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ABSTRACT:. The conventional hypothesis of muscle contraction postulates that the interaction between
actin and myosin involves tight coupling between the power stroke and hydrolysis of ATP. However,
some in vitro experiments suggested that hydrolysis of a single molecule of ATP caused multiple mechanical
cycles. To test whether the tight coupling is present in contracting muscle, we simultaneously followed
mechanical and enzymatic events in a small population of cross-bridges of glycerinated rabbit psoas fibers.
Such small population behaves as a single cross-bridge when muscle contraction is initiated by a sudden
release of caged ATP. Mechanical events were measured by changes of orientation of probes bound to
the regulatory domain of myosin. Enzymatic events were simultaneously measured from the same cross-
bridge population by the release of fluorescent ADP from the active site. If the conventional view were
true, ADP desorption would occur simultaneously with dissociation of cross-bridges from thin filaments
and would be followed by cross-bridge rebinding to thin flaments. Such sequence of events was indeed
observed in contracting muscle fibers, suggesting that mechanical and enzymatic events are tightly coupled
in vivo.

According to the conventional hypothesis of muscle In the present work we asked whether the tight coupling
contraction, the enzymatic chemistry and mechanics of exists in cross-bridges of contracting muscle fiber. Under
myosin cross-bridges are tightly coupled, because hydrolysisideal circumstances such experiments should be done on a
of one molecule of ATP causes one swing of the regulatory single cross-bridge to avoid averaging of asynchronous
domain (RD? also referred to as lever arm) of myosin signals from a large population of molecules. This can be
subfragment-1. This view has been challenged by some indone in vitro by diluting the solution of myosin, but in muscle
vitro experiments that suggested that hydrolysis of one ATP this condition can only be approximated by collecting data
molecule is responsible for multiple mechanical cycles, from a small number (200600) of cross-bridges, a circum-
resulting in myosin step size being many times larger than stance that ensures synchrony for at least 100 ms after sudden
the dimension of a cross-bridgé, ). The absence of tight  release of ATP from a cag&(@). In this work, we measured
coupling between enzymatic and mechanical events wassimultaneously mechanical and enzymatic events in the same
directly demonstrated by measuring both events simulta- small population of cross-bridges that were synchronized by
neously in a single myosin molecule in vitr8)( a sudden release of caged ATP.

In vitro work produced impressive resul3+5), but it is The mechanical events were followed by measuring
not certain that cross-bridges in functioning muscle behave grientation changes of the regulatory domain (RD) of myosin
like purified proteins in solution. The mechanism that may sypfragment-1 (S1). S1 consists of the N-terminal, globular
be responsible for different properties of myosins in solution catalytic domain and the C-terminak-helical regulatory
versus muscle fibers is molecular crowding. Crowding domain. Recent evidence has confirmed earlier suggestions
influences protein solubility and conformation in solution (11 12) that the catalytic domain does not rotate during
(6, 7). Molecular crowding provides a rationale for the two  contraction, and a consensus has emerged that rotation of
distinct myosin cross-bridge orientations in rigor, which were the regulatory domain around a pivot at Gly 69B)(is
observed to form at different degrees of saturation of actin responsible for the cross-bridge cyclet-20). The present
filaments with myosin subfragment-38,(9). experimental design is based on the fact that polarization of
fluorescence (or anisotropy) of fluorescent probes bound to
the regulatory domain of myosin reflects rotations of the RD
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of a small ligand increases when it is released from a large a coverslip. The concentration of fluorophore incorporated
protein @3, 24). The rate of release of ADP reflects the rate into muscle was estimated by comparing the fluorescent
of shortening of the muscl$). The displacement technique intensity of the fiber with the intensity of a known concen-
was first used by Bagshaw and collaborat®8, 7), who tration of free Rh-RLC. Fluorescence of the fiber viewed
used changes of intensity of fluorescence of Cy3-EDA-ATP with a wide-field microscope using a ¥0(NA = 0.22)
as a measure of ATPase of myofibrillar myosin. objective was equal to the fluorescent intensity givendzy
The present results revealed that in vivo mechanical and«M free Rh-RLC. The number of myosin molecules observed
enzymatic events occurred simultaneously and that the leverby the confocal microscope is equal to this concentration
arm rotated once for every molecule of ATP split. This multiplied by the experimental volume. The width and depth
suggests that rotations of cross-bridges are tightly coupledof the observational (confocal) volume are approximately

to the chemical events at the active site.

MATERIALS AND METHODS

Chemicals and Solution§tandard chemicals and nucle-
otides were from Sigma (St. Louis, MO). 5-Dimethyloxy-
2-nitrobenzyl-caged ATP (DMNPE-caged ATP), adenosine
5'-triphosphate-Alexa Fluor 647 2 (or 3-)-O-(N-(2-ami-
noethyl)urethane) (Alexa-ATP), 1-(4,5-dimethoxy-2-nitro-
phenyl)-1,2-diaminoetharg;N,N',N'-tetraacetic acid (DMNP-
EDTA), and 5-(iodoacetamido)tetramethylrhodamine (IATR)
were from Molecular Probes (Eugene, OR). Ca-rigor solution
contained 50 mM KCI, 4 mM MgG| 0.1 mM CaC}, 1 mM
DTT, and 10 mM Tris buffer, pH 7.5. All solutions used in
the photolysis experiments contained 10 mM reduced glu-
tathione. The glycerinating solution contained 80 mM

potassium acetate, 0.2 mg/mL PMSF, 2 mM mercaptoetha-

nol, and 50% glycerol.
Preparation and Mounting of Muscle Fiberssolated

muscle fibers were prepared from glycerinated rabbit psoas}. sgm n

muscle bundles by dissecting single fibers in glycerinating

equal to the diffraction limit{0.3um) of the focused laser
beam. Its height is limited by the confocal aperture (1.35
Airy units) to~3 um, giving the volume of~0.3ums. There
are ~400 fluorescent myosin molecules in this volume.

Labeling of the Myosin Acte Site with Alexa-ATPA
muscle fiber was incubated with 6-0.3 uM Alexa-ATP
in Ca-rigor solution for 10 min at room temperature. Excess
dye was washed out with Ca-rigor solution. The degree of
incorporation of Alexa-ATP into fiber was estimated by
comparing the intensity of fluorescence of a known concen-
tration of the dye with the fluorescence of labeled fibers, as
in the case of labeling with Rh-RLC. Typically,-3 uM
myosin was labeled. There are500 myosin molecules
labeled with Alexa-ADP in this volume.

Functionality of Exchanged Fibergension development
was studied by a MKB force transducer (Scientific Instru-
ments, Heidelberg, Germany) coupled to an analogue counter
(Model 6024E; National Instruments, Austin, TX). Control
(unlabeled) fibers developed 0.24 0.05 mN/fiber (mean
= 32) maximum isometric tension. Fibers
exchanged with RLC fluorescently labeled at Cys 73

solution and attaching the ends of the tautly stretched fiber developed 0.9& 0.03 mN/fiber tension. The lack of effect

to aluminum clips glued to the microscope coverslip. The
coverslip fit into a 22 mmx 22 mm x 0.2 mm homemade
perfusion temperature-controlled chamber (volume. 00
uL). Mounted fibers were thoroughly washed with Ca-rigor
solution and covered with #1 coverslip.

Preparation of the Regulatory Light ChaiRabbit myosin

on tension is consistent with previous experiments with such
fibers 32) and with experiments that used chicken gizzard
RLC labeled at Cys 1082(, 31). Likewise, labeling the
myosin active site with ATP analogues had no effect on
tension induced by normal ATP. Fibers labeled withN
Alexa-ATP developed 0.9 0.02 mN/fiber 6 = 7) of

was prepared from back and leg muscles by the method oftension. Fibers stimulated with 0.2 mM Alexa-ATP devel-

Tonomura et al. Z8). Chicken skeletal RLC containing a
single cysteine at position 72%) was prepared by expression
of RLC in a pT7-7 plasmid in BL21(DE3) cells. The
construct was a gift from Dr. S. Lowey (University of
Vermont) A 1 L culture was prepared and RLC isolated as
described 30).

Labeling of RLC.Newly purified RLC in 10 mM KPR
buffer, pH 7.5, and 2 mM DTT was dialyzed overnight at 4
°C against 50 mM KCl and 10 mM Tris-HCI, pH 7.5. RLC
was incubated with a 10-fold excess 6fIBTR for 7 h on
ice in the dark. Excess IATR was removed by overnight
dialysis at 4°C against 50 mM KCI, 20 mM EDTA, 0.01 M
KP; buffer, pH 7.0 and 0.5 mM DTT. The degree of labeling
was 14%.

Exchanging Myosin with Rh-RLQ.abeled RLC was
exchanged into fibers as described earli@t)( Briefly, a
fiber was mounted on the coverslip, thoroughly washed with
Ca-rigor solution, and incubated with 100 of 35 uM RLC
in 50 mM KCI, 20 mM EDTA, 0.5 mM DTT, and 10 mM
KP;, pH 7.0, for 30 min in the dark at €C. The fiber was
rinsed three times with 100L of Ca-rigor solution. Then,
50 uL of 2 mM caged ATP in Ca-rigor solution plus 10

oped 0.68+ 0.14 ( = 5) mN/fiber. The ATP turnover of
myofibrils stimulated by control (regular) ATP was 1.8's
The ATP turnover of myofibrils stimulated by Alexa-ATP
was within 90% of control.

Experimental Arrangemenilhe instrument to measure
anisotropy of fluorescence was described elsewge2Q).
The current setup differs from the earlier one in that the laser
spot is not scanned and that the 633 nm excitation and Cy5
emission filters have been added to detect fluorescent ADP.
Briefly, the experimental chamber was placed on stage of
the confocal microscope (Zeiss, LSM 410, Thornwood, NY).
A 633 nm visible light from a He/Ne laser was selected by
the line selection filter to excite Alexa-ATP. A 568 nm light
from the Ar/Kr laser was selected by another line selection
filter to excite Rh-RLC. The polarization of the laser beam
could be rotated by &/2 plate and directed by the dichroic
mirror onto an objective [Zeiss C-Apo, 40 numerical
aperture (NA)= 1.2, water immersion]. The UV beam of
an argon laser operating at 364 and 351 nm was used to
photolyze the caged nucleotide.

Photogeneration of ATPLhe mounted muscle fiber was
perfused with 2 mM 5-dimethyloxy-2-nitrobenzyl-caged ATP

mM glutathione was added, and the muscle was covered with(DMNPE-caged ATP). The UV beam was focused by the
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objective to a Gaussian spot with width and length equal to 045
twice the lateral resolution of the UV beam (about Q).

The height equaled @m. Approximatey 3 s after the scan e I U
was begun, a shutter admitting the UV light was opened for
exactly 10 ms. The energy flux through the illuminated area
was 9 x 104 mJum?. ATP stayed in the experimental
volume for ~300 us. The amount of released ATP was
enough for a single turnover of ATP.

Anisotropy of Solution@\bsorption spectra were measured
in the C&*-rigor buffer at room temperature in a Beckman 0.20 1
DUB50 absorption spectrophotometer. Fluorescence anisotro- m‘;ﬂ
pies were measured in an ISS K2 spectrofluorometer %'

(Champaign, IL). Polarized fluorescence intensities were 0

collected using Glan-Thompson polarizers in the excitation sz 540 560 580 600 620 640 660
and emitted light paths. Excitation was vertically polarized. excitation wavelength (nm)

Exper!ments were don'e. at € in the Ca"-rigor buffer. FiGure 1. Excitation anisotropy of Alexa-ATP: Alexa-ATP
Experiments on immobilized Alexa-ATP were performed at jmmobilized in 90% glycerol at OC (a), Alexa-ADP bound to

0 °C in 90% glycerol. All samples used in fluorescence myosin at low (100 mM) ionic strengtim), and free Alexa-ATP
measurements had an absorption<df.1. in Ca—rigqr solution at GC (@). Cond'itio.ns: J!uM AIexa-A'I.'P,.Z

Fluorescence Intensity and Anisotropy of FibeRiuo- /M myosin headslem =670 nm. Excitation slit= 2 mm, emission

. : slit = 1 mm. The arrow indicates the observed transition. All
rescence was measu_red with a h|gh_ aperture Ien§ (C-ApPO,measurements are at'C.
40x, NA = 1.2) using confocal microscopy. Different
sensitivities of detectors were compensated by adjustingthe myosin active site. Thus in fiber experiments we can
photomultiplier voltages (in our microscope, detector 2 is expect a measurable change in steady-state anisotropy,
18% more sensitive than detector 1). Calculations showedespecially that anisotropy of rigor fibers is likely to be greater
that a high NA of the objective causes minimal distortion to (arrow) than anisotropy of myosin in solution.
the polarized intensities38). In muscle fibers, the changes were measured by polarized

The subscripts before and after the intensity indicate the intensity or anisotropy of Alexa-ATP after displacement by
direction of polarization of excited and emitted light relative ATP that was rapidly photogenerated from the caged
to the axis of the muscle fiber. Perpendicular anisotropy was precursor. Even though the fibers were labeled with Alexa-
recorded with thel/2 plate in place. The muscle axis was ATP, most of the cross-bridges were in the aetmyosin—
oriented horizontally on a stage of a microscope. ChannelsADP state because Alexa-ATP is rapidly hydrolyzed to
1 and 2 recorded; anddl;, respectively. Parallel anisotropy ~ Alexa-ADP-P.. P, was removed by thorough washing with
was recorded with th&/2 absent. Channels 1 and 2 recorded rigor solution. Figure 2 shows the appearance of muscle after

0.35

—&— Alexa-ATP in glycerol
0.30 4 —— Myosin-Alexa-ADP
' —e— Free Alexa-ATP

0.25 +

anisotropy

ulo andyly, respectively. The absolute anisotropies lare= incubation with Alexa-ATP. As a control, the I-bands of the
(chl — ch2)/[ch1+ 2(ch2)] andr, = (ch2 — chl)/[ch1+ same fiber were labeled with FIFphalloidin. As expected,
2(ch2)]. Alexa-ATP and FITC-phalloidin labeled the A- and I-bands,
respectively. Alexa-ADP was displaced from the active site
RESULTS by 2 mM nonfluorescent ATP that was rapidly photogener-

f ated from a caged precursor. Figure 3 shows the time courses
of change of polarized intensityl( = solid line) and
anisotropy (, = dashed line) upon generation (at the arrow)
of 2 mM nonfluorescent ATP. The enzymatic signals consist
of a rapid decrease corresponding to an increased rate of
rotation of Alexa-ADP. Since the diffusion coefficient of free
ATP is large (3.7x 1076 cn¥/s) (35), after a UV pulse there
is practically no free ATP left in the experimental volume.
Therefore, anisotropy, or polarized intensity, reflects ir-
reversible displacement of bound fluorescent ADP by a single
molecule of ATP. The average half-time of decay of
anisotropy was 6.7 1.0 ms (meant+ SEM of five
experiments). The Alexa-ADP signal remains low after
dissociation because release of Alexa-ADP is irreversible.
Mechanical SignalThe signal measured here is a change
of steady-state anisotropy of Rh-RLC bound to the myosin
cross-bridge. The transition from rigor to contraction leads
to a change in steady-state anisotrop)( but it is not clear
whether this change is due to cross-bridge rotation or
— _ _ dissociation of the head from actin. To answer this question,
?The lifetime can be calculated as2 ns from Perrin's equation e measured anisotropy of free, immobilized, and myosin-
using rotational correlation time~@2 ns) and residual anisotropy . L . ’ o . )
(~0.15). Those results are similar to the data of Oi&4) for related bound Rh-RLC in vitro. Figure 4 shows excitation anisotro
fluorescent nucleotide analogues. pies of solutions of Rh-RLC. The limiting anisotropy of the

Enzymatic SignalThis signal arises from the release o
myosin-bound Alexa-ADP to solution. Normally, free and
bound dye have different anisotropies due to differences in
the rate of rotationZ3). However, in our case it is not certain
that this is so. Myosin-bound Alexa-ADP is rotationally
mobile and has large residual anisotropy due to a short
fluorescent lifetime. Figure 1 shows excitation anisotropies
of solutions of substoichiometric Alexa-ATP added to
myosin. The rotationally immobilized ATP (90% glycerol
at 0 °C) gave limiting anisotropies that were near their
theoretical limit of 0.4 4), indicating that the absorption
and emission dipoles of Alexa-ATP are parallel. Myosin does
not rotate during the fluorescent lifetime of Alexa-ATP, yet
the anisotropy of myosinAlexa-ADP @) (Alexa-ATP is
hydrolyzed by myosin) was close to that of the free probe
(@), suggesting that the bound probe has significant mobility.
The free dye had somewhat lower anisotropy, indicating a
further increase in rotational mobility upon dissociation from
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Ficure 2: Myosin labeling with Alexa-ATP (red) and actin labeling with fluorescent phalloidin (green) in the same muscle fiber results
in staining of the A- and I-bands. (A) Fiber labeled witlB! Alexa-ATP for 5 min at room temperature followed by a 15 min wash with
Ca*-rigor solution. (B) The same fiber labeled with Q&8 FITC—phalloidin for %, h at room temperature followed by a 15 min wash

with Ca"-rigor solution. (C) Superposition of (A) and (B). The bar
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Ficure 3: Parallel anisotropy (dashed line) and parallel polarized
intensity (solid line) following ATP photogeneration (arrow) in the
fiber labeled with Alexa-ATP. Signals have been corrected for
photobleaching as in reffG; i.e., they are set to a baseline oD
before the pulse.
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Ficure 4: Excitation anisotropy of Rh-RLC: Rh-RLC exchanged
to myosin immobilized in 90% glycerol at (a), Rh-RLC bound

to myosin at low (100 mM) ionic strengti®j and high (0.6 M)
ionic strength M), free Rh-RLC ¥), and free rhodamine®). Data
points for myosin in the presence of excess actin all lie between
@ andl. Conditions: 0.5«M Rh. Aemy = 590 nm. Excitation slit=

2 mm, emission slit= 1 mm. The arrow indicates the observed
transition. All measurements are afQ.

myosin—Rh-RLC complex immobilized in 90% glycerol at
0 °C (a) is 0.33, consistent with earlier result36f and

is .
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FicUre 5: Parallel anisotropy (dashed line) and parallel polarized
intensity (solid line) following ATP photogeneration (arrow) in the
fiber labeled with Rh-RLC. Signals have been corrected for
photobleaching.

dipoles of the probe is 194 The anisotropy of myosia
Rh-RLC is decreased, indicating motion of the probe and of
myosin-bound RLC. Anisotropy is the same at |o®) @nd

high (@) ionic strength or in the presence of an excess of
F-actin (data not shown), indicating that the mobility of the
RD is not affected by the thick filament or actomyosin
complex formation. This shows that anisotropy change
observed in vivo is not due to change in the probe
environment associated with myosin head detachment from
thin filaments, but reflects lever arm rotation, consistent with
earlier dataZ9). The anisotropy of free Rh-RL®¥| is larger
than that of free rhodamine#), consistent with the larger
molecular weight of the complex. The change in the steady-
state anisotropy that is monitored in fiber experiments (arrow)
is equal to or greater than the change seen in solution because
steady-state anisotropy of Alexa-ADP bound to myosin in
fibers is greater.

We next measured the mechanical signal in muscle fibers
by polarized intensity or anisotropy of Rh-RLC bound to
RD of a cross-bridge after sudden release of ATP. The
striation pattern of muscle exchanged with fluorescent RLC
was very good 10). Figure 5 shows the time course of
parallel polarized fluorescencel,(= solid line) and of
anisotropy £, = dashed line). They reflect rotation of the
RD during single turnover of ATP by cross-bridges. Con-
sistent with earlier observationd @, 22), the mechanical

indicating that the angle between absorption and emissionsignal consists of a rapid change reflecting rotation of RD
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0.03 Alexa-ATP rotations, it is therefore necessary to monitor
A polarized intensities. However, in contrast to anisotropy,
which is a ratio of polarized intensities, intensity does not
compensate for changes of observational volume caused by
possible muscle movement. Fortunately, in the present
experiments the anisotropy and polarized intensity were
closely correlated as predicted by theor33) i.e., the
movement artifacts were negligible. In Figure 6A every value
of intensity from Figure 3 is plotted on thé¢axis, and the
corresponding value of anisotropy is plotted on iaxis.

The solid line shows the linear regressié¥,= 0.98. If the
experimental volume changed during contraction, the cor-
relation would not have been linear. The movement artifacts

0.02 +

0.01

i

0.00 4

-0.01

-0.04 003 002 001 0.00 001 0.02 are absent because the amount of ATP generated by a short
il pulse of UV light in small volume is small (0.& 10718

4 mol). Good correlation is also obtained when comparing the

1B anisotropy and intensity of the mechanical signal (Figure 6B).

Simultaneous Measurements of Enzymatic and Mechanical
Signals.Because anisotropies and polarized intensities cor-
respond to each other, it is possible to simultaneously
measure time courses of enzymatic and mechanical events
in a single contraction of a small cross-bridge population of
the same fiber. Figure 7A shows the confocal image of a
fiber labeled with Rh-RLC. The average intensity of the
bright (myosin) bands, measured by ImagePlus (Media
Cybernetics, Silver Spring, MD) was70% larger than the
intensity of dark (actin) bands. Figure 7B shows the confocal
image of the same fiber labeled with Alexa-ATP. The
average intensity of the bright (myosin) bands wags%
| larger than the intensity of the dark (actin) bands. The two

o _ ) ~images are combined in Figure 7C to show that both labels
FiGure 6: Correspondence between anisotropy and intensity 5re colocalized in the A-band. The same result was obtained
signals: (A) data from Figure 4; (B) data from Figure 5. The solid . . . .
lines are the linear regressions. The dashed lines in (B) indicateWhen myosin was _exchanged with fluorescein-RLC. _Flgure
95% confidence limits. In (A) they lie within the solid line. 8A compares the time courses of change of mechanical and
enzymatic signals. The enzymatic signal (red) has a lower
coincident with corresponding to cross-bridge dissociation. S/N ratio than the corresponding mechanical signal (green)
In contrast to the Alexa-ADP signal that remains low after because anisotropy of Alexa-ATP changes little upon dis-
dissociation, this phase is followed by a slow reversal sociation (Figure 1) as a consequence of its short fluorescence
corresponding to rebinding of cross-bridges to thin filaments. lifetime. The RLC begins to rotate at the same time that ADP
The average rate of rapid change was8.6.5 ms and of s released. There is no indication of mechanical change other
slow change 223 40 ms ( = 5). The difference between than the slow rebinding. The expanded time scale (Figure
half-times of relaxation of Alexa-ADP and RLC signals was 8B) shows that the two signals are coincident within at least
not statistically significantt(= 2.0, P = 0.105). 10 ms. The same result was obtained in 11 experiments using

Correspondence of Changes of Polarized Intensity and fluorescein-labeled RLC and in 5 experiments using Rh-
Anisotropy Anisotropy measurements require two fluorescent labeled RLC.
channels: one for each polarized intensity. It would therefore
require four channels to simultaneously measure rotationsDISCUSSION
of RLC and Alexa-ATP, an impossible task using a regular
confocal microscope that only has three fluorescence chan- The present study shows that in contracting muscle the
nels. To simultaneously measure time courses of RLC andrelease of ADP is coincident with cross-bridge dissociation

i

12 4

14

-16 T T T T T T

[+

Ficure 7: Images of a fiber labeled with Rh-RLC and viewed through an LP 590 (rhodamine) filter (A) and Alexa-ATP viewed through
an LP 647 (Cyb5) filter (B). The fiber labeled with Alexa is in deep red but was assigned to a green channel. (C) Superposition of (A) and
(B). The scale shown in (B) is 10m.
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58 chanical and enzymatic events are tightly couplgd.(If
A they were not, cross-bridges would execute multiple reori-
entation cycles before dissociating from thin filaments. Figure
54 - 9A is a classical cross-bridge cycle. It begins with photo-
creation of ATP (black arrow) followed by dissociation,
hydrolysis, rebinding in a weak state, and the power stroke.
50 - f I Figure 9B illustrates the time course of anisotropy changes
N “ that are expected if we observed a single cross-bridge.
481 Photocreation of ATP (arrow) leads to an immediate release
Alexa of fluorescent ADP from the catalytic site and a change of
anisotropy (enz) (for clarity, the anisotropy change is shown
44 as an increase). Simultaneously, a cross-bridge dissociates
i ' l ‘ ‘ ‘ ‘ from a thin filament, which demonstrates itself as a rapid
2800 3000 3200 3400 3600 3800 4000 4200 decrease of anisotropy due to the increased rate of rotation
of the RD (relax). In this state a cross-bridge interacts weakly
with actin. It remains in this state until ATP is hydrolyzed
and Ris released from active site; #issociation marks the
transition to a putative pre-power stroke state, which may
be short-lived %) (not shown). This transition is expected
to be associated with anisotropy increase, because the cross-
bridge rotation is inhibited by actin. Finally, the cross-bridge
executes a power stroke, which is expected to be ac-
companied by further anisotropy drop to the initial rigor
value. The observed sequence of events (Figure 8) is
consistent with the classical view suggesting that the
conventional scheme adequately represents events occurring
in contracting muscle. The power stroke was not resolved,
perhaps because cross-bridges were not perfectly synchro-
nized.

The confocal microscope defines a femtoliter volume that

Ficure 8: (A) Correlation between rotations of the perpendicular contains only~400 fluorescent cross-bridges. It is crucial
polarized intensity of RLC (top curve) and the pargllelppolarized that th? population under observation be small enough to
intensity of Alexa-ATP (bottom curve). (B) The data are drawn on Nave high degree of synchrony after the flash. The synchrony
an expanded time scale. The time resolution ig«@5but to keep induced by uncaging ATP in such a small population is high;
the data files to reasonable size, 568 data points in (A) and 87 dataj.e., 400 cross-bridges rotate as one for at least 100 ms after
points in (B) were pooled together and averaged to give a time {ha flash L0). The time course of rotation of a large
resolution of 14.2 (A) and 2.2 ms (B). . . . .
population of cross-bridges, on the other hand, is the time
from thin filaments. This is consistent with the conventional average that may obscure small time differences. Another
view that hydrolysis of one ATP molecule is associated with reason for requiring a high degree of synchrony is that there
a single mechanical cycle of cross-bridges, i.e., that me- are~20000 myosin molecules in our experimental volume.
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Ficure 9: Conventional scheme of cross-bridge action. (A) The UV pulse (hand) causes release of fluorescent ADP (arrow), cross-bridge
dissociation, ATP hydrolysis, cross-bridge rebinding to actin to form a weak binding state, and force generation (double-headed arrow).
Fluorescent ADP is indicated by an asterisk. Cones schematically represent the extent of rotation of fluorescent dipoles on RLC. Hydrolysis
of one molecule of ATP leads to a single dissociatiogbinding cycle of cross-bridges. (B) The time course of anisotropy changes expected

if a single cross-bridge was observed.
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Out of this population,~400 molecules are fluorescently hydrolyzed at the active site was constantly replenished by
labeled with Rh-RLC and~500 with Alexa-ADP. It is fresh ATP. The predominant intermediate was therefore
statistically unlikely that the same myosin molecule carries actinr—myosin—ADP-P,, and the release of the fluorescent
both labels. Thus while our results do not reflect events nucleotide reflected the rate of ATP hydrolysis.
occurring at the same molecule, they reflect the behavior of  In conclusion: we incorporated Alexa-ATP and fluores-
a small population of well-synchronized cross-bridges. cent RLC into the catalytic site and lever arm of cross-
Possible Artifactslt is impossible that our results are due bridges, respectively. We followed rotational motion of both
to damage of muscle by exposure to UV light. Control dyes during a single turnover of ATP. Both dyes rotated as
experiments in which there was no caged ATP gave no predicted by the conventional model of muscle contraction,
change in intensity or anisotropy whatsoever (data not suggesting that enzymatic and mechanical events of a cross-
shown). It is also unlikely that the results are due to the fact bridge of contacting skeletal muscle are strongly coupled.
that we compared polarized intensities rather than anisotro-The experiments were done efd00 cross-bridges, which
pies. We have demonstrated that in our experiments aniso-were synchronized by a sudden release of caged ATP. The
tropy is equivalent to polarized intensities. This is because final test of the model must wait until enzymatic and
in our experiments the amount of photogenerated ATP is mechanical activities of a single cross-bridge of contracting
too small to cause shortening of the muscle. It is enough muscle can be measured.
only for a single cross-bridge turnover, which does not
produce any mechanical artifacts. It is also improbable that ACKNOWLEDGMENT
any artifacts arise because of heating the muscle. We estimate \ye thank Dr. Irina Akopova, Mr. John Talent, and Ms.
that heating caused by the absorption of UV light by caged \jahalakshmi Ramani for expert technical assistance.
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