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ABSTRACT: We have used time-resolved phosphorescence anisotropy (TPA) to study the rotational dynamics
of chicken gizzard regulatory light chain (RLC) bound to scallop adductor muscle myofibrils in key
physiological states. Native RLC from scallop myofibrils was extracted and replaced completely with
gizzard RLC labeled specifically at Cys 108 with erythrosin iodoacetamide (ErIA). The calcium sensitivity
of the ATPase activity of the labeled myofibril preparation was quite similar to that of the native sample,
indicating that the ErIA-labeled RLC is functionally bound to the myosin head. In rigor (in the absence
of ATP, when all the myosin heads are rigidly bound to the thin filament), a slight decay was observed
in the first few microseconds, followed by no change in the anisotropy. This indicates small-amplitude
restricted motions of the RLC or the entire LC domain of myosin. Addition of calcium to rigor restricts
these motions further. Relaxation with ATP (no Ca) causes a large decay in the anisotropy, indicating
large-amplitude rotational motion with correlation times of 5-50µs. Further addition of calcium, to induce
contraction, resulted in a decrease in the rate and amplitude of anisotropy decay. In particular, there is
clear evidence for a slow rotational motion with a correlation time of approximately 300µs, which is not
present either in rigor or relaxation. This indicates rotational motion that specifically correlates with force
generation. The changes in the rotational dynamics of the light-chain domain in rigor, relaxation, and
contraction support earlier work based on probes of the catalytic domain that muscle contraction is
accompanied by a disorder-to-order transition of the myosin head. However, the motions of the LC domain
are different from those of the catalytic domain, which indicates rotation of the two domains relative to
each other.

ATP1-dependent sliding of myosin filaments over actin is
the basis for force generation in muscle (1). On the basis of
electron micrographic cross-sections of skeletal muscle (2-
4) and structural, mechanical, and kinetic data (5-7), it has
been proposed that force generation and muscle contraction
are caused by ATP-driven rotational motions of cross-bridges
formed by myosin heads binding to actin. Since the initial
proposal of the rotating cross-bridge model, an array of

biophysical techniques has been used to study the molecular
basis of this process. Techniques such as electron microscopy
(8-10), X-ray diffraction (11), and small-angle X-ray
scattering (12) have suggested that the only distinct cross-
bridge orientation is that in rigor, in the absence of ATP.

Site-directed probe techniques, involving primarily electron
paramagnetic resonance (EPR) and optical spectroscopy,
have provided orientational and motional sensitivity (13).
Most of these studies have involved the attachment of probes
to a reactive sulfhydryl group, SH1 (Cys 707 in rabbit), on
the myosin head’s catalytic domain. These studies indicate
the cross-bridge cycle to be dynamic, with myosin heads
undergoing sub-millisecond rotational motions even when
attached to actin during the ATPase cycle (14-16). Contrary
to earlier proposals (3, 4), the orientation of the catalytic
domain does not appear to be rigidly coupled to the ATPase
cycle, and probes on SH1 do not show evidence for two
distinct head orientations during the cycle (13, 17-20).
However, significant limitations remain in these studies: (a)
SH1 labeling has been shown to partially inhibit actomyosin
ATPase activity and fiber force (21, 22) and (b) SH1 may
not be representative of the whole cross-bridge (18, 23). This
latter conclusion is supported by the crystal structures of
myosin S1 (24, 25).

The high-resolution structure of the myosin head suggests
the presence of two distinct domains, the catalytic or motor
domain, containing the SH1, the ATP, and actin binding sites,

† Supported by grants from the Muscular Dystrophy Association,
NIH (AR32961), NSF (DIR-9113444), and the Minnesota Supercom-
puter Institutes. S.R. was supported by a neuromuscular disease
postdoctoral research fellowship from the Muscular Dystrophy As-
sociation.

* To whom correspondence should be addressed: Department of
Biochemistry, Molecular Biology, and Biophysics,University of Min-
nesota Medical School, Minneapolis, MN 55455. E-mail: ddt@
ddt.biochem.umn.edu. Phone: (612) 625-0957. Fax: (612) 624-0632.

1 Abbreviations: AA, amino acid; ATP, adenosine triphosphate; CP,
creatine phosphate; CPK, creatine phosphokinase; DTT, dithiothreitol;
E5M, eosin-5-maleimide; EDTA, ethylenediamineN,N,N′,N′-tetraacetic
acid; EGTA, ethyleneglycol-bis-(â-aminoethyl ether)N,N,N′,N′-tet-
raacetic acid; EPR, electron spin resonance; ELC, essential light chain;
ErIA, erythrosin iodoacetamide; FDNA-SL, 3-(5-fluoro-2,4-dinitroa-
nilino)-2,2,4,4-tetramethyl-1-pyrrolidinyloxy spin label; kDa, kilodal-
tons; LC, light chain; Mops, 3-(N-morpholino)propanesulfonic acid;
MHC, myosin heavy chain; MSL,N-(1-oxy-2,2,6,6-tetramethyl-4-
piperidinyl)maleimide; PAGE, polyacrylamide gel electrophoresis;
PMMA, poly(methyl methacrylate); RLC, regulatory light chain; SH1,
Cys707 in the rabbit (or chicken) skeletal S1 sequence; SDS, sodium
dodecyl sulfate; SEM, standard error of mean; ST-EPR, saturation
transfer EPR; TPA, time-resolved phosphorescence anisotropy.

9097Biochemistry1999,38, 9097-9104

10.1021/bi9902945 CCC: $18.00 © 1999 American Chemical Society
Published on Web 06/19/1999



and the light-chain or regulatory domain, containing the
essential and regulatory light chains (24, 25). Models based
on this structure have proposed that the key event in muscle
contraction is the rotation of the LC domain relative to the
catalytic domain (25-27). In fact, considerable cross-bridge
distortion has been seen both by electron microscopy (28-
30) and X-ray diffraction (25, 30), suggesting that substantial
flexibility is present in the myosin head and that this might
be coupled to force generation (31, 32). To test this “bending
head” hypothesis (18, 23), it is necessary to probe directly
the orientation and rotational motions of both the catalytic
and light-chain domains in muscle.

The obvious targets for introducing spectroscopic probes
in the LC domain of the myosin head are on the RLC
subunits. In principle, probes could be attached directly and
selectively to the heavy chain part of the LC domain, but
this has proven to be a formidable challenge, due to the lack
of a unique high-affinity reactive group. On the other hand,
the RLC binds specifically and noncovalently the heavy chain
and can be removed and exchanged by altering the ionic
conditions. There are two distinct advantages in studying
scallop muscle: (a) the native RLC can be easily removed
and replaced with any other RLC, and (b) the functional
binding of exogeneous RLC can be readily monitored by
measuring the calcium sensitivity of ATPase activity (33,
34). The gizzard RLC contains a single cysteine (Cys 108)
for site-specific attachment of the probe, and it restores
calcium sensitivity to scallop muscle.

Two recent papers have reported EPR of spin labels bound
to RLC in contracting scallop muscle. Using the high
orientational resolution of conventional EPR, Baker et al.
(32) obtained the first direct evidence for two distinct
orientations of the LC domain in muscle and showed that a
change in the distribution between these two orientations
correlates with force generation. Using saturation-transfer
EPR to obtain sensitivity to microsecond rotational motions,
Roopnarine et al. (35) showed that the orientational changes
occurring upon contraction are accompanied by a reduction
in microsecond rotational motion. However, neither of these
EPR techniques had the time resolution needed to detect and
resolve the distinct rotational motions that might be occurring
in different phases of the force generation process.

In the present study, we report time-resolved phosphores-
cence anisotropy (TPA) experiments on scallop adductor
muscle myofibrils containing erythrosin-labeled chicken
gizzard RLC, to study the rotational motion of the LC domain
of myosin in different physiological states. Phosphorescence
was used in order to obtain information on the crucial
microsecond time range, as demonstrated in previous TPA
studies of SH1-bound probes in rabbit myofibrils (36) and
fibers (37). The present TPA study provides the first time-
resolved data on LC domain rotational motion and reveals
changes in cross-bridge dynamics upon contraction that were
not previously detected.

MATERIALS AND METHODS

Reagents and Solutions. Erythrosin iodoacetamide (ErIA)
was obtained from Molecular Probes (Eugene, OR) and
stored at a concentration of 200 mM in dimethylformamide
(DMF) in liquid nitrogen. Catalase, glucose oxidase, glucose,
ATP, creatine phosphate (CP), and creatine phosphokinase

(CPK) were from Sigma (St. Louis, MO). All other chemicals
were of the highest available purity. Live scallops were
obtained from Marine Biological Laboratories, Woodshole,
MA. The scallops were kept alive in a tank for up to six
months. The following solutions were used in our experi-
ments: labeling solution (LS) (100 mM NaCl, 2 mM EDTA,
20 mM MOPS, pH 7), magnesium wash (MW) (40 mM
NaCl, 1.5 mM EGTA, 3 mM NaN3, 2 mM MgCl2, 10 mM
Mops, pH 7), sodium azide wash (AW) (40 mM NaCl, 1.5
mM EGTA, 3 mM NaN3, 10 mM Mops, pH 7), rigor solution
without backup (R) (84 mM KPr, 2 mM MgCl2, 1.5 mM
EGTA, 20 mM Mops, pH 7), rigor solution with backup (RB)
(R plus 0.1 mg/mL CPK+ 20 mM CP), relaxation solution
(RE) (RB plus 5 mM ATP), contraction solution (RE plus 2
mM CaCl2).

Preparation and Labeling of Gizzard RLC. Myosin was
partially purified from frozen gizzards by the method of
Persechini and Hartshorne (38). A mixture of essential and
regulatory light chains was prepared from the myosin by the
method of Wagner (39). Ethanol was then added to a final
concentration of 82% to precipitate the RLC which was then
resuspended and dialyzed into 0.1 M NaCl, 50 mM Tris,
pH 7.9, 0.1 mM each of EGTA and EDTA, 0.5µg/mL each
of pepstatin A and leupeptin, and 1 mM DTT. After dialysis,
sucrose was added to 25% (w/v) and the RLC was stored in
liquid nitrogen for up to nine months. For labeling with ErIA,
the RLC was thawed and DTT was added to 5 mM. After
30 min, the RLC was dialyzed into 2 L of LS for 5 h.
Labeling was initiated by adding 1.5 times molar excess of
ErIA in labeling buffer to the RLC. After 20 h on ice, free
label was removed on a Sephadex G-25 column primed with
MW. The labeled RLC was then concentrated in Centricon
centrifugal concentrators. The amount of label attached to
the protein was calculated by measuring the absorbance at
530 nm using a molar extinction coefficient of 72 600/M/
cm. Extinction coefficient of the dye attached to the protein
was measured by adding a known concentration of the dye
to a 10-fold excess of the RLC and then measuring the
absorbance at 530 nm. The protein concentration was
determined using the Bradford assay (40). The dye-to-protein
ratio was 0.80( 0.08 (n ) 7, SEM).

Preparation of Scallop Myofibrils, Extraction of NatiVe
RLC, and Reconstitution with Gizzard RLC. Striated adductor
muscle was prepared fromPlacopecten magellanicus(bay
scallop) after removing all the catch muscle. The muscle was
then stored in 50% ethylene glycol (v/v) for up to 1 year.
Myofibrils were made by grinding small pieces of muscle
in magnesium wash with a tissuemizer. The membrane debris
was removed by washing with MW. Then the myofibrils
were suspended in AW. The protein concentration was
adjusted to 3 mg/mL, and EDTA was added to 15 mM. After
a 10 min incubation, the myofibrils were immediately washed
with AW at room temperature to remove the extracted native
RLC, then washed with MW (33). Reconstitution with the
labeled gizzard RLC was started by adding five times molar
excess of erythrosin-labeled gizzard RLC over myosin. After
8-12 h, the unbound RLC was removed by washing with
MW. The myofibrils were not cross-linked and, hence,
underwent some shortening during contraction.

Gel Electrophoresis. Myofibril samples were analyzed on
a 12.5% (w/v) polyacrylamide gel containing 8 M urea at
pH 8.6. Myofibrils were incubated in a equal volume of
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sample buffer containing 8 M urea for 2 h at room
temperature. Then 20µg aliquots were loaded into the gel.
The gels were stained with Coomassie Brilliant Blue R-250
and scanned in a phosphorimager and the density of the
protein bands were quantitated.

ATPase ActiVity. The ATPase activities of the myofibrils
were measured by monitoring the inorganic phosphate release
(41). Relaxation buffer: 20 mM KCl, 1 mM MgCl2, 1.5 mM
EGTA, and 25 mM Mops, pH 7.5. Activation buffer: 20
mM KCl, 1 mM MgCl2, 1.5 mM EGTA, 1 mM CaCl2, and
25 mM Mops.

Optical Spectroscopy. For phosphorescence experiments,
the labeled myofibril samples were diluted to 0.3 mg/mL
with RB in a cuvette. Oxygen was removed from the sample
by the addition of 100µg/mL glucose oxidase, 15µg/mL
catalase, and 5 mg/mLâ-D-glucose (36). Deoxygenation was
allowed to proceed for a few minutes before data collection.
For relaxation experiments, ATP was added to myofibrils
in RB, and for contraction, CaCl2 was added to relaxed
myofibrils. The samples were incubated for a few minutes
after each addition, and the TPA was then measured. No
significant settling of the myofibrils was observed during
data collection as measured by light scattering at 660 nm.
The anisotropy is defined as

whereIvv andIvh are the vertical and horizontal components
of the emission after excitation with a vertically polarized
pulse. TPA decays were recorded using an instrument
described previously (36), by signal averaging the time-
dependent phosphorescence decays with a single detector and
a polarizer that alternates between vertical [Ivv(t)] and
horizontal [Ivh(t)] orientation every 1000 flashes.G is an
instrumental correction factor, determined by measuring the
anisotropy of a solution of ErIA-labeled BSA in 90%
glycerol (v/v) under experimental conditions and adjusting
G to give an anisotropy value of zero, the theoretical value
for a freely tumbling chromophore.

Analysis of Anisotropy Data. TPA decays were analyzed
by fitting them to theoretical expression, using the nonlinear
least-squares algorithm of Marquardt (42). The quality of
the fits were gauged by comparing theø2 values and by
evaluating the residuals. The total intensity,I(t), was fit to
the expression

whereτi is the excited-state lifetime for componenti. The
anisotropy decay was fit to a sum of exponentials plus a
constant (36)

where r0 is the initial anisotropy at time zero,φi is the
rotational correlation time for componenti, and r∞ is the
final anisotropy. The number of exponentials (n in eq 2 and
3) was increased until no further improvement was observed
in the fit, as evaluated by theø2 value (minimized in least-
squares fit) and the residual plot (data minus fit). For total

intensity (eq 2), we found that the fit was improved by
increasingn from 3 to 4. For anisotropy (eq 3),n ) 2 was
usually both necessary and sufficient for an optimal fit.

We modeled the dynamic disorder of the emission transi-
tion moment of the probe in the nanosecond and the
microsecond time ranges as a wobble in a cone with a
semiangle ofθc (43), which is calculated either from the
microsecond order parameter,S(µs), or the nanosecond-order
parameter,S(ns):

where r0 and r∞ are the initial and final anisotropies,
respectively, as defined in eq3, and rmax is the anisotropy
of the completely immobilized dye, measured by performing
TPA on ErIA immobilized in a PMMA block. Thus, the
difference betweenr0 andrmax is due to the sub-microsecond
rotational motion that is not detected by TPA. The submi-
crosecond decay is also quantitated asκ, which is defined
asr0/rmax. We measuredrmax for ErIA as 0.20( 0.01. Thus,
the amplitudes of microsecond motion,θc(µs), and submi-
crosecond motion,θc(ns), can be calculated from eqs 4 and
5.

RESULTS

Gel Electrophoresis. Urea-PAGE was used to determine
the extent of RLC extraction and reconstitution in scallop
myofibrils (Figure 1, Table 1). Since the ELC is not removed
under the conditions of RLC extraction, it was used as a
standard to normalize the RLC content. In native myofibrils,
approximately equimolar amounts of the two light chains
are present, and extraction removes greater than 90% of the

FIGURE 1: Urea polyacrylamide gel electrophoresis of scallop
myofibril samples. Scallop myofibrils samples were analyzed on a
12.5% (w/v) gel. N, native myofibrils; E, extracted; R, reconstituted
with native gizzard RLC; LR, reconstituted with ErIA labeled
gizzard RLC. TM, tropomyosin; ELC, essential light chain; RLC,
regulatory light chain.

S(µs) ) xr∞/r0, S(ns) ) xr0/rmax (4)

θc ) cos-1(-0.5+ 0.5x1 + 8S) (5)

r(t) ) (Ivv - GIvh)/(Ivv + 2GIvh) (1)

I(t) ) ∑
i)1

n

ai exp(-t/τi) (2)

r(t) ) ∑
i)1

n

ri exp(-t/φi) + r∞ (3)
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native RLC (Table 1). Upon readdition of either unlabeled
or ErIA-labeled gizzard RLC, the content was restored to
the native level, i.e., one RLC per myosin head (Table 1).

ATPase ActiVity. The native myofibril preparation shows
a 34-fold increase of ATPase activity in the presence of
calcium (Table 1). The extraction of more than 90% of RLC
results in a high ATPase activity in the absence of calcium
and a 13% decrease in its presence, indicating the loss of
calcium regulation. Reconstitution with either gizzard RLC
or ErIA-labeled gizzard RLC restores the regulation to near
native values both in the absence and presence of calcium.
This clearly indicates that greater than 90% of the heads in
these myofibrils have labeled RLC that is bound functionally
and stereospecifically to the myosin. Since the Urea-PAGE
indicates stoichiometric binding of labeled RLC to myosin
heads, we also conclude that greater than 90% of the labeled
RLC is bound functionally to myosin.

Phosphorescence Intensity Decay. The unpolarized phos-
phorescence emission intensity decay,I(t), of labeled scallop
myofibrils does not depend significantly on the presence of
ATP or Ca (Figure 2). These curves do not decay to zero in
500µs, due to the long lifetime of phosphorescence emission.
The results of three-exponential fits of these curves are shown
in Table 2. ATP and/or calcium cause only small changes
in amplitudes (Ri) and lifetimes (τi), which are not enough
to account for the large differences in anisotropy decays
reported below (37, 44). The multiexponential nature of the
decay suggests environmental heterogeneity, but not neces-
sarily site heterogeneity, since multiexponential decays have
been observed in most previous studies of protein-bound
phosphorescent dyes, including purified myosin labeled at
specifically at SH1 either with E5M or ErIA (36).

Phosphorescence Anisotropy: Effect of ATP and Ca. The
anisotropy decays during rigor, relaxation, and contraction
are shown in Figure 3. In the absence of ATP (rigor), a small
decay is seen from 0 to 50µs. This indicates restricted fast
motion of the probe at the RLC. After the initial decay, there
is very little change in anisotropy, with a slight rise in the
anisotropy at longer times. A similar rise in anisotropy has
also been seen in TPA of rabbit psoas myofibrils (36) and
fibers (37). This is probably due to lifetime heterogeneity
of the emission. If the short lifetime component has a smaller
constant value for the anisotropy than a longer lifetime
component, then the changing weighted average of the two

components will give a rising anisotropy. In any case, it is
obvious that the probe undergoes very limited motion in
rigor. A single exponential (eq 3,n ) 1) was insufficient to
fit the decay, but two exponentials produced an adequate fit
(Table 3). The small amplitude of TPA decay implies a small
amplitude of rotational motion.

Relaxation, induced by the addition of 5 mM MgATP,
causes a fast initial decay in the first 50µs, followed by a
slower decay until about 200µs. The decay causes a large
drop in the anisotropy, indicating large-amplitude rotational
motions of the probe. As in rigor, a two-exponential fit was
adequate as judged from the residual plots (not shown). As
seen in Table 3, amplitudesr1 and r2, associated with the
short (5µs) and long (46µs) correlation times, respectively,
are very similar. The initial anisotropy (r0) is lower than that
of rigor, indicating substantial submicrosecond motion during

Table 1: ATPase Activity of Scallop Myofibrilsa

activity (IU)

sample RLC/ELC -Ca +Ca
calcium

sensitivity

native
myofibrils

0.96( 0.04 0.03( 0.007 1.03( 0.03 0.97

extracted
myofibrils

0.07( 0.01 0.52( 0.03 0.45( 0.02 -0.16

with gizzard
RLC

0.94( 0.07 0.07( 0.02 0.97( 0.06 0.95

with ErIA-
labeled RLC

0.97( 0.05 0.09( 0.02 0.96( 0.05 0.92

a ATPase activities [µmol of Pi‚min-1‚(mg of protein)-1], were
measured at 25°C in the media described in Materials and Methods.
Each value is the mean from five different preparations, and the SEM
is given. Calcium sensitivity) [1 - (V(-Ca)/V(+Ca)] × 100. The
intensities of the RLC bands were adjusted for their respective molecular
masses: scallop RLC, 17 kDa; gizzard RLC, 20 kDa; and normalized
to the ELC band intensity.

FIGURE 2: (A) Phosphorescence intensity decays of scallop
myofibrils samples containing ErIA-labeled gizzard RLC during
rigor, relaxation and contraction, at 4°C; 1, rigor; 2, relaxation;3,
contraction. The data is that from a typical sample. The decays
were fit to a sum of exponential (see Materials and Methods, eq
2). (B) For contraction, a four exponential fit was judged to be
adequate from the residual plots. Both rigor and relaxation intensity
decays were fit to four exponentials (residual plots not shown).
The results of the fits are shown in Table 2.

Table 2: Phosphorescence Emission Decay Parameters for Scallop
Myofibrilsa

state R1

τ1

(µs) R2

τ2

(µs) R3

τ3

(µs) R4 τ4

rig 0.102 5.8 0.101 33 0.241 150 0.558 390
(0.002) (0.4) (0.004) (5) (0.015) (10) (0.016) (10)

rel 0.099 6 0.100 35 0.351 170 0.450 420
(0.002) (0.7) (0.007) (4) (0.041) (20) (0.047) (20)

con 0.099 5.5 0.089 32 0.169 150 0.643 420
(0.002) (0.1) (0.001) (1) (0.006) (10) (0.008) (10)

a Nonlinear least-squares fit of the phosphorescence intensity decay
I(t) to a sum of exponential decay terms with amplitudesRi and excited-
state lifetimesτi (eq 1). The values are averages of four experiments,
with SEM in parentheses. A representative data set is shown in Figure
1. The table shows only the results for a three-exponential fit (n ) 4
in eq 1), which was judged to be optimal on the basis of residual plots
(not shown)
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relaxation. The nonzero value of the final anisotropy (r∞)
shows that the rotational motion of the head is restricted in
amplitude. During relaxation, the sub-microsecond motion
is much greater than that seen in either rigor or contraction,
as shown by a lowerκ value (Table 3).

In contraction, the TPA decay is intermediate to those of
rigor and relaxation (Figure 3A, Table 3), but three expo-
nentials were required for an adequate fit, as shown in Figure
3B. The two shorter correlation times,φ1 andφ2, are almost
identical to that in relaxation. The amplitudes,r1 and r2,
associated with these correlation times are also similar.
However the final anisotropy,r∞, is higher than in relaxation,
indicating that the overall rotational motion of the probe is
more restricted. Another difference between the relaxation
and contraction decay curves is a slow decay seen only in
contraction. Whereas two exponentials were sufficient to fit
rigor and relaxation, three were required to fit contraction
(Figure 3B). The third unique decay component has a
correlation time of about 300µs, which is about five times
longer than that observed for rigor and relaxation.

Effect of Calcium in Rigor. The main effect of Ca is a
slight decrease in the amplitude of the initial decay (Figure
3, Table 3), indicating greater restriction of the probe motion.
However, no slow decay component like that in contraction
was observed.

DISCUSSION

Specific and Functional Labeling of RLC. Contraction of
scallop muscle is regulated by the binding of calcium to a

high-affinity calcium-binding site in the essential light chain
(45, 46). Specific interactions of the ELC with the RLC and
the myosin heavy chain are required for maintaining the
structure of the calcium-binding site (47). Therefore, remov-
ing the RLC destroys calcium regulation (33), and rebinding
of the RLC restores calcium binding and regulation. This
functional reconstitution can be achieved with RLC either
from other molluscan muscles or from a smooth muscle
source such as chicken gizzard (33, 34).

The urea-PAGE (Figure 1) and its densitometric analysis
(Table 1) show that the ErIA-labeled gizzard RLC is
stoichiometrically bound to the myofibrils, as observed in
previous reconstitution studies on scallop myofibrils with
unlabeled gizzard RLC (34). The ATPase rates in the absence
and presence of calcium show that the ErIA-labeled gizzard
RLC restores calcium sensitivity to scallop myofibrils, as
observed previously with unlabeled gizzard RLC (34).
Therefore, the labeling of the gizzard RLC has not affected
the regulation of myosin ATPase by calcium in the myofibril
samples. We conclude thatour spectroscopic data comes
from myosin heads that are completely and specifically
labeled with RLC that is functionally incorporated.Although
many studies have been carried out with probes bound to
RLC in muscle, only those few studies carried out with
scallop muscle (32-35) have achieved this level of complete,
specific, and functional labeling, ensuring the reliable cor-
relation of structure, dynamics, and function.

Interpretation of TPA Data in rigor. The TPA of ErIA-
labeled gizzard RLC in scallop myofibrils exhibits a small
but rapid decay, followed by no further change in the
anisotropy. The small amplitude of the decay (Table 3)
indicates small-amplitude rotational motion of the probe on
the microsecond time scale:θc(µs), calculated fromr0 and
r∞ (eq 4), is about 20° (43). This amplitude of probe motion
in rigor is greater than that of a phosphorescent probe at
SH1 in rabbit skeletal muscle myofibrils (36) and fibers (37).
This indicates that the LC domain of myosin has significant
flexibility even when the myosin head is strongly bound to
actin. The slight rotational motion in rigor is in agreement
with saturation transfer EPR (ST-EPR) studies of scallop
adductor muscle fibers containing spin-labeled clam (Mer-
cenaria) regulatory light chain (35). The large residual
anisotropy (r∞) in rigor (Table 3) indicates that, despite some
restricted rapid motion, the probe is static over most of the
microsecond time range, in agreement with both ST-EPR
(49) and TPA studies (36, 37) with probes attached to SH1
in rabbit muscle, and with EPR studies of spin-labeled RLC
in scallop muscle (35). Table 3 shows that there is also
substantial probe rotational motion in the sub-microsecond
time scale [θc(ns)) 33°] in rigor, probably due to fast probe
wobble or to local motion of the amino acid side chain.

Binding of calcium to myosin heads in rigor causes a
decrease in the amplitude of anisotropy decay (Figure 3),
indicating restriction of probe rotation. From modeling
studies of the crystal structure of scallop regulatory domain,
Cohen and co-workers have predicted an increase in binding
affinity of RLC to MHC upon binding of Ca during muscle
contraction (47). When Cys108 of gizzard RLC is modeled
into the structure of scallop regulatory domain, it is very
close to Asp 22 of the ELC, which is directly involved in
Ca binding at the high-affinity Ca-binding site. Thus, it is
possible that binding of Ca causes a local effect at Cys108

FIGURE 3: (A) Phosphorescence anisotropy decay of scallop
myofibril samples containing ErIA-labeled gizzard RLC at 4°C in
1, Rigor; 2, rigor plus 100µM free calcium;3, relaxation; and4,
contraction. Relaxation was initiated by adding 5 mM MgATP to
rigor and contraction was started by adding 2 mM calcium chloride
to relaxed myofibrils. A backup system of creatine phosphate and
creatine kinase ensured that the ATP was always saturating during
data acquisition. The data were fit to a sum of exponentials (see
Materials and Methods, eq 3). (B) For the contraction decay, three
exponentials were needed to fit the data as judged from the
residuals. Rigor and relaxation were adequately fit to two expo-
nentials (residuals not shown).
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that restricts probe motion. A restriction of the motion of
the whole LC domain upon Ca binding could have a similar
effect. The effect of calcium on myosin heads in rigor is in
contrast to SH1 probes in the catalytic domain, where no
effect of calcium was seen. Thus, calcium binding inhibits
rotational motion of the RLC or the LC domain relative to
the catalytic domain.

Interpretation of TPA Data in Relaxation.The large
anisotropy decay upon addition of ATP (Figure 3) shows
that the LC domain undergoes large-amplitude rotational
motions when the myosin heads are detached from or weakly
attached to actin. Analysis of the TPA data using a wobble-
in-cone model (43) yields a semiangle ofθc(µs)) 43°, more
than twice the amplitude observed in rigor (Table 3). This
result is consistent with large-amplitude microsecond motions
detected in TPA and ST-EPR studies of myofibrils and fibers
with probes attached to the SH1 site (Cys707 in rabbit) in
the catalytic domain of myosin in myofibrils (36) and fibers
(15, 20, 37, 49). Thus, the entire myosin head undergoes
large-amplitude microsecond motions when weakly attached
to actin or when completely detached from actin. Relaxation
also increases slightly the amplitude of nanosecond motion,
compared to rigor and contraction, as evidenced by an
increase inθc(ns) (Table 3). This is consistent with fluores-
cence polarization studies with probes on the RLC (50).

Interpretation of TPA Data in Contraction. The results in
contraction are the most interesting aspect of this study. Upon
addition of calcium to relaxed myofibrils, the most obvious
changes are an increase in the final anisotropy (r∞) compared
to relaxation and a slow decay component with a long
correlation time (about 300µs) that is not found in rigor or
relaxation (Figure 3, Table 3). The increase in the final
anisotropy indicates that the stronger binding of myosin to
actin decreases the angular amplitude of rotational motion
(36, 37). The decrease in the rate and amplitude of motion
could be associated with the conformational changes within
the RLC that are responsible for the myosin-based activation
of scallop muscle (51). However, since the effect of Ca in
rigor is much less than that observed upon activation (Figure
3), with no evidence for the 300µs motion observed in
contraction,the new slow motion appears to be correlated
specifically with force generation; i.e., with the transition
of myosin heads from weak to strong actin binding. It is not
likely that the slow decay is associated with irreversible
structural changes that take place in the myofibrils upon
contraction, since the TPA decay of contracted myofibrils

after ATP depletion reverts back to that seen in rigor (data
not shown), indicating that the cross-bridges in thick fila-
ments remain in full overlap with thin filaments, and major
structural changes have not taken place in the myofibrillar
array. In fact, most of the shortening probably takes place
before data acquisition, so the cross-bridges within these
contracting myofibrils are probably comparable to those in
isometrically contracting fibers.

Due to the slowly decaying component, the TPA decay
in contraction cannot be expressed as a linear combination
of rigor and relaxation. This is in contrast with orientation
studies with EPR probes at SH1 (20), fluorescent probes at
the RLC (52), and EPR probes at the RLC (32), but it is in
agreement with TPA studies with probes at SH1 in rabbit
skeletal muscle myofibrils (36) and fibers (37). Thus, TPA
detects rotational motions that are unique to contraction both
at the SH1 site in the catalytic domain and at the RLC in
the LC domain.Why are these unique properties of contract-
ing myosin heads detected only by TPA? TPA is the only
technique that has been applied to this problem that is capable
of microsecond time resolution, measuring directly both the
rates (inverse of correlation times) and amplitudes of
rotational motion. This provides us with an important
messagesthe essential physical properties of myosin heads
that are responsible for force generation cannot be understood
on the basis of static structural states.Dynamics is crucial:
both the rates and amplitudes of rotational motions are
needed to define the functionally crucial physical properties
of myosin.

What fraction of the heads change their rotational dynam-
ics upon activation? The time-resolution of TPA allows us
to estimate this. The transition from relaxation to contraction
corresponds primarily to the appearance of the slow (300
µs) component (amplituder3) and a decrease in the ampli-
tudes of the two faster decay components (amplitudesr1 and
r2 in Table 3). The simplest interpretation is to assignr1 and
r2 to detached or weak-binding heads andr3 to strong-binding
heads that are actively attached to actin. The fraction of heads
in this strong-binding state is then estimated to ber3/(r1 +
r2 + r3) ) 24%.

Relationship to Other Spectroscopic Work on RLC.
Spectroscopic studies with probes attached to the RLC have
been done to understand the orientational and motional
changes due to muscle contraction. Studies with FDNA-SL
attached to RLC in rabbit skeletal muscle fibers indicate that
the probes are oriented but undergo restricted rotation in rigor

Table 3: Phosphorescence Anisotropy Fit Parameters of Scallop Myofibrils in Different Physiological Statesa

state r1 φ1 (µs) r2 φ2 (µs) r3 φ3 (µs) r∞ r0 κc θc (ns) (deg)d θc (µs) (deg)d

rigb 0.007 3 0.012 28 0.096 0.114 0.57 34.5 19.2
(0.001) (1) (0.001) (2) (0.002) (0.003) (0.2) (1.5) (0.7)

rel 0.033 5 0.033 46 0.042 0.101 0.51 37.5 42.1
(0.001) (0.3) (0.001) (2) (0.001) (0.001) (0.4) (1.2) (0.8)

con 0.023 5 0.024 42 0.015 297 0.054 0.117 0.59 33.5 39.4
(0.001) (1) (0.001) (7) (0.002) (72) (0.002) (0.002) (0.2) (1.2) (0.7)

rig + Ca 0.003 21 0.107 0.116 0.58 33.8 12.8
(0.001) (1) (0.001) (0.001) (0.1) (1.3) (0.6)

a Nonlinear least-squares fit of the anisotropy decayr(t) to a sum of exponential decay terms with amplitudesri and rotational correlation times
φi. The values are averages from four experiments, with SEM in parentheses. Representative data sets are shown in Figure 3. Only results of the
optimal fits are shown. They were judged to be optimal on the basis of the residual plots (Figure 3B).b rig, rigor; rig + Ca, rigor+ calcium; rel,
relaxation (-Ca); con, contraction (+Ca). c Calculated as described in the Materials and Methods.d Calculated assuming a wobble in a cone model
(see Materials and Methods), whereθc (ns) andθc (µs) are the semiangles of the cone calculated from the order parametersSn andSµ, respectively.
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(53). In relaxation, the probes are much more disordered than
in rigor. These results are in agreement with our TPA data.
However, in some cases, no change from relaxation was seen
in contracting fibers (54, 55). Fluorescence polarization
studies in rabbit fibers indicate that while the probe is
partially oriented in rigor, it has nearly random orientation
in relaxation, and orientation in contraction is intermediate
(56). However, due to the nanosecond lifetime of the
fluorescent dye, no information was obtained about micro-
second rotational motions. Large changes in the orientation
of a fluorescent RLC probe in rabbit muscle fibers were
detected upon relaxation, but little further change was seen
in the active fibers (50, 57). Our work has complemented
these studies by resolving the motions of the RLC and the
LC domain in the microsecond time scale. An ST-EPR study
of the microsecond dynamics of the RLC in scallop muscle
fibers, while consistent with the present TPA results, lacks
both time and amplitude resolution of the dynamic motion
(35). Since TPA offers both time and amplitude resolution
of microsecond rotational motion, we have detected the
presence of unique rotational motions in contracting myo-
fibrils, which have not been seen by any other study.

Relationship to Other Structural Data. EM studies on
scallop myosin, using negative staining, have indicated that
the myosin heads have an ordered helical arrangement in
the relaxed state (58). Upon addition of activating concentra-
tions of calcium to these filaments, the arrangement became
disordered. Superficially, this would seem to be in conflict
with our anisotropy data showing a large rotational move-
ment in the head in relaxed myofibrils. This apparent
discrepancy probably arises because electron microscopy
detects static structural states in stained samples, while TPA
detects dynamics in unfixed samples. Recent cryo-electron
microscopy studies, which do not involve any fixing, suggest
that the myosin head adopts a wide range of orientations
during relaxation, both in the S1 form and in fibers (8, 9),
in agreement with our results.

EPR of spin-labeled gizzard RLC has shown that contrac-
tion of scallop adductor muscle involves a shift of the LC
domain by at least 36° (32). This study showed that scallop
muscle fibers have two LC domain orientations, correspond-
ing to two structural states M1 and M2, which differ in spin-
label orientation by 36°. Transitions between the physio-
logical states of rigor, relaxation, and contraction were
accompanied by changes in the population distribution of
M1 and M2. The M2 population increased as strong binding
to actin was increased, from 50% in relaxation to 67% in
contraction and 92% in rigor, so that increased strong binding
corresponded to increased orientational order. This is con-
sistent with the present study, in which increased strong
binding correlates with decreasing amplitudes and rates of
motion. Both of these RLC studies, as well as previous
studies of catalytic domain orientation and dynamics (59),
indicate that only a small fraction of the heads changes its
orientation and dynamics from relaxation to contraction. The
fraction of heads changing their orientation upon contraction
was 17% in the EPR study (32), while our estimate in the
present study is 24% (discussed above), and previous probe
studies of the catalytic domain have yielded estimates in the
range 10-30% (59). These results indicate thata snapshot
of a muscle fiber in isometric contraction reVeals only a small

fraction of the heads in strong-binding, force-generating
states.

Model of Contraction. We have used the results of the
present study to refine a model of muscle contraction
developed by Baker et al. (32, Figure 4). In this model, in
the weak-binding states of relaxation, myosin exists as two
structural states, M1 and M2, determined by the orientations
of the LC domain, while the catalytic domain undergoes large
amplitude motions as detected by both TPA and EPR studies
(59). Our TPA data suggests that both these LC domain
structures have substantial microsecond mobility (Figure 4,
left). Progression into contraction is accompanied by the
transition of a small fraction of the myosin heads from the
weak-binding M1/M2 structural states to a strong binding
M2 structural state, in which the LC domain has only one
of the two orientations and the catalytic domain is immobile
(Figure 4, middle). This state, which is only populated by
about one-fourth of the heads in the steady state of contrac-
tion, has decreased microsecond mobility (correlation time
about 300 µs) of the LC domain. Transition to rigor
eliminates this slow motion in the LC domain, resulting in
a strongly bound myosin head with very little motion in either
domain. On the basis of this model, we propose that muscle
contraction involves a disorder-to-order transition of both
the catalytic and LC domains as well as a transition between
distinct structural states of the LC domain.

Conclusions. In the present study, we have performed
time-resolved phosphorescence anisotropy on scallop myo-
fibrils, containing ErIA-labeled gizzard RLC, to delineate
the rotational motions of the LC domain in the microsecond
time scale. In rigor, only highly restricted microsecond
motion occurs. In relaxation, large amplitude motions are
seen, due to weak binding or complete detachment of the
myosin head from actin. In contraction, in addition to a slight
rise in anisotropy when compared to relaxation, a slow decay
component is seen, indicating a rotational motion that is not
present in either relaxation or rigor. This motion is associated
with a transition of the myosin heads from the weak-binding

FIGURE 4: Molecular model of muscle contraction suggested by
our results. This is a refinement of the model proposed by Baker
et al. (32). Numbers at the LC domain represent the correlation
times measured in our study. In relaxation (weak-binding state)
both the catalytic and LC domains are dynamically disordered.
However, unlike the catalytic domain, the LC domain is equally
distributed between two distinct structural states (M1w and M2w).
In contraction, strong binding to actin results in both domains
becoming ordered, with the LC domain having greater mobility
than the catalytic domain and being predominantly in the M2s
structural state. In rigor, the catalytic domain has no rotational
motion and the LC domain exhibits very little mobility.
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to the strong-binding states, with only a small fraction of
the heads strongly bound to actin at one time. These results
support a model of of muscle contraction that involves
dynamic disorder-to-order transitions of both the domains
of myosin head as well as a shift in the distribution between
two LC domain orientations.
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