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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 (ErlA). The calcium sensitivity
of the ATPase activity of the labeled myofibril preparation was quite similar to that of the native sample,
indicating that the ErlA-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 ef8® us. 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:80@hich 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.

ATP!-dependent sliding of myosin filaments over actin is biophysical techniques has been used to study the molecular
the basis for force generation in musclg. (On the basis of  basis of this process. Techniques such as electron microscopy
electron micrographic cross-sections of skeletal mustte ( (8—10), X-ray diffraction (L1), and small-angle X-ray
4) and structural, mechanical, and kinetic dd&aT), it has scattering 12) have suggested that the only distinct cross-
been proposed that force generation and muscle contractiorbridge orientation is that in rigor, in the absence of ATP.

are caused by ATP-driven rotational motions of cross-bridges  Site-directed probe techniques, involving primarily electron
formed by myosin heads binding to actin. Since the initial paramagnetic resonance (EPR) and optical spectroscopy,
proposal of the rotating cross-bridge model, an array of have provided orientational and motional sensitivity)(
Most of these studies have involved the attachment of probes
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sociation. undergoing sub-millisecond rotational motions even when
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transfer EPR; TPA, time-resolved phosphorescence anisotropy. domain, containing the SH1, the ATP, and actin binding sites,
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and the light-chain or regulatory domain, containing the (CPK) were from Sigma (St. Louis, MO). All other chemicals
essential and regulatory light chair®l( 25). Models based  were of the highest available purity. Live scallops were
on this structure have proposed that the key event in muscleobtained from Marine Biological Laboratories, Woodshole,
contraction is the rotation of the LC domain relative to the MA. The scallops were kept alive in a tank for up to six
catalytic domainZ5—27). In fact, considerable cross-bridge months. The following solutions were used in our experi-
distortion has been seen both by electron microsc@gy-( ments: labeling solution (LS) (100 mM NaCl, 2 mM EDTA,
30) and X-ray diffraction 25, 30), suggesting that substantial 20 mM MOPS, pH 7), magnesium wash (MW) (40 mM
flexibility is present in the myosin head and that this might NaCl, 1.5 mM EGTA, 3 mM Nah| 2 mM MgCh, 10 mM

be coupled to force generatiodl( 32). To test this “bending Mops, pH 7), sodium azide wash (AW) (40 mM NacCl, 1.5
head” hypothesisl@, 23), it is necessary to probe directy mM EGTA, 3 mM NaN, 10 mM Mops, pH 7), rigor solution
the orientation and rotational motions of both the catalytic without backup (R) (84 mM KPr, 2 mM Mggl 1.5 mM
and light-chain domains in muscle. EGTA, 20 mM Mops, pH 7), rigor solution with backup (RB)

The obvious targets for introducing spectroscopic probes (R plus 0.1 mg/mL CPKt 20 mM CP), relaxation solution
in the LC domain of the myosin head are on the RLC (RE) (RB plus 5 mM ATP), contraction solution (RE plus 2
subunits. In principle, probes could be attached directly and MM CacCb).
selectively to the heavy chain part of the LC domain, but ~ Preparation and Labeling of Gizzard RL&Myosin was
this has proven to be a formidable challenge, due to the lackpartially purified from frozen gizzards by the method of
of a unique high-affinity reactive group. On the other hand, Persechini and Hartshorndg). A mixture of essential and
the RLC binds specifically and noncovalently the heavy chain regulatory light chains was prepared from the myosin by the
and can be removed and exchanged by altering the ionicmethod of Wagner39). Ethanol was then added to a final
conditions. There are two distinct advantages in studying concentration of 82% to precipitate the RLC which was then
scallop muscle: (a) the native RLC can be easily removed resuspended and dialyzed into 0.1 M NaCl, 50 mM Tris,
and replaced with any other RLC, and (b) the functional PH 7.9, 0.1 mM each of EGTA and EDTA, O:/mL each
binding of exogeneous RLC can be readily monitored by of pepstatin A and leupeptin, and 1 mM DTT. After dialysis,
measuring the calcium sensitivity of ATPase activigg(  sSucrose was added to 25% (w/v) and the RLC was stored in
34). The gizzard RLC contains a single cysteine (Cys 108) liquid nitrogen for up to nine months. For labeling with ErlA,
for site-specific attachment of the probe, and it restores the RLC was thawed and DTT was added to 5 mM. After
calcium sensitivity to scallop muscle. 30 min, the RLC was dialyzed iot2 L of LS for 5 h.

Two recent papers have reported EPR of spin labels boundLabe!ing was initiated by adding 1.5 times molar excess of
to RLC in contracting scallop muscle. Using the high ErlA in labeling buffer to the RLC. After 20 h on ice, free_
orientational resolution of conventional EPR, Baker et al. |abel was removed on a Sephadex G-25 column primed with
(32) obtained the first direct evidence for two distinct MW- The labeled RLC was then concentrated in Centricon

orientations of the LC domain in muscle and showed that a C€ntrifugal concentrators. The amount of label attached to
change in the distribution between these two orientations € Protein was calculated by measuring the absorbance at
correlates with force generation. Using saturation-transfer 30 M using a molar extinction coefficient of 72 600/M/
EPR to obtain sensitivity to microsecond rotational motions, cM- Extinction coefficient of the dye attached to the protein
Roopnarine et al.35) showed that the orientational changes Was measured by adding a known concentration of the dye
occurring upon contraction are accompanied by a reductiont© @ 10-fold excess of the RLC and then measuring the
in microsecond rotational motion. However, neither of these @Psorbance at 530 nm. The protein concentration was
EPR techniques had the time resolution needed to detect and€termined using the Bradford assag)( The dye-to-protein
resolve the distinct rotational motions that might be occurring "atio was 0.80t 0.08 f = 7, SEM).

in different phases of the force generation process. Preparation of Scallop Myofibrils, Extraction of Na&
In the present study, we report time-resolved phosphores—RLC’ and Reconstitution with Gizzard RLStriated adductor

cence anisotropy (TPA) experiments on scallop adductor musl;lcle wfatls prepar_ed fr(I)I?:acoQ[eﬁten m?ge_zrllr?mc',(baly
muscle myofibrils containing erythrosin-labeled chicken scallop) after removing all the caich muscle. The muscle was

gizzard RLC, to study the rotational motion of the LC domain then stored in 50% ethylene glycol (v/v) for up to 1 year.

of myosin in different physiological states. Phosphorescence.'vIyOfIbrIIS were made by grinding small pieces of muscle

was used in order to obtain information on the crucial ™M magnesium wash with a tissuemizer. The membrane debris
microsecond time range, as demonstrated in previous TPAVES removed by washing with MW. Then the myofibrils

[ ' i ihri ded in AW. The protein concentration was
studies of SH1-bound probes in rabbit myofibrigs( and Ve suspen
fibers 37). The present TPA study provides the first time- 2djusted to 3 mg/mL, and EDTA was added to 15 mM. After

resolved data on LC domain rotational motion and reveals a.10 min incubation, the myofibrils were immediately WaSh?d
changes in cross-bridge dynamics upon contraction that wereWlth AW atroom temperature to remove the e_xtract.ed native
not previously detected. RLC, then washed with MW3Q3). Reconstitution wlth the
labeled gizzard RLC was started by adding five times molar
MATERIALS AND METHODS excess of erythrosin-labeled gizzard RLC over myosin. After
8—12 h, the unbound RLC was removed by washing with
Reagents and Solution&rythrosin iodoacetamide (ErlA) MW. The myofibrils were not cross-linked and, hence,
was obtained from Molecular Probes (Eugene, OR) and underwent some shortening during contraction.
stored at a concentration of 200 mM in dimethylformamide  Gel ElectrophoresisMyofibril samples were analyzed on
(DMF) in liquid nitrogen. Catalase, glucose oxidase, glucose, a 12.5% (w/v) polyacrylamide gel contaigir8 M urea at
ATP, creatine phosphate (CP), and creatine phosphokinasgH 8.6. Myofibrils were incubated in a equal volume of
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sample buffer containtn 8 M urea fo 2 h at room

temperature. Then 20g aliquots were loaded into the gel. N E R L R
The gels were stained with Coomassie Brilliant Blue R-250

and scanned in a phosphorimager and the density of the e e —

protein bands were quantitated.

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

mM KCI, 1 mM MgCl,, 1.5 mM EGTA, 1 mM CaCl, and - - .
25 mM Mops.
Optical Spectroscopyror 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 10Qug/mL glucose oxidase, 1bg/mL - -

catalase, and 5 mg/mg-p-glucose 86). Deoxygenation was - = RLC
allowed to proceed for a few minutes before data collection.

For relaxation experiments, ATP was added to myofibrils

in RB, and for contraction, Caglwas added to relaxed

myofibrils. The samples were incubated for a few minutes - am» w» w» ELC
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. FIGURE 1: Urea polyacrylamide gel electrophoresis of scallop
The anisotropy is defined as myofibril samples. Scallop myofibrils samples were analyzed on a

12.5% (w/v) gel. N, native myofibrils; E, extracted; R, reconstituted
o with native gizzard RLC; LR, reconstituted with ErlA labeled
r(t) = (I, — GL/(l,, + 2G1) 1) gizzard RLC. TM, tropomyosin; ELC, essential light chain; RLC,
] ) regulatory light chain.
wherely, andl,, are the vertical and horizontal components

of the emission after excitation with a vertically polarized intensity (eq 2), we found that the fit was improved by
pulse. TPA decays were recorded using an instrumentincreasingn from 3 to 4. For anisotropy (eq 3j), = 2 was
described previously3@), by signal averaging the time- usually both necessary and sufficient for an optimal fit.
dependent phosphorescence decays with a single detector and We modeled the dynamic disorder of the emission transi-
a polarizer that alternates between vertichl({)] and tion moment of the probe in the nanosecond and the
horizontal [n(t)] orientation every 1000 flashe& is an microsecond time ranges as a wobble in a cone with a
instrumental correction factor, determined by measuring the semiangle off. (43), which is calculated either from the
anisotropy of a solution of ErlA-labeled BSA in 90% microsecond order paramet&s), or the nanosecond-order
glycerol (v/v) under experimental conditions and adjusting parameter3(ns):

G to give an anisotropy value of zero, the theoretical value

for a freely tumbling chromophore. S(us) = /rw/ro, Shy = /rO/rmax (4)
Analysis of Anisotropy Datal PA decays were analyzed
by fitting them to theoretical expression, using the nonlinear 0.= cos Y(—0.5+ 0.5/1 + 89 (5)

least-squares algorithm of Marquardt?). The quality of
the fits were gauged by comparing thé values and by  where ry, and r., are the initial and final anisotropies,
evaluating the residuals. The total intensitft), was fit to respectively, as defined in €] andr is the anisotropy
the expression of the completely immobilized dye, measured by performing
N TPA on ErlA immobilized in a PMMA block. Thus, the
_ difference between, andrmaxis due to the sub-microsecond
(0 = ;ai exp(-t/) @) rotational motion that is not detected by TPA. The submi-
crosecond decay is also quantitatedcasvhich is defined
wherer; is the excited-state lifetime for componéntThe asro/fmax We measuredmax for ErlA as 0.20+ 0.01. Thus,
anisotropy decay was fit to a sum of exponentials plus a the amplitudes of microsecond motiof(us), and submi-
constant 86) crosecond motiorg¢(ns), can be calculated from eqs 4 and
5.
n

rt) = ;ri expt/g) +r., (3) RESULTS

Gel ElectrophoresisUrea—PAGE was used to determine
whererq is the initial anisotropy at time zerap is the the extent of RLC extraction and reconstitution in scallop
rotational correlation time for componentandr., is the myofibrils (Figure 1, Table 1). Since the ELC is not removed
final anisotropy. The number of exponentiatsit eq 2 and under the conditions of RLC extraction, it was used as a
3) was increased until no further improvement was observed standard to normalize the RLC content. In native myofibrils,
in the fit, as evaluated by the’ value (minimized in least-  approximately equimolar amounts of the two light chains
squares fit) and the residual plot (data minus fit). For total are present, and extraction removes greater than 90% of the
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Table 1: ATPase Activity of Scallop Myofibrits 10 A
activity (V) calcium E o
sample RLC/ELC —Ca +Ca sensitivity g -
T}

native 0.96+ 0.04 0.03t 0.007 1.03£0.03 0.97 E 06
myofibrils = -
extracted 0.07+0.01 0.52+0.03 0.45£0.02 —0.16 8
myofibrils N o4
with gizzard 0.944+0.07 0.07+0.02 0.97+ 0.06 0.95
RLC 0.2
with ErIA-  0.974+0.05 0.09+0.02  0.96+ 0.05 0.92 :
labeled RLC z L

aATPase activities gmol of R-min~*-(mg of protein)], were 00 : : : :
measured at 25C in the media described in Materials and Methods. 151 2¢ B
Each value is the mean from five different preparations, and the SEM &~ 00 VM
is given. Calcium sensitivity= [1 — (V(—Ca)M(+Ca)] x 100. The = . L ) L
intensities of the RLC bands were adjusted for their respective molecular X 15F3;
masses: scallop RLC, 17 kDa; gizzard RLC, 20 kDa; and normalized D00 fe—
to the ELC band intensity. 35 ) ) | )

é 15F 22

native RLC (Table 1). Upon readdition of either unlabeled 4 00 . l . .
or ErIA'-IabeIed gizzard RLC, the content was restored to 0 100 200 300 400 500
the native level, i.e., one RLC per myosin head (Table 1). MICROSECONDS

ATPase Actiity. The native myofibril preparation shows pgure 2: (A) Phosphorescence intensity decays of scallop
a 34-fold increase of ATPase activity in the presence of myofibrils samples containing ErlA-labeled gizzard RLC during
calcium (Table 1). The extraction of more than 90% of RLC rigor, relaxation and contraction, a€; 1, rigor; 2, relaxation;3,
results in a high ATPase activity in the absence of calcium contraction. The data is that from a typical sample. The decays

N - R ere fit to a sum of exponential (see Materials and Methods, eq
and a 13% decrease in its presence, indicating the loss of‘g). (B) For contraction, a four exponential fit was judged to be

calcium regulation. Reconstitution with either gizzard RLC  adequate from the residual plots. Both rigor and relaxation intensity
or ErlA-labeled gizzard RLC restores the regulation to near decays were fit to four exponentials (residual plots not shown).
native values both in the absence and presence of calciumThe results of the fits are shown in Table 2.

This clearly indicates that greater than 90% of the heads in
these myofibrils have labeled RLC that is bound functionally Tablg 2: Phosphorescence Emission Decay Parameters for Scallop
and stereospecifically to the myosin. Since the UrRAGE Myofibrils®

indicates stoichiometric binding of labeled RLC to myosin 7 T2 73

heads, we also conclude that greater than 90% of the labele® & ws) o2 (ws) a5 (s) o4

RLC is bound functionally to myosin. rig (g-égg) (g-i) (8-88}1) (%i; (g.gifé) (11%(; (8.81568) &?)())

Phosphorescencg Intensity Decaye unpolarized phos- el ‘095 6 0100 3¢ ‘0351 170 ‘0450 a0
phorescence emission intensity deddt), of labeled scallop (0.002) (0.7) (0.007) (4) (0.041) (20) (0.047) (20)
myofibrils does not depend significantly on the presence of con 0.099 55 0089 32 0.169 150 0.643 420
ATP or Ca (Figure 2). These curves do not decay to zero in (0.002) (0.1) (0.001) (1) (0.006) (10) (0.008) (10)

500us, due to the long lifetime of phosphorescence emission.  aNonlinear least-squares fit of the phosphorescence intensity decay
The results of three-exponential fits of these curves are shownl(t) to a sum of exponential decay terms with amplitudeand excited-
in Table 2. ATP and/or calcium cause only small changes State lifetimesz; (eq 1). The values are averages of four experiments,

: ; ) e ) . with SEM in parentheses. A representative data set is shown in Figure
in amplitudes ;) and lifetimes ), which are not enough 1. The table shows only the results for a three-exponentiah fit @

to account for the large differe_nces in a_niSOtrOpy decays jn eq 1), which was judged to be optimal on the basis of residual plots
reported below37, 44). The multiexponential nature of the  (not shown)

decay suggests environmental heterogeneity, but not neces-
sarily site heterogeneity, since multiexponential decays havecomponents will give a rising anisotropy. In any case, it is
been observed in most previous studies of protein-boundobvious that the probe undergoes very limited motion in
phosphorescent dyes, including purified myosin labeled at rigor. A single exponential (eq 3, = 1) was insufficient to
specifically at SH1 either with E5M or ErlA3g). fit the decay, but two exponentials produced an adequate fit
Phosphorescence Anisotrapkffect of ATP and Carhe (Table 3). The small amplitude of TPA decay implies a small
anisotropy decays during rigor, relaxation, and contraction amplitude of rotational motion.
are shown in Figure 3. In the absence of ATP (rigor), asmall  Relaxation, induced by the addition of 5 mM MgATP,
decay is seen from 0 to 50s. This indicates restricted fast causes a fast initial decay in the first &6, followed by a
motion of the probe at the RLC. After the initial decay, there slower decay until about 20@s. The decay causes a large
is very little change in anisotropy, with a slight rise in the drop in the anisotropy, indicating large-amplitude rotational
anisotropy at longer times. A similar rise in anisotropy has motions of the probe. As in rigor, a two-exponential fit was
also been seen in TPA of rabbit psoas myofibr8§)(and adequate as judged from the residual plots (not shown). As
fibers 37). This is probably due to lifetime heterogeneity seen in Table 3, amplitudes andr,, associated with the
of the emission. If the short lifetime component has a smaller short (5us) and long (46:s) correlation times, respectively,
constant value for the anisotropy than a longer lifetime are very similar. The initial anisotropydj is lower than that
component, then the changing weighted average of the twoof rigor, indicating substantial submicrosecond motion during
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0.12 high-affinity calcium-binding site in the essential light chain
> " ‘ (45, 46). Specific interactions of the ELC with the RLC and
& o010 the myosin heavy chain are required for maintaining the
% 008 structure of the calcium-binding sitd¥). Therefore, remov-

a ing the RLC destroys calcium regulatiod3j, and rebinding

E 0.06 of the RLC restores calcium binding and regulation. This
5 functional reconstitution can be achieved with RLC either
g; 0.04 - 3 from other molluscan muscles or from a smooth muscle
s source such as chicken gizza®B(34).

o 002 A The urea-PAGE (Figure 1) and its densitometric analysis

000 . . . . (Table 1) show that the ErlA-labeled gizzard RLC is

s 1 5 stoichiometrically bound to the myofibrils, as observed in
=~ o ¢ previous reconstitution studies on scallop myofibrils with
= ] . . . unlabeled gizzard RLC3d). The ATPase rates in the absence
% 5F 2¢ and presence of calcium show that the ErlA-labeled gizzard
3 OWWWHWMM RLC restores calcium sensitivity to scallop myofibrils, as
8 L n R : observed previously with unlabeled gizzard RLG4)

B or3 Therefore, the labeling of the gizzard RLC has not affected
g o the regulation of myosin ATPase by calcium in the myofibril
0 0030 360 460 samples. We conclude thaur spectroscopic data comes

MICROSECONDS from myosin heads that are completely and specifically

) labeled with RLC that is functionally incorporatedthough
Ficure 3: (A) Phosphorescence anisotropy decay of scallop 41y studies have been carried out with probes bound to
myofibril samples containing ErlA-labeled gizzard RLC &Clin . . . .
1, Rigor; 2, rigor plus 100uM free calcium;3, relaxation; and, RLC in muscle, only those few studies carried out with
contraction. Relaxation was initiated by adding 5 mM MgATP to  scallop muscle32—35) have achieved this level of complete,
rigor and contraction was started by adding 2 mM calcium chloride specific, and functional labeling, ensuring the reliable cor-
to relaxed myOfIbl’lls A backup System of creatine phOSphate and relat|on Of Structure, dynamK:S, and functlon

creatine kinase ensured that the ATP was always saturating during . L )
data acquisition. The data were fit to a sum of exponentials (see Interpretation of TPA Data in rigarThe TPA of ErlA

Materials and Methods, eq 3). (B) For the contraction decay, three labeled gizzard RLC in scallop myofibrils exhibits a small
exponentials were needed to fit the data as judged from the but rapid decay, followed by no further change in the
residuals. Rigor and relaxation were adequately fit to two expo- anisotropy. The small amplitude of the decay (Table 3)
nentials (residuals not shown). indicates small-amplitude rotational motion of the probe on
. ! ) the microsecond time scalél(us), calculated fronty and
relaxation. The nonzero value of the final anisotropy) ( . (€q 4), is about 20(43). This amplitude of probe motion
shows that the rotational motion of the head is restricted in ;, rigor is greater than that of a phosphorescent probe at
amplitude. During relaxation, the sub-microsecond motion gpy1in rabbit skeletal muscle myofibril8&) and fibers 87).
is much greater than that seen in either rigor or contraction, This indicates that the LC domain of myosin has significant
as shown by a lower value (Table 3). , flexibility even when the myosin head is strongly bound to
In contraction, the TPA decay is intermediate to those of 4¢(in The slight rotational motion in rigor is in agreement

rigor and relaxation (Figure 3A, Table 3), but three expo- \yith saturation transfer EPR (ST-EPR) studies of scallop
nentials were required for an adequate fit, as shown in Figure 3 4quctor muscle fibers containing spin-labeled clafert

3B. The two shorter correlation timeg, and¢,, are aimost  cenarig regulatory light chain 5). The large residual

identical to that in relaxation. The amplitudes,andr>  anisotropy (.,) in rigor (Table 3) indicates that, despite some
associated with these correlation times are also similar. yagtricted rapid motion, the probe is static over most of the
However the final anisotropy., is higher than in relaxation,  microsecond time range, in agreement with both ST-EPR

indicating that the overall rotational motion of the probe is (49) and TPA studies36, 37) with probes attached to SH1
more restricted. Another difference between the relaxation i, rapbit muscle. and wi’th EPR studies of spin-labeled RLC

and contraction decay curves is a slow decay seen only inj, scallop muscle 35). Table 3 shows that there is also
contraction. Whereas two exponentials were sufficient to fit gpstantial probe rotational motion in the sub-microsecond
rigor and relaxation, three were required to fit contraction {me scale f«(ns)= 3] in rigor, probably due to fast probe
(Figure 3B). The third unique decay component has & opple or to local motion of the amino acid side chain.
correlation time of about 30, which is about five times Binding of calcium to myosin heads in rigor causes a

longer than that observed for rigor and relaxation. decrease in the amplitude of anisotropy decay (Figure 3),
Effect of Calcium in RigorThe main effect of Cais @ jngicating restriction of probe rotation. From modeling
slight decrease in the amplitude of the initial decay (Figure gygies of the crystal structure of scallop regulatory domain,
3, Table 3), indicating greater restriction of the probe motion. ~ghen and co-workers have predicted an increase in binding

However, no slow decay component like that in contraction affinity of RLC to MHC upon binding of Ca during muscle
was observed. contraction 47). When Cys108 of gizzard RLC is modeled
into the structure of scallop regulatory domain, it is very
DISCUSSION close to Asp 22 of the ELC, which is directly involved in
Specific and Functional Labeling of RLContraction of Ca binding at the high-affinity Ca-binding site. Thus, it is
scallop muscle is regulated by the binding of calcium to a possible that binding of Ca causes a local effect at Cys108
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Table 3: Phosphorescence Anisotropy Fit Parameters of Scallop Myofibrils in Different Physiologicat States

state r ¢1 (us) rz ¢2 (us) rs ¢3 (us) Mo ro K® Oc (ns) (deg)  Oc(us) (deg)
rig® 0.007 3 0.012 28 0.096 0.114 0.57 345 19.2
0001) (1) ©0001) (2 (0.002)  (0.003) (0.2) (1.5) ©0.7)
rel 0.033 5 0.033 46 0.042 0.101 0.51 375 42.1
0.001) (03) (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 0.59 335 394
0.001) (1) 0001) (7)) (0002 (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)

aNonlinear least-squares fit of the anisotropy dep@yto a sum of exponential decay terms with amplitudesnd rotational correlation times
¢i. 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 (FiguPeigBigor; rig + Ca, rigor+ calcium; rel,
relaxation Ca); con, contractiorHCa). ¢ Calculated as described in the Materials and Methé@alculated assuming a wobble in a cone model
(see Materials and Methods), whetg(ns) andd. (us) are the semiangles of the cone calculated from the order parar§eterdS,, respectively.

that restricts probe motion. A restriction of the motion of after ATP depletion reverts back to that seen in rigor (data
the whole LC domain upon Ca binding could have a similar not shown), indicating that the cross-bridges in thick fila-
effect. The effect of calcium on myosin heads in rigor is in ments remain in full overlap with thin filaments, and major
contrast to SH1 probes in the catalytic domain, where no structural changes have not taken place in the myofibrillar
effect of calcium was seen. Thus, calcium binding inhibits array. In fact, most of the shortening probably takes place
rotational motion of the RLC or the LC domain relative to before data acquisition, so the cross-bridges within these
the catalytic domain. contracting myofibrils are probably comparable to those in
Interpretation of TPA Data in RelaxatioriThe large isometrically contracting fibers.
anisotropy decay upon addition of ATP (Figure 3) shows Due to the slowly decaying component, the TPA decay
that the LC domain undergoes large-amplitude rotational in contraction cannot be expressed as a linear combination
motions when the myosin heads are detached from or weaklyof rigor and relaxation. This is in contrast with orientation
attached to actin. Analysis of the TPA data using a wobble- studies with EPR probes at SH20j, fluorescent probes at
in-cone model43) yields a semiangle di(us) = 43°, more the RLC 62), and EPR probes at the RLB3), but it is in
than twice the amplitude observed in rigor (Table 3). This agreement with TPA studies with probes at SH1 in rabbit
result is consistent with large-amplitude microsecond motions skeletal muscle myofibrils36) and fibers 87). Thus, TPA
detected in TPA and ST-EPR studies of myofibrils and fibers detects rotational motions that are unique to contraction both
with probes attached to the SH1 site (Cys707 in rabbit) in at the SH1 site in the catalytic domain and at the RLC in
the catalytic domain of myosin in myofibril86) and fibers the LC domainWhy are these unique properties of contract-
(15, 20, 37, 49). Thus, the entire myosin head undergoes ing myosin heads detected only by TPA? TPA is the only
large-amplitude microsecond motions when weakly attachedtechnique that has been applied to this problem that is capable
to actin or when completely detached from acRelaxation of microsecond time resolution, measuring directly both the
also increases slightly the amplitude of nanosecond motion,rates (inverse of correlation times) and amplitudes of
compared to rigor and contraction, as evidenced by anrotational motion. This provides us with an important
increase iM¢(ns) (Table 3). This is consistent with fluores- messagethe essential physical properties of myosin heads
cence polarization studies with probes on the RBQ) ( that are responsible for force generation cannot be understood
Interpretation of TPA Data in Contractiohe results in on the basis of static structural statBgnamics is crucial
contraction are the most interesting aspect of this study. Uponboth the rates and amplitudes of rotational motions are
addition of calcium to relaxed myofibrils, the most obvious needed to define the functionally crucial physical properties
changes are an increase in the final anisotropydompared of myosin.
to relaxation and a slow decay component with a long What fraction of the heads change their rotational dynam-
correlation time (about 300s) that is not found in rigor or  ics upon activation? The time-resolution of TPA allows us
relaxation (Figure 3, Table 3). The increase in the final to estimate this. The transition from relaxation to contraction
anisotropy indicates that the stronger binding of myosin to corresponds primarily to the appearance of the slow (300
actin decreases the angular amplitude of rotational motion us) component (amplitude) and a decrease in the ampli-
(36, 37). The decrease in the rate and amplitude of motion tudes of the two faster decay components (amplitugaad
could be associated with the conformational changes within r, in Table 3). The simplest interpretation is to assigand
the RLC that are responsible for the myosin-based activationr, to detached or weak-binding heads astb strong-binding
of scallop muscleH1). However, since the effect of Ca in  heads that are actively attached to actin. The fraction of heads
rigor is much less than that observed upon activation (Figure in this strong-binding state is then estimated tor{ié; +
3), with no evidence for the 30@s motion observed in  r, + r3) = 24%.
contraction,the new slow motion appears to be correlated  Relationship to Other Spectroscopic Work on RLC
specifically with force generatign.e., with the transition Spectroscopic studies with probes attached to the RLC have
of myosin heads from weak to strong actin binding. It is not been done to understand the orientational and motional
likely that the slow decay is associated with irreversible changes due to muscle contraction. Studies with FDNA-SL
structural changes that take place in the myofibrils upon attached to RLC in rabbit skeletal muscle fibers indicate that
contraction, since the TPA decay of contracted myofibrils the probes are oriented but undergo restricted rotation in rigor
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(59). In relaxation, the probes are much more disordered than ~ Wask Binding Btrong binding Rigor
in rigor. These results are in agreement with our TPA data. w1,
However, in some cases, no change from relaxation was seen 3
in contracting fibers %4, 55). Fluorescence polarization

studies in rabbit fibers indicate that while the probe is

} Mz,
Mz,

partially oriented in rigor, it has nearly random orientation

in relaxation, and orientation in contraction is intermediate ., e

(56). However, due to the nanosecond lifetime of the

fluorescent dye, no information was obtained about micro- I

second rotational motions. Large changes in the orientation

of a fluorescent RLC probe in rabbit muscle fibers were 5, B0 ps

detected upon relaxation, but little further change was seen L

in the active fibers %0, 57). Our work has complemented

these studies by resolving the motions of the RLC and the Ficure 4. Molecular model of muscle contraction suggested by

LC domain in the microsecond time scale. An ST-EPR study O?L{GEL;';S-NL%SbLSr :;?‘?Q:Tg”hgg;i Teo‘izggmﬁﬂzego?élgﬁgﬁr

‘?f the mlclrosecon.d dynar_nms of the RLC in scallop muscle ‘?imes measured in our study. In relaxatiopn (weak-binding state)

fibers, while consistent with the present TPA results, lacks poth the catalytic and LC domains are dynamically disordered.

both time and amplitude resolution of the dynamic motion However, unlike the catalytic domain, the LC domain is equally

(35). Since TPA offers both time and amplitude resolution distributed between two distinct structural states(Mnd My).

of microsecond rotational motion. we have detected the !N contraction, strong binding to actin results in both domains
: becoming ordered, with the LC domain having greater mobility

presence of unique rotational motions in contracting Myo- than the catalytic domain and being predominantly in the, M2
fibrils, which have not been seen by any other study. structural state. In rigor, the catalytic domain has no rotational

Relationship to Other Structural Dat&EM studies on motion and the LC domain exhibits very little mobility.
scallop myosin, using negative staining, have indicated that . . - .
the myosin heads have an ordered helical arrangement infractlon of the heads in strong-binding, force-generating
" I tates.
the relaxed stateb@). Upon addition of activating concentra- S .
tions of calcium to these filaments, the arrangement became rMoc:](tel Otf gor;tra?t'ﬁr? We rr;':\vde Iusefdr:]he rlesultsm?f tgen
disordered. Superficially, this would seem to be in conflict present study fo refine a model of muscie contractio

with our anisotropy data showing a large rotational move- ?hevelopidb_b%_Baketr tet al’?z, rlgutr_e 4). In th.'s m_octiel, th
ment in the head in relaxed myofibrils. This apparent € weak-binding siates of relaxation, myosin exiss as wo

discrepancy probably arises because electron microscop ystructural states, M1 and M2, determined by the orientations

detects static structural states in stained samples, while TPAOf the LC domain, while the catalytic domain undergoes large

detects dynamics in unfixed samples. Recent cryo-electronalmplltude motions as detected by both TPA and EPR SIUd'.eS
. . . . p (59). Our TPA data suggests that both these LC domain
microscopy studies, which do not involve any fixing, suggest ; . o .
. ) . .~ structures have substantial microsecond mobility (Figure 4,
that the myosin head adopts a wide range of orientations

. . i - left). Progression into contraction is accompanied by the
_durlng relaxat|o_n, both in the S1 form and in fibef; €), transition of a small fraction of the myosin heads from the
in agreement with our results.

weak-binding M1/M2 structural states to a strong binding
EPR of spin-labeled gizzard RLC has shown that contrac- M2 structural state, in which the LC domain has only one
tion of scallop adductor muscle involves a shift of the LC  of the two orientations and the catalytic domain is immobile
domain by at least 36(32). This study showed that scallop  (Figure 4, middle). This state, which is only populated by
muscle fibers have two LC domain orientations, correspond- ahout one-fourth of the heads in the steady state of contrac-
ing to two structural states M1 and M2, which differ in spin-  tion, has decreased microsecond mobility (correlation time
label orientation by 3% Transitions between the physio- about 300us) of the LC domain. Transition to rigor
logical states of rigor, relaxation, and contraction were eliminates this slow motion in the LC domain, resulting in
accompanied by changes in the population distribution of a strongly bound myosin head with very little motion in either
M1 and M2. The M2 population increased as strong binding domain. On the basis of this model, we propose that muscle
to actin was increased, from 50% in relaxation to 67% in contraction involves a disorder-to-order transition of both
contraction and 92% in rigor, so that increased strong binding the catalytic and LC domains as well as a transition between
corresponded to increased orientational order. This is con-distinct structural states of the LC domain.
sistent with the present study, in which increased strong Conclusions In the present study, we have performed
binding correlates with decreasing amplitudes and rates oftime-resolved phosphorescence anisotropy on scallop myo-
motion. Both of these RLC studies, as well as previous fibrils, containing ErlA-labeled gizzard RLC, to delineate
studies of catalytic domain orientation and dynamis9)( the rotational motions of the LC domain in the microsecond
indicate that only a small fraction of the heads changes itstime scale. In rigor, only highly restricted microsecond
orientation and dynamics from relaxation to contraction. The motion occurs. In relaxation, large amplitude motions are
fraction of heads changing their orientation upon contraction seen, due to weak binding or complete detachment of the
was 17% in the EPR studys?), while our estimate in the  myosin head from actin. In contraction, in addition to a slight
present study is 24% (discussed above), and previous probeise in anisotropy when compared to relaxation, a slow decay
studies of the catalytic domain have yielded estimates in thecomponent is seen, indicating a rotational motion that is not
range 16-30% (9). These results indicate thatsnapshot present in either relaxation or rigor. This motion is associated
of a muscle fiber in isometric contractionueals only a small with a transition of the myosin heads from the weak-binding

- E—
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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 29

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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