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ABSTRACT. We have used saturation transfer electron paramagnetic resonance (ST-EPR) to study the
rotational dynamics of spin-labeled regulatory light chain (RLC) in scalRipdopecten magellanicus
muscle fibers. The single cysteine (Cys 51) in isolated clder¢enarig RLC was labeled with an
indanedione spin label (INVSL). RLC was completely and specifically extracted from scallop striated
muscle fibers, eliminating the Ca sensitivity of ATPase activity and isometric force, which were both
completely restored by stoichiometric incorporation of labeled RLC. The EPR spectrum of the isolated
RLC revealed nanosecond rotational motions within the RLC, which were completely eliminated when
the labeled RLC was bound to myosin heads in myofibrils or fibers in rigor. This is the most strongly
immobilized RLC-bound probe reported to date and thus offers the most reliable detection of the overall
rotational motion of the LC domain. Conventional EPR spectra of oriented fibers indicated essentially
complete probe disorder, independent of ATP and Ca, eliminating orientational dependence and thus
making this probe ideal for unambiguous measurement of microsecond rotational motions of the LC domain
by ST-EPR. ST-EPR spectra of fibers in rigor indicated an effective rotational correlationztif)eot

140+ 5 us, similar to that observed for the same spin label bound to the catalytic domain. Relaxation
by ATP induced microsecond rotational motia{ = 70 + 4 us), and this motion was slightly slower

upon Ca activation of isometric contractionf = 100 & 5 us). These motions in relaxation and
contraction are similar to, but slower than, the motions previously reported for the same spin label bound
to the catalytic domain. These results support a model for force generation involving rotational motion
of the LC domain relative to the catalytic domain and dynamic disorder-to-order transitions in both domains.

While muscle contraction models have long proposed a and RLC), based primarily on their functional roles in
force-generating transition between two distinct axial orienta- molluscan muscle. Crystal structures of chicken skeletal S1
tions of the myosin head on actii)( EPR studies with (12) and the LC domain of scallop S12) show that both
probes attached to the catalytic (“motor”) domain of myosin light chains wrap around the lorgrhelical C-terminal end
in contracting muscle fibers have shown no evidence for a of the S1 heavy chain. Molluscan striated muscle is
unigue axial head orientation that is distinct from that of regulated by direct Ca binding to domain | of the ELC, which
rigor (no ATP) @, 3). Rather than a transition between two requires specific interactions with residues of the heavy chain
angles, the EPR studies indicated a transition from dynamicand RLC (2—15). The RLC also plays a crucial functional
disorder to order in the catalytic domain upon contraction role in scallop muscle regulation in that it inhibits the myosin
(2—7). This could be enough to explain how force is ATPase activity in the absence of Ca46]. However,
generated, but attention has also been focused on models imemoval of the divalent cation in RLC disrupts the apolar
which the myosin head is segmentally flexible, such that the interaction between the heavy and light chains and results
light-chain (LC) domain rotates relative to the catalytic
domain 6—10)_ A test of this hypothesis is best ac- 1 Abbreviations: EPR, electron paramagnetic resonance; ATP,

; ; i ; :#_adenosine triphosphate; CP, creatine phosphate; CPK, creatine phos-
complished by using .SpeCtrOSCOpIC probes directed specif phokinase; DTT, dithiothreitol; DTNB, 5'&lithiobis(2-nitrobenzoic
cally to the LC domain. _ ) acid); EGTA, ethyleneglycol bigtaminoethyl etherN,N,N',N'-tet-

Molluscan and vertebrate striated muscle myosins haveraacetic acid; EDTA, ethylenediaminetetraacetic acid; MOPS\-3-(

two LCs associated noncovalently with each head; these argnorpholino)propanesulfonic acid;i,Pnorganic phosphate; PMSF,
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in dissociation of the RLC12, 14). The Ca sensitivity of  buried (2), and (d) Cys 51 is distal from the specific Ca
the actin-activated myosin ATPase and force-generating binding site. The latter may allow the spin label to be
ability are lost when RLC is removed from scallop myosin independent of local conformational changes due to Ca
heads in solution16, 17, 43 or in muscle fibers 18). binding. We report on the rotational dynamics of RLC-
Restoration of Ca-dependent myosin function is achieved by labeled myosin heads in rigor, relaxation, and contraction.
rebinding RLC from any regulated myosin source, e.g., clam

(Mercenarig or chicken gizzard RLC 19). Both RLC MATERIALS AND METHODS

removal and functional reincorporation can be accomplished
completely under mild conditions and verified by a sensitive
functional assay of calcium-sensitive ATPase or fol®).( : S i X
In skeletal muscle, RLC extraction requires harsher condi- Provided by Dr. Kémén Hideg, University of Hungary, Rs.
tions and is less complete, reincorporation is less specific, CPK and DTT were obtained from Boehringer Mannheim
the functional effects of light chains are more subtle, and Biochemicals (Indianapolis, IN). ATP and CP and other
their physiological significance is less clear. In skeletal "€2g€nts were obtained from Sigma (St Louis, MO). The

muscle, the RLC does not inhibit the myosin ATPase. RLC following solutions 83, 34 were used for RLC in solution:
depletion or phosphorylation in skeletal muscle fibers causes9u@nidine reducing solution: 6 M guanidine hydrochloride,
a small shift in the Ca dependence of contraction, suggesting!® MM DTT, and 10 mM MOPS (pH 7.0); Nabuffer: 25
that RLC may be involved in modulating the calcium MM NaCl, 5 mM NaPQ (pH 6.0), and 3 mM Na NaNs
sensitivity of cross-bridge cycling(). Removal of either ~ Wash: 40 mM NaCl, 5 mM NaP&pH 7.0), and 0.1 mM
or both light chains (ELC or RLC) decreases the motility of NaNs; MgCl> wash: NaN wash plus 2 mM MgGl EDTA
actin filaments on myosin fragments but does not affect the Wash: MgC}, wash plus 1 mM EDTA. The following
actin-activated ATPase activitg{), suggesting that the LC/ solutions were u§ed for_preparatlon of scallop muscle fiber
heavy chain interaction is essential for normal movement, Pundles: Ringer's solution: 440 mM NaCl, 10 mM KCl, 4
Previous studies with spectroscopic probes on the RLC mM MgSQ;, 40 mM MgCh, 10 mM_ |m|dazol_e (pH 7.0),
of rabbit skeletal muscle fibers have not been conclusive. In 0-1 MM NaN, and 0.05% PMSF; rigor solution: 50 mM

these studies, considerable probe disorder was present, tw&Cl: > MM MgCl;, 5 mM EGTA, 20 mM imidazole (pH
distinct probe angles were not resolved, and little or no /-0) and 0.1 mM Nab chemical skinning solution: 0.5%
orientational change was detected upon contraction Triton X-100, 50 n.]M. KCl, 5 mM EGTA, 5 mM MgGl 5

(6, 22-25). Much more clear results were obtained with MM ATP, 20 mM imidazole (pH 7.0), and 0.1 mM NaN
scallop muscle, in which a spin label on Cys 108 of gizzard €Xtraction solution: Najlwash plus 15 mM EDTA; myo-
RLC reported a 36 rotation of the LC domain in the fPrilwash: 20 mM KCl, 1 mM MgCj, 10 mM MOPS (pH
transition from relaxation to contractio2@). This is the  /-0), and 0.1 mM EGTA. The solutions used for scallop

first clear evidence for a distinct angular myosin transition fiber b.undles in EPR experiments were rigor splqun,
in muscle. reIaxan_n solutlor_1 with an ATP regene_ratmg soll_Jtlon, and
Although the orientational properties of the RLC domain contraction solution and were descrlped prewousl_y by
have been studied, the rotational motions of the LC domain R00Pnarine and Thoma8)( All preparations and labeling
during force generation are unknown. This is primarily procedures were performed ar@.
because of the limitations of the spin-labeled LC. An  Preparations and Assays. MercenaRaC were prepared
important requirement for studying the global rotation of a as described previously2§). Placopecten magellanicus
protein is that the probe should be rigidly immobilized on scallops were obtained from Woods Hole, MA, and kept alive
the protein 7). All of the previous spin probes (maleimide in an aerated seawater tank af@. The scallop muscle
or iodoacetamide) were weakly immobilized on the RLC on Was dissected and prepared dC4as described by Simmons
the myosin head and therefore not suitable for ST-EPR and Szent-Gy@yi (33, 34) and was used within-23 days
experiments 22, 23, 28). We previously reported on an because storage in glycerol abolishes the mechanical and
indanedione spin label, designated InVSL, that is strongly contractile properties of the muscle fibeggl. Fiber bundles
immobilized on RLC exchanged into scallop fibers in rigor (0.5 mm in diameter) were dissected and tied on wooden
(29, 30). We determined that the spin label on scallop fibers sticks and stored in Ringer's solution at “C. The
with InVSL-RLC had no orientational dependence, making Sarcoplasmic membranes were permeabilized by chemically
it ideal for Studying the rotational dynamics by ST-EPR Skinning the fibers essentia”y as described by Simmons and
spectroscopy. Szent-Gyogyi (33, 34), except that it was donerf@ h at 4
Therefore, we have labelédercenariaRLC with InVSL °C.
to study the rotational dynamics of the LC domain of scallop  The LC content in scallop myofibrils was determined on
fibers using ST-EPR spectroscopy. We ugddcopecten a 12.5% acrylamide gehi8 M urea (7). A Hoefer GS-
magellanicusstriated scallop fibers because95% RLC 300 scanning densitometer interfaced with Hoefer GS-365
extraction and reincorporation could be achieved and char-software for an IBM-compatible computer was used to
acterized by both ATPase and mechanical assE§s (The guantitate the LCs on the urea gels. Mg-ATPase assays in
advantages of usinijlercenariaRLC are that (a) it has a the presence (MgATPase Ca) and absence (MgATPase
single cysteine (Cys 51) that allows specific labelidg)( — Ca) of Ca were done with similar solutions as described
(b) it restores Ca-sensitive myofibrillar ATPase activity in by Simmons and Szent-Gxgyi (34) at 25 and 11+ 1 °C.
RLC-extracted scallop fibersl®), (c) Cys 51 is ideally For the MgATPase- Ca assay, the solution was 20 mM
located for measuring global rotation, since the crystal KCl, 1 mM MgCl,, 0.75 mM ATP, 1.5 mM EGTA, and 10
structure of the LC domain suggests that this residue is well mM MOPS (pH 7.5), and for the MgATPase Ca assay,

Reagents and SolutionsThe spin label, InVSL, was
synthesized as described by Hankovszky et 3P) @nd
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the solution was the same as the MgATPas€a solution
except that 3 mM CaGlwas used. The ATPase assay was
measured as described by Roopnarine et2) and the
ATPase activity was reported in micromoles of fper
milligram per minute. Calcium sensitivity of myofibril
samples is defined as [ (MgATPase— Ca/MgATPaset
Ca)] x 100. Isometric tension of scallop fiber bundles was
measured essentially as described previou38y 84).

Preparation of Labeled Proteind_yophilized Mercenaria
RLC was thiol-reduced in guanidine reducing solution for 1

Roopnarine et al.

immediately used for EPR experiments, ATPase assays, and
tension measurements.

EPR Spectroscopy Conventional EPR spectra (first
harmonic absorption in-phase) were acquired with a model
ESP 300 spectrometer (Bruker Instruments, Billerica, MA)
as described by Roopnarine et a27). EPR spectra of
oriented muscle fibers were acquired with a jhcavity
that was modified to hold a capillary parallel to the magnetic
field (3, 36, 37). ST-EPR spectra of muscle fibers were
acquired in a Thy, cavity as described by Roopnarine et al.

h at room temperature and then dialyzed extensively against(27) and Roopnarine and Thoma3) (at 11+ 2 °C while

NaR buffer (pH 6.5) in a vertical Hoefer dialysis apparatus

buffer solutions were perfused with a peristaltic pump.

to remove excess guanidine. The number of free cysteines SPectroscopic Data AnalysisEach spectrum was base-

in MercenariaRLC was determined by DTNB titration at
pH 8.0 35). Immediately before labeling, the pH of the
RLC solution was increased to 8.0 by addition of an

appropriate amount of 0.5 M dibasic sodium phosphate. The

reaction with InVSL (2:1 ratio of spin label to free cysteine)

was initiated after 5 min, and the reaction mixture was gently

stirred at 4°C for 3 h. The labeling procedure was optimum
after 3 h asdetermined by monitoring the appearance of an
immobilized EPR signal during the labeling reaction as
described by Roopnarine et aR7j. The reaction mixture
was diluted 3-fold into Nakl wash (pH 7.0) and then
concentrated in Amicon Centricon units (molecular weight
cutoff = 10000) by centrifuging at 50@0 This was

repeated at least 4 times to remove unreacted spin label, and

then the sample was dialyzed against Mg@hsh buffer
(pH 7.0) overnight at £C.

RLC Incorporation in Myofibrils, Glass Beads, and Muscle

line-corrected and normalized to unit spin concentration as
described by Roopnarine and Thomag)( Each spectrum
in this paper is plotted with a 100 G baseline. The number
of spin labels in the labeled RLC was determined by
comparison of the double integrals of the spectra for labeled
RLC and 0.1 mM InVSL in the same solution. This was
compared with molar concentration of the labeled RLC to
yield the spin label:RLC ratio of 0:81.0. The effective
rotational correlation timez{¢™) for spin-labeled RLC was
determined from the conventional EPR spectrum using eq
1, assuming isotropic rotational diffusioB8, 39).
r=al—TT)’ 1)
where ' and ZI, are the splittings between the outer
extrema of the experimental spectrum and a rigid limit
spectrum, respectively (illustrated below in Figure 2). The
rigid limit spectrum (2, = 71.6+ 0.1 G) was obtained from

Fibers. Scallop myofibrils were prepared and RLC was |aheled RLC immobilized on glass beads. The values for
extracted and reincorporated as described by Chantler andyarameters wera = 5.4 x 101 s andb = —1.36.

Szent-Gyogyi (16). Labeled RLC was covalently attached
to glass beads as described by Roopnarine eR@). (The

ST-EPR spectra were normalized and analyzed to deter-
mine effective rotational correlation times in the microsecond

scallop RLC was removed from the scallop muscle bundles 4jme range, using the line height paramet&f_ (40), using
using several modifications of the procedure described by an empirical calibration plot obtained with InVSL undergoing

Simmons and Szent-Gygyi (34) for thin scallop muscle

isotropic rotational motions2{). The restriction in the

muscle fiber bundles were tied at both ends with silk surgical analyzed by fitting it to a linear combination of two end-

threads and gently pulled into 10Q glass capillaries and
held isometrically with Tygon tubing connected to a peri-
staltic pump. The bundles were washed with Nathsh
equilibrated at 10, 20, 22, and 28 for 5 min (flow rate=
2.0 mL/min), then with Nahlwash containing 15 mM EDTA
for different time intervals, and finally in Naj\wash for 5
min. The fiber bundle was blotted dry, minced, and

point spectra (obtained in rigor and relaxation) as described
previously @), using

contraction= Xg,grigor + (1 — Xy g)relaxation (2)

whereXgic is the mole fraction of the rigor spectrum, which
was varied whiles? was minimized between the composite

dissolved in urea electrophoresis sample buffer at room and experimental spectra.

temperature for 30 min and the RLC/ELC content was
determined from a urea gel by densitometdy?)( We
determined that optimal condition fer95% RLC depletion
without irreversible damage to the fiber myofibril ATPase
and mechanical property wa 2 hincubation at 24+ 1 °C.

After RLC extraction, the fiber bundles were washed with
NaN; wash at room temperature for 5 min and then in MgCl
wash for 10 min at £4C and kept on ice. InVSL-labeled or
unlabeledMercenariaRLC (3—4 mg/mL) in MgChL wash
was flowed into the capillaries containing the fiber bundles
and incubated on ice overnight. The RLC solution was
removed and the fiber bundles were washed with MgCl

RESULTS

Characterization of RLC-Labeled FiberDensitometric
analysis of urea gels (Figure 1) showed that control (chemi-
cally skinned) scallop myofibrils typically had a RLC/ELC
ratio of 0.90+ 0.05 (Figure 1, lane 1). RLC extraction in
15 mM EDTA (in NaN; wash) decreased the ratio to 0.10
4+ 0.05 (Figure 1, lane 2), and reincorporation of either
unlabeled (data not shown) or labeled RLC restored the ratio
to 0.9+ 0.05 (Figure 1, lane 3; Table 1, column 1). The
extraction procedure did not affect the ELC content of the
fiber bundles (Figure 1). Functional incorporation of unla-

wash (three times) to remove unbound RLC and were thenbeled or labeled RLC was determined from myofibrillar
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Ficure 1: Urea—PAGE of scallop myofibrils: Lane 1, chemically
skinned; lane 2, RLC extracted; lane 3, reincorporated with InVSL-
labeledMercenariaRLC.

Myofibrils

Table 1: RLC Content and MgATPase Activity of Myofibrils
Prepared from Scallop Fibérs

MgATPase MgATPase (%) Ca
myofibrils RLC/ELC (—Ca) (+Ca) sensitivity
control 0.90+ 0.05 0.02+0.005 0.87+0.05 97.7+1
RLC extracted 0.1& 0.05 0.25+0.02 0.32+0.02 22.0+0.05
reincorporated  0.90+ 0.05 0.03+ 0.005 0.86+0.05 96.5+1

Myofibrils

with labeled RLC

@ The RLC/ELC ratios were determined from densitometric analysis "
of urea—acrylamide gels. The ATPase assays were done aC2&d L L
are reported in micromoles of inorganic phosphate per milligram per
minute. Ca sensitivity of myofibril samples is defined as the percentage
decrease in activity due to the removal of Ca. Reported values are the -
mean+ SEM forn = 4. FiGure 2: Conventional (top and middle) and ST-EPR (bottom)
spectra of InVSL-RLC in solution (NaNwash) (top) and on
myofibrils in rigor solution (middle and bottom). Spectral param-
eters 4,/ and L"/L, used to analyze conventional and ST-EPR
spectra, respectively, are illustrated. Each spectrum has been
normalized to unit concentration before plotting.

Wy

MgATPase assaysHCa) and isometric tension measure-
ments of fiber bundles. The ATPase activity of control
scallop myofibrils at 25C in the presence of Ca was 0.87
+ 0.05umol of B mg™* min~%, which is about 40 times

higher than that observed in the absence of Ca (Table 1,shortened in contraction solution but not in relaxation
row 1). RLC extraction resulted in a 12-fold activation of Solution and only for fibers that returned to the original rigor

MgATPase— Ca activity (Table 1, row 2), indicating a loss
of Ca sensitivity. Reincorporation dilercenaria RLC

restored the MgATPase activities to near normal values

EPR spectrum after removal of ATP and Ca at the end of
the EPR experiment.
EPR Spectra of Labeled RLCWe labeled 0.81.0

(Table 1, row 3). There is a direct relationship between the cysteine/mol of RLC. The conventional EPR spectrum of

RLC content (measured from ureacrylamide gels, Figure
1) and the Ca sensitivity of ATPase activity (Table 1,
columns 1 and 4).

labeled RLC in solution (Figure 2, top) showed two
components, one with a narrow splitting (weakly im-
mobilized) and another with a broader splitting (strongly

Because the mechanical properties of scallop fibers immobilized). The splitting between the outer extremg;(2
deteriorate rapidly at room temperature, EPR experimentsillustrated in Figure 2) of the latter component in the absence
were done at 1FC, which is the natural temperature for of divalent cation was 62.& 0.1 G, corresponding to an
Placopecten magellanicisgallops. MgATPasé- Ca values effective rotational correlation time of 8 0.2 ns, assuming
at 11° C were 55% less than at 2&, with no change in Ca  isotropic rotation (eq 1, using 71.6 G for the rigid limit value,
sensitivity, as previously showrl®). Extraction of native  2T). To determine whether the labeled RLC is immobilized
scallop RLC from the fiber bundles resulted in an 83%  on myosin heads, we reincorporated labeled RLC into RLC-
0.5% decrease in the active isometric tension of control fiber extracted scallop myofibrils. The EPR spectrum of these
bundles (+2.5 N/cn#). This is consistent with the fraction ~ myofibrils in rigor (Figure 2, middle) showed a much wider
of RLC extracted, as determined from densitometry analysis splitting (2T’ = 71.4+ 0.1 G) than that of labeled RLC in
of urea gels (0.9Gt 0.05) (Table 1, column 5). Reincor- solution. Immobilization of labeled RLC on glass beads
poration with either unlabeled or labeled RLC restored the (spectrum not shown) produced essentially the same splitting
active tension values to within 5% of original tension values. (the rigid limit value of Z; = 71.6 = 0.1 G), indicating
It was previously shown that the mechanical function of that there is no nanosecond motion of the spin labels when
scallop striated muscle fibers deteriorates within days after the RLC is bound to the myosin heads. This is the first LC
the animal is sacrificed3d). In addition, MgATPase assays Probe to be shown to be so strongly immobilize® (30,
have shown that incomplete reincorporation of RLC causes indicating that its ST-EPR spectra are a reliable indicator of
myosin heads to remain in an activated state. To ensure thathe microsecond rotational motion of the LC domain. The
the fiber bundles used in the EPR experiments were active, ST-EPR spectrum of InVSL-RLC myofibrils in rigor (Figure
we checked for unloaded shortening in both relaxation and 2, bottom) has a line shape approaching but not quite
contraction solutions after acquisition of the EPR spectra. reaching that of the rigid limit, indicating an effective
Fiber bundles that had incomplete RLC reincorporation rotational correlation time of 16@ 30 us (27).

(determined from urea gels) shortened in both relaxation and EPR Spectra of RLC-Labeled Scallop Fiber Bundl&he
contraction solutions, indicating loss of Ca sensitivity. Data conventional EPR spectrum of spin-labeMdrcenariaRLC
were included in statistical analysis only for fibers that in scallop fibers in rigor, oriented perpendicular to the
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Table 2: Spectral Parameters angf for Labeled RLC on Scallop
Fibers in Rigor, Relaxation, and Contraction
. L"/L 7 (us) Xric
Rigor rigor 1.30+ 0.01 140+ 5 1.0
relaxation 0.98+ 0.02 70+ 4 0

contraction 1.14:0.01 100+ 5 0.35£0.08

rigor + Ca 1.32+0.05 143+ 10 1.0+ 0.1
Relaxation aThel"/L parameter (Figure 2, third spectrum) was determined from
a ratio of spectral heights in the low-field region of the ST-EPR as
iy " described by Roopnarine et &7. 7,*" was determined from standard

e

plots forL"/L vs 7, as described in Roopnarine et &7). Xgic is the
fraction of rigor-like component determined from simulated composite
spectra assuming a linear combination of end-point spectra as described

j\.\ Contraction in Materials and Methods. Reported values are mezBEM forn =
\/ 5.

R

Table 3: Effect of Divalent Cation on the Conventional EPR
FIGURE 3: Conventional (left column) and ST-EPR (right column) ~ Spectra of RLC in Solutich
spectra of INVSL-RLC in scallop muscle fiber bundles aligned

. . — p
perpendicular to the magnetic field in rigor solution (top), relaxation c?walent ca.t|on splitting (G) u (ns)
solution (middle), and contraction solution (bottom). Each spectrum  no divalent cation 62.6: 0.1 9.0+ 0.2
has been normalized to unit concentration before plotting. 2mM Mg 63.2+0.1 10.4£0.2
2mM Mg + 10uM Ca 63.8+ 0.1 11.140.2

magnetic field (Figure 3, top left), is virtually indistinguish- aDivalent cations were in Naf\wash as defined in Materials and

able from that of randomly oriented myofibrils (Figure 2, Methods. Splitting in gauss (G) was measured between the outer
center) or from that of fibers oriented parallel to the field extrema of the EPR spectras™ is the effective rotational correlation

(not shown). Essentially identical conventional EPR spectra time, calculated with eq 1. Reported values are mezEM forn =
were observed in rigor, relaxation, and contraction, indicating 5
disorder but no nanosecond motion (Figure 3, left column). o )
Thus the spin labels are disordered with respect to the muscle®CCUrs in fibers only when ATP is present. In the absence
fiber axis, preventing measurements of orientational changes®f ATP (in rigor), the conventional and ST-EPR spectra of
of the LC domain. The lack of orientational dependence, the scallop fiber bundles with bound Mg are unchanged by
coupled with the strong probe immobilization on the LC, the addition qf Ca, indicating that the _rotgtlonal mobility of

provides an advantage for the measurement of microsecond@P€led RLC is not perturbed by Ca binding or that Ca does
rotational motion by ST-EPR spectroscopy. The changes "0t significantly replace bound Mg when the RLC is bound

in the ST-EPR spectrum will unambiguously be due to to the heavy chain. It was previously shown that the rate of

microsecond rotational motions of the LC domain, not to dissociation of Mg from RLC is slower (0.059 than Ca
orientational changes. activation of scallop muscle4®). We conclude that the

Rotational Motions of Labeled RLC in Scallop Fiber effect observed when Ca is added to relaxation (Table 2) is
Bundles. Unlike the conventional EPR spectra (Figure 3, due to a structural change involved in muscle activation
left), the ST-EPR spectra of scallop fibers in rigor, relaxation, (Which involves Ca binding to the specific Ca binding site
and contraction (Figure 3, right column) show clear differ- N ELC—RLC), notto a localized change due to Ca binding
ences in the spectral line shapes, particularly in the low- and {0 the nonspecific divalent cation site in RLC.
mid-field regions, indicating distinct differences in micro-

. : . ; DISCUSSION
second rotational motions. The effective rotational correla-
tion time is maximal (indicating minimal rotational mobility) Labeled RLC Is Functionally IncorporatedA significant
in rigor (7,°" = 1404 5 us), minimal in relaxation(*" = advantage of molluscan muscle, compared with vertebrate
70+ 4 us), and intermediate in contractionsl = 100+ 5 muscle, is the relative ease of complete RLC extraction and

us) (Table 2). We found that the spectrum in contraction the clear demonstration of specific functional (Ca-sensitive
was an excellent fit to a linear combination of the spectra in MgATPase) incorporation of labeled RLC (Figure 1, Table
rigor and relaxation (eq 2). The best fit (minimysf) was 1), as shown previously in scallop muscle for unlabeled
for Xric = 0.65 4+ 0.04 (SEM,n = 5), consistent with a  scallop RLC (7, 43 and unlabeledercenariaRLC (19).
model in which 35% of the myosin heads in contraction have The mechanical properties of scallop fiber bundles were also
the same low mobility as in rigor, while 65% have the same restored with the rebinding of labeled RLC, as shown
higher mobility as in relaxation. previously for unlabeled RLC3@, 34). The observation of
Direct Effects of Dialent Cation Binding to RLC.For normal Ca-sensitive function after spin-labeling Cys 51 is
spin-labeled RLC in solution, Mg has a slight immobilizing consistent with similar observations after modification of this
effect on the spin label in metal-free RLC, and the further and other Cys in molluscan RLQ§, 31, 44—46). Our
addition of Ca (final free [CH] = 10 uM) to Mg-bound results clearly show that virtually all of the myosin in the
RLC in solution has a slight additional immobilizing effect scallop fiber bundles contained InVSL-labelst&rcenaria
(Table 3). This Ca effect is reversed on removal of Ca by RLC and had biochemical and mechanical properties identi-
dialysis. This indicates that Ca replaces Mg on the RLC cal to those of native myosin, because the labeled RLC were
under these conditions, resulting in a slight decrease in probefunctionally bound to myosin. None of these goals has been
rotational mobility. However, this Ca-binding perturbation so clearly achieved in studies of vertebrate skeletal muscle,



Rotational Dynamics of Light Chains on Myosin Biochemistry, Vol. 37, No. 41, 19984433

where complete RLC extraction has not been achieved andTherefore, much of the disorder observed by EPR in the
where functional effects of RLC reincorporation are much present study is probably due to the failure of the spin label,

more subtle 22, 23, 47, 48).

Interpretation of Comentional EPR SpectraThe study
of the rotational dynamics of myosin during force generation
requires that the spin label be strongly immobilized on the
protein 7). The spin label InVSL has consistently resulted
in strong immobilization on both muscl2¥) and membrane
proteins 49). We have consistently observed wider splittings
(2T) with InVSL than with other spin labels attached to
either RLC @6, 29, 30 or SH1 on the myosin heavy chain
(27). The strongly immobilized population on InVSL-RLC
has a splitting of 62.6t 0.1 G, which is wider than that
previously observed with MSL or IASL at the same s28,(
31), suggesting that InVSL is more strongly immobilized
on RLC than the other spin labels. In fact, this splitting
yields an effective rotational correlation time of 9 ns, which
is the value expected for the rigid-body rotational diffusion
of the RLC, consistent with rigid binding of the probe.
Immobilization of the labeled RLC on myofibrils or glass
beads eliminated the weakly immobilized component (Figure
2), suggesting either rigidification of the RLC structure or
direct steric interaction with the spin label. For the remaining
strongly immobilized component, the splitting increased to
the rigid-limit value (71.4+ 0.1 and 71.6+ 0.1 G,
respectively), implying the elimination of hanosecond mo-
tion, confirming that the probe is rigidly bound to the protein.

despite its site-specific labeling and strong immobilization,
to find a single stereospecific conformation on the labeled
RLC. Although this probe disorder prevents us from using
this spin label to determine the orientation of the labeled
RLC, the combination of probe disorder and strong im-
mobilization establishes ideal conditions for the measurement
of microsecond rotational motions of the LC domain, using
ST-EPR,; i.e., a change in the ST-EPR spectrum cannot be
due to a change in probe orientation or nanosecond dynamics
but must be due to a change in microsecond dynamics, which
probably corresponds to global motion of the LC domain.
Interpretation of ST-EPR SpectraAnalysis of ST-EPR
of fibers in rigor (Figure 3, right column) shows that' is
1404 5 us (Table 2), and relaxation causes a 2-fold increase
in rotational mobility ¢ = 70 &= 5 us) (Table 2). This
ATP-induced increase in rotational mobility during relaxation
suggests that changes in structural dynamics are translocated
from the catalytic domain to the LC domain. Alternatively,
the rotational motions observed during relaxation may reflect
rotation about a flexible site within myosin, as a result of
the myosin head’s detachment from actin. Ca activation
during relaxation induces slower rotational motions, presum-
ably inducing strong actin attachment of myosin heads during
force generation. The effective rotational correlation time
during contraction is intermediate between rigor and relax-

Thus the ST-EPR spectra of these samples can be reliablyation ¢*" = 1004 5 us). The effect of Ca in the absence

interpreted in terms of microsecond (or slower) rotational
motion of the RLC and the LC domain.

Conventional EPR spectra of INVSIRLC on scallop fiber
bundles in rigor, relaxation, and contraction (Figure 3, left
column) are typical of highly disordered spin labels, with
the full width of angular distribution greater than °9(B).
The similarity of the spectra (wide peak-to-peak splitting,
indicating strong immobilization) in the different physiologi-

of nucleotides was negligible (Table 2), consistent with
previous observations that Ca-induced structural changes
occur only when the nucleotide site is occupi@é, (44).

The increases in effective correlation times®f) from
relaxation (7Qus) to contraction (10@s) to rigor (140us)
could be modeled to reflect increases in the actual correlation
times (, the time needed for the Brownian rotation of about
1 rad) and/or decreases in the amplitudes of rotational motion

cal states indicates that no nanosecond rotational motion of(A8, full width), as shown by previous theoretical EPR

INVSL-RLC is induced by ATP or Ca. The high degree of
disorder, in contrast to the precise orientational order

simulations 41). If the amplitude of motion is less than
30°, then the actual correlation times could be much less

observed for the same spin label bound to SH1 (Cys 707)than those estimatedl). However, the angular disorder

on the catalytic domain of rabbit skeletal mus@&)( could

not be due to improper binding of the RLC to the heavy
chain, sinceMercenariaRLC restores functional properties
of scallop myosin and muscle fibers. In addition, it has been
previously shown to bind to the heavy chain more strongly
than native scallop RLC even when labeled at Cys B, (
42). Our observation that LC-bound probes are more

of probes in the present study is much greater thah 30
suggesting that the estimated correlation times are accurate
(41).

An alternative model, suggested by the observation that
the spectrum in contraction is intermediate between those
in relaxation and rigor, is to assume that contraction is a
linear combination of the other two states. This model fits

orientationally disordered than probes on the catalytic domainthe data well, with the best fit giving a 35% contribution

is consistent with electron microscopis(j and EPR 22)
studies suggesting that the distal (LC) domains of myosin

from the spectrum in rigor (Table 2). However, ST-EPR
does not resolve motions with different correlation times in

heads in a two-headed cross-bridge are less uniformlythe microsecond time rangdl), so this model is no more
oriented than the domains bound to actin (catalytic domains) valid than the above analysis assuming a single correlation
and that this disorder in the LC domain is exacerbated by time.

the helical mismatch of thick and thin filament®2( 51).

Comparison with Catalytic Domain Dynamicall previ-

The crystal structure of S1 shows flexible heavy chain protein ous ST-EPR studies of myosin head rotational dynamics in

loops flanking the LC domainld, 12), suggesting that

muscle fibers have involved probes attached to the catalytic

considerable disorder (e.g., bending about hinges) coulddomain in rabbit skeletal muscle. An ST-EPR study of spin
occur even when the catalytic domain is stereospecifically labels attached to the catalytic domain in scallop myosin and

bound to actin. However, the extent of spin label disorder
evident in our spectra (Figure 3, left) is greater than that

S1 62) showed similar rotational motions similar to those
of skeletal myosin and S158, 27), so it is reasonable to

observed in other spectroscopic studies of light chains in compare ST-EPR of rabbit psoas muscle fibers with that of

muscle fibers 22—25, 48) including scallop muscle26).

scallop muscle fibers, to gain insight into relative motions
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of the catalytic and LC domains. The very low rotational Weak binding Strong binding
mobility of spin-labeled LC domain in rigor (Figure 3, Table

2) matches that observed previously for the same spin label M1y

bound to Cys 707 on the catalytic doma®T), We conclude I M2

that the two domains of the myosin head are essentially fixed
relative to each other in rigor muscleThe addition of ATP
(relaxation) produces qualitatively similar increases in ro-
tational mobility of the two domains, with intermediate
mobility upon subsequent addition of Ca (contraction) (ref
3 and Table 2), suggesting tHatce generation corresponds

to a transition from dynamic disorder to order in both
domalns of the myo_SIn head_(2, 3B, 54, 55. However, . Ficure 4: Model for the force-generating transition in muscle, in
ATP increases rotational motion much more for the catalytic which the transition from weak (w) to strong (s) actin binding
than the LC domain: In relaxation, InVSL on the catalytic produces disorder-to-order transitions in both domains of the myosin

domain is 7 times as mobilef = 10 us (3)] as observed head. In the weak-binding state, both domains are dynamically
for the same spin label on the LC domaire{ = 70 us disordered, but the LC domain (white) is more ordered (less mobile)

- . - . . than the catalytic domain (black) and is equally distributed between
Table 2). Similarly, during contraction, catalytic domain 4 gistinct orientational states (M1 and M2). Upon strong binding

mobility is twice as greatf*" = 50 us (3)] as in the LC o actin (gray circles), both domains become more ordered (less
domain (10Qus, Table 2). Thus, while the motions of INVSL  mobile), with only one of the two LC domain states (M2) being

are similarly restricted on the two domains in rigor (when significantly populated. Both domain movements contribute to actin
actin and the myosin filament backbone combine to keep Movement and force.
the two domains relatively fixedjhe rotational mobility of FDNA spin label attached to Cys 108 on chicken gizzard
the LC domain is less than that of the catalytic domain during RLC, the probes were much better oriented than in the
relaxation and contractionwhen actin no longer completely  present study (and in any other study), permitting a high-
restricts the catalytic domain but the myosin filament resolution analysis of the orientational distribution in terms
backbone still partially restricts LC mobility. This is of multiple populationsZ6). It was shown that the orien-
consistent with ST-EPR of spin labels attached to LC tational distribution in all three physiological states is a linear
domains in isolated myosin filament§g). These results  combination of the same two distinct orientational popula-
strongly suggestflexibility of the myosin head, such that tions, which differ in their central angles by 36 5°. Since
the catalytic and LC domains rotate reladi to each other relaxation, contraction, and rigor corresponded to 58%
Relationship to Structural StudiesX-ray diffraction 57) 2%, 67% =+ 3%, and 92%4- 2% of the second angular
and electron microscopics) studies indicate that cross- population (designated M2), respectivedg), it follows that
bridge helical order is maximal in relaxation. Thus the the orientational distribution in contraction was a linear
maximal rotational dynamics we observe in relaxation must combination of that in relaxation (60% 4%) and rigor (40%
correspond primarily to domain rotations within the cross- + 4%). Our results in the present study are consistent with
bridge that do not destroy helical order of the cross-bridge those results, since the spectrum in contraction is a good fit
array. A similar conclusion was reached in coordinated to a linear combination of the spectra obtained in relaxation
electron microscopy and EPR studies of insect flight muscle (65% 4 4%) and rigor (35%t 8%) (Table 2). We conclude
(59). The combination of decreased microsecond mobility that the LC domain orientational populations in the study of
and decreased helical order upon muscle activation isBaker et al. 26) probably correspond to motional populations
probably due to cross-bridges that become immobilized on in the present study, even though those motional populations
actin, which have helical mismatch with respect to myosin. are not spectrally resolved by ST-EPR. If we assume that
Relationship to Preious Spectroscopic StudiesThe the M2 population (centered at 38always has the same
present results are consistent with a previous study of low rotational mobility that it has in rigor (effective cor-
phosphorescent probes on gizzard RLC in scallop muscle,relation time 14Q:s from the present study), we can obtain
showing microsecond-time-range rotational motion in con- the ST-EPR spectrum of the M1 population (centered &t 74
traction that is intermediate between that of relaxation and in relaxation by subtracting half of the rigor spectrum from
rigor (6). The low orientational order of probes in the present the relaxation spectrum. This produces a spectrum (not
study is an advantage for the analysis of ST-EPR spectra,shown) corresponding to an effective rotational correlation
since any changes in spectra must be due to changes inime of 42us, substantially shorter than the #6 effective
rotational motion, not orientation. However, ST-EPR lacks (average) correlation time in relaxation.
time resolution, so it does not provide direct information  In summary, when we combine the data in the present
about the number of distinct probe populations that are study with those of Baker et al2§), we arrive at a model
present. In conventional EPR studies of spin-labeled RLC (Figure 4) in which the myosin LC domain has two structural
in rabbit muscle 22, 23, 48, the spin labels were not (orientational) states (M1 and M2) differing in their mean
sufficiently immobilized and oriented to reveal distinct angles orientation by 36. Each of these states has some dynamic
in relaxation or contraction. Fluorescence polarization has disorder, characterized by rotational correlation times of 42
also failed to detect distinct angles of the LC domain us (M1) and 140us (M2). Force generation involves a
(24, 25, probably because fluorescence lacks the requiredtransition, in about/; of the heads from a weak-binding state,
orientational resolution. in which these structural states are equally populated, to a
However, in a recent study of the orientational distribution strong-binding state, in which only the less mobile (M2)
of spin labels on the LC domain in scallop muscle, using an structural state is populated (Figure 4). Alternatively, the
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shorter apparent correlation time we observe in relaxation
(70 us) could indicate the time scale of interconversion of
the M1 and M2 structural states in relaxation.

Model of Force GeneratianFigure 4 illustrates a model
for the force-generating step in muscle contraction that is
suggested by the present study and by previous EPR studies.
In this model, the weak-binding (pre-force, mainly detached
from actin) state is characterized by microsecond dynamic
disorder of myosin heads (Figure 4, left), and force involves
an ordering of the heads to a final strong-binding state that
is rigid and more tilted (Figure 4, right). The disorder-to-
order transition in the catalytic domain is clearly supported
by spectroscopy3—6) and electron microscopy(). The
present study and that of Baker et &6) show that the LC
domain (in white, Figure 4) also undergoes this disorder-
to-order transition, but it is more ordered and less mobile
than the catalytic domain (in black, Figure 4) in the weak-
binding state, so that two distinct orientations of the LC
domain are resolvable and are equally populated (defined
as M1 and M2 in reR6 and Figure 4). The lower rotational
mobility of the LC domain relative to the catalytic domain
in the weak-binding state is probably due to the LC domain’s
association with the thick filament backbone. These two
distinct orientations in weak-binding states are also consistent
with electron microscopic analysis of scallop myosin fila-
ments 61). On strong binding to actin, both domains
become more ordered (less mobile), with only one of the
two LC domain states (M2) being significantly populated.
Thus our results are consistent withdésorder-to-order
transitionin force generation3—6), in which theLC domain
rotates relatve to the catalytic domainas illustrated in
Figure 4 9—11, 24, 26, 62 63).

Conclusions This is the first ST-EPR study of LC
dynamics in muscle fiber bundles. The spin label, bound to
Cys 51 on the RLC, undergoes only slight rotational motion
on the submillisecond time scale in rigor. Relaxation with
ATP increases the rotational motion, while in contraction
(ATP plus Ca) the rotational motion is intermediate between
relaxation and rigor, indicating that activation of contraction
by Ca restricts the rotational motion of the LC domain. These
changes in rotational motion are qualitatively similar to, but
quantitatively different from, those observed previously for
the same spin label on the catalytic domain. These results
support a model for force generation involving rotational
motion of the LC domain relative to the catalytic domain,
and dynamic disorder-to-order transitions in both domains.
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