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ABSTRACT: We have observed the effects of MgADP and thiophosphorylation on the conformational state
of the light chain domain of myosin in skinned smooth muscle. Electron paramagnetic resonance (EPR)
spectroscopy was used to monitor the orientation of spin probes attached to the myosin regulatory light
chain (RLC). Two spectral states were seen, termed here “intermediate” and “final”, that are distinguished
by a∼24° axial rotation of spin probes attached to the RLC. The two observed conformations are similar
to those found previously for smooth muscle myosin S1; the final state corresponds to the major
conformation of S1 in the absence of ADP, while the intermediate state corresponds to the conformation
of S1 with ADP bound. Light chain domain orientation was observed as a function of the MgADP
concentration and the extent of RLC thiophosphorylation. In rigor (no MgADP), LC domains were
distributed equally between the intermediate state and the final state; upon addition of saturating (3.5
mM) MgADP, about one-third of the LC domains in the final state rotated∼20° axially to the intermediate
state. The progression of the change in populations was fit to a simple binding equation, yielding an
apparent dissociation constant of∼110 µM for skinned smooth muscle fibers and∼730 µM for
thiophosphorylated, skinned smooth muscle fibers. These observations suggest a model that explains the
behavior of “latch bridges” in smooth muscle.

Smooth muscle’s ability to maintain high force at a low
energy cost presents an important biological puzzle. Smooth
muscle is markedly more economical than skeletal muscle
in maintaining tension during a long contraction. Smooth
and skeletal muscles differ in both biochemical and structural
aspects, and these differences may be directly related to
differences in their economy of tension maintenance (for a
discussion, see ref1).

One important difference between smooth and skeletal
muscles concerns the effect of phosphorylation of the myosin
regulatory light chain (RLC).1 RLC phosphorylation may
play several roles in smooth muscle. The activity of the force-
generating protein (myosin) is upregulated in smooth muscle
by phosphorylation of serine 19 of the RLC (2-8). Although
the analogous site can be phosphorylated in skeletal muscle,
the consequences to regulation are minor (9). Initially upon
activation, smooth muscle myosin generates increasing force
up to a maximum; the velocity of contraction and ATPase

activity increase along with tension. If activity is maintained,
however, force remains high while velocity and ATPase
decline markedly over several minutes (9-12). The extent
of phosphorylation of the RLC has been observed to increase
and then decrease along with ATPase level (10, 11). This
so-called “latch” state is more pronounced in “tonic”, e.g.,
some arterial, than in “phasic”, e.g., intestinal, smooth muscle
types (1, 13-15). The latch state, which is highly economical
at maintaining tension, is likely involved in various biological
functions such as vasoconstriction in response to cold. While
a similar time course of ATPase activity exists for long
tetanic contractions in skeletal muscle, the decrease in activity
is less than in smooth, and it is not accompanied by a
decrease in the extent of RLC phosphorylation.

The change in economy, from low economy early in
contraction to high economy late in contraction, is attributed
to the progressive creation of “latch bridges”. It is thought
that these are dephosphorylated myosin heads that interact
with actin, generating force but cycling much more slowly
than active, phosphorylated heads (10, 15-18). An important
question is why a dephosphorylated myosin head would cycle
more slowly, and thus apply force to the actin filament more
economically, than a phosphorylated, active myosin head.

A candidate for a molecular basis for the latch state was
seen in a conformational change in smooth myosin S1 (a
single myosin head) bound to actin. The myosin head consists
of a large, globular catalytic domain and a narrower, more
extended light chain domain (LC domain). The catalytic
domain consists of a single protein heavy chain, and contains
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the actin and nucleotide binding sites (19). The LC domain
contains two light chains and probably acts as a lever arm
in force generation, rotating axially to amplify a conforma-
tional change in the globular catalytic domain (the “power
stroke”; for a review, see ref20). Cryoelectron microscopy
revealed an axial rotation of the LC domain upon MgADP
release, toward the “barbed” end of the actin filament, of
23° in smooth muscle S1 (21) and 32° in a nonmuscle myosin
(22). This rotation was in the direction expected for the power
stroke. Our previous work (23) in which we employed a spin
probe on the RLC of S1 showed that this rotation occurred
in smooth, but not skeletal, S1, with an apparent dissociation
constant for MgADP of∼5 µM. The LC domains of both
smooth and skeletal S1 occupied very similar positions with
MgADP bound, a state that would presumably represent the
end of the power stroke for skeletal myosin (20). Upon the
release of MgADP, the smooth LC domain rotated∼24°;
no such rotation was observed in skeletal myosin.

The data described above, along with models derived from
the crystal structures of skeletal and smooth muscle S1,
suggest that the light chain domain can adopt at least three
orientations relative to the catalytic domain. Recent spec-
troscopic observations of invertebrate muscle revealed two
distinct conformations of the LC domain, distinguished by
an axial angle of at least 36°, which varied in population
according to the physiological state of the muscle and were
interpreted as pre- and post-power stroke states (24). Ad-
ditionally, the crystal structure of smooth muscle S1 showed
the LC domain rotated relative to the catalytic domain by
∼70° compared to the orientation observed previously for
skeletal S1 (19, 25). This structure may represent the
beginning of the power stroke, and we characterize it as the
“initial” position of the LC domain. The position of the LC
domain observed by Rayment et al. in the crystal structure
of skeletal S1 (19) appears to be similar to the orientation
observed by electron microscopy of smooth muscle S1 in
the presence of ADP by Whittaker et al. (21). Following the
above nomenclature, we call this an “intermediate” position,
representing the end of the power stroke in skeletal muscle.
As noted, the smooth muscle myosin S1 LC domain
continues to rotate along the same general path upon the
release of ADP into the “final” position, observed by
Whittaker et al. (21).

We report here on experiments that strengthen the
hypothesis that the isomerization of smooth muscle myosin
from the intermediate state to the final state may be important
to the latch phenomenon. As described previously (23, 26),
we have used electron paramagnetic resonance (EPR)
spectroscopy to monitor the orientation of the smooth muscle
myosin LC domain with a nitroxide probe placed on the
RLC. EPR spectroscopy provides a powerful tool for
determining the orientation of a spin probe in oriented
systems such as muscle fibers (27-29).

This study extends the approach to labeled, skinned gizzard
muscle prepared by exchanging labeled RLC for the endog-
enous RLC in the muscle. In our previous studies, skeletal
fibers were decorated with labeled smooth S1. We find the
same two states, or orientations of the LC domain, in the
labeled gizzard muscle as in our previous experiments with
labeled S1. However, the populations of the two states are
different, with both states populated in either the presence
or absence of MgADP (rigor). The distribution between the

states is altered by addition of MgADP, but the apparent
affinity of MgADP is lower than that observed for S1. The
effect of thiophosphorylation of the myosin RLC is a further
weakening of the ability of MgADP to effect the conversion
between the two states. We propose a simple model to
explain these results which has the potential to explain the
behavior of latch bridges.

MATERIALS AND METHODS

Solutions.The exchange solution consisted of 50 mM KCl,
50 mM TES (pH 7.0), and 10 mM EDTA. The rigor solution
consisted of 120 mM KCl, 5 mM MgCl2, 20 mM TES (pH
7.0), and 1 mM EGTA. The ADP solution consisted of rigor
solution with 10 mM glucose, 1 mg/mL hexokinase (Sigma,
St. Louis, MO), 250µM diadenosine 5′-pentaphosphate
(AP5A, Sigma), and variable ADP concentrations. The
concentration of MgADP was calculated assuming that the
binding constant of ADP for Mg is equal to 1470 M-1. The
maximum MgADP concentration was 3.5 mM (5 mM ADP)
in dephosphorylated samples and 16.6 mM (20 mM ADP,
total Mg2+ concentration increased to 20 mM) in thiophos-
phorylated samples.

Protein Purification.Myosin was purified (30) from frozen
chicken gizzards (Pell-Freeze, Rogers, AR). RLC was
isolated from purified smooth muscle myosin (31), lyophi-
lized, and stored at-80 °C. Myosin light chain kinase
(MLCK) was prepared as previously described (32).

Labeling RLC.The sulfhydryl group of Cys-108 of chicken
gizzard RLC was labeled with the paramagnetic probe, 4-(2-
iodoacetamido)-2,2,6,6-tetramethyl-1-piperidinyloxy (IASL)
(Aldrich, Milwaukee, WI). The RLC was incubated in rigor
solution with 10 mM DL-dithiothreitol (DTT) and 5 M
guanidine hydrochloride for 8-12 h at 0 °C to reduce
disulfide bonds. DTT and guanidine hydrochloride were
removed by dialysis for 4 h at 0 °C with rigor solution
containing 0.1 mM tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP) (Molecular Probes, Eugene, OR), followed
by gel filtration into rigor solution, after which 1 mM IASL
was added. After labeling for 3-12 h at 0°C, free IASL
was removed by extensive dialysis into exchange solution.

Preparation of Muscle Sections.Gizzards, flash-frozen in
liquid N2 (Pell Freeze), were trimmed and partially thawed.
Thin sections were dissected perpendicular to the tough
internal epithelium and to the long axis of the organ, across
sheets of circular muscle fibers, such that “pseudo-fibers”
composed of muscle cells joined by connective tissue ran
parallel to the plane of the section. Sections were chemically
skinned by shaking at 4°C for 12-16 h in a rigor solution
with a final concentration of 50% (v/v) glycerol, 5 mM DTT,
and leupeptin, pepstatin A, and trypsin inhibitor (0.05 mg/
mL each) (Boeringher Mannheim, Indianapolis, IN). Fresh
gizzards were treated similarly within 1 h ofkilling, but never
frozen. All sections were stored in fresh skinning solution
at -20 °C.

Exchange of Labeled RLC for NatiVe RLC. Muscle
sections were incubated in exchange buffer containing 1-2
mg/mL labeled RLC for 2 h at 0°C while being shaken.
The solution was heated to 42°C for 30 min, after which
TES was added to a concentration of 100 mM (2 M stock,
pH 7.0) and MgCl2 to 12 mM (final pH of 6.6). The mixture
was incubated at 0°C for 15 min, and the muscle sections
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were then removed and placed into rigor solution. It has been
previously shown that similar exchange procedures do not
alter the phosphorylation-dependent regulation of isolated
smooth muscle myosin (31, 33-35). The extent of exchange
varied by preparation, and was estimated from isoelectric
focusing gel electrophoresis. The depletion of unlabeled,
native RLC indicated that from 50 to 90% of the myosin
heads were exchanged, while the presence of excess labeled
RLC indicated that the total labeled RLC content of the
muscle sections exceeded the total exchanged myosin head
content by 20-50%.

Thiophosphorylation of Muscle Sections.Prior to exchange
of RLC, muscle sections were incubated for 90 min at room
temperature in solution containing 50 mM KCl, 50 mM TES
(pH 7.2), 2 mM CaCl2, 2 mM MgCl2, 2 mM ATPγS, 5µg/
mL calmodulin (Sigma), and 20µg/mL MLCK. Labeled
RLC was incubated for 90 min at room temperature in
solution containing 50 mM NH4HCO3 (pH 7.8), 0.1 mM
EDTA, 0.1 mM EGTA, 2 mM MgCl2, 2 mM CaCl2, 5 µg/
mL calmodulin, 20µg/mL MLCK, and 2 mM ATPγS. The
level of thiophosphorylation was checked by isoelectric
focusing gel electrophoresis (pH 4-6). Exchanged samples
with >90% thiophosphorylated RLCs were used for EPR
experiments. Prior to thiophosphorylation, samples exhibited
phosphorylation levels of<10%.

Fluorescence Spectroscopy.Gizzard sections were incu-
bated in rigor solution containing 400 mM acrylamide and
placed at the focus of a Nikon Diaphot 200 epifluorescence
microscope, and baseline fluorescence levels were recorded
(excitation at 320 nm and emission at 410 nm). 1,N6-
Ethenoadenosine 5′-triphosphate (25µM) (εATP, Sigma) was
added to the solution, and fluorescence levels were recorded.
The sample was then washed with rigor solution containing
400 mM acrylamide, and fluorescence levels were recorded
at 30 s intervals until fluorescence reached a minimum.

EPR Spectroscopy.EPR measurements were taken with
an ER/200D EPR spectrometer from Bruker, Inc. (Billerica,
MA). X-Band, first-derivative absorption spectra were
obtained with the following settings: microwave power, 25
mW; center field, 3460 G; time constant, 500 ms; sweep
time, 50 s; modulation, 2 G at afrequency of 100 kHz; and
total sweep width, 125 G. Labeled smooth muscle sections
mounted on a flat cell were located in the center of a TM
cavity. Each spectrum used in data analysis represented the
average of 10-40 distinct sweeps over a single experimental
preparation. Spectra were recorded at room temperature, 18-
22 °C.

The following protocol was carried out on each set of
fibers or sections. Spectra of samples with the myosin
filament/“pseudo fiber” axis aligned parallel to the magnetic
field were first obtained for the rigor condition (muscle
sections washed with exchange solution for 2 h to remove
all nucleotide); the sample was then rotated 90° to obtain a
spectrum with the sample axis perpendicular to the magnetic
field. The sample was then incubated in 1-3 mL of ADP
solution with the desired MgADP or Mg‚εADP concentration
for 20 min at 0°C, and replaced on the flat cell. Spectra
were obtained at each concentration with the sample axis
parallel to the magnetic field. At the highest concentration
that was used (usually 3.5 mM; 16.6 mM for thiophospho-
rylated samples), the cell was again rotated to obtain a
spectrum with the sample axis perpendicular to the magnetic

field. Fibers were returned to a nucleotide-free state by
washing extensively (g2 h) with exchange solution, with
rigor solution containing 30 units/mL myokinase (Sigma),
or with rigor solution adjusted to pH 6.6 containing 50 units/
ml apyrase (Sigma) with a∼3:2 ratio of ATPase:ADPase
activity, and a spectrum was obtained with the sample axis
parallel to the magnetic field and compared to the initial
spectrum. Spectra were acquired over the course of 10-25
min at each MgADP concentration, except for the first and
last spectra, which were collected for 20-40 min to reduce
noise. Finally, the samples were either removed from the
cell or washed with 10 mM ascorbate, which reduced all
the spins, and a baseline spectrum was recorded. The baseline
was subtracted from each spectrum, if substantially nonlevel.
Spectra were compared with a spectrum of peroxylamine
disulfonate (PADS) in solution to determine the magnetic
field range and center. Peak positions and baseline crossings
were determined relative to the PADS baseline crossings.
The PADS splitting was taken to be 13.091 G and the center
peak to correspond to ag value of 2.0056.

Spectra of unlabeled gizzard sections and rabbit semime-
branosus fibers containing 3′-deoxy-2′-(2,2,5,5-tetrameth-
ylpyrrolidine-1-oxyl-3-carboxylate) adenosine 5′-diphosphate
(SL-ADP), a spin-labeled ADP (36), were recorded similarly,
except data collection times were shorter (5-10 min), and
SL-ADP was not washed out afterward.

RESULTS

Orientation of Myofilaments.The experiments described
below rely on an ordered array of myosin heads for
interpretable data. Our previous work utilized the highly
ordered array of actin filaments in skeletal muscle to order
exogenous smooth muscle myosin heads (S1). The myofila-
ments of smooth muscle are generally not as well ordered
as in skeletal muscle. It was therefore necessary to establish
that the myosin heads in our samples were ordered in a
manner comparable to those in skeletal muscle.

The orientation of myosin heads, attached to actin, in
skinned sections of gizzard muscle was observed using a
spin-labeled ADP analogue (SL-ADP). This compound binds
to myosin in skeletal muscles in an oriented fashion (36).
Thin sections of smooth muscle tissue were incubated in 25
µM SL-ADP in rigor solution, aligned such that “pseudo-
fibers” were parallel or perpendicular to the applied magnetic
field, and EPR spectra were recorded (Figure 1A). The
resultant spectra consisted of three large peaks arising from
free SL-ADP, and smaller peaks arising from bound nucle-
otide (see the Figure 1 labels and caption). Spectra obtained
with the fiber axis parallel to the magnetic field differed
significantly from those obtained with the perpendicular
orientation, an indication of ordered myosin heads.

The spectrum arising from gizzard sections was similar
to that arising from highly ordered semimembranosus
(skeletal) fibers (Figure 1B). This similarity indicates that
the myofilaments in gizzard muscle are generally parallel to
the fiber axis created by slicing across the circular muscle
sheets as described in Materials and Methods. The degree
of order of myosin heads in the two preparations can be
estimated from the spectra of the bound probes (27). The
average probe angle was determined from the splitting
between the low-field peak and high-field trough of the
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spectral component arising from bound probes. For gizzard,
this splitting is∼50.5 G, indicating a mean probe orientation
of 50( 5° to the fiber axis; the orientation of the same probe
in skeletal muscle has previously been determined to be 55
( 5° (36). The width of the distribution of probes about the
mean angle was determined from the ratio of the absolute
heights of these two spectral features; in gizzard, the ratio
of high- to low-field peak height is 0.33, indicating a width
of 20 ( 6°, versus 16( 4° in skeletal muscle (36). The
similarity of the probe orientation in gizzard and skeletal
muscle indicates that the degree of order of myosin heads is
similar in the two muscle types. The small differences that
do exist may reflect differences in the active site structures
of smooth and skeletal myosin or, possibly, a slightly less
well ordered myofilament array in gizzard.

RLC Exchange into Muscle Sections.Chicken gizzard
regulatory light chain labeled with IASL at Cys-108, as used
previously in skeletal muscle (26) and smooth muscle myosin
S1 (23), was exchanged for native light chain in gizzard
muscle sections (see Materials and Methods). The charac-
teristics of our probe in these preparations are similar to those
ascertained for the same probe on skeletal muscle myosin
and smooth muscle S1, as discussed below.

Probe Mobility.To determine the orientation of the LC
domain, the spin probe employed must be well-ordered and
substantially immobilized by the protein surface to which it
is bound. Figure 2A shows the spectra of homogenized,
isotropically oriented samples, which are sensitive to the
mobility of the probe. A highly mobile probe population in
these conditions gives rise to three sharp, narrowly separated

peaks. As mobility decreases (probes tumble less quickly,
or are more restricted in their motion), these peaks broaden
and the splitting between them widens. A completely, or
nearly, immobile probe population gives rise to a charac-
teristic spectrum with a wide splitting (37).

Our probe gives rise to two spectral components, labeled
M1 and M2 in Figure 2A, representing two populations with
distinct mobility characteristics. Similar populations were
seen in studies of S1 (23) where they were analyzed and
discussed in more detail. M1 has a low-field peak to high-
field trough splitting of 64 G, representing a population of
probes that is well-immobilized by the protein surface.
Following the method of Griffith and Jost (37), we modeled
this as rapid diffusion in a cone with a full width of∼60°.
While not ideal, this motion is sufficiently restricted that the
probe reports on the orientation of the adjacent protein
surface, in this case the LC domain. The second population,
M2, has a splitting of 39 G. This is quite mobile, equivalent
to rapid diffusion in a cone with a full width of∼140°. This
population does not usefully report on the protein orientation;
our analysis will concentrate on M1 except to point out where
the presence of M2 hinders analysis. The presence of two
populations with different mobilities could indicate that
probes are in equilibrium between strong and weak interac-
tion with the protein surface, with slow exchange between
states. However, individual preparations have different ratios
of M1 to M2 (M2 ranges from∼50% to∼75% of the total
signal; in Figure 2A, M2 is∼50% of the total signal), while
only probes giving rise to M1 change orientation observably
upon binding of MgADP to myosin, as discussed below. We
conclude that M2 arises at least in part from nonspecifically
or improperly bound RLCs.

A change in the spectrum of an oriented sample can reflect
an actual change in the orientation of the protein to which a

FIGURE 1: First-derivative, X-band absorption EPR spectra of
samples containing SL-ADP. (A) SL-ADP (25µM) in gizzard
sections: (s) sample parallel to the magnetic field and (- - -) sample
perpendicular to magnetic field. There are two populations of SL-
ADP, free and bound to myosin. Each population produces three
lines in the spectrum. The free SL-ADP produces sharp lines,
labeled “free” in the figure, truncated in the figure. The bound SL-
ADP produces smaller, more spread-out features, labeled “bound”.
The central line of each overlaps. The difference between spectra
of parallel and perpendicular samples represents ordered probes.
(B) (s) SL-ADP (25µM) in gizzard sections and (- - -) SL-ADP
(25 µM) in rabbit semimembranosus (skeletal) fibers. The spectra
are similar, indicating that myosin heads bound to actin in gizzard
muscle cells are ordered in a manner similar to that of myosin heads
in skeletal fibers. Spectra were recorded with a modulation of 2 G,
a time constant of 500 ms, a center field of 3460 G, and a sweep
width of 100 G.

FIGURE 2: EPR spectra of labeled gizzard sections with (s) no
nucleotide and (- - -) saturating MgADP. (A) Labeled gizzard
sections, homogenized. There are two populations, labeled M1 and
M2, representing spin probes with two distinct mobilities. Each
gives rise to three lines; the central lines overlap. The two
populations are of roughly equal intensity in this spectrum. (B)
Labeled gizzard sections, aligned parallel to the magnetic field. The
low- and high-field regions are vertically expanded (above the main
spectrum) for clarity. There are three populations, labeled P1-P3;
the central lines of each overlap. P2 especially is difficult to discern
due to overlap with P3 in the low-field region, and with P1 in the
high-field region. Upon addition of saturating MgADP, the intensity
of P2 decreases and that of P1 increases, producing the differences
seen here between spectra.
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spin probe is bound, or it can indicate a change in the binding
mode of the probe on the protein, with no gross change in
protein conformation. The latter possibility is nearly certain
to produce a change in probe mobility, since a reorientation
of the probe relative to the protein or a change in the local
protein surface with which it interacts will alter the con-
straints on probe rotation and diffusion. Addition of 5 mM
ADP did not alter the spectrum of an isotropic sample in
rigor solution (Figure 2a). This indicates that the mobility
of the probes was not affected by the presence of MgADP.
We therefore conclude, as in our previous work, that changes
in the spectra of oriented samples due to addition of MgADP
(discussed below) result from actual changes in protein
orientation.

Probe Orientation and Rotation Due to MgADP.The
orientations of the LC domains can be determined from
spectra of oriented samples, shown in Figure 2 (previously
discussed in refs23and26). Labeled gizzard muscle sections
were aligned with their filament axis parallel (Figure 2B) or
perpendicular to the applied magnetic field. There are three
spectral components, labeled P1-P3 in the low- and high-
field regions; their central peaks overlap to form the
prominent central peak. Upon addition of MgADP, the
intensity in P1 increases, while that in P2 decreases. The
change is small, but was observed consistently in all
experiments (n > 20). The intensity of P3 was unchanged
by addition of MgADP; the apparent change in Figure 2B is
due to overlap with P2.

Each spectral component arises from a distinct population
of spin probes. P3 (Figure 2B) appears to be very similar in
these oriented samples to M2 in the isotropic samples (Figure
2A), and is largely insensitive to sample orientation or
solution conditions. We therefore identify it with M2, and
conclude that it contains no useable information about protein
orientation. Thus, P1 and P2 arise from M1, and represent
two distinct orientations of the LC domain.

The difference between P1 and P2 was modeled as a
change in the axial tilt angleθ between the probe and
filament axis. We assumed a distribution of probes in each
population, with a full width at half-maximum∆θ. A grid
search-type algorithm was used to identify the best-fitθ and
∆θ of each spectral component, comparing them to spectra
simulated from a solution to the spin Hamiltonian using a
program written by P. Fajer (38). The mobility of the probe
reduces its anisotropy, so the difference between the best-
fit central angles represents a lower limit on the actual
difference. The best-fit simulated spectra for P1 and P2 were
very similar to those for their counterparts in spectra of S1
(23). P1 was fit well with aθ0 of 48 ( 3° and a∆θ of 16
( 4°; this is the orientation adopted by the LC domain of
smooth muscle S1 in the presence of MgADP, and by the
LC domain of skeletal muscle myosin with or without
MgADP. P2 corresponded to aθ0 of 72 ( 3° and a∆θ of
16 ( 4°; this is the major orientation adopted by smooth
muscle S1 LC domains in the absence of MgADP.

Thus, there are two populations of oriented probes in
smooth muscle sections, distinguished by a∼24° axial
rotation. Fits to these spectra (Figure 2) and those for S1
(23) were very similar, allowing us to identify P1 and P2 as
being equivalent to their counterparts in S1. We conclude
that the LC domain of smooth muscle myosin can adopt
either the intermediate or the final orientation, described

above. The increase in P1 intensity and decrease in P2
intensity upon addition of MgADP (Figure 2B) indicates a
net flux of probes, and hence LC domains, from one state
to the other; i.e., a∼24° axial rotation of LC domains from
the final position, which gives rise to P2, to the intermediate
position, which gives rise to P1.

The process of determining the best fits revealed a
systematic error in our previous work; these results therefore
constitute a minor correction, about 10°, to the absolute
orientations published previously (23, 26). An additional
correction is that, on the basis of these fits, the population
of smooth S1 LC domains in the intermediate state in the
absence of MgADP was 20( 5%, similar to but slightly
more than the value of∼16% previously published (23).

We consider the relative intensities of P1 and P2 to be
representative of all cross bridges in the muscle section. P1
and P2 changed in a coordinated fashion upon addition of
MgADP, while P3 was insensitive to solution conditions.
While it is possible that P3 represents cross bridges not bound
to actin or otherwise behaving unlike those giving rise to
P1 and P2, we consider this to be unlikely for two reasons.
First, P3 was also present and behaved similarly in studies
of S1, in which all heads were bound to actin and presumably
experienced identical steric constraints (23). Second, the high
levels (∼90%) of RLC exchange in some preparations (see
Materials and Methods), and the uniformity of results across
preparations, make it highly unlikely that we preferentially
labeled any subset of cross bridges. Rather, the variability
in P3 and M2 can be at least partially explained by observing
that nonspecifically bound RLCs would be expected to give
rise to a random, poorly immobilized spectrum. Indeed, the
P3 population in muscle fibers was generally somewhat
higher than previously observed in spectra of labeled S1 (23),
in which little contribution from nonspecifically bound light
chains is expected. We conclude that P3 represented both
probes that were mobile and/or disordered, but bound to LC
domains that behaved in a manner identical to that of those
underlying P1 and P2 (in analogy to spectra of S1), and/or
probes on RLCs that were not properly bound to LC
domains.

How Many LC Domains Rotate?To measure the relative
intensities of P1 and P2, spectra of labeled muscle sections
in the presence and absence of MgADP were compared to
the corresponding spectra of S1, in which relative intensities
were known with fair accuracy (see Table 1). The spectra
were fit in the low-field region to a linear combination of
the S1 spectra by the method of least-squares (see Figure
3A). A good fit could not be obtained for all preparations,
since P3 varies in intensity between preparations, and to a
small degree qualitatively between S1 and intact muscle. In
the absence of MgADP, 52( 8% (mean ( standard
deviation) of the total P1 and P2 intensity was in P1 in
dephosphorylated samples; in the presence of saturating
MgADP, the value was 69( 5% (nine samples fit). Results
were similar for thiophosphorylated preparations: 51( 8%
in the absence of MgADP and 67( 6% in the presence of
saturating MgADP (four samples fit). Hence, in the absence
of MgADP the two LC domain conformations are equally
populated. Upon addition of saturating MgADP, only about
one-third of the LC domains remain in the final position,
indicating a net rotation of∼17% of LC domains from the
final position to the intermediate position. These results are
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summarized in Table 1. The spectral change could be
reversed by extensive washing of the sample with a nucle-
otide-free buffer containing excess EDTA, or by treatment
with apyrase or myokinase to degrade nucleotides to AMP,
returning the population of P1 to about 50%.

Dependence of the Rotation on MgADP Concentration.
The MgADP concentration dependence of the LC domain
rotation was determined by monitoring the extent of spectral
change while titrating ADP into labeled muscle sections. The
spectra at each MgADP concentration were fit by the method
of least squares to a linear combination of the spectra
recorded in the absence of ADP (sections washed for 2-4 h
in 10 mM EDTA to remove all nucleotide) and in the
presence of saturating MgADP (see Materials and Methods).
Titrations are plotted in Figure 3 as a fraction of the full
effect at saturating MgADP versus MgADP concentration.
This range corresponds to a change in the intermediate state
population from about 50% of the total LC domains without
MgADP to about 68% at saturating MgADP (see the right-
hand abscissa of Figure 3B). The data were fit by the method
of least squares to a simple, noncooperative binding curve,
of the form

where K ) 110 ( 20 µM for dephosphorylated muscle
sections.K here is an apparent dissociation constant, not
necessarily equal to the actualKd for MgADP binding to
myosin (see the Discussion).

Thiophosphorylation of the RLC had a significant effect
on this relationship. Muscle sections were labeled and
thiophosphorylated as described in Materials and Methods,
and the level of thiophosphorylation was determined by gel
electrophoresis. Dephosphorylated samples, described above,
had basal phosphorylation levels of 0-10%. Complete (90-
100%) thiophosphorylation had no effect on the spectra
recorded in the absence of MgADP or with saturating
MgADP, as described above (summarized in Table 1), and
hence no effect on LC domain orientation or mobility.
However, as shown in Figure 3, the MgADP concentration
required to effect rotation increased 7-fold, to half-effect at
730 ( 100 µM. In contrast, thiophosphorylation of labeled

smooth S1 did not alter the LC domain orientation, distribu-
tion, or apparent MgADP affinity (data not shown) as
compared to our previous experiments with dephosphorylated
smooth S1 (23). Thus, thiophosphorylation of the RLC
greatly increased the MgADP concentration that was neces-

Table 1: Axial Rotation of LC Domains

fraction of heads in the
intermediate state (%)

apparentKd (µM)
(MgADP)

without
MgADP

with
MgADPa

skeletal S1b - 100 100
smooth S1b 4.4( 2.5c 20 ( 5b,d 100( 5b,d

thiophosphorylated 6( 3c 22 ( 10d 97 ( 10d

smooth muscle 110( 20c 52 ( 3d 69 ( 2d

thiophosphorylated 730( 100c 53 ( 5d 67 ( 4d

a Saturating MgADP: 3.5 mM for dephosphorylated samples and
16.6 mM for thiophosphorylated samples.b Data reanalyzed from
previous work (23). Uncertainty in the intermediate state population
reflects the fitting method described therein.c Binding curves fit by
the method of nonlinear least squares; errors represent asymptotic 95%
confidence levels.d Values are the mean( standard error of the mean,
except for dephosphorylated S1 as noted. The number of experiments
was as follows: three with dephosphorylated smooth S1, two with
thiophosphorylated smooth S1, nine with dephosphorylated muscle, and
four with thiophosphorylated muscle.

fraction of full effect) [MgADP]/([MgADP] + K)

FIGURE 3: (A) Deconvolution of gizzard muscle spectra using S1
spectra. The low-field portions of representative spectra of muscle
sections, aligned parallel to the magnetic field, (top) in the absence
of MgADP and (bottom) in the presence of 3.5 mM MgADP, are
shown (solid, black lines). Both spectra are fit well by linear
combinations (dashed, black lines) of the spectra of labeled gizzard
S1, bound to psoas fibers aligned parallel to the magnetic field, in
the absence of MgADP (solid, gray lines) and in the presence of
saturating (3.5 mM) MgADP (dashed, gray lines). The S1 spectra
are shown in the best-fit proportions; the top spectrum (no MgADP)
is fit by roughly equal intensities of the two S1 spectra, whereas
the bottom spectrum (saturating MgADP) is fit by a preponderance
of the S1+ MgADP spectrum, and a smaller contribution from
the S1 - MgADP spectrum. (B) Extent of spectral change vs
MgADP concentration: (O, - - -) dephosphorylated gizzard
sections (six titrations), (2, s) thiophosphorylated gizzard sections
(four titrations), and (- - -) equivalent curve for gizzard S1 in psoas
fibers (23). The spectrum of each sample at each MgADP
concentration was fit to a linear combination of the spectra of that
sample with no MgADP and with saturating MgADP (3.5 mM for
dephosphorylated muscle and 16.6 mM for thiophosphorylated
muscle). Each data set was fit individually to a simple binding curve
(see the text) and normalized. Data sets from like samples were
then combined and refit to produce the curves that are shown. The
apparentKd ) 4.4 ( 2.5 µM for S1, 110 ( 20 µM for
dephosphorylated smooth muscle, and 730( 100 µM for thio-
phosphorylated smooth muscle. The right-hand axis indicates the
population of LC domains in the intermediate state, assuming∼50%
in the absence of MgADP and∼68% in saturating MgADP (see
the text).
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sary to cause rotation of the LC domain of smooth muscle
myosin, but not S1.

Various controls were performed to establish that the
observed spectral effect was a result of MgADP binding to
myosin. Addition of 5 mM ATP to the rigor buffer, relaxing
the muscle section, produced EPR spectra very similar to
the spectra of isotropically disordered preparations (Figure
2A). Addition of 2 mM pyrophosphate or 5 mM AMP-PNP,
an ATP analogue, to the rigor buffer had no effect on the
rigor spectrum, suggesting that heads were neither rotated
nor detached from actin in significant numbers. Dissociation
from actin would not be expected under these conditions.
Varying the ionic strength of the buffer with or without ADP
had no effect ([KCl]) 0-200 mM). Varying the Mg2+

content from 0 (i.e., 10 mM EDTA) to 50 mM at constant
ionic strength, with or without ADP, also had no effect.
Addition of 1 mM pyrophosphate inhibited the effect of
MgADP, reducing the effect of adding (to a dephosphory-
lated sample) 100µM ADP by about 50%, strongly sug-
gesting that ADP binding at the nucleotide binding site of
myosin produced the observed spectral change.

Nucleotide State of Myosin Heads.In gizzard sections in
the absence of MgADP,∼50% of the cross bridges were
found in the intermediate state. However, for S1 in the
absence of MgADP the final conformation is predominant
(∼80%) (23). This raised the possibility that some heads
retained MgADP despite efforts to remove all nucleotide
prior to the experiment. To determine whether MgADP was
still bound to myosin heads in our putatively ADP-free
samples, binding ofεADP, a fluorescent ADP analogue, was
monitored via fluorescence spectroscopy. Mg‚εADP was
observed to produce a rotation identical to that produced by
MgADP, except that a higher concentration was required
(apparentKd of ≈400µM for Mg‚εADP in dephosphorylated
muscle), presumably due to a reduced affinity for the myosin
head. Muscle sections were placed at the focus of an
epifluorescence microscope and relaxed withεATP in the
presence of 400 mM acrylamide, an agent that selectively
quenches freeεATP. The relaxing solution was then replaced
with rigor solution containing 400 mM acrylamide, and the
section was washed while fluorescence levels were recorded.
Similar experiments using EPR, as described above, showed
that washing returned the intermediate state population to
∼50%. However, fluorescence declined to within 5% of
maximal fluorescence above baseline with a half-life of
several minutes (data not shown), indicating that no more
than 5% of heads, if any, retained boundεADP after washing.

Time Dependence of the Spectral Effect.ADPase or other
ADP-degrading activity in the skinned muscle sections could
prevent accurate measurement of the MgADP concentration
dependence of rotation. To assay the effect of any such
activity on our measurements, labeled muscle sections were
incubated in 110µM MgADP and spectra were recorded
over the course of 100 min with no further addition of ADP.
The intermediate state population was maximally sensitive
to MgADP concentration at this concentration (see Figure
3). Spectra were then fit to spectra recorded with no and 3.5
mM MgADP, as described above. Only a very small decline
(0-10%) in the intermediate state population was seen after
100 min. Data for other experiments were typically collected
for e20 min at each MgADP concentration, averaging to
reduce noise. Hence, the apparent MgADP concentration was

slightly overestimated due to degradation of ADP during data
collection; however, the effect was not large, and no
corrections have been applied to the data.

Effect of Tension on Spectra.An external tension or stretch
applied to muscle fibers in rigor might cause the LC domains
to rotate “backward”, i.e., from the final state to the
intermediate state. To investigate this possibility, we applied
a constant tension to muscle sections, by attaching a small
weight to one end of the section, while recording EPR
spectra. At all tensions up to sufficient force to break the
muscle section (0.4-0.5 N/mm2), tension had no discernible
effect on the spectra of muscle sections either in the absence
of ADP or in the presence of 35-110 µM MgADP, where
the spectra might be thought to be most sensitive to small
changes in the stability of one state versus the other (data
not shown). This observation is a corollary to the observation
that MgADP binding does not reduce tension in smooth
muscle sections (39).

DISCUSSION

We draw four conclusions from the results presented
above, which are summarized in Table 1. These are discussed
below, with emphasis on the comparison between the current
results, obtained with smooth muscle sections, and previous
results obtained with skeletal and smooth S1 (23, 26).

The LC Domain of Smooth Muscle Rotates upon MgADP
Release.The axial rotation of the LC domain seen in smooth
muscle S1 upon ADP release also occurs in intact myosin
in skinned muscle. Starting from the intermediate position
(that of S1 with ADP bound), some LC domains (see below)
rotate upon ADP release∼24° axially toward the barbed
end of the actin filament, or away from the center of the
myosin filament, to the final position (21). Both smooth
muscle myosin and S1 are thus capable, upon ADP release,
of an “extra” rotation in the direction of the putative power
stroke that is not observed in skeletal muscle (23).

The intermediate and final states characterized here for
smooth muscle myosin are very similar to those adopted by
smooth muscle S1 (23). Under the experimental conditions
employed here, it is likely that the two heads of each myosin
are bound to adjacent actin monomers. The fact that only
the intermediate and final states were observed suggests that
it is reasonable to assume that the S1 structures described
by Whittaker et al. (21) closely match the structures of the
two heads of a single myosin under these conditions. EPR
and other spectroscopic studies of skeletal muscle myosin
and S1 likewise show that myosin heads and S1 bound to
actin adopt very similar conformations (26, 40, 41); this
entails a single orientation of the LC domain similar to the
intermediate state of smooth muscle S1 (23), rather than the
two orientations described here for smooth muscle myosin
and S1. EM micrographs of isolated myosin molecules show
that the two heads converge at the head-rod junction, such
that the RLCs are in close proximity (42, 43), but our spectra
suggest that this is not the preferred conformation when both
heads are bound to actin. Using the Whittaker et al. (21)
structures as a guide, and allowing each head to adopt either
the intermediate or final state, we find the closest possible
approach of equivalent points at the distal (from actin) tips
of the two RLCs of smooth muscle myosin to be∼80 Å.
To allow for this head separation, the region of the coiled-
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coil S2 domain proximal to the heads must uncoil. The
proximal portion of this domain is unstable (44, 45), and
such uncoiling has been observed (46, 47). This uncoiling
will undoubtedly apply a restoring force to the heads, tending
to pull them back together. This feature of the system is
critical to the model we present (see below) to account for
the measured populations of the intermediate and final states.

There Is a RelatiVely Small Change in the Populations of
the Intermediate and Final States upon MgADP Release from
Muscle As Compared to S1.The EPR method used here can
report not only on the magnitude of the differences in LC
domain orientation but also on the relative populations of
each state present in a mixture. Our previous study with
smooth S1 gave relatively large differences between spectra
under extreme MgADP concentration conditions. In the
absence of ADP,∼80% of the LC domains were in the final
conformation, with∼20% in the intermediate conformation.
In the presence of saturating MgADP, 100% of the LC
domains were in the intermediate conformation (23). In
contrast to the S1 spectra, the corresponding data for intact
myosin in muscle sections exhibited a relatively small
difference between spectra under extreme MgADP concen-
tration conditions (Figure 2B and Table 1). In the absence
of MgADP, the LC domains of intact myosin were distrib-
uted more or less evenly across the intermediate and final
states (∼52% in the intermediate state). Upon addition of
saturating MgADP, about one-sixth of the LC domains (net)
rotated from the final position to the intermediate position
(∼69% in the intermediate state, total).

We performed two experiments to demonstrate that the
relatively high proportion (∼52%) of LC domains in the
intermediate state in intact myosin with MgADP removed
was not due to residual MgADP binding at the active site.
First, the fraction of heads in the intermediate state could
not be reduced by treatment with either apyrase or
myokinase, enzymes that degrade ADP, or by extensive
washing with 10 mM EDTA to chelate free Mg2+ and thus
eliminate rebinding of released ADP. Second, because the
fluorescent nucleotide analogueεADP caused the same EPR
spectral change as ADP, we used fluorescence intensity to
monitor the residualεADP concentration during washing
protocols used in EPR experiments;e5% of the heads
remained bound toεADP after washing following relaxation
with εATP.

Our population measurements do to some degree depend
on the efficiency of RLC labeling, and in particular upon
any bias in labeling different populations of heads. As noted
in Materials and Methods, the efficiency of exchange of
labeled for unlabeled RLC reached as high as 90% in some
preparations, rendering it unlikely that preferential labeling
of a particular population of heads skewed our measurements.
Excessive amounts of nonspecifically bound, labeled RLC,
which contributes to the mobile P3 population, could also
skew these numbers by introducing a high “background”
signal. We therefore restricted analysis to preparations that
could be deconvoluted using spectra of labeled S1, as
described above, which eliminated contributions from prepa-
rations with a high P3 intensity.

Muscle Has a Different MgADP Concentration Depen-
dence of Rotation Compared to S1.We used the spectral
change caused by LC domain rotation to compare the ability
of MgADP to affect the distribution between the intermediate

and final states in different preparations: S1 versus muscle
and dephosphorylated versus thiophosphorylated. Previously,
we had found that the apparentKd for the transition in
dephosphorylated smooth S1 was∼4.4 µM MgADP (23).
Here we find that the apparentKd for dephosphorylated
muscle sections is∼110 µM MgADP, suggesting a greater
energetic barrier to rotation.

The interpretation of these apparentKd values must be
carefully considered. The data fit well to a simple binding
isotherm (Figure 3), suggesting that the rotation of an
individual LC domain is directly related to MgADP binding.
However, we cannot overemphasize the fact that these
experiments do not report on MgADP binding, but rather
only on the spectral changes induced by MgADP. Thus, these
experiments do not measure the affinity of the heads for
MgADP. The actual affinities for MgADP may be different
for the two heads of a single myosin and/or dependent on
steric constraints, in that some heads may be binding to
MgADP without causing a rotation of the LC domain (see
below).

Thiophosphorylation Alters the MgADP Concentration
Dependence of Rotation in Muscle.Upon thiophosphorylation
of Ser-19 of the RLC, significantly more MgADP was
required to produce the observed rotation; the apparentKd

was∼730 µM MgADP, about 7 times greater than theKd

measured in dephosphorylated preparations. However, the
distribution of heads between the intermediate state and final
state was not altered under the extreme conditions of no, or
saturating, MgADP. Thiophosphorylation does not appear
to alter the states that can be accessed by myosin, but does
weaken the ability of MgADP to affect the distribution
between the states. This∼7-fold decrease in the apparent
affinity for MgADP due to thiophosphorylation is similar to
the 3.5-fold decrease in the apparent affinity of rigor cross
bridges for ADP upon thiophosphorylation measured previ-
ously inR-toxin-permeabilized smooth muscle, although the
absolute magnitudes of the constants are different (15).

A Simple Model.The differences listed above between
myosin in skinned muscle on one hand, and S1 on the other,
summarized in Table 1, can be explained with a simple model
involving steric constraints between the two heads of a
myosin molecule bound to actin (Figure 4). Since our data
show loose coupling between the nucleotide state and
conformational state, we assume any myosin head strongly
bound to actin may adopt one of four states: intermediate,
no nucleotide (A‚MI); intermediate, MgADP bound (A‚MI‚
D); final, no nucleotide (A‚MF); or final, MgADP bound (A‚
MF‚D) (defined in the legend of Figure 4). Our data reflect
the ratio of the total occupancy of the intermediate states
(A‚MI and A‚MI‚D) to the total occupancy of the final states
(A‚MF and A‚MF‚D).

From the spectral response to MgADP in both smooth S1
and muscle preparations, we derive the first major element
of our model.

(1) MgADP binding in the active site of smooth muscle
myosin influences the orientation of the LC domain, favoring
the intermediate state.

Upon MgADP binding or release, conformational changes
in the active site presumably cause internal strains in the
head, which influence the LC domain orientation. In the case
of S1 (Figures 4 and 5, right side), MgADP binding induces
LC domain reorientation. In the absence of MgADP, there
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is a mixture of states, with∼80% of the LC domains in the
final (A‚MF) state. This indicates that with no nucleotide
bound, the final (A‚MF) state is more stable than the

intermediate (A‚MI) state by about 1.4 kT ()∆G3). However,
in the presence of saturating MgADP, all LC domains adopt
the intermediate conformation (23), indicating that with
MgADP bound the intermediate (A‚MI‚D) state is signifi-
cantly more stable than the final (A‚MF‚D) state (∆G1 g
2.3 kT, on the assumption that our experimental technique
would detect a population of 10% in the final state).

Intact myosin in muscle sections (Figure 5, left side)
differs, in that the population distributions are more nearly
equal and the net change in distribution is much smaller upon
addition of MgADP. The coupling between the nucleotide
state and LC domain orientation is more complex than in
S1, showing that additional constraints not felt by S1
influence the LC domain orientation. This observation leads
to the second major element of our model.

(2) LC domain orientation is influenced by steric con-
straints on the myosin head.

The most obvious difference between S1 and the intact
myosin in our muscle sections is in the external constraints
and forces on the myosin heads. S1 is free of all external
constraints except the actomyosin bond. In contrast, as
discussed above, strong binding of both myosin heads to actin
requires uncoiling of the coiled-coil domain. This provides
a restoring force on the LC domains, pulling them back
together and resisting further separation. As illustrated in
Figure 5, the geometry of the two head-actin complex
suggests that the trailing head of a pair is pulled forward,
biasing it to the final state [stabilizing A‚MF relative to A‚
MI by some amount, and A‚MF‚D relative to A‚MI‚D by
about 0.7 kT according to our model (see Figure 5)], while
the leading head is pulled backward, biasing it to the
intermediate state (stabilizing A‚MI relative to A‚MF, and
A‚MI‚D relative to A‚MF‚D). Any other conformation of the
two heads (e.g., both LC domains in the intermediate
position) requires a greater separation and presumably further
stretching or uncoiling of the connection between the two
heads, and is therefore energetically less favorable. A similar
geometric model has recently been proposed to explain
observations of skeletal HMM actin binding kinetics (48).
Additionally, strain can be imposed by the connection of
the two heads to the myosin filament. As discussed below,
this is generally a backward force on the leading head, with
less effect on the trailing head.

On the basis of our data on population distributions (Table
1), we consider it likely that forces external to the myosin
heads are sufficient in the absence of MgADP to cause
trailing heads overwhelmingly to adopt the final conforma-
tion (A‚MF) and leading heads overwhelmingly to adopt the
intermediate conformation (A‚MI), as shown in Figure 5. This
would produce the equal distribution between states in the
absence of MgADP seen in our data. Upon MgADP binding
to leading heads, no rotation of LC domains occurs, since
the leading heads are already in the conformation favored
by MgADP binding and merely go from the A‚MI state to
A‚MI‚D. This model predicts that the affinity of leading
heads for MgADP is enhanced by the steric stabilization of
the intermediate state. MgADP binding to trailing heads
produces a different result (Figure 5). The trailing heads
occupy the final (A‚MF) state, and can rotate to the
intermediate state upon MgADP binding. However, the
internal strains favoring rotation upon MgADP binding are
counteracted by the external strains opposing it. Our data

FIGURE 4: Simple thermodynamic model. Energy levels presented
are qualitatively correct for S1 with 0< [MgADP] , Kd (e.g., 1
µM MgADP). ∆G1 corresponds toK1, etc. A strongly bound myosin
head can occupy one of the four states depicted, where A is actin,
MI is myosin in the intermediate state, MF is myosin in the final
state, and D is MgADP. The stability of the ADP-bound states
relative to the corresponding no-nucleotide states (∆G2 and∆G4)
is a function of MgADP concentration. The relative stability of
the two conformational states in the same nucleotide state (∆G1
and∆G3) is a function of the total strains, internal and external, on
the head. Thus, in the case that is depicted, the A‚MF state is most
stable and preferentially populated, although a significant population
of heads are in the A‚MI state. A MgADP concentration much
greater thanKd would greatly stabilize the ADP-bound states
(moving them below the nucleotide-free states in the diagram), so
A‚MI‚D would be most favored. Negative strain, as experienced
by trailing heads (see Figure 5), would stabilize (lower) the final
states relative to the intermediate states, so that in the presence of
high MgADP concentrations the A‚MF‚D state would be favored
over A‚MI‚D.

FIGURE 5: Cartoon illustrating the constraints on LC domain
orientation in muscle. S1 is presented on the right, for comparison.
Catalytic domains are drawn as shaded circles and LC domains as
ovals. The two heads of a single myosin bind to adjacent actin
monomers. The two LC domains are connected by their heavy
chains to a coiled coil, which in turn connects them to the thick
filament. Part of the coiled coil is pulled apart to allow both heads
to bind. The fraction of leading heads (right head of each pair,
labeled L) or trailing heads (left heads, labeled T) in each of the
intermediate and final states is denoted below the head in question.
Total populations of either state are taken from experimental data
(Table 1); assignment to the leading or trailing head is based on
the model presented here, and given as the fraction of that head in
either state. In the absence of MgADP, the leading head’s LC
domain is pulled back into the intermediate conformation, whereas
the trailing LC domain is pulled forward into the final conformation.
With MgADP present, the leading LC domain is still pulled back
into the intermediate conformation, but upon binding of MgADP,
a fraction of the trailing LC domains are able to rotate back into
the intermediate conformation as well.
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suggest that the equilibrium of forces results in about one-
third of the trailing heads adopting the intermediate (A‚MI‚
D) state in the presence of saturating MgADP, while the rest
adopt the final (A‚MF‚D) state. In this model, this interplay
of forces reduces the true affinity of trailing heads for
MgADP.

This model predicts that a higher MgADP concentration
is required to rotate myosin LC domains, as compared to
S1 LC domains, as seen in our data. In rotating from the
final position to the intermediate position, the trailing head
moves farther from the leading head by several angstroms,
doing work against the restoring force imposed by the
connecting protein (Figure 5, compare the left side vs the
right side). The∼25-fold difference observed in the apparent
Kd in the case of dephosphorylated heads implies an energetic
cost of∼3 kT for separating the heads by this distance.

The model also predicts the result that externally applied
tension, stretching the fiber, should have little effect on the
distribution of heads between the intermediate and final states
in rigor fibers, as observed. A stretch would tend to drive
cross bridges backward along their cycle, the opposite of
normal contraction. However, most of the backward strain
is taken up by the leading head of any pair, which is already
in the intermediate position (see Figure 5). The trailing head
would experience little, if any, strain until the leading head
was forcibly dissociated from actin. Equally, MgADP binding
would alter the conformation only of the trailing, less strained
head. The actual change in muscle tension upon MgADP
binding would depend on the details of the connection
between the heads and the distribution of strain between
them, but would be predicted to be small, as observed by
Dantzig et al. (39) who saw a very slight increase in tension
upon MgADP binding in gizzard muscle.

By its nature, this model suggests that the apparentKd for
MgADP (110µM) measured in our experiments is not the
true dissociation constant for dissociation of MgADP from
actomyosin. If stabilization of the intermediate state equates
to stabilization of MgADP binding (see the discussion of
latch, below), then the leading and trailing heads would be
expected to have different affinities for MgADP. Moreover,
in our experiments, we observe only the total populations
of the intermediate and final states ([A‚MI] + [A ‚MI‚D] vs
[A ‚MF] + [A ‚MF‚D]), without reference to nucleotide state.
Thus, the quantity plotted in Figure 3 is ([A‚MI] + [A ‚MI‚
D])/[all heads], whereas the true measure of heads with
MgADP bound is ([A‚MI‚D] + [A ‚MF‚D])/[all heads].
Increasing the MgADP concentration causes these quantities
to change at different rates, producing a difference between
our apparentKd and the true value.

Latch.The influence of MgADP concentration, strain, and
extent of RLC phosphorylation on LC domain orientation
in our experiments and model suggest, tantalizingly, that the
observed LC domain rotation may be important to the latch
state of smooth muscle. Although there is little direct
evidence, it is considered likely that in an active fiber, only
one head of a given myosin interacts with actin at any given
time (the situation in Figure 6). Our results and the model
presented above, arising from a nonphysiological “rigor”
system with both heads strongly bound to actin, must be
applied to active muscle only very cautiously. Nevertheless,
a conservative extension of our model provides a workable

model for the behavior of latch bridges in the late stages of
smooth muscle contraction.

The first additional element of the model is as follows.
(3) A smooth myosin head in the final (A‚MF) state can

detach rapidly from actin, but detachment is much slower
from the intermediate (A‚MI or A‚MI‚D) state.

Several factors could satisfy this requirement; ADP release,
ATP binding, and/or release of the myosin head from actin
could be much less favorable in the intermediate state than
in the final state. Any one could equate to a virtual
requirement for LC domain rotation to the final position
before the completion of one ATPase cycle and the start of
another. We have argued above that backward strain, as
experienced by leading heads in our model (or, equally,
resistance to shortening, as experienced by working heads
under the near-isometric conditions of latch), stabilizes the
intermediate state, as illustrated in Figure 6. Thus, a head
under backward strain, like a leading head in our model,
would have enhanced affinity for MgADP, whereas a head
under forward strain, like a trailing head, would have
decreased MgADP affinity. It is an easy leap from these
thermodynamic statements to a kinetic argument: strain-
dependent stabilization of the intermediate state slows the
ATPase cycle, possibly by delaying ADP release as sug-
gested by Barsotti et al. (49) and by Cremo and Geeves (32).
A strain dependence of product release was also proposed
by A. F. Huxley in the first model of muscle contraction
(50), where product release and MgATP binding occur much
more slowly in cross bridges that are exerting positive force.
Our data in fact suggest that MgADP release from the
intermediate (A‚MI‚D) state could be slow, since in S1 the
A‚MI‚D state is more stable than the A‚MI state (Table 1).
A strain-dependent molecular mechanism of this sort could
account for the Fenn effect, in that a muscle under tension
would consume less ATP and produce less heat than would
a freely contracting muscle (51).

MgADP concentration is another factor affecting the rate
of actomyosin ATPase. MgADP competes with MgATP for
binding the myosin head so that detachment of the head from
actin is increasingly delayed by higher concentrations of
MgADP (15). Our results show that, if point 3 of our model

FIGURE 6: Cartoon illustrating the energetics of LC domain rotation
in active, isometric muscle. We assume only one head of a given
myosin will interact with actin at a time. The head is connected to
the rod via a compliant element. The compliant element could be
in S2, as depicted here, or it could be in the LC domain itself. If
the cross bridge is under strain, rotating from the intermediate state
to the final state necessitates pulling out the compliant element, at
an energetic cost. The intermediate state is therefore stabilized by
strain on the cross bridge.
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is correct, MgADP binding has an additional, more subtle
effect. It biases the head to the intermediate (A‚MI‚D) state,
further delaying detachment by reducing the fraction of time
the head spends in the final (A‚MF or A‚MF‚D) state. An
elevated MgADP concentration associated with contraction
has been observed in intact preparations of tonic smooth
muscle (52), which exhibits a pronounced latch state, but
not in phasic smooth muscle (53), in which latch is markedly
less distinct. The MgADP concentration has been observed
to rise modestly over the course of permeabilized smooth
muscle contraction (54), which would tend to enhance this
effect late in contraction. The same work indicates that latch-
like behavior is only observed in the presence of a sufficiently
high [MgADP]/[MgATP] ratio. Tellingly, MgADP affinity
is higher in tonic smooth muscle than in phasic muscle (13,
17). We note, also, that a strongly bound head under no
particular strain is likely to act like S1, in that its state is a
function primarily of whether MgADP is bound, until
MgATP successfully detaches it from actin.

The first three elements of our model have the potential
to explain the behavior of slowly cycling latch bridges: strain
on myosin heads and MgADP binding serve to delay
detachment from actin, reducing energy consumption and
prolonging occupancy of a post-power stroke, force-generat-
ing state of the myosin head, thus enhancing the economy
of tension maintenance. What is missing from this picture
is a switch, converting a rapidly contracting, active muscle
into a slowly contracting, economical latch muscle. Any
effect that changed the relative stabilities of the intermediate
and final states, stabilizing the final state in the early stages
of contraction and the intermediate state late in contraction,
would serve to promote the economical behavior described
above more in latch than in early contraction. Our results
suggest a candidate for that factor, leading to the final
element of our model.

(4) Dephosphorylation of the RLC triggers latch-like
behavior in myosin heads by a positive feedback mechanism.

Our results show that RLC phosphorylation changes the
MgADP concentration dependence of the distribution of
heads between the intermediate and final states. Importantly,
RLC thiophosphorylation does not change the states that are
accessible to the myosin head as defined by LC domain
orientation, nor does it change the distribution of states in
zero or saturating MgADP (see Table 1); this implies that
the steric constraints on the LC domain do not change greatly
upon phosphorylation. Rather, RLC phosphorylation only
reduces the power of MgADP to effect the rotation of a
myosin head from the final to the intermediate state. This
suggests that the actual affinity of the myosin head for ADP
is altered by RLC phosphorylation. We note that our
experimental values for the apparentKd of MgADP are not
necessarily relevant to a working muscle. Nevertheless, RLC
phosphorylation can reasonably be proposed to reduce the
apparent affinity for MgADP in working muscle as well.
The apparent role of MgADP in stabilizing high-force, low-
phosphorylation states of smooth muscle (54) supports this
proposal. Then in the absence of significant strain, phos-
phorylated heads would be relatively insensitive to MgADP
and would cycle quickly through the intermediate state.
Dephosphorylated heads would be more sensitive to MgADP
(7-fold more sensitive, if our data apply) and would thus
cycle less rapidly. RLC dephosphorylation late in contraction

might therefore trigger a positive feedback loop. Dephos-
phorylated heads would cycle less quickly, slowing overall
contraction. As the velocity of contraction slowed, active
heads would experience greater resistance to rotation,
stabilizing the intermediate state and reducing their cycling
rate. Slower cycling rates would further slow contraction,
and so on.
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