bridge
depends on the number of light chains bound to myosin and
thus apparently on the length of the lever arm. The finding
of Irving et al. (1995) that Rhodamine probes on the RLC
change orientation in response to rapid length changes sug-
gests that tilting of the light chain—binding region has a
direct role in force production. Our results are also consis-
tent with this model of force generation. The lack of change
in the orientational distribution of probes at SH1 suggests
that the catalytic domain does not rotate during the power
stroke.

ADP release and the power stroke

The substantial change in linear dichroism of Rhodamine
probes at SH1 when ADP binds to the rigor cross-bridge
was taken by Borejdo et al. (1982) and Burghardt et al.
(1983) as evidence for a concerted angular change of the
probes related to the myosin power stroke. The present
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results, and our earlier dichroism experiments (Tanner et al.,
1992), are consistent with this change in dichroism, but
many other studies indicating small or negligible structural
and mechanical changes on ADP binding to rigor muscle
appear to rule out the linkage between ADP release and the
power stroke (Rodger and Tregear, 1974; Fajer et al., 1990a;
Dantzig et al., 1991; Obiorah and Irving, 1989; Takemori et
al., 1995; Allen et al., 1996). Recent helical reconstructions
based on electron micrographs of actin filaments decorated
with myosin subfragment-1 have shown large changes in
the angle of the light chain—binding region when ADP binds
(Whittaker et al., 1995; Jontes et al., 1995). However, the
myosin molecules used in those studies had sequences de-
rived from smooth muscle and brush border myosin. It was
recently shown by EPR spectroscopy that, unlike in smooth
muscle myosin, the light chain—binding region of skeletal
muscle myosin does not rotate on ADP binding (Gollub et
al., 1996). The weight of evidence suggests that the probe
angle changes observed here on nucleotide binding to at-
tached cross-bridges report a localized structural change
rather than a global motion of the head.

Role of structural changes at SH1 in
muscle contraction

The switch from rigor to active contraction results in a net
axial shift of the probe orientational distribution and a
considerable apparent disordering. Other studies utilizing
EPR and time-resolved phosphorescence anisotropy to ex-
amine the orientation and mobility of probes at SHI1 in
muscle fibers have also found this region of myosin to be
dynamically disordered during active, isometric contraction
(Barnett and Thomas, 1989; Fajer et al., 1990b; Stein et al.,
1992; Berger and Thomas, 1993). It has been suggested that
the power stroke involves a disorder-to-order transition
rather than the commonly assumed switch from one static
angle to another (Berger and Thomas, 1994; Raucher and
Fajer, 1994; Thomas et al., 1995). Our results are consistent
with a model of muscle contraction in which the SH1 region
of myosin is largely disordered during the power stroke. The
techniques used here do not detect a transition to an ordered
population of probes during force generation. This observa-
tion may indicate that during contraction the ordered pop-
ulation of probes at SH1 is too small to contribute to the
fluorescence intensity, that the Rhodamine probes are more
sensitive to the local conformation around SH1 than the spin
labels used in EPR experiments, or that the SH1 region of
myosin does not rotate in a concerted manner during the
power stroke and remains disordered throughout force de-
velopment. These possibilities are not mutually exclusive,
and the negligible change in fluorescence polarization fol-
lowing rapid length changes in active and rigor muscle
fibers, despite large changes in force in both cases, suggests
the two last-named possibilities.

What is the role of the structural changes that are ob-
served at SH1 in the molecular mechanism of contraction?
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Cross-linking studies have demonstrated the movement of
SH1 and SH2 (Cys697) some 10 A toward each other on
nucleotide binding to myosin (Wells and Yount, 1979;
Huston et al., 1988). SH1 has been shown to be located on
a short a-helix that lies near both the nucleotide-binding
pocket and the base of the large cleft that separates the two
portions of the 50-kD domain of chicken skeletal muscle
subfragment-1 (Rayment et al., 1993b). Addition of nucle-
otide analogs results in significant structural changes around
SH1 in the crystal structure of a truncated subfragment-1
from the slime mold Dictyostelium discoideum (Fisher et
al., 1995; Smith and Rayment, 1995; 1996). The cleft that
splits the 50-kD domain is partially closed, the orientation
of the a-helix containing SH1 is rotated by 20° and trans-
lated 2.5 A relative to the nucleotide-free subfragment-1
crystal structure, and the electron density becomes quite
disordered just beyond SH1 (Fisher et al., 1995; Smith and
Rayment, 1996). These results are consistent with the probe
disorder at SH1 in our fluorescence polarization experi-
ments, although the fact that the subfragment-1 construct is
truncated just past SH1 in the crystals may also account for
some of the observed disorder. However, together these
results suggest a large conformational change in subfrag-
ment-1 on nucleotide binding that may involve a melting or
breaking of the helices containing SH1 and SH2 (Rayment
et al., 1993a).

It has been suggested that the large cleft that divides the
50-kD domain of subfragment-1 plays a critical role in
mediating the strength of the interaction between actin and
myosin (Rayment et al., 1993a). Our results are consistent
with this hypothesis. The structural changes detected by the
fluorescence polarization signals occur very rapidly follow-
ing the photolysis of caged nucleotides. Not only do these
structural changes at SH1 precede force generation but they
even appear slightly earlier than cross-bridge detachment.
Thus the observed deflection of the polarization signals on
nucleotide binding may relate to the weakening of myosin’s
affinity for actin. Structural changes at the active site in-
duced by nucleotide binding may propagate through SH1 to
residues near the large cleft that divides the 50-kD domain
and finally to the actin-binding region of myosin. Thus the
structural changes at SH1 are not synchronous with the
force-generating event of muscle contraction but may be
involved in the communication pathway between the nucle-
otide- and actin-binding sites of myosin.
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