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Regulatory and Essential Light Chains of Myosin Rotate Equally during
Contraction of Skeletal Muscle

Julian Borejdo, Dmitry S. Ushakov, and Irina Akopova

Department of Molecular Biology and Immunology, University of North Texas, Fort Worth,
Texas 76107-2699 USA

ABSTRACT Myosin head consists of a globular catalytic domain and a long a-helical regulatory domain. The catalytic
domain is responsible for binding to actin and for setting the stage for the main force-generating event, which is a “swing”
of the regulatory domain. The proximal end of the regulatory domain contains the essential light chain 1 (LC1). This light chain
can interact through the N and C termini with actin and myosin heavy chain. The interactions may inhibit the motion of the
proximal end. In consequence the motion of the distal end (containing regulatory light chain, RLC) may be different from the
motion of the proximal end. To test this possibility, the angular motion of LC1 and RLC was measured simultaneously during
muscle contraction. Engineered LC1 and RLC were labeled with red and green fluorescent probes, respectively, and
exchanged with native light chains of striated muscle. The confocal microscope was modified to measure the anisotropy from
0.3 um?® volume containing ~600 fluorescent cross-bridges. Static measurements revealed that the magnitude of the angular
change associated with transition from rigor to relaxation was less than 5° for both light chains. Cross-bridges were activated
by a precise delivery of ATP from a caged precursor. The time course of the angular change consisted of a fast phase followed
by a slow phase and was the same for both light chains. These results suggest that the interactions of LC1 do not inhibit the

angular motion of the proximal end of the regulatory domain and that the whole domain rotates as a rigid body.

INTRODUCTION

Myosin subfragment-1 (S1) consists of the N-terminal,
globular catalytic domain and the C-terminal, a-helical reg-
ulatory domain. The catalytic domain is responsible for
binding to actin and hydrolysis of ATP. The regulatory
domain, which is stabilized by the essential and the regula-
tory light chains, is a long a-helix extending toward the
thick filaments. Atomic structure of S1 suggested that the
regulatory domain may act as a “lever arm,” translating
small conformational changes occurring in the catalytic
domain due to ATP hydrolysis, to a large linear motion of
the thick filaments (Rayment et al., 1993). Consistent with
this view, the regulatory domain rotated in response to rapid
photogeneration of ATP (Allen et al., 1996; Ling et al.,
1996). After rapid tension release it rotated in synchrony
with the power stroke (Sabido-David et al., 1998a,b; Hop-
kins et al., 1998; Corrie et al., 1999). Subsequent work
suggested that the regulatory domain rotated around a pivot
located in the catalytic domain (Burghardt et al., 1998;
Dominguez et al., 1998). Atomic reconstructions showed
that the regulatory domain was in different orientation in the
absence (Rayment et al.,, 1993) and in the presence
(Dominguez et al., 1998) of nucleotide. The velocity of in
vitro motion was correlated with the length of the regulatory
domain of various myosins (Uyeda et al., 1996; Warshaw et
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al., 2000). The direction of the rotation of the regulatory
domain was correlated with the direction of movement of
S1 on actin (Wells et al.,, 1999). Recent measurements
reported a large, ~70° nucleotide-dependent angle change
of the light-chain binding region (Shih et al., 2000). Thus,
the general consensus has emerged that force production
during muscle contraction is caused by the axial rotation of
the regulatory domain (Cooke, 1997; Goldman, 1998).

It is not clear, however, whether the regulatory domain
rotates as a rigid body, i.e., whether the angular “swing” of
the distal end (containing regulatory light chain, RLC) is
equal to the swing of the proximal end (containing light
chain 1, LC1). The proximal end may be immobilized by
the interactions of LC1 with actin and myosin. The N-
terminus of LC1 is highly charged and is known to bind to
actin (Prince et al., 1981; Sutoh, 1982; Yamamoto and
Sekine, 1983; Timson et al., 1998; Andreev and Borejdo,
1995; Andreev et al., 1999) and to myosin heavy chain
(Pliszka et al., 2001). At the same time, the C terminus
binds to loop 2 of heavy chain, presumably by a mech-
anism in which the glutamic acid-rich G helix on LC1
binds to the lysine-rich junction between 25 and 50 KDa
proteolytic fragments of the catalytic domain (Borejdo
et al., 2001).

To test whether the two ends of the regulatory domain
rotate differently, we compared the extent and kinetics of
the angular motion of the proximal and distal ends. LC1 and
RLC were labeled with red and green fluorescent probes,
respectively. Fluorescent light chains were exchanged with
the native light chains of muscle myosin under the condi-
tions that do not affect muscle function (Borejdo et al.,
2001; Irving et al., 1995; Allen et al., 1996; Sabido-David et
al., 1998b). The extent and kinetics of transition from rigor
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TABLE 1 Composition of solutions

Solution MgCl, CaCl, EGTA EDTA ATP
EGTA-rigor 4 2
EDTA-rigor 2
Ca?"-rigor 0.1
Relaxing 4 2 4
Glycerinating 2 5 2

All solutions contained 50 mM KCl, 4 mM MgCl,, 10 mM Tris-HCI
buffer, pH 7.5. Concentrations are in millimolars.

to relaxation was measured by polarized fluorescence after
photogeneration of ATP.

An attempt has been made in this work to minimize the
number of observed cross-bridges. Changes of anisotropy
are averages over a whole population of observed cross-
bridges. Among this population, many cross-bridges do not
contribute to force production at all. A significant fraction is
weakly bound to actin and is therefore presumably disor-
dered (Cooke et al., 1982; Berger and Thomas, 1993). The
strongly bound, ordered force-generating population consti-
tutes only 20% to 29% of the total number (Hopkins et al.,
1998; Cooper et al., 2000) and the cross-bridges are distrib-
uted between different mechanical states (Eisenberg et al.,
1980). Ideally, the anisotropy of a single cross-bridge
should be recorded. This has proven impossible so far (the
concentration of myosin in fibers is too great), but an
attempt is made here to minimize the number of observed
cross-bridges by measuring anisotropy by a confocal micro-
scope. Confocal aperture selected a small volume of muscle,
containing ~600 fluorescent cross-bridges. ATP was rap-
idly photogenerated only in this volume. The magnitude of
the angular change associated with the transition from rigor
to relaxation was similar for both light chains and amounted
to less than 5°. The time course of angular change was also
similar and consisted of a fast and a slow phase. These
results suggest that interactions of LC1 with actin and
myosin heavy chain do not inhibit rotation of the proximal
end of the regulatory domain and that during contraction the
whole domain rotates as a rigid body.

MATERIALS AND METHODS
Chemicals and solutions

Standard chemicals, nucleotides, and luciferin-luciferase were from Sigma
(St Louis, MO). 5'-iodoacetamidofluorescein (5'-IAF), Alexa Fluor 488
C5 maleimide, and 5-dimethyoxy-2-nitrobenzyl-caged ATP (DMNPE-
caged ATP) were from Molecular Probes (Eugene, OR). Composition of
solutions are given in Table 1. All solutions used in photolysis experiments
contained 10 mM-reduced glutathione. Glycerinating solution contained 80
mM K-acetate, 0.2 mg/mL phenylmethylsulfonyl fluoride, 2 mM B-mer-
captoethanol, and 50% glycerol.

Preparation of regulatory light chains

RLC containing single cysteine at position 73 (Sabido-David et al., 1998b)
was prepared by expressing pT7-7(RLC) construct in BL21(DE3)pLysS
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cells. The construct was a gift from Dr. S. Lowey (University of Vermont).
One-liter cultures were grown for 16 to 18 h at 37°C in an enriched media
containing 2% bactotryptone, 1% yeast extract, 0.5% glycerol, 50 mM
K-phosphate, pH 7.2, 100 wg/mL ampicillin, 20 wg/mL chloramphenicol.
Cells were collected at 8000 X g for 10 min, and the RLC was isolated as
in Wolff-Long et al. (1993).

Preparation of essential light chains

The pQE60 vector and Escherichia coli M15[pREP4] cells (Qiagen USA,
Valencia, CA) were used for the cloning and expression of the essential
light chain 1 (LC1). The essential light chain of human fast skeletal muscle
essential light chain was subcloned into the pQE60 vector using DNA
polymerase chain reaction with the 3'-primer containing a tag of six
histidines. The presence of the His-tag at the C terminus of light chain was
confirmed by DNA sequencing. The expressed recombinant proteins were
purified on the Ni-NTA-agarose columns (Qiagen USA).

Preparation of muscle fibers

Isolated muscle fibers were prepared from glycerinated rabbit psoas muscle
bundles by dissecting single fibers in glycerinating solution and attaching
ends of the tautly stretched fiber to the aluminum clips mounted on the
microscope slide. Mounted fibers were thoroughly washed with rigor
solution and covered with a coverslip.

Labeling of light chains

The isolated RLC was incubated with 5 M excess of Alexa-Fluor 488 C5
for 24 h in 50 mM KCI, 10 mM phosphate buffer, pH 7.0 (buffer A) at a
room temperature. Free dye was removed by Sephadex 50 column fol-
lowed by dialysis against rigor solution. To prevent aggregation, RLC was
stored in a solution containing 10 mM dithiothreitol and 6 M guanidine
hydrochloride (Sabido-David et al., 1998b). Before labeling, this solution
was replaced by dialysis against buffer A. The degree of labeling was
typically 10%. The isolated LC1 was labeled by incubation with 5 M
excess of 5'-IATR for 4 h in 50 mM KCIl, 10 mM phosphate buffer, pH 7.0
at 4°C. Free dye was removed by Sephadex 50 column followed by dialysis
against relaxing solution. The degree of labeling was typically 30%.

Exchange of RLC into fibers

The labeled RLC was exchanged into fibers as in Ling et al. (1996). The
degree of labeling was estimated by comparing the intensity of fluores-
cence of fibers that underwent exchange with the intensity of known
concentration of labeled light chains. Concentration of myosin in the fibers
was taken as 120 uM (Bagshaw, 1982). Approximately 3% of cross-
bridges were labeled. Confocal microscope had no trouble detecting such
lightly labeled fibers.

Exchange of LC1 into fibers

The labeled LC1 was exchanged with endogenous light chains of myosin
in muscle fibers at 30°C using the exchange solution described by Sweeney
(1995). The concentration of trifluoroperazine was decreased to 100 wM to
reduce direct effects of trifluoroperazine on LC1 (Huang et al., 1998) and
on RLC (Malmgqvist et al., 1997). No CDTA was used. After washing with
EDTA-rigor, fibers did not contract in relaxing solution, suggesting that the
exchange procedure resulted in only limited extraction of the regulatory
proteins. For this reason, the fibers were not irrigated with troponin C.
Approximately 5% of cross-bridges were labeled with LC1. Fibers were
double labeled by carrying out the exchange with LC1 first.

Biophysical Journal 82(6) 3150-3159
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Modifications to Zeiss LSM 410 confocal microscope for transient measurements of anisotropy. See text for details. LSF, Light selection

fillter; A/2, mica retarder; DC1 and 2, dichroic combiners; SHR, mechanical shutter; BEX, beam expander; DM1, dichroic mirror; BSS, beam scan system;
LS, projection lenses; MR1 and 2, mirrors; OBJ, objective; MUS, muscle fiber; BMS, beam splitter; LN1 and 2, lenses; PN1 and 2, confocal pinholes; AN1

and 2, analyzers; EF1 and 2, emission filters; PM1 and 2, photomultipliers.

Functionality of exchanged fibers

The effect of exchange on tension development of fibers exchanged with
mutant of skeletal RLC labeled at Cys-73 (Sabido-David et al., 1998b) was
shown to be negligible. The effect on tension of fibers exchanged with LC1
was measured earlier (Borejdo et al., 2001) and found to be insignificant.

Specificity of labeling

The specificity of labeling was assessed by inspecting the striation pattern
of muscle fibers in a confocal microscope. To maximize the resolution and
reduce the thickness of the section, the diameter of the confocal pinhole
was minimized (26.3 um, 0.65 wm on image plane). For LC1 and RLC, the
average fluorescence of the A bands was three and two times higher than
the average fluorescence of the I bands, respectively.

Experimental arrangement

Zeiss LSM 410 confocal microscope (Zeiss, Thornwood, NY) is mod-
ified for anisotropy measurements as follows (Fig. 1). Linearily polar-
ized light from the Ar/Kr laser (Ar/Kr, Series 34, Omnichrome, Chino,
CA) operating at 488 or 568 nm (light blue line) is passed through the
line selection filter to select desired wavelength. Half-wave plate (A/2
mica retarder, model WRM 021, Melles Griot, Irvine, CA) sets the
direction of excitation polarization. The dichroic combiner 1 projects
the beam onto second combiner DC2, which merges visible and ultra-
violet (UV) beams. The UV beam, provided by the argon laser (Enter-
prise, Coherent, Palo Alto, CA) operating at 364 nm (dark blue dashed
line), is used to photolyze caged nucleotide. The mechanical shutter
SHR (Vincent Associates, Uniblitz T132, Rochester, NY) shuts and
opens the UV beam. The beam expander enlarges the combined beams
and projects them onto the dichroic mirror 1 and beam scan system.
Lenses LS, mirror MR1, and the objective project the scanned beam
onto a muscle fiber muscle fiber mounted on the stage of the Axiovert
135 microscope. The emitted light (green) is collected by the objective
and is projected onto the beam splitter beam splitter, which passes 50%
of emitted light through the first analyzer (AN1) and lens 1 to the
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confocal pinhole (PN1). The direction of polarization of AN can be set
to be either perpendicular (L) or parallel (||) to fiber axis. The light then
passes through emission filter (EF1) to photomultiplier 1 (PM1). The
remaining 50% of the emitted light is passed to the fixed analyzer 2. It
is either parallel (if a fiber is horizontal on the stage of a microscope)
or perpendicular (when a fiber is vertical) to a fiber axis. The mirror
MR2 projects light onto lens 2, confocal pinhole (PN2), the second set
of emission filters (EF2) and photomultiplier PM2.

Measurements of steady-state anisotropy

An axis of a muscle fiber is either vertical or horizontal with respect to the
microscope stage. Low aperture lens (10X, NA = 0.22) is used. The
exciting wavelength is set at 488 nm for RLC and at 568 for LC1. The
half-wave plate is adjusted to polarize the exciting light in the direction
perpendicular (L) or parallel (|[) with respect to an axis of a fiber. Fluo-
rescence emission is collected in channels 1 and 2, which have the same
barrier filters (BP 515-565 nm for RLC and LP > 590 nm for LC1). The
sensitivity of photomultiplers is set to optimal. The two fluorescence
channels are visualized simultaneously. With fiber axis L on the micro-
scope stage, the control measurements are done by setting AN1 to L. In
this case, both emission channels record L intensity and should be equal.
In practice, they are not equal, due to the fact that the dichroic mirrors and
prisms transmit | and L light with different efficiencies and due to the
differences in the sensitivity of photomultipliers. The intensity ratio PM1/
PM2 is the correction factor and varies between 0.40 and 1.90, depending
on the exciting wavelength and polarization. The correction factor with a
fiber vertical is C,. With fiber ||, the control measurements are done by
setting ANT1 to ||. The correction factor is C||. After making the correction,
the actual measurements are taken by setting AN1 to || (with fiber 1) or to
L (with fiber [). Because the correction is done for each area of a fiber
separately and because the measurements of L and || are made simulta-
neously, the variations due to fiber inhomogeneity and light variations are
minimized. Let the subscript before the measured intensity denote the
direction of polarization of incident beam relative to fiber axis, and
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FIGURE 2 Scanning of a muscle fiber. A: Fiber after exchange of LC1. 40 wm-long line (shown in red) is scanned every 1.394 msec. Line is parallel
to fiber axis. Bar is 10 um. A, = 568 nm, A_,, > 590 nm, sarcomere length 2.22 wm; B: The cross-section of the laser beam. Drawing not to scale.

subscript after the intensity indicate the direction of polarization of emitted
beam. Steady-state anisotropies are:

Ry = (1/C, = I)ILIC +2.0) (1)
Ry = (lyCy = f)IGH G+ 21) 2)

The two images of fiber are stored on the computer disk. The intensities
recorded by PM1 and PM2 are measured from the same region of interest
of both images by Image Plus (Media Cybernetics, Silver Spring, MD).

Measurements of transient anisotropy

High aperture lens (C-Apo, 40X, NA = 1.2) is used. To avoid photo-
bleaching, laser beam is allowed to dwell on a spot only for 6.4 us. After
6.4 s, it is moved along a line by 0.46 or by 0.18 wm and the process is
repeated 218 times. As a result a laser spot is scanned along either L = 100
or L = 40 wum line. Fig. 2 illustrates how the measurements are done. Scan
line is drawn in red. Scan begins at time 0. At this time sarcomere 1 is
being illuminated with a sampling beam (488 or 568 nm). Its size is ~0.5
pm X 0.5 wm. It has a Gaussian shape (Fig. 2 B). The last sarcomere along
a line (19 in this case) is always illuminated 218 X 6.4 us = 1.394 ms after
the first one. Scanning galvanometers move in a harmonic fashion, i.e., a
line is scanned 218 times (in 1.394 ms) regardless of its length. (In Zeiss
LSM 410 a line is always sampled 218 times. There is no way to decrease
it and improve the time resolution.) During one 1.394-ms-long sweep of a
line, video card (Matrox Imaging Series) calculates “anisotropy” functions:

RL(t) = [(LIL(I) - LIH(Z))/(L[L(I) + 2¢]H(Z))]

X 256 + 128 (3)
Ry(t) = [ () = L))/ (I (1) + 24(1))]
X 256 + 128 (4)

in which 7, (¢), {|(t), | (1), and {|(¢) are the instantaneous fluorescence
intensities at time 7. R values are not the time-resolved anisotropies but
changes in steady-state anisotropies. During the first sweep, video card

calculates mean of 218 numbers, which corresponds to the anisotropy at
time #,. A line is swept again 1.394 ms later with a mean corresponding to
the anisotropy at time ¢, = 1.394 ms. The process is repeated 512 times
with the last seep giving anisotropy at time 75, = 713.7 ms.

Photogeneration of ATP

A shutter inserted after the exit aperture of the UV laser is opened
briefly to expose muscle to the UV light. Muscle is perfused with 2 mM
of 5-dimethyoxy-2-nitrobenzyl-caged ATP (DMNPE-caged ATP). The
UV beam is focused by the objective to a Gaussian spot with the width
and length equal to twice the lateral resolution of the UV beam (~0.2
um), and the height equal to the depth of focus of the objective (~3
um). The beam dwells on this spot for 6.4 ws, during which time
enough energy is supplied to the muscle to convert all caged ATP into
ATP (see below). After 6.4 us, the laser beam is moved along the red
line (Fig. 2) to the next spot. The process is repeated until the last spot
in a line is illuminated. As a consequence, each spot remains in the dark
for 1.394 ms. Yet during each scan, the level of ATP along chosen line
is maintained at the approximately constant level because ATP diffuses
away within ~1 ms (Hubley et al., 1996). An advantage of the present
method of uncaging is that ATP within muscle is constantly regenerated
offsetting depletion due to ATP hydrolysis. The disadvantage is that in
muscle diffusion may be slowed down by obstacles (Saxton, 1994),
making it impossible to determine the exact concentration of ATP in the
observed volume.

The laser provides 16 mW = 16 mlJ/s of continuous power. Only 0.12
ml/s is incident on the muscle, because of the clipping of the enlarged laser
beam by the entrance aperture of the objective, loss at the dichroic mirror
1, and loss due to absorption by glass in the objective. The area illuminated
by UV is (0.04)> wm?. The energy flux at the illuminated area is 0.12
mJ/(s X 0.04> um?) = 3.0 mJ/(s X um?). The dwell time of the laser beam
is 6.4 ws. The energy flux through the illuminated area during a dwell time
is 2 X 107° mJ. This is similar to the energy flux obtainable with
frequency-doubled ruby laser (~3 X 107° mJ/um?) (Goldman et al.,
1984).

Biophysical Journal 82(6) 3150-3159
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TABLE 2 Steady-state polarizations of muscle containing LC1-IATR and RLC-Alexa488

State Light chain Label Aexe (nm) P, = SEM P, = SEM N 0, (deg) 6 (deg)
Rigor RLC Alexa488 488 0.189 = 0.018 0.269 *+ 0.007 5 52 25
Relax RLC Alexa488 488 0.284 = 0.007 0.252 +0.022 5 49 25
Rigor LCI Rhodamine 568 0.373 = 0.023 0.298 = 0.007 5 47 20
Relax LCI Rhodamine 568 0.336 = 0.009 0.347 + 0.006 5 52 19

To facilitate comparison with other work, the values are given as polarizations (using the formula relating anisotropy R to polarization P (R = 2P/(3 —

P)).

Estimating the amount of ATP photoreleased
during a scan

The amount of ATP produced in a single experiment was estimated by
measuring the luminescence of luciferin-luciferase (LL) solution exposed
to the UV beam. Ten microliters of rigor solution containing 2 mM caged
ATP were illuminated by 0.12 mW UV beam for 1, 30, and 60 s. Five
microliters of 40 mg/mL of LL was placed on x-ray film (Kodak, Roch-
ester, NY) and mixed with 5 uL of solution containing photogenerated
ATP. The film was exposed for 10 min. The calibration curve was obtained
by mixing known amounts of ATP with LL solution. The film was scanned
by MicroTek ScanMaker 4 scanner. Optical density was measured by
Image Plus Pro (Media Cybernetics, Silver Spring, MD). During 1-s
exposure, 1072 mol of ATP were produced. Therefore, during one dwell
time, 6.4 X 10~ '® mol are produced. Assuming that the volume illuminated
by the UV light is 10~ '° L, the flux of UV light is sufficient to generate
6.4 X 107'8/(107'°) = 6.4 mM ATP. This is more than the concentration
of applied precursor. We conclude that all caged ATP is converted into
ATP. As mentioned before, the actual concentration of ATP within the
experimental volume is not known, but it is greater than the concentration
of the precursor.

The concentration of ATP in muscle chamber released during each
experiment is exceedingly small-—not enough to cause whole muscle to
contract. 107" mol ATP is released during 100 ms. The volume of
experimental trough is 2 X 107> L, so the concentration of ATP accumu-
lated during one experiment is 10> mM.

Number of observed cross-bridges

The objective (40X, NA = 1.2), illumination wavelength (488 or 568 nm),
and the size of the confocal aperture (35 wm) define the observed volume
at ~0.3 um?®. The concentration of myosin in muscle is 120 wM (Bagshaw,
1982), giving 2.1 X 10* myosin molecules in the observed volume.
Because only 3% to 5% of cross-bridges contain labeled light chain, ~600
cross-bridges contribute to the observed signal.

Estimating the amount of heat generated in the
illuminated volume

Laser energy is absorbed principally by caged-ATP. Laser delivers 0.12
ml/s, ie., 0.8 X 1072 T in one dwell time. Extinction coefficient of
caged-ATP at 364 nm is 4400 M~! cm ™. The energy absorbed by muscle
during one dwell time is 0.8 X 10~ '? J. Because it takes 4.2 X 10~ '? J to
heat up the experimental volume by 1°C, the temperature rise during an
experiment is less than 1/20°C. The increase in temperature caused by the
absorption by Alexa and rhodamine is at least six times smaller (concen-
tration of dye is 100 times smaller, absorption coefficient is 16 times
larger).

RESULTS
Steady-state polarization

Table 2 summarizes polarizations in rigor and relaxation.
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For RLC in rigor, P, > P| suggesting that the dipoles are
preferentially oriented in a direction perpendicular to the
fiber axis. The opposite is true for LC1 in rigor. There was
no statistically significant difference between P values in
relaxation. This suggests that the cross-bridges are disor-
dered. These data were fitted by a Gaussian model of
distribution of cross-bridges (Thomas and Cooke, 1980;
Wilson and Mendelson, 1983). In this model, ©, the polar
angle that the dipoles make with the vertical, and the stan-
dard deviation (8) with which the dipoles are distributed
around the mean value ®, have Gaussian probability
1(0) = exp[—(® — 0,)%/28%]. The angles were estimated
by the method of Xiao et al. (1995). The values for the
orientation of probes on RLC were 52 = 25° and 49 =+ 25°
in rigor and relaxation, respectively. The errors are larger
than reported by Allen et al. (1996), Sabido-David et al.
(1998a,b), and Hopkins et al. (1998). The values for the
orientation of probes on LC1 were 47 = 20° and 52 = 19°
in rigor and relaxation, respectively. The modest size of
rotation is consistent with earlier work (Allen et al., 1996;
Hopkins et al., 1998; Sabido-David et al., 1998).

Anisotropy change of RLC during photorelease
of ATP

Fiber is exchanged with fluorescent light chain, placed
vertically on a microscope stage, perfused with caged ATP,
and illuminated with visible light, which is polarized L or
| to muscle axis. Diffraction limited laser spot is scanned
along L = 40 pum or L = 100 pwm line to minimize
photobleaching. The experiment is begun by initiating the
scan and opening the shutter admitting the UV light. Shutter
remains open for exactly 100 ms, after which the muscle
reverts to being illuminated with the sampling beam only.
The process is repeated 512 times. Fig. 3 4 shows a typical
example of a time course of change of perpendicular an-
isotropy of muscle exchanged with RLC (the anisotropy R is
related to the polarization of fluorescence P by R = 2P/(3 —
P)). Fig. 3 B shows the fit of the decay to a single (solid) and
double exponential (dashed) lines. The double exponential
fit (green) (R*> = 0.938) was significantly better than a
single exponential one (red) (R* = 0.911). Goodness of fit
is reflected in the fact that the residuals (inset) of dashed
line fit were significantly smaller at the early times then the
residuals of solid line fit. This suggests that the fast process
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FIGURE 3 (4) R, ofa fiber containing RLC-labeled with Alexa488. (O)
Fiber exposed to the UV. The anisotropy was measured with A, = 488 nm,
S15 < Ay, < 565 nm, L = 40 um. (Right scale) Absolute change from
Table 2. (B) Fit to a single (solid line) and a double (dashed line)
exponentials. Single and double exponential fits are R, = 0.84 ¢~ %! and
R, = 0.58 e 13 + 0.42 e *92*_ (Inset) Residuals of single (solid line)
and double (dashed line) exponential fits. EGTA-rigor, 2 mM caged-ATP.

was followed by the slower one, with a rate constant ap-
proximately five times smaller. The average half-time =
SEM of change of fast phase in 12 experiments was 17 * 8
ms (minimum = 6, maximum = 31 ms, Table 3). These
data are in agreement with earlier results of Allen et al.
(1996). The absolute change (right axis) was taken from the
steady-state results (Table 2). The anisotropy measurements
are relative, because R functions (Eqgs. 3 and 4) are calcu-
lated using fluorescent intensities that are not corrected for
the background or for the instrumental depolarization.
Moreover, to tightly focus UV light to produce high enough
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FIGURE 4 The quantification of the anisotropy change. Fast (white
circles) and slow (gray circles) phases were fitted to straight lines (in this
case with half-times of 16 and 45 ms). (Black circles) Fiber is not exposed
tothe UV. R |, A, = 568 nm, A_,, > 590 nm, L = 40 wm. Fiber exchanged

> flem

with LC1-5'-IATR. EGTA-rigor, 2 mM caged-ATP.

flux to photogenerate ATP, the measurements have to be
done with high NA objective. This produces additional
depolarization (Axelrod, 1979).

Anisotropy change of LC1 during
photorelease of ATP

Fig. 4 shows an example of the time course of change of
anisotropy of muscle exchanged with LC1. The control
experiments carried out on the same fiber in the absence of
caged ATP showed no change of anisotropy (not shown).
The same line could be sampled repetitively with little
difference in the time course (not shown), suggesting that
the UV light at 364 nm does not cause damage to muscle.
There was no change in the anisotropy during the exposure
to the UV light when ADP was produced, but a small
increase was sometimes observed after the UV light was
turned off (not shown). Parallel and perpendicular anisotro-
pies behaved reciprocally, and the presence of Ca>* made
no difference to the time course (Weber and Murray, 1973)
(not shown).

Fig. 4 illustrates how the change of the anisotropy was
quantified. The rates of fast (open circles) and slow (shaded
circles) changes were estimated from a fit to straight lines.

TABLE 3 Half times and amplitudes of the fast and slow changes in anisotropy

Normalized

Half time = amplitude
Phase, light chain SEM (ms) Min 7 (ms) Max 7 (ms) +SEM N
Fast, RLC 17%8 6 31 12
Fast, LC1 134 4 29 1.00 46
Slow, LC1 35+3 17 57 0.37 £ 0.03 26
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FIGURE 5 Dependence of the half time of the fast phase of anisotropy
change on the concentration of ATP. Reciprocal half time is plotted against
the concentration of ATP. Errors are the standard deviations of four
experiments. UV flux is sufficient to convert all caged precursor to nucle-
otide. Hence, the concentration of ATP is equal to the concentration of
caged ATP applied to the sample. @, Experimental data; red line, single
exponential fit.

The quality of data did not allow differentiation between
exponential and linear fits. Rates were expressed as half of
the time needed for the anisotropy to change between base-
lines. Baseline 1 was equal to a level of the anisotropy
before turning on the UV. Baseline 2 was equal to the level
of the anisotropy at an inflection point between the fast and
slow processes. Baseline 3 was equal to the level of the
anisotropy after turning off the UV. The rates were depen-
dent on the subjective selection of baselines. The ampli-
tudes of fast and slow processes were B2-B1 and B3-B2,
respectively. The amplitude of the slow process constituted
0.37 = 0.03 of the amplitude of the fast process. The results
are summarized in Table 3. The rate of change of the fast

A

FIGURE 6 Muscle fiber exchanged
with fluorescent LC1 (4) (A, = 568
nm, A,, > 590 nm) and RLC (B)
(Aexy = 488 nm, 515 < A, < 565 nm).
Diameter of confocal pinhole 0.656
wm on image plane; thickness of sec-
tion, 1.03 wm; bar, 10 wm; sarcomere
length, 3.26 um.
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phase of LC1 and the rate of change of RLC were not
significantly different (t = —2.04, p = 0.046).

The rate of the fast change depended on the concentration
of ATP. Fig. 5 shows the plot of the reciprocal half time
versus ATP concentration. The second-order rate con-
stant was k,,, = 4 X 10* M~ 's™'. We think that this

process reflects dissociation of myosin heads from actin
(see Discussion).

Double-labeled fibers

To measure the time course of rotations at the same time,
fibers were exchanged with fluorescent adducts of both light
chains. Even though the probability that both fluorescent
light chains reside on the same cross-bridge is remote (more
likely ~300 cross-bridges contain only LC1 and ~300
different cross-bridges only RLC), at least the anisotropy is
measured from the same small population of cross-bridges.
Fig. 6 shows that by choosing appropriate filter combina-
tions, either LC1 (A) or RLC (B) within the same fiber can
be visualized. The time courses of change of parallel an-
isotropy of LC1 and RLC are shown in Fig. 7. The most
prominent feature of the curves is that the time courses are
similar. This is more clearly illustrated in Fig. 8, which
shows time correlation between parallel (A) and perpendic-
ular (B) anisotropies.

DISCUSSION

The values of polarizations of RLC and LC1 (Table 2)
indicated that the absolute magnitude of motion of the
proximal and distal parts of the regulatory domain were the
same upon transition from rigor to relaxation. Likewise, the
rates of the fast phases of the rotary motion of RLC and LC1
reflecting transition from rigor to relaxation (Table 3) were
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FIGURE 7 Transient change of R||. Fiber exchanged with both LC1 and
RLC. (Open and shaded circles) Fiber exposed to the UV. (4) R of RLC,
Aoy =488 nm, 515 < A, < 565 nm, L = 40 um. To facilitate comparison,
the direction of change has been reversed. (B) R of LC1, A, = 568 nm,
Aem > 590 nm, L = 40 wm. EGTA-rigor, 2 mM caged-ATP.

em

statistically the same. We conclude that the two ends of the
regulatory domain reflect the same motion.

The experiments involved sudden presentation of ATP to
muscle in rigor. This suggests that the rotary motion ob-
served in our experiments reflects dissociation of cross-
bridges from thin filaments. The fact that the rate of the fast
reorientation depended on concentration of ATP in the
second-order manner reinforces this suggestion. The same
conclusion was reached earlier by Allen et al. (1996 ). It is
unlikely that the anisotropy change reflects any other step in
the cross-bridge cycle. Thus, the repriming of cross-bridges
that follows dissociation is likely to be fast, because S1 is
tethered to thick filaments by the highly flexible S1-S2
joint: Tethered S1 rotates nearly as fast as free S1 (rotational
correlation time less than 300 ns (Mendelson et al., 1973;
Cheung et al., 1991)). Likewise, the reorientation of S1
associated with the power stroke is fast (Huxley and Sim-
mons, 1971; Hopkins et al., 1998). The kinetics of dissoci-
ation must be the same regardless of whether the final state
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FIGURE 8 The correlation of the time courses of rotations of RLC and
LC1. (4) Parallel anisotropy, data from Fig. 8; (B) perpendicular anisotropy
(data not shown). Thick lines are linear regressions; thin lines indicate 95%
confidence limits.

of muscle is contraction or relaxation (i.e., whether the
initial rigor solution contains Ca®" or not).

The suggestion that the proximal and distal parts of the
regulatory domain undergo the same rotary motion upon
dissociation from thin filaments is reinforced by the direct
comparison of rotation of RLC and LC1 in double-labeled
fibers, which also showed good correlation between rota-
tions (Fig. 8). Thus experiments on single- and double-
labeled fibers suggest that light chains located at the oppo-
site ends of the regulatory domain rotate similarly and lead
us to the conclusion that the domain behaves a rigid body.
Thus the interactions LC1 with actin (Prince et al., 1981;
Sutoh, 1982; Yamamoto and Sekine, 1983; Timson et al.,
1998; Andreev and Borejdo, 1995; Andreev et al., 1999)
and with myosin heavy chain (Borejdo et al., 2001; Pliszka
et al., 2001) do not influence its mobility.

Our results suggest that the dissociation of cross-bridges
is not a simple exponential process. Rather, the fast phase of
rotation is followed by a slower one with the average half
time nearly three times longer than the fast phase and three
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times smaller amplitude (Table 3). Possibly, two steps re-
flect dissociation of the primary binding site on S1 followed
by slower dissociation of the secondary site (Andreev and
Borejdo, 1995).

The principal advantage of our method is that it is pos-
sible to measure kinetics of a small number of cross-bridges
in working muscle. By increasing the sensitivity of a mi-
croscope (e.g., replacing photomultipliers with avalanche
photodiodes), we should be able to observe ~10 cross-
bridges. The sophisticated techniques that have been devel-
oped to observe mechanical (Finer et al., 1994; Miyata et
al., 1994; Block and Svoboda, 1995; Molloy et al., 1995;
Guilford et al., 1997; Warshaw et al., 1998) and chemical
(Funatsu et al., 1995; Ishijima et al., 1998) events of a single
myosin molecule in vitro cannot be applied to muscle fibers.
The concentration of myosin in muscle fiber (120 uM,
(Bagshaw, 1982)) is simply too great. Remarkable advances
have been made by studying acto-myosin in vitro (e.g.,
Finer et al., 1994; Miyata et al., 1994; Block and Svoboda,
1995; Molloy et al., 1995; Funatsu et al., 1995; Guilford et
al., 1997, Ishijima et al., 1998; Warshaw et al., 1998; Suzuki
et al., 1998), but to gain complete understanding of the
mechanism of muscle action, it is necessary to observe few
molecules of myosin during a contraction of a muscle fiber.

Other advantages of our method are that the same cross-
bridges can be sampled repetitively, that photogenerating
ATP continuously offsets depletion of ATP by hydrolysis,
that the degree of synchronization induced by a sudden
appearance of ATP within small volume is high (J. Borejdo
and [. Akopova, unpublished data), that the amount of caged
compound used is minimal, and that movement artifacts are
eliminated (our fibers do not generate tension because the
amount of ATP photogenerated locally is not enough to
induce contraction of a whole fiber). The principal disad-
vantage is that only the relative anisotropy can be measured.
It is possible to calibrate anisotropy curves by using the
steady-state data (Fig. 3), but it is only an indirect estimate.
Other disadvantages are that the final concentration of ATP
is unknown (problem which will be fixed with the use of
2-photon excitation) and that it is not possible to measure
force and anisotropy at the same time.
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