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Orientational Dynamics of Indane Dione Spin-Labeled Myosin Heads in
Relaxed and Contracting Skeletal Muscle Fibers

Osha Roopnarine and David D. Thomas
Department of Biochemistry, University of Minnesota Medical School, Minneapolis, Minnesota 55455 USA

ABSTRACT We have used electron paramagnetic resonance (EPR) spectroscopy to study the orientation and rotational
motions of spin-labeled myosin heads during steady-state relaxation and contraction of skinned rabbit psoas muscle fibers. Using
an indane-dione spin label, we obtained EPR spectra corresponding specifically to probes attached to Cys 707 (SH1) on the
catalytic domain of myosin heads. The probe is rigidly immobilized, so that it reports the global rotation of the myosin head, and
the probe’s principal axis is aligned almost parallel with the fiber axis in rigor, making it directly sensitive to axial rotation of the
head. Numerical simulations of EPR spectra showed that the labeled heads are highly oriented in rigor, but in relaxation they
have at least 90° (Gaussian full width) of axial disorder, centered at an angle approximately equal to that in rigor. Spectra obtained
in isometric contraction are fit quite well by assuming that 79 * 2% of the myosin heads are disordered as in relaxation, whereas
the remaining 21 + 2% have the same orientation as in rigor. Computer-simulated spectra confirm that there is no significant
population (>5%) of heads having a distinct orientation substantially different (>10°) from that in rigor, and even the large
disordered population of heads has a mean orientation that is similar to that in rigor. Because this spin label reports axial head
rotations directly, these results suggest strongly that the catalytic domain of myosin does not undergo a transition between two
distinct axial orientations during force generation. Saturation transfer EPR shows that the rotational disorder is dynamic on the
us time scale in both relaxation and contraction. These results are consistent with models of contraction involving 1) a transition
from a dynamically disordered preforce state to an ordered (rigorlike) force-generating state and/or 2) domain movements within

the myosin head that do not change the axial orientation of the SH1-containing catalytic domain relative to actin.

INTRODUCTION

In the rotating cross-bridge model of muscle contraction,
myosin heads are proposed to rotate on actin from an axial
angle of 90° (beginning of power stroke) to 45° (end of power
stroke) (Huxley, 1969; Huxley and Simmons, 1971). Despite
substantial efforts in electron microscopy and x-ray diffrac-
tion, there is no compelling evidence for the reorientation of
myosin heads between two distinct angles during muscle
contraction, suggesting that myosin heads do not rotate on
actin during contraction, or that improved measurements
must be made that can measure molecular orientations and
motions more directly and with higher resolution.
Orientation-sensitive spectroscopic probes are uniquely
qualified to fill this need, and electron paramagnetic reso-
nance (EPR) of nitroxide spin labels provides the highest
orientational resolution (Thomas, 1987). EPR has consis-
tently shown that maleimide spin labels (MSL) attached to
myosin heads at SH1 (cys 707) are highly oriented in rigor
(i.e., in the absence of ATP), which is presumed to represent
the end of the power stroke (Thomas and Cooke, 1980).
However, earlier states in the cross-bridge cycle, observed
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either during active contraction (Cooke et al., 1982; Barnett
and Thomas, 1989; Berger and Thomas, 1993) or in the pres-
ence of nucleotides designed to trap intermediates (Pate and
Cooke, 1988; Fajer et al., 1988, 1990b; Berger and Thomas,
1994), are characterized either by 1) a rigid orientation es-
sentially the same as in rigor or 2) a high degree of dynamic
(us) orientational disorder. In response to these EPR results,
and to other data suggesting disorder during contraction,
Huxley and Kress (1985) proposed an alternative model in
which 1) myosin heads are disordered upon initial attach-
ment; and 2) once the SH1-containing catalytic domain binds
stereospecifically, it remains at a constant angle during the
power stroke, whereas force-generating movements within
the head occur farther from actin. More recently, further sup-
port has been voiced for the possible importance of shape
changes within the head (Cooke, 1986; Rayment et al.,
1993b) and a disorder-to-order transition (Berger and
Thomas, 1994). Since EPR results have provided the primary
motivation for revising the classical model, it is important to
ask whether the conclusions of the previous EPR studies
might be flawed by ambiguities in the interpretation of spec-
tra (Roopnarine and Thomas, 1994b).

The main source of ambiguity in the use of spin labels is
that the EPR experiment measures directly the orientation
and rotation of the probe, not the protein. Global protein
motions can be measured only if the probe is rigidly bound
to the protein. The two spin labels used previously to study
myosin heads in contracting muscle, an MSL (N-(1-oxy-
2,2,6,6-tetramethyl-4-piperidinyl)maleimide) and an iodoac-
etamide spin label (IASL; 2,2,6,6-tetramethyl-4-piperidi-
nyl)iodoacetamide), are both rigidly bound to the protein in
the absence of ATP (rigor). However, IASL undergoes ns
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rotations relative to the head in the presence of ATP (Seidel
and Gergely, 1973; Barnett and Thomas, 1987), making it
well suited for measuring local conformational changes but
less suitable for measuring global head orientation (Barnett
and Thomas, 1987; Ostap et al., 1993, 1995), and MSL may
also have slight sub-pus mobility in the presence of some
nucleotides (Wells and Bagshaw, 1984; Barnett and Thomas,
1987). Even if the probe is rigidly bound to the myosin head,
as is probably the case for MSL, the orientation of the probe
relative to the head is not usually known with much precision
(Fajer, 1994). Although the reorientation of any of the three
spin label axes relative to the fiber axis will affect the EPR
spectrum, the spectrum is sensitive primarily to the orien-
tation of the principal axis of the probe (Fajer et al., 1990a).
MSL binds to fibers in rigor with its principal axis oriented
approximately perpendicular to the fiber axis (Thomas and
Cooke, 1980; Fajer et al., 1990b). Therefore, it is possible
that an axial reorientation of the head would result in a much
smaller (or even negligible) reorientation of the principal
axis, making the spectrum less sensitive to the head rotation
(Roopnarine and Thomas, 1994b). However, a spin label that
starts out with its principal axis parallel to the fiber axis in
rigor will detect an axial head rotation as an identical axial
reorientation of the spin label’s principal axis. Thus there is
a need for a spin label that binds rigidly to myosin heads in
fibers with its principal axis oriented more parallel to the
fiber axis.

We have recently shown that this need is met by a
newly synthesized indane dione spin label, designated
InVSL (2-[-oxyl-2,2,5,5-tetramethyl-3-pyrrolin-3-yl)meth-
enyl]indane-1,3-dione) (Roopnarine and Thomas, 1994b).
InVSL is covalently and rigidly immobilized on myosin,
so that it reports the global rotation of myosin heads
(Roopnarine et al., 1993), and it binds to muscle fibers in
rigor with its principal axis almost precisely parallel to the
fiber axis, making its EPR spectra directly and unambigu-
ously sensitive to axial rotations of the myosin heads
(Roopnarine and Thomas, 1994b). Therefore, in the present
study, we have used conventional EPR spectroscopy of
InVSL-labeled muscle fibers to study the orientation of myo-
sin heads in rigor, relaxation, and isometric contraction. We
also detected the ps rotational dynamics by saturation trans-
fer EPR. In previous EPR studies of contracting fibers, spec-
tra were analyzed by comparing them with linear combina-
tions of other experimental spectra. In the present study, to
analyze the orientational distribution more quantitatively and
rigorously, we have compared EPR spectra in rigor, relax-
ation, and contraction with numerical simulations. This al-
lows us to determine the mean orientation even in the pres-
ence of substantial orientational disorder, and to test
quantitatively several key models for myosin head rotation.

MATERIALS AND METHODS
Reagents and solutions

The spin label InVSL (Fig. 1 A) was synthesized (Hankovszky et al., 1989)
and provided by Kilmin Hideg. Creatine kinase, P'P5-bis(5-adenosyl)
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FIGURE 1 (A)Chemical structure of InVSL, 2-[-oxyl-2,2,5,5,-tetrameth-
ylpyrrolin-3-yl)methenyllindane-1,3-dione. (B) Angles 6 and ¢, which de-
fine the orientation of the magnetic field H with respect to the principal axes
of the nitroxide spin label. These angles determine the orientational de-
pendence of the EPR spectrum. (C and D) Orientational distribution (p(6))
of spin labels described as a Gaussian distribution centered at 6, with a full
width at half maximum of A8. The distribution p(¢) was defined similarly.

(AP;A), and dithiothreitol were obtained from Boehringer Mannheim Bio-
chemicals (Indianapolis, IN). ATP, ADP, creatine phosphate (CP), and other
reagents were obtained from Sigma Chemical Co. (8t. Louis, MO). The
following solutions were used for EPR experiments and assays: rigor so-
lution, RiS (pH 7.0): 190 mM potassium propionate (KPr), 2 mM MgCl,,
1 mM EGTA, and 20 mM MOPS (pH 7.0); ADP solution (AS): 5 mM
MgADP in RiS (20 mM KPr), 10 mM glucose, 100 pM ) pentaphosphate
(AP;A), and 100 mg/m] hexokinase (Type III no. H-5000, Sigma Chemical
Co.); relaxation solution (ReS): 5 mM MgATP, 50 mM CP, 750 units/ml
creatine kinase (CK) in RiS (pH 7.0) with 20 mM KPr; contraction solution
(CS): ReS plus 1.5 mM CaCl,. The ionic strength was 200 = 10 mM in each
of these solutions. Unless otherwise indicated, preparations and labeling
procedures were performed at 4°C; assays (ATPase, tension) and EPR ex-
periments were carried out at 25 * 2°C.

Preparations and assays

Rabbit psoas muscle fiber bundles were dissected, chemically skinned,
stored, labeled with InVSL, and characterized as described by Roopnarine
and Thomas (1994b). Two preparations of labeled fibers were used, both of
which were specifically labeled on myosin heads. In the standard prepa-
ration, designated SH1/SH2-labeled fibers, labels were bound to both SH1
(Cys 707) and SH2 (Cys 697). Another preparation, specifically labeled at
SH2, was used to correct the spectra of the standard preparation to obtain
the spectrum of probes bound specifically to SH1. Myofibrils were prepared
from fiber bundles and assayed for protein concentration as described by
Roopnarine and Thomas (1994b). High-salt (K/EDTA- and Ca/K-) ATPase
assays were performed on myofibrils as described by Roopnarine et al.
(1993). The fraction of heads labeled at SH1 and/or SH2 (fg;,) was deter-
mined to be 0.63 % 0.05 as described in Roopnarine and Thomas (1994b),
from the fractional inhibition of the K/EDTA-ATPase activity of the labeled
sample (K| ) relative to the unlabeled controls (K, ): iy = (Ky, — KDA(Ky,
— K,), where K, the activity of maximally labeled myosin heads in myo-
fibrils, was determined to be 0.04 pmol P/mg/min (Roopnarine and
Thomas, 1994b). Double integration of the myofibril EPR spectrum yielded
fsL = 0.57 = 0.03 spin label bound/myosin head (Roopnarine and Thomas,
1994b). Thus, the specificity of labeling £,/ f;; = 0.63/0.57 = 1.11 * 0.13,
indicating that most of the spin labels are either on SH1 or SH2, but not both
on the same myosin head.
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ATPase activities were measured for myofibrils under physiological con-
ditions in the same solutions used for EPR, as described by Roopnarine et al.
(1993). The isometric tension of single fibers was measured as described
previously (Roopnarine and Thomas, 1994b), in the same solutions used for
EPR. The tension of an EPR-sized muscle fiber bundle was also measured,
with the gain of the tensiometer decreased appropriately. The ends of the
muscle fiber bundle (=~0.5 mm in diameter) were tied with silk surgical
thread, which was then glued to the tensiometer’s transducer pin and holder
with Duco cement. In both EPR and mechanical experiments, the fiber
bundles were activated once for 10 min. The sequence of incubations was
rigor, relaxation, contraction, relaxation, and rigor. The fiber bundle was cut
at the end of each tension measurement to establish the zero-force baseline.
Technical constraints prevented the simultaneous measurement of EPR and
force on the same fiber sample. However, the mechanical measurements
were done under EPR conditions, with single fibers and fiber bundles from
the same fiber preparations, and we verified that steady tension was main-
tained in fiber bundles over a period comparable to that of EPR data ac-
quisition. We did not perform a quantitative analysis of sarcomere length
uniformity, but we did hold fiber bundles isometrically, and we measured
sarcomere length before and after some experiments to verify that 1) fiber
bundles diffracted well and 2) the sarcomere length was always in the range
2.2-2.7 pm.

EPR spectroscopy

Conventional EPR spectra were acquired with a Bruker ESP 300 spec-
trometer (Bruker Instruments, Billerica, MA) using a transverse magnetic
(TM,,,) cavity (Bruker ER4103TM), which was modified to hold a capillary
in an orientation either parallel or perpendicular to the magnetic field. In-
strumental settings were the same as described by Roopnarine and Thomas
(1994b). Saturation transfer EPR (ST-EPR) experiments were done with a
transverse electric (TE,,) cavity as described by Roopnarine et al. (1993),
except that the fiber bundle was aligned perpendicular to the magnetic field
as described by Roopnarine and Thomas (1994b).

EPR data analysis

The EPR spectra were analyzed with a computer program written by Robert
L. H. Bennett. Each spectrum was baseline corrected and normalized to unit
spin concentration as described by Roopnarine and Thomas (1994b). Con-
ventional EPR spectra below are plotted with a 100-Gauss baseline and
ST-EPR spectra are plotted with a 30-Gauss baseline. The spectrum con-
tained contributions from labels bound to both Cys 707 (SH1) and Cys 697
(SH2); the SH2-bound labels were highly disordered and insensitive to the
addition of nucleotides, so before analysis, 60% of the spectrum of SH2-
labeled fibers was subtracted from the EPR spectrum as described by Roop-
narine and Thomas (1994b). This corrected spectrum, corresponding to la-
bels specifically bound to SH1, was sometimes further analyzed by fitting
it to a linear combination of two endpoint spectra, obtained either from
experimental or computer simulations. The mol fractions x, and x, of the two
endpoint spectra (V, and V,) were varied, minimizing x? between the com-
posite spectrum (V, = x,V, + x,V,) and the experimental spectrum.
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EPR spectra corresponding to a Gaussian orientational distribution were
simulated using the method of Fajer et al. (1990a). The central angle (8,),
and width (A8) of the presumed Gaussian distribution (Fig. 1, C and D) were
analyzed as described previously, using the values of the orientation-
independent parameters {magnetic tensors and linewidths) determined pre-
viously for InVSL fibers in rigor (Roopnarine and Thomas, 1994b). Al-
though in principle the spectra depend on both angles 8 and ¢ (Fig. 1 B),
InVSL’s principal axis (z in Fig. 1 B) is nearly parallel to the fiber axis in
rigor (6, = 11 = 1°, A8 = 15 * 2°), so the spectra do not depend sig-
nificantly on ¢ (Roopnarine and Thomas, 1994b). Therefore, ¢ was fixed
at 0° for narrow @ distributions, and was assumed to be completely random
for wide 6 distributions. These assumptions did not significantly affect the
conclusions. Spectral parameters were chosen that were particularly sen-
sitive to 6, and A6 (Fajer et al., 1990a; Roopnarine and Thomas, 1994b).
These parameters were measured and compared for simulated and experi-
mental spectra, to determine the most probable values of 8, and A9, and the
ranges of these parameters compatible with the data. ST-EPR spectra were
normalized and analyzed to determine effective rotational correlation times
in the us time range, as described by Roopnarine et al. (1993).

RESULTS
Functional properties of labeled fibers

The ATPase activities (measured for myofibrils) and iso-
metric tension values (measured for single fibers and EPR-
sized fiber bundles) under physiological conditions (contrac-
tion and relaxation) are given in Table 1. Labeling did not
affect the ATPase in relaxation (—Ca), but decreased the
active (+Ca) ATPase of the labeled fibers by 32 + 14%. The
active and resting tension values (Table 1) were essentially
the same as previously determined (Roopnarine and Thomas,
1994b). Labeling decreased the active tension by 26 + 10%
and the resting tension by 27 * 12% (Table 1, bottom row).
Table 1 also gives the corrected ATPase activities and ten-
sions due specifically to labeled heads, assuming that the
observed values are linearly related to the fraction of labeled
heads (see legend to Table 1). According to this calculation
(bottom row of Table 1), the active ATPase and tension due
to labeled heads are both ~30% less than those of unlabeled
heads. The active tension of EPR-sized muscle fiber bundles,
both labeled and unlabeled, were equivalent to those of single
muscle fibers, within experimental error.

Rigor and relaxation

The EPR spectrum in rigor (Fig. 2, top left) showed two
populations of spin labels, a sharp three-line component with

TABLE 1 ATPase and tension under EPR (physiological) conditions

Myofibril Myofibril
Fiber sample ATPase (+Ca) ATPase (—Ca) Tension (+Ca) Tension (—Ca)
Unlabeled 034+ .02 0.01 £.005 2.76 £ .20 0.11 .04
Labeled, observed 027+ .01 0.01 + .005 23%.16 0.09 + .02
Labeled/unlabeled 0.79 £ .07 1.0+ .05 0.83+.10 082+ .12
Labeled, corrected 0.23 +.04 0.01 .01 2.03 = .36 0.08 £ .05
(Labeled corrected)/unlabeled 0.68 + .07 1.0+.05 0.74 + .10 073 .12

ATPase activities and tension are reported as pmol P/min/mg and kg/cm? respectively. The values corresponding to the specific contributions from labeled
heads (“labeled, corrected”), were calculated from A (labeled, observed) = f;,; X A (labeled, corrected) + (1 ~ f,) X A (unlabeled), where A is either
the ATPase activity or tension. Each value is the mean (=SEM) from four to five different fiber bundles. Different labeling preparations yielded similar
results.



1464
Original Corrected
1\ /H\ /‘ Rigor l\ !\ Z\
Relaxa’aon
E W v
Contractlon
M\r—v“m“s“"—ﬂv—ﬂrﬂr
Residual A

FIGURE 2 Conventional EPR spectra of InVSL-labeled fiber bundles
oriented parallel to the magnetic field. (Left) Original spectra. (Right) Cor-
rected spectra corresponding to spin labels specifically on SH1, obtained by
subtracting 60% of a spectrum of fibers labeled only on SH2. (First row)
RiS plus 5 mM MgADP. (Second row) Relaxation. (Third row) Contraction
spectrum overlaid on a composite spectrum made from a linear combination
of 79% relaxation and 21% rigor spectra (x = 0.21 in Eq. 1). (Fourth row)
Difference spectra, obtained by subtracting the composite spectrum from the
contraction spectrum. Each spectrum has been normalized to unit concen-
tration before plotting.

a large splitting, indicating a highly oriented population with
the spin label’s principal axis approximately parallel to the
fiber axis (6, near 0°, Fig. 2), and a broad component indi-
cating a high degree of orientational disorder. We previously
showed that the oriented population of spin labels is on SH1,
whereas the disordered population of spin labels (corre-
sponding to 60% of the bound probes) is primarily on SH2
and is insensitive to the addition of MgATP or MgADP
(Roopnarine and Thomas, 1994b). Therefore, corrected
spectra (Fig. 2, right), corresponding to spin labels specifi-
cally bound to SH1, were obtained under all conditions by
subtracting 60% of the spectrum of SH2-labeled fibers in
rigor, as described by Roopnarine and Thomas (1994b). The
EPR spectrum of SH1-bound InVSL in rigor was best fit by
a single narrow Gaussian orientational distribution of the
spin label’s principal axis relative to the fiber axis (Fig. 1),
centered at 6§, = 11 * 1° with a full width at half maximum
of A6 = 15 * 2° (Roopnarine and Thomas, 1994b). Relax-
ation with 5 mM MgATP causes substantial broadening of
the spectrum, implying disorder of the previously oriented
SH1-bound spin labels (Fig. 2, second row). Spectral simu-
lations (Barnett et al., 1986; Fajer et al., 1990a) show that this
spectrum implies a value of Af greater than or equal to 90°.
More quantitative analysis of the relaxation spectrum will be
considered later.

Contraction

Two populations of SH1-bound spin labels were resolved
during isometric contraction (Fig. 2, right, third spectrum).
We fit the contraction spectrum to a linear combination of the
rigor and relaxation spectra:

Contraction = x*Rigor + (1 — x)*Relaxation (1)
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The best fit (minimum x?) was for x = 0.21 * .02 (SEM,
n = 6). This composite spectrum is shown overlaid on the
contraction spectrum in Fig. 2 (third row). The negligible
residual (Fig. 2, bortom) shows that the fit is excellent, i.e.,
that essentially all the spin label can be accounted for in these
two populations. These mol fractions, as well as the high
quality of the residuals, did not depend significantly on
whether the composite spectral analysis was done before or
after spectral correction to remove the contribution from
SH2-bound labels. The difference between the contraction
and composite spectra (residual spectrum in Fig. 2, bottom)
had no significant intensity, clearly indicating that in iso-
metric contraction the orientational distribution of the spin
labels contains no significant components distinguishable
from those of relaxation and rigor. The fractional compo-
nents remained unchanged (x changes by <2%) when a spec-
trum of fibers in RiS plus 5 mM MgADP was used instead
of a spectrum of rigor fibers. Thus the only distinct axial head
orientation in contraction is the same as in rigor.

One of the main concerns in studies of muscle fiber
bundles is to provide an adequate supply of ATP to saturate
all myosin heads during relaxation and contraction. This was
done by using an ATP-regenerating system consisting of CP
and CK, which convert ADP to ATP. The concentrations of
ATP, CP, and CK in the perfusion solution were all main-
tained at levels greater than those reported to be sufficient for
saturation under similar conditions (Cooke et al., 1982; Stein
et al., 1990). To verify saturation, the concentrations of ATP
and CP were varied separately. The ionic strength was kept
constant by varying [KPr]; i.e., 1 mM CP or MgATP replaced
3 mM KPr. In relaxation in the absence of CP, a rigorlike
component was observed in the EPR spectrum, giving a mol
fraction (x in Eq. 1) of 0.50 = 0.02. However, at CP con-
centrations of 10 mM or greater, the fraction of the rigorlike
component was negligible, indicating ATP saturation. In
contraction in the absence of CP, the fraction of spin labels
in the rigorlike orientation was 0.63 = .02, but this rigorlike
fraction decreased to a constant (saturating) value (0.21 =
.02) in the range of 4060 mM CP. The values for the rig-
orlike fraction at 40, 50, and 60 mM CP were 0.22 = 0.02,
0.21, = 0.02, and 0.21 * 0.02, respectively. Therefore, we
used 50 mM CP in the regeneration system for both relax-
ation and contraction. Under these conditions, the EPR spec-
tra in relaxation and contraction were unaffected by doubling
the concentration of MgATP (to 10 mM) (change in X was
—0.01 £ 0.02) or by decreasing the fiber bundle diameter by
a factor of 2 (to 0.25 mm) (change in x was 0.0 = 0.02),
supporting the conclusion that [ATP] was saturating for all
myosin heads throughout the fiber bundle in EPR experi-
ments.

Analysis of spectra in relaxation

The EPR spectra of relaxed fiber bundles (Fig. 3, top) aligned
parallel (Fig. 3, solid line) and perpendicular (Fig. 3, dotted
line) to the magnetic field are not identical, and have dif-
ferent values for the splitting between the low- and high-field
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Original

FIGURE 3 EPR spectra of InVSL-labeled fiber bundles aligned parallel
( ) and perpendicular (- - - -) to the magnetic field during steady-state
relaxation. (Top) Original spectra. (Bottom) Corrected spectra correspond-
ing specifically to SH1-bound spin labels, obtained by subtracting 60% of
the spectrum of SH2-labeled fibers, as in the right column of Fig. 2. Each
spectrum has been normalized to unit concentration before plotting.

extrema (72.45 = 0.05 G parallel, 70.9 = 0.05 G perpen-
dicular). The corrected spectra (Fig. 3, bottom), correspond-
ing to spin labels specifically bound to SH1, show even
greater orientation dependence in their lineshapes, with a
similar difference in splitting values (73.23 £ 0.05 Gauss
parallel, 71.7 = 0.05 Gauss perpendicular). This implies that
the spin labels on the labeled heads are not completely dis-
ordered (randomly oriented) relative to the fiber axis. A
sample of randomly oriented myofibrils gave spectra (and
splitting values) independent of the sample orientation in the
magnetic field (Roopnarine and Thomas, 1994b). The ori-
entational distribution was analyzed quantitatively by com-
paring these spectra with simulations corresponding to vary-
ing values of 6, and Af. Two parameters were found to be
particularly useful for the analysis of spectra corresponding
to a broad orientational distribution. The first was the ori-
entation dependence of the maximum spectral splitting, as
described above. In simulations, we found that the qualitative
observation, a larger splitting for the parallel sample orien-
tation (Fig. 3, solid line), was obtained only for 6, values
<45°. The second parameter considered was the ratio of
negative to positive peaks in the low-field region (see Fig.
3, bottom, solid line). The range of values for 6, and A6 that
are consistent with the data are shown in the contour plot in
Fig. 4: 6, must be <40°, and A9 must be between 93 and 133°.
Thus, despite a large degree of orientational disorder in re-
laxation, it is clear that the mean orientation is similar to that
in rigor.

Alternative models for head orientation
during contraction

We used simulated spectra to answer three key questions that
arise from our results on the different populations of myosin
heads during steady-state contraction.
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FIGURE 4 Contour plot showing the range of 6, and A6 values that are
consistent with the EPR spectrum of SH1-bound labels in relaxation, re-
corded from a fiber bundle oriented parallel to the magnetic field (Fig. 3,
bottom). Spectra were simulated as described in Materials and Methods, and
the ratio of the negative to positive peaks in the low-field region were
measured (Fig. 3, bottom, ). The plotted points indicate the boundaries
of the region in which the peak ratio from simulated spectra was within
experimental error (SEM) of the experimentally observed ratio in relaxation.

1) Is it possible that the oriented component in contraction
has a 6, value significantly different from that observed in
rigor? We simulated spectra with different 6, values (0, 11,
20, and 34°) all with A8 = 15°, constructed composite spec-
tra corresponding to 79% of the experimental relaxation
spectrum and 21% of the simulated spectrum (Fig. 5), and
compared each of these with the observed spectrum in con-
traction. The value of 34° was chosen because this is the
smallest value of 8, that could correspond to a 45° axial head
rotation. The composite spectra made with either 6, = 11 or
0° have negligible residuals, indicating good agreement,
whereas the spectra with other values for 6, had significant
residuals. These results were not changed by varying the
mol fraction oriented (x in Eq 1). Thus, if the orientational
distribution in contraction is a linear combination of a
disordered population (such as relaxation) and another

Simulated orlented componem
=11° =20°

A A

Composite (0.79 Relaxation + 0.21 Simulated)

Aty Ay A A A

Residual (Contraction - Composite) 1
A A A A A\

e Y Y2 am i

8, =34°

FIGURE 5 EPR spectral simulations, testing whether the oriented spin
label population in contraction can have a 6, value significantly different
from rigor, where 6, is center of the Gaussian distribution for the angle
between the probe’s principal axis and the magnetic field (illustrated in Fig.
1). As discussed in the text, the top row shows spectra simulated with
varying 8, the second row shows composite spectra obtained by combining
the 0.21 of the simulated spectra with 0.79 of the relaxation spectrum, and
the bottom row shows residuals after subtracting the composites from con-
traction. Each spectrum has been normalized to unit concentration before
plotting.
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highly oriented population, the mean axial head orien-
tation of that oriented population does not differ from
rigor by more than 10°.

2) Is it possible that there exists a second oriented com-
ponent 45° different from the rigor component? Composite
spectra were simulated using the following expression:

Composite = x*Rigor + y*Simulated )

+ (1 — x — y)*Relaxation

The simulated spectrum had 6, values of either 34 or 56°
(corresponding to the two possible 45° axial head rotations
from rigor) and A8 = 15° (same as rigor), the mol fraction
y of this new component was varied, and x = z(1 — y) was
determined by fitting the difference spectrum (Contraction —
y*Simulated) to z*Rigor + (1 — z)*Relaxation. The result-
ing three-component composite spectrum was then com-
pared with the experimental Contraction spectrum, and the
results for 6, = 34° are shown in Fig. 6. It is clear that even
the presence of 5% of a second oriented component, corre-
sponding to a 45° axial head rotation from rigor, makes the
fit worse (larger residual spectra). For 6, = 56° (not shown),
the fits are even worse. We conclude that the data are not
compatible with a second oriented population of heads hav-
ing an axial orientation 45° different from rigor, even if that
population is only 5% of the SH1-labeled heads.

3) Is it possible that the disordered component in the con-
traction spectrum has a 6, value 45° (or more) different from
the oriented component in the rigor spectrum? We simulated
spectra with A6 = 114° and values of §, = 11°, 34°, 60°, and
90° (Fig. 7, first row), then constructed composite spectra
corresponding to 79% of the simulated spectrum and 21% of
experimental corrected rigor spectrum (Fig. 7, second row),
and compared this with the observed spectrum in contraction
(Fig. 7, third row). The composite spectrum constructed
from the simulated spectrum with 6, = 11° clearly had the
smallest residual (Fig. 7, fourth row). These results were not
changed by varying the mol fraction oriented (x in Eq. 1).

Composite: x Rigor +y Simulated (6,= 34°) + (1-x-y) Relaxation

x=021,y=0 x=0.22,y=005 x=0.24,y=0.1 x=0.30,y=02

e e e e

Residual (Contraction - Composite)
2 —F " e S P —M‘,&,&—.

FIGURE 6 EPR spectral simulations, testing whether there could be a
second oriented spin label population in contraction, having a §, value of
34°, i.e., 45° from the rigor orientation. As discussed in the text, the com-
posite spectra were obtained from a linear combination of the observed rigor
spectrum (6, = 11°, mol fraction x), a simulated spectrum having 6, = 34°
(mol fraction y), and the observed relaxation spectrum. For each column,
y was fixed and x was varied to minimize x2. The bottom row shows residuals
after subtracting the composites from contraction. Each spectrum has been
normalized to unit concentration before plotting.
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Simulated disordered component
6, =11° 6, =34° 8, = 60°

Composite (0.79 Simulated + 0.21 Rigor)

B o anal s

Residual (Contraction - Composite)

PO VN S N SRR Y, SR

FIGURE 7 EPR spectral simulations, testing whether the disordered spin
label population in contraction can have a 6, value significantly different
from rigor, where 8, is the center of the Gaussian distribution for the angle
between the probe’s principal axis and the magnetic field (illustrated in Fig.
1). As discussed in the text, the top row shows spectra simulated with
varying 6, (A6 fixed at 114°), the second row shows composite spectra
obtained by combining 0.79 of the simulated spectra with the 0.21 of the
rigor spectrum, and the bottom row shows residuals after subtracting the
composites from contraction. Each spectrum has been normalized to unit
concentration before plotting.

Thus even the disordered component in contraction has a
mean axial head orientation that is similar to that of the rigor
state.

We also asked whether the contraction spectrum could be
fit by using a combination of a broad distribution with 6,
different from that of relaxation, plus a narrow distribution
with 6, different from that of rigor; i.e., we constructed com-
posite spectra using the simulated narrow distributions used
in Fig. 5 and the simulated broad distributions used in Fig.
7, varying both values of 6, and the mol fraction x. The results
were essentially the same as in Figs. 6 and 7; i.e., the data
are not compatible with a significant fraction of heads having
a distinct axial orientation other than that of rigor, nor with
the disordered population of heads having a mean orientation
substantially different from that of rigor.

ST-EPR spectra: ys rotational motion

The us rotational motions of labeled myosin heads were
determined by ST-EPR. Fibers were aligned perpendicular to
the magnetic field to minimize the sensitivity of the spectrum
to orientational changes (Barnett and Thomas, 1989). We
showed previously that the ST-EPR spectrum of InVSL in
rigor approaches the rigid-limit spectrum, indicating an ef-
fective rotational correlation time greater than or equal to 160
ms (Roopnarine et al., 1993). The ST-EPR spectrum in re-
laxation (Fig. 8, solid line) had very low intensity, especially
at the second spectral peak, indicating an effective correla-
tion time of 7 to 13 ws. Theoretical simulations of ST-EPR
spectra (Howard et al., 1993) indicate that this is an accurate
value for the actual time constant of rotational motion, be-
cause the range of the orientational disorder is greater than
90° (Fig. 4). Thus, the orientational disorder observed in
relaxation (Figs. 3 and 4) is dynamic on the us time scale.
The ST-EPR spectrum in contraction (Fig. 8, dotted line)
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FIGURE 8 Low-field region (30 Gauss) of ST-EPR spectra of InVSL-

labeled fibers in relaxation (; ) and contraction (- - + ). The fiber bundle
was perpendicular to the magnetic field. Effective rotational correlation
times from ST-EPR spectra, determined from reference spectra of Roop-
narine et al. (1993), are 10 = 3 us (relaxation) and 50 * 4 us (contraction).

shows dynamic disorder intermediate between rigor and re-
laxation (much closer to relaxation), with an effective cor-
relation time of 4654 us. These results agree quite well with
ST-EPR results for MSL fibers (Barnett and Thomas, 1989),
and the interpretation is the same: the spectrum in contraction
is consistent with either 1) a single rate of rotational motion
intermediate between rigor and relaxation or 2) a mixture of
two populations, with 15-30% in a rigid rigorlike state and
the rest in a dynamic state as in relaxation. These two models
cannot be distinguished by ST-EPR alone, because the ST-
EPR spectrum does not resolve distinct rotational motions.
However, given that the conventional EPR spectra show
clear evidence for two resolved populations (Fig. 2), the latter
interpretation is clearly preferred.

DISCUSSION
Interpretation of EPR spectra

In rigor, the uniform orientation of the SH1-bound spin labels
(Fig. 2, top right) and the lack of sub-ms motion indicated
by ST-EPR (Roopnarine et al., 1993) shows that the SH1 site
on the myosin head, presumably along with the portion of the
head between SH1 and actin, is rigidly and stereospecifically
bound to actin (Fig. 9, top). The EPR spectrum of relaxed
fibers (Fig. 2, center right) shows that essentially all the spin
labels are disordered, indicating that the predominant ori-
entational state in relaxation consists of rotationally disor-
dered myosin heads (Fig. 9, center). The spectrum of relaxed
fibers aligned parallel and perpendicular to the magnetic field
are not equivalent (Fig. 3), showing clearly that the orien-
tational distribution is not completely random. The simplest
interpretation is a single Gaussian distribution, with A§ =
90° (full width at half maximum, Figs. 1 and 4). Despite this
disorder, EPR simulations show that the center of this dis-
tribution (6,) has a value less than 40° (Fig. 4), indicating that
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RIGOR
rigid, oriented

RELAXATION
dynamic, disordered

CONTRACTION
79% disordered 21% oriented

EEE

FIGURE 9 Schematic representation of InVSL bound to myosin heads in
rigor, relaxation, and contraction, based on the EPR results of the present
study. The single-headed arrow on the myosin head indicates the mean
orientation of the principal axis of the InVSL . The double-headed arrows
indicate us rotational motions of the myosin heads. Heads are rigidly and
uniformly oriented in rigor (fop) and dynamically disordered in relaxation
(middle). In contraction, there is a mixture of at least two populations, which
are similar to relaxation and rigor in their orientation and dynamics. Con-
traction may involve a transition from a dynamically disordered attached
state (bottom center) to a well ordered rigorlike state (bottom right). See text
for more detailed discussion.

the mean axial orientation of the heads is similar to that of
rigor (6, = 11°). ST-EPR spectra showed that the disorder
during relaxation is dynamic on the us time scale (Fig. 8).
We previously showed that InVSL is rigid (7, > 1 ms) with
respect to S1, even in the presence of ATP (Roopnarine et al.,
1993), so the dynamic disorder in relaxation is not due to
internal motions within the head.

During contraction, 79 = 2% of the heads are disordered,
while the remaining 21 * 2% of heads are oriented in a
well-ordered state like the rigor orientation (Fig. 2). ST-EPR
spectra of contracting fibers show that this disorder is dy-
namic on the ps time scale (Fig. 8). The similarity of the
oriented population to rigor was quantitated by showing that
substantially worse fits to the observed contraction spectrum
were obtained if the mean orientation 6, of the ordered com-
ponent was assumed to be even 10° different from the rigor
orientation (Fig. 5). This result is in sharp contrast to the
prediction that force-generation involves the transition be-
tween two distinct axial head orientations differing by about
45° (Huxley, 1969; Huxley and Simmons, 1971). The data
show even more clearly that there is no significant population
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of heads with an axial orientation that is 45° different from
rigor, whether this population is assumed to be highly ori-
ented (Fig. 6) or partially disordered (Fig. 7). Thus the only
actin-attached heads depicted in the contraction model (Fig.
9, bottom) are those that have precisely the rigor orientation
or those that are highly disordered but have a mean orien-
tation similar to that of rigor.

Functional properties of InVSL-labeled fibers

We have previously shown that about half of the spin-labeled
heads in our fiber preparation are labeled on SH1 (Cys 707),
and the other half on SH2 (cys 697), with little or no double
labeling (Roopnarine and Thomas, 1994b). Although EPR
allows us to resolve the spectrum of SH1-bound InVSL, this
label does not react specifically and completely with SH1, so
we do not have direct and quantitative information about the
effect of InVSL on the physiological properties of each la-
beled myosin head. Our best information about the physi-
ological properties of SH1-blocked heads comes from stud-
ies of IASL, which has been shown to react completely and
specifically with SH1 in muscle fibers (Matta and Thomas,
1992). SH1 modification with iodoacetamide reagents per-
turbs the mechanochemical kinetic cycle primarily by 1) de-
creasing the rate of ATP hydrolysis and the associated equi-
librium constant (k; and K in Scheme 1) and 2) decreasing
the rate of product release (ks in Scheme 1) (Sleep et al,,
1981; Ostap et al., 1993). This apparently shifts the distri-
bution of states in the biochemical cycle to the left in Scheme
1, resulting in greater population of the preforce (weak-bind-
ing) states, especially (A)M.ATP, resulting in a reduction in
force (Ostap et al., 1995).

No Force Force

Ky kg' Ka kg kg k7
ATP + AMT2 AMsATP=AM+ADP +P, = AM'¢ADP+P. ¢ AM'»ADP == AM+ADP =3 AM
P ADP
f 1 il 1 il

ks
MeATP =t MeADPeP|T=xM'sADPeP, X M'sADP == MeADP = M
P, ADP

Schemel

Although the kinetic cycle is perturbed, the force-
producing capability is not abolished; the active tension and
ATPase of fibers with >90% IASL-modified SH1 are still
nearly half those of unlabeled fibers (Matta and Thomas,
1992; Bell et al., 1995). We assume that the kinetic cycle is
similarly affected by modification of SH1 by InVSL, because
the InVSL-labeled fibers support a similar level of tension
and ATPase activity as do IASL-labeled fibers at a similar
level of labeling. Thus, although SH1-labeled heads have
altered biochemical and mechanical properties, correspond-
ing to altered rate constants and populations of intermediate
states, they probably undergo the same structural and chemi-
cal transitions as unlabeled heads.

Volume 68 April 1995

Relationship to previous EPR work

This study is complementary to previous EPR studies of spin
lIabels on SH1 in skinned muscle fibers, which have em-
ployed primarily the and MSL and IASL. Whereas MSL and
IASL have their principal axes approximately perpendicular
to the fiber axis in rigor fibers (8, = 68° and 82°, respec-
tively; Thomas and Cooke, 1980; Fajer et al., 1990b;
Roopnarine and Thomas, 1994b), InVSL has its principal
axis almost precisely parallel to the fiber axis (6, = 11°;
Roopnarine and Thomas, 1994b). Thus InVSL offers a very
different perspective for observing myosin head rotations.
Despite these different perspectives, the principal axes of
all three labels show very narrow orientational distribu-
tions (full width A6 = 10-20°) (Thomas and Cooke,
1980; Fajer et al.,, 1990b; Roopnarine and Thomas,
1994b). Thus 20° is a very conservative upper bound for
the axial disorder (full width) of the SH1 region of the
myosin head bound to actin in rigor.

InVSL data are even more important in the presence of
ATP, because 1) IASL undergoes large-amplitude local ns
rotations relative to the myosin head in the presence of ATP
and is thus useless in measuring global head rotation, and
2) MSL may not be completely immobilized on the head
under all conditions (Wells and Bagshaw, 1984; Barnett and
Thomas, 1987; Roopnarine et al., 1993). Thus the previous
observation of large-amplitude dynamic disorder in relax-
ation and contraction have been questioned because of un-
certainty about the rigidity of probe binding (reviewed by
Thomas, 1987). Because InVSL is the only probe shown to
be completely immobile on myosin heads from 1 ns to 1 ms,
even during ATPase activity (Roopnarine et al., 1993), our
finding of dynamic us disorder in relaxation and contraction
is more significant and convincing than the previous results
with MSL. While InVSL confirms qualitatively the previous
results obtained with MSL, the more rigid binding of InVSL
permits a more definitive description of this dynamic dis-
order. The EPR spectrum of MSL in relaxation are difficult
to distinguish from a random orientational distribution
(Thomas and Cooke, 1980), but our InVSL EPR spectra
show more clearly that the angular distribution in relaxation
is not completely random, since the EPR spectrum in relax-
ation depends on the sample orientation in the magnetic field
(Fig. 3). Most interestingly, the center of the orientational
distribution (6,) in relaxation does not differ substantially
from that of rigor (Fig. 4). A similar conclusion was reached
previously by Wilson and Mendelson (1983), based on EPR
spectra of MSL attached to SH1 in rabbit fibers (Thomas and
Cooke, 1980). Even more importantly, we found that the
disordered component present during contraction has a 6,
value similar to that of rigor (Fig. 7).

InVSL’s unique orientation, with its principal axis nearly
parallel to the fiber axis, greatly clarifies the key finding in
contraction, that the highly oriented population of heads has
the same axial orientation as in contraction. The results in the
present study (Fig. 2) are quite consistent with the previous
results obtained with MSL (Cooke et al., 1982; Fajer et al.,
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1990c) and IASL (Ostap et al., 1995), in which the spectrum
in contraction was also found to be an excellent fit to a sum
of 10-20% of the rigor spectrum and 80-90% of the relax-
ation spectrum. For MSL, this conclusion was somewhat
ambiguous, because the orientation of MSL, with its prin-
cipal axis nearly perpendicular to the fiber, left open the
possibility that the head could change its orientation sub-
stantially without changing significantly the axial orien-
tation of the principal axis. This ambiguity is removed by
InVSL, because any axial head rotation would result in
precisely the same rotation of the principal axis. Thus the
oriented population of heads in contraction has precisely
the same axial head orientation, within 10°, as heads in
rigor. This result argues strongly against the 90-to-45°
rotating cross-bridge model. Our ST-EPR data show that,
during steady-state relaxation and contraction, the dis-
ordered population of myosin heads is dynamically
disordered on the ws time scale (Fig. 8). Previous studies
with other EPR and optical probes have consistently
shown that the disordered heads in contraction are dy-
namic on the us time scale (Barnett and Thomas, 1989;
Stein et al., 1990).

To use these results in clarifying the molecular mecha-
nism of contraction, it is necessary to place them in the
context of the biochemical/mechanical cycle (Scheme 1);
i.e., to correlate the spectroscopic signals with biochemi-
cal intermediates (the horizontal dimension of Scheme 1)
and with cross-bridge attachment to actin (the vertical
dimension of Scheme 1). The large body of data on MSL-
labeled heads is quite helpful in dealing with both issues.
A crucial question is whether a substantial fraction of the
dynamically disordered heads are attached to actin, as
depicted in Fig. 9 (bottom). This question remains to be
answered for InVSL, but the answer is yes for MSL, based
on EPR experiments that resolved the signals from actin-
bound spin-labeled myosin heads at low ionic strength in
solution (Berger et al., 1989) and relaxed muscle fibers
(Fajer et al., 1991), and in the presence of nucleotide
analogs in solution (Berger and Thomas, 1991), in myo-
fibrils (Berger and Thomas, 1994), and in fibers (Fajer
et al., 1988). In several of those studies, the fraction of
actin-bound heads was determined directly by either sedi-
mentation (in solution) or proteolytic susceptibility (in
myofibrils). The results showed consistently that heads
bound to actin in weak-binding (presumably preforce)
states were dynamically disordered, whereas heads bound
in strong-binding (force-bearing) states were rigorlike
(Berger and Thomas, 1994). Similar studies with con-
tracting MSL-labeled myofibrils also indicated that the
fraction of actin-bound heads was greater than the number
of rigorlike (immobile) heads, indicating that some of the
actin-bound heads are dynamically disordered in contrac-
tion (Berger and Thomas, 1993). Therefore, the EPR data
suggest that the cross-bridge power stroke is a transition
from a dynamically disordered preforce state (Fig. 9, bot-
tom center; (A)M.ATP and (A)M.ADP.P in Scheme 1) of
the myosin head to a highly oriented, rigorlike force-
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bearing state (Fig. 9, bottom right; [(A)M.ADP.P, and
(A)M.ADP in Scheme 1]) as proposed by Berger and
Thomas (1994) and by Thomas et al. (1995). This
disorder-to-order transition could be enough by itself to
produce force, as long as the mean axial orientation of the
head changed substantially (Berger and Thomas, 1994).

Relationship to other work

Most electron microscopy (EM) studies show that most myo-
sin heads attached to actin in the presence of ATP are highly
disordered at varying angles in solutions of myosin and actin
(Frado and Craig, 1992; Walker et al.,, 1994) and in con-
tracting muscle (Hirose et al., 1993). A quantitative rapid-
freezing deep-etch EM study concluded that the attachment
angle most often observed in weak-binding states is rigorlike
(Pollard et al., 1993); and a more recent study employing a
similar technique suggested that the orientational distribution
in weak-binding states is much broader in the presence of
ATP, but the distribution still peaks near the rigor orientation
(Funatsu et al., 1993). This is consistent with our conclusion
that the orientational distribution of the disordered popula-
tion, in both relaxation and contraction, is centered on the
rigor orientation (Figs. 4 and 7). A model for contraction,
based on the high-resolution x-ray crystal structures of S1
and actin (Rayment et al., 1993a, b), suggests that the initial
attachment of S1 to actin is weak, primarily ionic, and not
stereospecific (consistent with Fig. 9, bottom center), and
that force generation results from the formation of a strong
and stereospecific rigorlike bond that completes the genera-
tion of force (as in Fig. 9, bottom right). The present study
verifies the presence of both types of myosin head configu-
ration during contraction, providing a plausible reconcilia-
tion of the abovementioned EM reports.

The model of Rayment et al. (1993b) also proposes that
this disorder-to-order transition is accompanied by a
change in the shape of the myosin head, in which the head
becomes less bent in the transition from weak to strong-
binding. In fact, this change in head shape was proposed
carlier in response to EPR evidence that only one ste-
reospecific angle of SH1-bound probes is detectable in
contraction and other physiological states (Cooke et al.,
1982; Huxley and Kress, 1985; Cooke, 1986), and it has
received some support from studies of nucleotide-
dependent myosin head shape in solution (Highsmith and
Eden, 1990, 1993; Wakabayashi et al., 1992). InVSL, like
other rigidly bound SH1 probes, is probably in the portion
of the head (the “catalytic domain”) close to actin that
would not detect this shape change. As mentioned above,
the disorder-to-order transition (Fig. 9, bottom) could be
sufficient to produce force, but only if the mean axial head
angle changed. Given that the present study suggests that
the mean axial orientation of the disordered component
is not significantly different from the oriented component
(Figs. 4 and 7), the disorder-to-order transition (Berger
and Thomas, 1994) may not be sufficient for force gen-
eration. Thus the present EPR results support the model
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that force generation requires not only a disorder-to-order
transition, but also a change in the shape of the head. Both
of these are features of the model of Huxley and Kress
(1985). In fact, recent EPR and phosphorescence studies
provide evidence for rotational motions of the light-
chain-binding domain relative to the catalytic domain
(which contains SH1) during contraction (Roopnarine
et al., 1995; Thomas et al., 1995).

CONCLUSIONS

We have shown that relaxation induces substantial but in-
complete dynamic axial orientational disorder of InVSL-
labeled myosin heads in muscle fibers. During isometric con-
traction 79 * 2% of the heads are disordered as in relaxation,
while the remaining 21 % 2% have the same axial orientation
as in the rigor state. The disordered population, in both re-
laxation and contraction, has at least 90° of disorder, but the
mean orientation of this population is similar to that of
the oriented (rigorlike) population. We conclude that either
1) a distinct 90°-t0-45° axial reorientation of myosin heads
does not occur, but is instead a disorder-to-order transition;
2) the 90° state is not significantly populated in the steady
state; or 3) another region of the myosin head, farther than
InVSL from actin, rotates in contraction. Hypothesis 2 can
be tested by performing transient EPR (Ostap et al., 1993;
Roopnarine and Thomas, 1994a), and hypothesis 3) can be
tested by labeling myosin heads at a site farther from actin
(Roopnarine et al., 1995; Thomas et al., 1995).
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