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Three Distinct Actin-Attached Structural States of Myosin in Muscle Fibers

Ryan N. Mello and David D. Thomas*
Department of Biochemistry, Molecular Biology and Biophysics, University of Minnesota, Minneapolis, Minnesota

ABSTRACT We have used thiol cross-linking and electron paramagnetic resonance (EPR) to resolve structural transitions of
myosin’s light chain domain (LCD) and catalytic domain (CD) that are associated with force generation. Spin labels were incor-
porated into the LCD of muscle fibers by exchanging spin-labeled regulatory light chain for endogenous regulatory light chain,
with full retention of function. To trap myosin in a structural state analogous to the elusive posthydrolysis ternary complex
A.M'.D.P, we used pPDM to cross-link SH1 (Cys”®”) to SH2 (Cys®®”) on the CD. LCD orientation and dynamics were measured
in three biochemical states: relaxation (A.M.T), SH1-SH2 cross-linked (A.M'.D.P analog), and rigor (A.M.D). EPR showed that
the LCD of cross-linked fibers has an orientational distribution intermediate between relaxation and rigor, and saturation transfer
EPR revealed slow rotational dynamics indistinguishable from that of rigor. Similar results were obtained for the CD using
a bifunctional spin label to cross-link SH1-SH2, but the CD was more disordered than the LCD. We conclude that SH1-SH2
cross-linking traps a state in which both the CD and LCD are intermediate between relaxation (highly disordered and micro-
second dynamics) and rigor (highly ordered and rigid), supporting the hypothesis that the cross-linked state is an A.M’'D.P analog

on the force generation pathway.

INTRODUCTION

Muscle contraction is driven by the actin-activated hydro-
lysis of ATP by myosin, resulting in the relative sliding
of actin and myosin filaments. Mechanistic models propose
that filament sliding is driven by a structural transition of
the myosin catalytic domain (CD) from a dynamically
disordered state of weak actin binding to an ordered state
of strong actin binding, and a lever arm rotation of the
light-chain domain (LCD) (1-4). In the lever arm model,
the LCD behaves as a semirigid rod that amplifies and
propagates the force-producing structural changes in the
myosin CD to the thick filament core (4,5). The strongly
bound actomyosin complexes (A.M or A.M.D) are quite
stable and have been studied in great detail, with electron
paramagnetic resonance (EPR) revealing that the orienta-
tions of the CD (6,7) and LCD (8,9) are well defined
with respect to the actin filament axis. However, much
less is known about the weakly bound complexes (A.M.T
or A.M.D.P), which are more difficult to study due to their
dynamic disorder and short lifetimes. Saturation transfer
EPR (STEPR), with spin labels on the CD of myosin, in
the steady state of ATP hydrolysis (10,11) or in the pres-
ence of ATPyS (12,13), has shown that weakly attached
myosin heads undergo large-amplitude rotations with
correlation times (7g) in the range of 1-20 wus. This
dynamic disorder is consistent with the disordered appear-
ance of myosin subfragment 1 (S1) bound to actin in
electron micrographs of similar weakly bound complexes
(14-16).

These spectroscopic and electron microscopic observa-
tions of weakly bound actomyosin complexes were done
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under conditions in which the predominant actin-attached
myosin biochemical state was probably the prehydrolysis
complex (A.M.T). However, the posthydrolysis ternary
complex (A.M.D.P) is also of great interest, because there
is evidence that force generation begins in this biochemical
state, before phosphate is released but after isomerization to
AM'.D.P (17,18). This early-force complex has remained
elusive, because actin: 1), greatly accelerates the rate of
P; release, thus quickly converting A.M'.D.P to A.M.D;
and 2), shifts the equilibrium constant for hydrolysis toward
the prehydrolysis state by a factor of 20 (19). Thus, prepara-
tion of a stable posthydrolysis ternary complex or analog is
crucial for understanding myosin’s force-producing struc-
tural transitions. The posthydrolysis analogs ADP.V; and
ADP.AIF, would seem to provide an attractive approach
to trapping the elusive A.M.D.P complex, but actin rapidly
dissociates these phosphate analogs from myosin (20,21).
The nucleotide analogs AMPPNP and pyrophosphate do
remain bound in the ternary complexes with actin and
myosin, but these complexes are structurally indistinguish-
able from the strongly bound complex A.M.D (12,22,23).
There are two proposed stable analogs of the ternary
complex A.M’.D.P: the complex of actin with myosin, bleb-
bistatin, and ADP (24) and the complex of actin with
myosin that has been cross-linked with n,n’-(1,4-phenyl-
ene)dimaleimide (pPDM). In this work, pPDM cross-link-
ing was used to trap a stable analog of the A.M'.D.P state.
pPDM specifically cross-links the two most reactive
cysteine residues, SHI (Cys’®”) and SH2 (Cys®”), on the
CD of myosin (25-27). Several mechanical and biochemical
studies have characterized pPDM-cross-linked myosin as a
weak-binding state. Muscle fibers treated with pPDM
exhibit an 85% decrease in isometric force (28) and a
decrease in rigor stiffness to the level of resting untreated
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fibers (29). The actin-activated ATPase of pPDM-S1 is 0.2%
of the rate of unmodified S1 (8), and pPDM-S1 exhibits
weak actin binding, with an actin affinity at low ionic
strength (K; = 30 uM) ~3 times stronger than S1.ATP,
100 times weaker than S1.AMPPNP, and 1000 times weaker
than S1.ADP (25). However, pPDM-myosin does not trap
nucleotide when bound to actin, as might be expected for
a stable analog of the A.M'.D.P complex (26). Rather,
pPDM appears to trap the stable A.M’.D.P complex by trap-
ping a structural state in which the SH1 helix is disordered
(see Structural Coupling Within Myosin, below).

Recent work using a bifunctional spin label, 3,4-bis-
(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihy-
dro-1H-pyrrol-1-yloxy radical (BSL) rather than pPDM to
cross-link SH1 to SH2, has characterized the orientation
and dynamics of the BSL-S1 actin complex (30) (Fig. 1).
EPR of BSL-S1 bound to oriented actin in muscle fibers
yields spectra characteristic of nearly random orientation,
in contrast to the high degree of orientational order of S1
strongly bound to actin. However, STEPR of BSL-S1
reveals rotational dynamics with a correlation time (75)
~600 us, which is similar to that observed for the strongly
bound biochemical states A.M and A.M.D, and 30 times
slower than the weakly bound ternary complex A.M.T
(12). It is evident that SH1-SH2 cross-linked myosin
exhibits distinct structural properties that place it interme-
diate between A.M.T and A.M.D, as expected for an analog
of the A.M'.D.P complex (Fig. 1).

The spectroscopic results from BSL-S1, summarized
above, provided insight into the structural consequences
of SHI-SH2 cross-linking. However, they were acquired
with probes attached only on the CD of isolated S1, leaving
two questions open: 1), Are the structural dynamics of
cross-linked S1 due to orientational disorder of the entire
myosin head, or to disorder within the head? 2), Are these

AM.T &> AM.D.P -AM.D.P & :AM.D

(W) (W) ws) _: (5)
K4 =100 uM Ky =30 M Ky<1uM
Fast CD dynamics Slow CD dynamics  Slow dynamics
T~ 10 us R~1ms CD1w~1ms
FIGURE 1 Model for coupling of actomyosin ATPase to force and move-

ment, focusing on the coupling of biochemical transitions to orientation and
dynamics of the myosin catalytic domain, adapted from Thomas et al. (4).
(Red and green) Weak (preforce) and strong (force-bearing) complexes
respectively. (Curved arrows) Orientational disorder. An upward step indi-
cates the power stroke. Text at top indicates the biochemical state (defined
by the active site ligand): A, actin; M, myosin; T, ATP; D, ADP; P, inorganic
phosphate. Prime (') indicates a second structural state corresponding to the
same biochemical state. Text under each state indicates distinguishing prop-
erties of the catalytic domain.
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results characteristic of intact myosin in a muscle fiber? In
muscle fibers, the myosin head is constrained not only by
actin but also by the thick filament backbone. The resulting
mechanical strain may limit the conformation of myosin as
it binds actin, or dissociate a fraction of the heads due
to weakened actin binding induced by cross-linking. To
answer these questions, we used EPR to measure orienta-
tion and dynamics of both the LCD and CD in intact
myosin in skinned skeletal muscle fibers. LCD measure-
ments were made in three biochemical states: relaxa-
tion (A.M.T), pPDM-cross-linked (A.M'.D.P), and rigor
(A.M.D). LCD orientation and dynamics in muscle fibers
were measured by spin-labeling purified RLC, then
exchanging it with the endogenous RLC, with retention
of muscle function. The CD was studied in cross-linked
fibers, using BSL to simultaneously cross-link and spin-
label the myosin CD.

METHODS
Muscle fiber preparation and characterization

Glycerinated rabbit psoas muscle fiber bundles were prepared and stored in
a solution containing 1:1 mixture of rigor solution (60 mM KPr, 2 mM
MgCl,, 1 mM EGTA, 25 mM MOPS, pH 7.0, 25°C) and glycerol at
—20°C for up to six months without significant loss of function (31).
Chicken gizzard RLC was prepared and labeled with 3-(5-fluoro-2,4-dini-
troanilino)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (FDNASL) as described
in Section S1 in the Supporting Material. Spin-labeled RLC (FDNASL-
RLC) was then exchanged for endogenous RLC in fiber bundles (see
Section S3 in the Supporting Material). The extent of RLC extraction and
reconstitution was determined by densitometric analysis of sodium dodecyl
sulfate polyacrylamide gel electrophoresis on fiber homogenates (see
Section S4 in the Supporting Material). Muscle fiber function after RLC
exchange was assessed by measuring the Ca dependence of myofibrillar
MgATPase activity (see Section S5 in the Supporting Material).

Cross-linking with pPDM and BSL

SHI (Cys’) and SH2 (Cys®”) were cross-linked using pPDM (Sigma-
Aldrich, St. Louis, MO), with the same setup used for RLC exchange (see
Section S3 in the Supporting Material) except that temperature was always
4°C. The fiber bundle was washed for 15 min with cross-linking solution
(190 mM KPr, 2 mM MgCl12, | mM EGTA, 20 mM MOPS, 5 mM MgATP),
and pPDM (in dimethylformamide) was added to cross-linking solution such
that the final [pPDM] was 200 uM and dimethylformamide never exceeded
1%. After 75 min, the fiber bundle was washed with RS190 (cross-linking
solution without MgATP) for 15 min to remove unreacted pPDM and
MgATP. K/EDTA and Ca/K ATPase activities (see Section S5 in the Support-
ing Material) were used to determine the extent of pPDM cross-linking. SH1
and SH2 were also cross-linked with the bifunctional spin label 3,4-bis-
(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihydro- 1 H-pyrrol-1-
yloxy radical (BSL; Toronto Research Chemicals, North York, Ontario,
Canada). The experimental setup and BSL cross-linking procedure was iden-
tical to that used for cross-linking with pPDM, except that the BSL concen-
tration was 100 uM and the reaction time was 75 min.

EPR spectroscopy

EPR spectra were recorded at X-band (9.5 GHz) with a Bruker (Billerica,
MA) E500 spectrometer, using either a TE;q, (Bruker 41040R-R) or
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TM; 0 (Bruker 4103TMA) cavity. The sample temperature was maintained
at 23°C by flowing temperature-controlled N, gas through a nozzle attached
to the optical port on the front of the cavity (TE;q,) or a quartz dewar in-
serted into the bottom of the cavity (TMjjo). The sweep width was
120 G (1024 points), sweep time was typically 41.94 s (conversion time
40.96 ms), and the center field value H- was set proportionally to the micro-
wave frequency v (Hc = v/2.803 MHz/G, corresponding to a g value of
2.0027, the value of g, for a typical nitroxide) so that all spectra were equiv-
alently aligned. For EPR experiments on oriented muscle fiber bundles
under perfusion, the procedure was essentially the same as that used during
RLC exchange (see Section S3 in the Supporting Material). The solution
flow rate varied from 115 pL/min to 340 uL/min, such that a further
increase in flow rate did not affect the spectra.

EPR spectra were acquired in either RS190 (190 mM KPr, 2 mM MgCl,,
1 mM EGTA, 20 mM MOPS, pH 7.0) or in relaxation solution (RS190 with
20 mM KPr rather than 190 mM KPr, plus 5 mM MgATP, 50 mM creatine
phosphate, and 750 units/ml of creatine phosphokinase) (32). Ionic strength
was 203 mM for both solutions. Spectra of RLC-labeled fibers in rigor and
pPDM-cross-linked states were acquired while perfusing the fiber with
RS190, and relaxation spectra were acquired while perfusing relaxation
solution. Spectra of BSL-fibers were also acquired while perfusing the
fibers with RS190, to remove free spin-label that was slowly released.
For EPR experiments on randomized samples, fibers in RS190 were minced
with a razor blade and placed in a quartz flat cell that contained a well of
dimensions 0.5 x 1.0 x 0.05 cm (WG-806-Q; Wilmad-Labglass, Buena,
NJ). Excess moisture was wicked away and a cover slip was placed over
the sample well and sealed with Parafilm M (Pechiney Plastic Packaging
Company, Chicago, IL) to prevent sample dehydration. The flat cell
assembly was centered in the EPR cavity with its face oriented parallel
or perpendicular to the applied magnetic field.

Conventional EPR spectra (V;) of RLC-labeled fibers and BSL-fibers
were acquired with the long axis of the fiber bundle oriented either parallel
(using a modified TM;( cavity (9)) or perpendicular (using a TE, cavity)
to the applied magnetic field. Microwave power was set from 20 mW to 32
mW, to maximize the signal intensity without causing significant saturation.
The modulation frequency was 100 kHz (first harmonic), and the peak-to-
peak modulation amplitude was 2 G. The filter time constant was set equal
to the conversion time (40.96 ms). Spectra of fibers were analyzed to deter-
mine the orientational distribution of the spin-label relative to the muscle
fiber axis, using computational simulation and least-squares minimization
(6,30,33). Briefly, the spectrum of minced fiber bundles was fit to obtain
the orientation-independent parameters, including the anisotropic 7 and g
tensors and the linewidths. Spectra of oriented fiber bundles were then fitted
to determine the orientational distribution of the spin-label relative to the
fiber axis, defined by the center (fy) and the width (A#’, full width at
half-maximum) of the assumed Gaussian orientational distribution. Anal-
ysis of the spectrum from minced RLC-labeled fibers indicated two compo-
nents with different tensor values. One component, having a wider splitting
than the predominant component, composes a small fraction (<0.15) of the
total spectrum and presumably represents a small fraction of nonspecifi-
cally bound RLCs. Previously, this nonspecific component comprised
40% of the spectrum (9). This small nonspecific component was digitally
subtracted before fitting.

Saturation transfer EPR spectra (V,') of RLC-labeled fibers and BSL-
fibers were acquired as described previously (30,34). Fibers were aligned
perpendicular to the field to minimize the effects of orientation on the spec-
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trum. In STEPR, the microwave power P is set such that the microwave
field amplitude H; is 0.25 G, determined from P = (H 2/K)(Qo/Q), where
K is determined by calibration with a sample of known saturation properties
(34), Qo is the cavity quality factor (measured by the spectrometer) during
the calibration, and Q is the value measured for each experiment. For the
muscle fiber setup used in this work, K was typically measured to be
1.06 G¥W and Q, = 3000, so P was typically set at 59 mW x 3000/Q
for STEPR. The following parameters were used to acquire V,': H; =
0.25G, modulation frequency v, = 50 kHz with the phase-sensitive detec-
tion at 100 kHz (second harmonic), peak-to-peak modulation amplitude
H,, = 5.0 G, modulation phase ¢,, = 90° (minimum signal at nonsaturating
power), and filter time constant = 328 ms. V,' spectra were analyzed to
determine the rotational correlation time 7g, based on the integrated inten-
sity parameter f V,', which is independent of the spin concentration and
orientation (34).

RESULTS
RLC exchange

Previous work using EPR to measure LCD orientation indi-
cates a large population of RLC bound nonspecifically in
skeletal muscle fibers (see Section S2 in the Supporting
Material) (8,9,35). Using a modified RLC exchange method
(see Section S3 in the Supporting Material), we minimized
this population of nonspecific RLC to <15% of the total
spin-labeled RLC (see Fig. S1 in the Supporting Material),
a substantial improvement compared to previous EPR
studies (9). The extent of RLC extraction and reconstitution
(see Fig. S2) indicated that 54 = 10% of the endogenous
RLC was exchanged with spin-labeled RLC. Muscle func-
tion after RLC exchange was normal, as shown by the Ca
dependence of myofibrillar MgATPase (Table 1). This
improvement in RLC exchange technology, compared to
previous EPR studies on skeletal muscle fibers (8,9,35),
dramatically enhances the sensitivity and validity of LCD
structural measurements.

Cross-linking SH1 and SH2 with pPDM

K/EDTA-ATPase and Ca/K-ATPase activities were used to
determine the extent and specificity of SH1-SH2 modifi-
cation with pPDM. ATPase measurements from control
(no pPDM) and pPDM-treated fibers are summarized in
Table 1. Both the K/EDTA- and Ca/K-ATPase are inhibited
by pPDM treatment (Table 1). As shown previously (30),
these values indicate that at least 90% of the myosin heads
were modified at SH1 and SH2, presumably due to cross-
linking by pPDM. We cannot rule out the possibility that

TABLE 1 ATPase assays

Sample MgATPase Viax MgATPase pKc, K/EDTA-ATPase Ca/K-ATPase
Control 0.322 + 0.021 5.87 = 0.01 0.459 =+ 0.021 0.066 + 0.013
RLC exchanged 0.321 + 0.024 5.83 £ 0.09 — —
pPDM cross-linked — — 0.0508 + 0.013 0.038 = 0.024

All values are reported as mean * SE (n = 4-6). V.x, K/EDTA-ATPase, and Ca/K-ATPase values have units of umol/mg protein/min. Control fibers under-

went a mock RLC exchange or mock pPDM treatment.
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some of the effects are due to modification of other thiols,
including those on actin, tropomyosin, and troponin.
However, previous studies have shown that reaction of
skinned fibers with thiol-reactive probes under these condi-
tions is remarkably specific for SH1, and that the reaction of
BSL with myosin S1 is quite specific for SH1-SH2 (30), so
it is likely that most of the reaction of pPDM and BSL is
with SH1 and SH2.

LCD orientation measured by conventional EPR

EPR is extremely sensitive to the orientational distribution
of a spin-label with respect to the applied magnetic field
(H). At the frequency used here (X-band, 9.5 GHz) EPR
is primarily sensitive to the angle # between the spin-label’s
principal axis and H. In a well-oriented muscle fiber, aligned
either parallel or perpendicular to H, the EPR spectrum
detects directly the angle §' between the spin-label’s prin-
cipal axis and the fiber axis (see Fig. S3) (6). Thus, the
recording of parallel and perpendicular spectra provides
a clear graphical indication of the degree of orientation of
the spin-label relative to the fiber axis. The parallel spectrum
is then analyzed to determine the precise orientational distri-
bution p(8").

LCD orientation, with respect to the fiber axis, was deter-
mined from conventional EPR spectra (V) of spin-labeled
RLC in skinned muscle fiber bundles. Parallel and perpen-
dicular spectra of minced fiber bundles are nearly identical,
indicating random orientation (Fig. 2, fop). EPR spectra of
oriented fiber bundles were acquired in three different
biochemical states: relaxation (A.M.T, prepower stroke),
rigor (A.M.D, postpower stroke), and SH1-SH2 cross-linked
with pPDM (A.M'.D.P) (Fig. 2). In relaxation, spectra are
nearly independent of fiber orientation, indicating virtually
random orientation of the LCD (6, = 72° £ 9°, A# =
89° = 11°). In rigor, the spectra are quite sensitive to fiber
orientation, indicating a single population with a high
degree of orientational order (6) = 41° + 4°, A§’ = 38°
* 6°). After pPDM treatment, sensitivity to fiber orienta-
tion is intermediate between that of relaxation and rigor
6y = 54° + 6°, A§’ = 64° = 16°). We conclude that in
relaxation (A.M.T, prepower stroke) the LCD is randomly
disordered, in rigor (A.M.D, postpower stroke) the LCD is
highly ordered, and in the pPDM-cross-linked state (analog
of A.M'.D.P) the LCD is partially disordered, with an orien-
tational distribution intermediate between those of relaxa-
tion and rigor. However, this amount of disorder is enough
that we cannot determine whether there is a single disor-
dered population or a mixture of ordered and disordered
populations.

Based on conventional EPR spectra (Fig. 2), the interme-
diate orientation of the LCD in pPDM-cross-linked fibers
can be explained by two distinct models. In Model 1
(Fig. 3, left), cross-linking traps a state in which both
myosin heads are bound to actin with static orientational
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FIGURE 2 Conventional EPR spectra (V;) of spin-labeled LCD. Spectra
were acquired with the flat cell (top) or the capillary containing oriented
fibers (bottom three) oriented parallel (red) or perpendicular (blue) to the
magnetic field H. The buffer was either RS190 (rigor, pPPDM) or relaxation
solution (see Methods).

disorder that is intermediate between relaxation (A.M.T.)
and rigor (A.M.D). In Model 2 (Fig. 3, right), cross-linking
traps a state in which half of the heads are dissociated from
actin (and dynamically disordered as in relaxation) whereas
the other half remain strongly bound as in rigor, as observed
previously for the nucleotide analogs PP; and AMPPNP
(22,23). It has been shown previously that both the CD
(10,11,36) and LCD (37,38) of dissociated heads are

Model 1
2= 1ms

FIGURE 3 Alternative models consistent with the conventional EPR
spectra of pPDM-treated fibers (see Fig. 2, bottom).
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dynamically disordered, with a rotational correlation time
Tg ~10 us. Thus to decide between the two models in
Fig. 3, we must measure the rotational correlation time 7,
to determine whether the disorder is static (Model 1) or
dynamic (Model 2) on the microsecond timescale. This calls
for saturation transfer EPR (STEPR).

RLC dynamics measured by STEPR

In addition to being sensitive to orientation, EPR is sensitive
to rotational dynamics (see Fig. S4), but conventional EPR
(V) is sensitive to rotational motion only for rotational
correlation times (7g) in the picosecond-to-microsecond
time range, so it is not sensitive to the slow rotational
dynamics of large proteins such as myosin (4). Therefore,
we must use STEPR (V,/), which is sensitive to the micro-
second-to-millisecond time range (39).

STEPR was used to detect the microsecond rotational
dynamics of LCD in relaxation, rigor, and the pPDM-
cross-linked state (Fig. 4, bottom). Rotational correlation
times were determined from STEPR spectra (V,') using
the integrated intensity parameter ([V,') as described in
Methods (34). It is clear that the spectrum obtained in relax-
ation is much less intense than the other two cases (rigor and
cross-linked), which are essentially identical. The values of
f V,' (Fig. 4, inset) in relaxation, rigor, and the cross-linked
state are 0.54 = 0.026, 1.01 £ 0.047, and 0.96 = 0.064,
respectively, corresponding to 7 values of 22 + 3.6 us in

FIGURE 4 Effect of pPDM-cross-linking on EPR spectra of spin-labeled
myosin LCD in skinned fiber bundles. Spectra were acquired in relaxation
(magenta), rigor (black), and the pPDM-cross-linked state (green). (Top)
Conventional EPR of fibers oriented parallel to the field (V;, from
Fig. 2). (Bottom) STEPR spectra (V,') of fibers oriented perpendicular to
the field. (Inser) j V,'. The buffer was RS190 (rigor and pPDM) or relaxa-
tion solution (see Methods).
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relaxation and >1 ms for both rigor and pPDM (34). We
conclude that the rotational dynamics of LCD in the
pPDM-cross-linked state (analog of A.M’.D.P) is indistin-
guishable from that of rigor (A.M.D), and much slower
than in relaxation (A.M.T), despite the orientational distri-
bution being intermediate between relaxation and rigor
(Fig. 4, top). These results are consistent with Model 1 but
not Model 2 (Fig. 3). Cross-linking traps a state in which
both heads are bound to actin with static orientational
disorder.

Catalytic domain orientation and dynamics
of BSL-fibers

Isolated BSL-S1 bound to actin in oriented muscle fibers is
almost randomly oriented and exhibits slow rotational
dynamics (7z ~ 600 us), similar to that of rigor and 30 times
slower than observed for the ternary complex A.M.T
(12,30). However, it is possible that the head of endogenous
myosin behaves differently due to restriction by the thick
filament backbone. Thus, to gain a more complete under-
standing of the complex trapped by SH1-SH2 cross-linking,
we measured catalytic domain orientation and dynamics in
cross-linked fibers, using BSL to simultaneously cross-link
and spin-label myosin.

Conventional EPR spectra of BSL-fibers were acquired
with the fiber axis parallel or perpendicular to the magnetic
field H. Parallel and perpendicular spectra are nearly iden-
tical, indicating a highly, but not completely, disordered
CD (8 = 85° =+ 3°, A¢’ = 77° = 4°) (Fig. 5, top). In
contrast, previous EPR studies demonstrate that un-cross-
linked fibers spin-labeled at SH1 exhibit a narrow angular
distribution in rigor with A§’ ~15°, and random orientation
(A@ = 90°) in relaxation (6). Thus SH1-SH2 cross-linking
produces an orientational distribution of the CD that is much
more disordered than in rigor and slightly less disordered
than in relaxation.

The STEPR spectrum of BSL-fibers (Fig. 5, bottom)
demonstrates extremely slow rotational dynamics of the
CD, with [V,' = 1.27 + 0.26, corresponding to the rigid
limit of STEPR (7 = 1 ms). This result is similar to that
of rigor, in which the CD is immobile on the microsecond
timescale (36), and much slower than in relaxation (7
~10 ws) (10,11,36). We conclude that the CD in SH1-SH2
cross-linked fibers is much more disordered than in rigor,
but not as disordered as in relaxation, and rotational motions
are as slow as in rigor.

In comparing the LCD (Fig. 4) with the CD (Fig. 5), the
cross-linked state in fibers has similar properties—highly
disordered (as in relaxation) but static (as in rigor).
However, the disorder of the LCD (A0’ = 64°) is signifi-
cantly less than that of the CD (A#' = 77°), suggesting
that the source of disorder is at the actin-CD interface. In
support of this hypothesis, the CD of BSL-fibers is not as
disordered as the CD of BSL-S1 (30), indicating that CD
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parallel
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vV,

FIGURE 5 EPR spectra of skinned fiber bundles labeled on myosin CD
with BSL, cross-linking SH1 and SH2. (Top) Conventional EPR (V;) of
fiber bundles, with the fiber axis oriented parallel (red) and perpendicular
(blue) to the magnetic field H. (Bottom) STEPR (V). The buffer was
RS190.

disorder in intact myosin in fibers is restricted by connection
to the thick filament backbone.

DISCUSSION
Summary of results

We have used RLC exchange, myosin cross-linking, and
EPR to measure the orientation and dynamics of myosin’s
LCD in three biochemical states, relaxation (A.M.T),
SH1-SH2 cross-linked (A.M'.D.P analog), and rigor
(A.M.D). Modification of a previously described RLC-
exchange protocol (40) made it possible to reduce nonspe-
cific RLC binding (see Fig. S1) while replacing 54% of
the endogenous RLC with spin-labeled RLC (see Fig. S2),
with retention of function as defined by the Ca-dependence
of myofibrillar MgATPase (Table 1). Conventional EPR was
used to measure the orientational distribution of the LCD in
RLC-exchanged muscle fiber bundles (Fig. 2). In relaxation
(A.M.T, prepower stroke) the LCD is highly disordered, in
rigor (A.M.D, postpower stroke) the LCD is orientationally
ordered, and in the pPDM-cross-linked state (A.M’.D.P) the
LCD has an orientational distribution intermediate between
relaxation and rigor. STEPR demonstrates that LCD
dynamics in cross-linked fibers is indistinguishable from
rigor (T = 1 ms) and much slower than in relaxation
(tr = 22 us) (Fig. 4). We also measured CD orientation
and dynamics in fiber bundles cross-linked with BSL
(Fig. 5) and found that both conventional and STEPR results
are similar to those of the LCD in cross-linked fiber bundles
(Fig. 4). The CD of SH1-SH2 cross-linked fibers is more
disordered than in rigor, but not as disordered as in relaxa-
tion. The dynamics of the CD in SH1-SH2 cross-linked
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fibers is indistinguishable from rigor (7 = 1 ms) and
much slower than relaxation (7 ~10 us). Thus, SH1-SH2
cross-linking disorders both the CD and LCD, but this orien-

tational disorder is much less dynamic than in relaxation.

Interpretation of results

During the actomyosin ATPase cycle, myosin transitions
from a disordered state of weak actin binding to an ordered
state of strong actin binding (Fig. 1). The weakly bound
complexes (A.M.T) (10-16) and the strongly bound
complexes (A.M and A.M.D) (6,7,9) have been the subject
of many studies. However, relatively little is known about
posthydrolysis ternary complexes, especially the force-
generating AM'.D.P. One stable equilibrium complex,
proposed to be analogous to A.M'.D.P, is the complex of
actin with SH1-SH2 cross-linked myosin. Recent work on
BSL-S1 showed that cross-linked S1 is orientationally
disordered but has very slow rotational dynamics (30).
However, because that work was done with probes attached
on the CD of isolated S1, two questions remained open: 1),
Are the structural dynamics of cross-linked S1 due to orien-
tational disorder of the entire myosin head, or to disorder
within the head? 2), Are these results characteristic of intact
myosin in a muscle fiber?

In this study, the combination of conventional and satura-
tion transfer EPR has answered these two questions. Figs. 2
and 4 demonstrate that cross-linking stabilizes a state in
which the LCD has an orientational distribution interme-
diate between relaxation and rigor with dynamics that is
static on the microsecond timescale, as shown previously
for the CD (30). Thus, cross-linking disorders the entire
actin-bound myosin head. The second question is answered
by EPR spectra of BSL-fibers (Fig. 5). Spectra indicate
a large amount of orientational disorder (A§ = 77°)
(Fig. 5), but less than observed for actin-attached BSL-S1
(A0 = 90) (30), and slow dynamics were indistinguishable
from rigor (7 = 1 ms). This result is consistent with the
hypothesis that the myosin head is constrained not only by
actin but also by the thick filament backbone, and the result-
ing mechanical strain limits the conformation of myosin as
it binds actin. These results indicate flexible structural-
coupling between myosin’s CD and LCD. That is, the struc-
tural transitions of myosin CD and LCD are similar
throughout the actomyosin ATPase cycle, though not iden-
tical. It is remarkable that SH1-SH2 cross-linking on the
distal CD has such a profound structural effect on the prox-
imal LCD. However, this work does not determine whether
the LCD is acting as a semirigid rod to amplify the force-
producing structural changes in the CD, as proposed by
the lever arm model (4,5), or if the LCD merely follows
the CD throughout its force-producing structural transitions.

We propose that cross-linking SH1 and SH2 traps an
intermediate state that is minimally populated during the
steady state of muscle contraction (A.M'.D.P), without

Biophysical Journal 102(5) 1088—-1096



1094

trapping hydrolysis products. This is consistent with the
small (often negligible) change in orientation between
relaxation and contraction, as detected by spectroscopic
probes on the myosin head, especially for LCD probes in
skeletal muscle (8,9,35,41-43). Changes in CD orientation
are usually more detectable, probably because the LCD is
more flexible (38° of disorder in rigor (Fig. 2)) than the
CD (15° of disorder in rigor (7)). This emphasizes the
importance of measuring LCD orientation and dynamics
in stable states analogous to the A.M'.D.P state, and
explains why this work resolves three distinct structural
states of the LCD.

Structural coupling within myosin

Function of the myosin CD requires coordinated movement
of the four subdomains (upper 50 kDa, lower 50 kDa,
N-terminal, and converter) coordinated with structural tran-
sitions in three flexible joints (switch II, relay helix, and
SHI1 helix) (44-46). Previous biochemical work has shown
that the SH1 helix becomes much more flexible upon nucle-
otide binding (47,48), and subsequent crystal structures sug-
gested that nucleotide-induced unfolding of the SHI helix
uncouples the LCD and converter subdomain from the rest
of the CD, producing an internally uncoupled state that
allows increased motion of the converter and LCD and facil-
itates the transition to the prepower stroke conformation
(46). These results explain SH1-SH2 cross-linking studies,
showing that pPDM and other cross-linkers trap a weak-
binding state of myosin in a nucleotide-dependent manner
(48). Spin probes at SHI indicate that both folded and
unfolded states are populated in a nucleotide-dependent
equilibrium (49,50).

Taken together, these results indicate that the SH1 helix
has two structural states, folded and unfolded, that are
loosely coupled to the biochemical state, as defined by the
bound nucleotide. Only by cross-linking SH1 to SH2 (or
by crystallizing myosin under special conditions) can the
unfolded state be trapped. In this study, we have exploited
these principles to trap the myosin head in this weakly
bound structural state on actin, and our EPR results support
the proposal that the CD and LCD are partially uncoupled in
this state. Measurements of myosin CD and LCD orientation
and dynamics indicate that both domains exhibit increased
disorder similar to relaxation (prepower stroke) but slow
dynamics indistinguishable from rigor (postpower stroke),
and the structural properties of the two domains are
distinct—the CD is more disordered. This is consistent
with the hypothesis that unwinding of the SHI helix
partially uncouples the LCD and CD (46,51), but it is
notable that this uncoupling and the resulting increased
freedom of the LCD results in rigor-like dynamics of the
LCD (7 = 1 ms), at least two-orders-of-magnitude slower
than observed for weak-binding states in the presence of
ATP (10-13). The slow dynamics of the RLC in the cross-
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linked state correlates with the actin-binding properties
of this state; pPDM-S1 binds actin ~3 times stronger than
S1.ATP (25).

Though we speculate that the pPDM-cross-linked state is
analogous to the A.M.D.P biochemical state, we do not
propose that hydrolysis products are trapped in this state.
Rather, cross-linking traps myosin in a conformation that
is populated after hydrolysis and isomerization to the
A.M'.D.P state, but before product release and force gener-
ation. In addition to SH1-SH2 cross-linking, myosin com-
plexed with ADP and the myosin inhibitor blebbistatin has
been proposed to stabilize an analog of the A.M.D.P state
(24). However, unlike cross-linking with pPDM, 1), ADP/
blebbistatin is proposed to stabilize this prepower stroke
state by stabilizing the M.D.P complex and slowing P;
release (52); and 2), myosin complexed with ADP and
blebbistatin retains high actin affinity (similar to M.ADP)
and a primed (prepower stroke) LCD position (24).

CONCLUSIONS

These structural measurements made on skinned muscle
fibers are consistent with a revised model (Fig. 6) that is
distinct from the previous model (Fig. 1) for coupling of
actomyosin ATPase to force and movement. We conclude
that cross-linking traps myosin in a structural state that
is intermediate between weak-binding states (clearly
preceding the power stroke) and strong-binding states
(clearly following the power stroke). Though this conclu-
sion is speculative, it is supported by an abundance of
evidence. Considered collectively, previous measurements
on SH1-SH2 cross-linked myosin indicate mechanical and
biochemical properties intermediate between weak- and
strong-binding states. Mechanical measurements indicate
that pPDM-treated fibers exhibit an 85% decrease in
isometric force (28) and a decrease in rigor stiffness to the
level of resting fibers (29). Biochemical studies demonstrate
that pPDM-S1 exhibits actin binding 1000 times weaker
than S1.ADP but ~3 times stronger that S1.ATP (25).

AM.T o AM.D.P

(W) (W) i (WS) L (5)
K, =100 uM K, =30 uM Ky<1uM
Fast dynamics Slow dynamics  Slow dynamics
(CDt,~10ps) (CDte21ms) (CDtg1ms)
(LCD 1z =28 ps) (LCD1z21ms) (LCD 12 1ms)

FIGURE 6 Model (updated from Fig. 1) for coupling of actomyosin
biochemical transitions to orientation and dynamics of the myosin head
(4). The text under each state indicates the distinguishing properties of
the CD and LCD. (Blue text and curved arrows) Revisions based on this
study.
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This work demonstrates that the structural dynamics of
this state is also intermediate between weak- and strong-
binding states in a strikingly similar way as demonstrated
in Fig. 2, Fig. 4, and Fig. 5, and discussed below. We
measured LCD orientation and dynamics in relaxation, the
pPDM-cross-linked state, and rigor (Fig. 2 and Fig. 4),
demonstrating that the LCD transitions from a highly disor-
dered state with microsecond dynamics (A.M.T) to a slightly
more ordered state that is static on the microsecond time-
scale (A.M'.D.P analog), to a highly ordered state that is
also static on the microsecond timescale (A.M.D). This
sequence of structural transition of the LCD is similar to
the disorder-to-order transition of the CD (6,7,36), although
the CD is more dynamically disordered than the LCD in
both the A.M.T and A.M’'.D.P states, and the LCD is more
disordered than the CD in rigor (A.M.D). An important
challenge for the future is to test the model in Fig. 6 by
observing the proposed intermediate not by trapping it,
but by resolving it in the transient phase of a structural
kinetics experiment (53).
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