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A Birefringence Study of Changes in Myosin Orientation during
Relaxation of Skinned Muscle Fibers Induced by Photolytic ATP Release
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ABSTRACT The birefringence of isolated skinned fibers from rabbit psoas muscle was measured continuously during re-
laxation from rigor produced by photolysis of caged ATP at sarcomere length 2.8-2.9 pm, ionic strength 0.1 M, 15°C. Bire-
fringence, the difference in refractive index between light components polarized paraliel and perpendicular to the fiber axis,
depends on the average degree of alignment of the myosin head domain with the fiber axis. After ATP release birefringence
increased by 5.8 *+ 0.7% (mean * SE, n = 6) with two temporal components. A small fast component had an amplitude of 0.9
+ 0.2% and rate constant of 63 s~'. By the completion of this component, the instantaneous stiffness had decreased to about
half the rigor value, and the force response to a step stretch showed a rapid (~1000 s~') recovery phase. Subsequently a large
slow birefringence component with rate constant 5.1 s~' accompanied isometric force relaxation. Inorganic phosphate (10 mM)
did not affect the fast birefringence component but accelerated the slow component and force relaxation. The fast birefringence
component was probably caused by formation of myosin. ATP or myosin.ADP.Pi states that are weakly bound to actin. The

average myosin head orientation at the end of this component is slightty more paraliel to the fiber axis than in rigor.

INTRODUCTION

Muscle contraction involves a cyclical interaction of the
myosin head domain with the actin filament, driven by the
free energy of ATP hydrolysis. Little is known about struc-
tural changes in myosin and actin during the ATP hydrolysis
cycle, but it is generally assumed that a structural change in
the myosin-actin complex is directly responsible for the gen-
eration of force and shortening. To investigate this in a work-
ing muscle fiber it is useful to synchronize the ATP hy-
drolysis cycles in the myosin population. One way to achieve
this is to release ATP in a rigor muscle fiber by flash pho-
tolysis of a biologically inactive ATP precursor, caged ATP
(Goldman et al., 1982, 1984). This approach has been used
successfully to investigate mechanico-chemical coupling in
muscle (reviewed by Hibberd and Trentham, 1986; Gold-
man, 1987). More recently it has been combined with struc-
tural methods including x-ray diffraction (Poole et al., 1988,
1991; Brenner et al., 1989), electron microscopy (Hirose et
al., 1993), fluorescence polarization (Tanner et al, 1992;
Allen et al., 1992), and birefringence (Ferenczi et al., 1986;
Irving et al., 1988). These structural methods have different
technical advantages and limitations and yield complemen-
tary information.

We used birefringence measurements to follow changes in
the orientation of myosin heads after photolysis of caged
ATP in isolated skinned muscle fibers. The birefringence is
the difference in refractive index between light components
polarized parallel and perpendicular to the muscle fiber axis.
Fiber birefringence is higher in relaxing conditions (in the
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presence of ATP but without calcium) than in rigor (Taylor,
1976; Peckham and Irving, 1989). This birefringence dif-
ference is caused by a change in the average degree of align-
ment of the myosin head domain with the fiber axis (Irving
et al., 1988; Haskell et al., 1989; Peckham and Irving, 1989).
The long axis of the myosin head is more parallel to the fiber
axis in relaxing than in rigor conditions.

Birefringence was determined from continuous measure-
ments of optical retardation, which is the phase difference
between parallel and perpendicular polarized light compo-
nents that is introduced by the fiber. The retardation is equal
to the birefringence multiplied by the optical path length in
the fiber. The latter is sensitive to changes in the cross-
sectional shape of the fibers, which can be made acceptably
small by careful selection and mounting of the fibers and by
working at sarcomere lengths at which there is a small
amount of resting tension (Irving, 1993). The present mea-
surements were all made at a sarcomere length of 2.8-2.9
pm. Birefringence is sensitive to changes in the volume of
the filament lattice (Fredericq and Houssier, 1973; Peckham
and Irving, 1989), as well as to changes in myosin orienta-
tion. Volume changes associated with ATP release were
minimized by using propionate-based solutions with an ionic
strength of 0.1 M (Brenner et al., 1984; Ferenczi et al., 1987,
Peckham and Irving, 1989). With these precautions to mini-
mize other contributions to the recorded retardation signals,
the latter can provide a continuous measure of the change in
myosin head orientation in a single muscle fiber during the
relaxation induced by photolytic release of ATP.

MATERIALS AND METHODS

Bundles of chemically skinned fibers from rabbit psoas muscle were pre-
pared as described by Peckham and Irving (1989) and stored in relaxing
solution (Table 1) containing 50% glycerol at —20°C for up to two weeks
before use. Segments of single fibers were dissected from the bundles in
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TABLE 1 Solution compositions (mil)

Na,ATP  cATP MgQ, [MgATP] Mg?*} KPr EGTA EDTA  Imid GLH Pi
Relaxed 11 0.0 33 1.0 20 63.1 50 0.0 100 0.0 0.0
Rigor 0.0 0.0 0.0 0.0 0.0 73.6 25 25 100 00 0.0
Rigor + cATP 00 50 33 0.0 20 31.8 50 0.0 10.0 30.0 0.0
Rigor + cATP + Pi 0.0 50 40 0.0 20 115 5.0 00 100 30.0 100

Abbreviations used: cATP, caged ATP (P°-1-(2-nitropheayl)ethyl ester of adenosine S5'-triphosphate); Pr, propionate; Pi, inorganic phosphate; Imid.,
imidazole; GLH, reduced ghutathione. Square brackets denote free concentrations of these species. All solutions have a calculated jonic strength of 100 mM,
pH 7.0 at 15°C. The ionic strength and [Mg] calculation for the solutions containing cATP assumes that 1 mM ATP is released afier photolysis.

relaxing solution at 10°C. The ends of a segment about 2 mm long were
crimped in aluminium T-clips. The scgment was transferred to the experi-
mental chamber and attached via the T-clips to two stainless steel hooks
dipping into the chamber. One of the hooks was attached to a motor (Ford
et al., 1977) for controlling the scgment length, the other to a force trans-
ducer (SensoNor AE801, Horten, Norway). The chamber was made by
gluing a glass base and quartz sides onto two stainless steel tubes (~1 mm
in diameter), the ends of which were ~6 mm apart. The muscle fiber was
100-200 pum from the quartz window facing the laser used for caged ATP
photolysis (sce below). The top of the chamber was covered with a glass
coverslip. The solution bathing the fiber was exchanged by flushing through
100-200 ul of solution via the stainless steel tubes using inlet and waste
syringes driven by stepper motors. The inlet tube was attached to a mixer
to provide a choice of up to five solutions. The temperature of the bath was
mecasurcd with a thermistor and controlled by a Peltier device; during the
cxperimesnts the temperature was 15°C except where stated.
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FIGURE 1 Schematic diagram of the optical apparatus used to measure
muscle fiber retardation. Light from a 5 mW He-Ne laser was polarized at
45° 1o the muscle fiber axis by a dichroic sheet polarizer. A calibrated
retardation was istroduced by a Babinet-Soleil compensator (Halle, Berlin).
Light transmitted by or bypassing the muscle fiber was collected by a water
immersion objective (Nikon 10X, N.A. 0.22). For observing the fiber be-
tween crossed polarizers the analyzer (ANL) and eyepiece prism were in-
serted. For continuous retardation measurements the quarter-wave plate (Q),
‘Wollaston beam-splitting prism and two photodiodes were used as described
in the text. The left side shows polarization axes; labels 0° and 90° denote
directions parallel and perpendicular to the fiber axis, respectively. The
arrows in the horizontal plane denote transmission axes for polarizer, ana-
lyzer and Wollaston prism, and slow (larger retardation) axes for compen-
sator, muscle fiber and quarter-wave plate. Spherical lenses (not shown)
formed an image of an adjustable slit at the fiber, and an image of the back
focal plane of the objective at the photodiodes.

Optical measurements

The experimental chamber was mounted on the rotating stage of a modi-
from an He-Ne laser polarized at 45° to the fiber axis (Fig. 1). The fiber
bircfringence introduces a phase lag—the retardation, ¢—between com-
poncnts of the light polarized paralle]l and perpendicular to the fiber axis.
The retardation is equal to the birefringence multiplicd by the optical path
length in the fiber. The quarter-wave plate comverts this phase differeace into
an intensity difference between the paralie] and perpendicular components,
which are scparated by a Wollaston prism so that their intensities can be
measured with photodiodes. The difference divided by the sum of the pho-
todiode outputs (R, calculated clectronically) is equal to the sinc of the
retardation phasc angle ¢ (Taylor and Zch, 1976). A retardation compen-
sator was also used to measure steady-state retardation by a sull method in
quarter-wave platc with an analyser (Peckham and hrving, 1989).

For continuous measurements of retardation the method of Irving (1993)
was used. Fibers were illuminated by a beam that was ~0.7 mm long and
45-80% wider than the fiber scgment to minimize movement artifacts. Fiber
transmittance (7, the fraction of the light incident on the fiber that is trans-
mitted by it and collected by the objective) was measured from the ratio of
the sum of the photodiode outputs with the fiber in and out of the illumi-
nating beam. T was 0.75 * 0.02 (mcan * SE, seven fibers) in relaxing
solution at sarcomere length 2.8-2.9 pum. There was no significant change
in T afier putting fibers into rigor. Fiber dichroism was negligible, as in the
case of intact frog fibers with the same optical setup (Irving, 1993). The
retardation at the thickest part of the fiber, ¢_, was calculated assuming that
the fiber cross-section was clliptical. In this case

R=(1-gS—g-sin0

S=n2-Jy(d.)c0s 6 — [1 — n/2 - H,(¢.)}sin 6,

and J, and H, are, respectively, Bessel and Struve functions of first order;
8 is the retardation introduced by the compensator; and g is ff{(1 - /)T +
1], where fis the fraction of the light in the illuminating beam that bypasses
the fiber (Irving, 1993). The value of ¢_ predicted from the above equations
and measurements of R, 0, fand T was not significantly different from that
mcasured directly by the visual compensator null method. The ratio of ¢,
values determined by the two methods was 0.99 + 0.03 (mean *+ SE, seven
fibers), showing that the assumption of elliptical cross-section does not
the small background value caused by the birefringence of the apparatus.
The fractional change in retardation is equal to that in R for small changes
around the mull point (hrving, 1993). For continbous measurement of
changes in retardation, the time course of the change in retardation was
therefore assumed to be equal to that in R.

The optical path length in the fiber was not measured in the present series
of experiments. Initial values of birefringence (retardation divided by optical
path length) in relaxing solution were estimated assuming that optical path
length d was equal to fiber width w, and these estimates agreed with results
of previous studies in which optical path kength was measured (sec Results).

Relative changes in bircfringence can be determined without measuring
optical path length. In the general case in which changes in birefringence
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may be cansed by changes in cither fiber volume or protein orientation, the
effects of volume changes can be climinated by calculating a “standard
birefringence, B°” at a standard fiber volume (Peckham and Irving, 1989).
The calculation assumes that, in the absence of oricatation changes, bire-
fringeace is inversely proportional to fiber volume (Fredericq and Houssier,
1973; Peckham and Irving, 1989). If the optical path length d changes from
d, to d, and fiber width from w, to w, the ratio of fiber volumes would be
wd,/w.d, under the assumption of elliptical cross-section. Thus the ratio of
standard birefringence values in two different conditions, B*/B*,, is given
by Bw,d,/B,wd, =é¢,w,/d,w, (where B, and B, arc the observed birefrin-
gence values, and ¢, and ¢, are the observed values of ¢), and the relative
change in standard birefringence is independent of optical path length.
Steady-state changes in relative standard birefringence were calculated from
measurements of ¢_ and w using this relation.

This method was not used for continuwous measurement of standard bi-
refringence because fiber width was not recorded continuously. Changes in
fiber volume and cross-sectional shape were small under the experimental
(Table 1) were chosen so that the change in filament lattice spacing asso-
ciated with the rigor/relaxed transition was less than 1% (Brenner et al,
1984; Ferenczi et al., 1987; Peckham and krving, 1989). Changes in fiber
shape were minimized by careful mounting of the fibers in the T-clips and
stretching to a mean sarcomere length of 2.8-29 pum before putting them
into rigor. Fibers that twisted or showed transverse movement or width
change on going into rigor were rejected. In the fibers used for the photolysis
cxperiments fiber width in relaxing and rigor solutions differed by less than
2% (Table 2). If this were caunsed by a systematic change in fiber shape at
constant volume the crror in the intensity ratio R in the wide-field illami-
nation method used here would be 0.2% (see Fig. 13C in Irving, 1993),
which is negligible. It was therefore assumed that R was proportional to
standard birefringence throughout the relaxation transicnts, and the R signals
were calibrated using the pre- and post-photolysis stcady-statc measure-
ments of standard birefringence made by the method described in the pre-
ceding paragraph.

Photolysis experiments

Fibers were mounted in relaxing solution at 15°C. The sarcomere length was
set t0 2.8-2 9 um, measured with a 40X, 0.65N_A. objective. This was then
exchanged for a 10, 0.22N.A. objective, and the retardation at the thickest
part of the fiber cross-section, ¢_, was measured by the compensator null
wikith of the illuminating light beam were recorded. The quarter-wave plate
was inserted, and the intensity ratio R and transmittance T were determined;
then the compensator retardation 6 was sct to give R = 0. The fiber was put
into rigor solution (Table 1) and afier rigor tension had developed the fiber
width was measured again. The compeasator was renulled and the new value
of 6 used to calculate the retardation change. Fibers were then incubated in

TABLE 2 Width and birefringence changes between

relaxing and rigor conditions
Relaxation, 1 s after
Relaxed to photolysis of
rigor solution caged ATP
Width -18+1.1% +19 + 05%
Retardation 44+ 14% +4.1+0.7%
Standard birefringence -57*1.0% +58 + 0.7%

Percentage change in fiber width, retardation, and standard birefringence
(expressed relative to the relaxed valucs) on the initial transfer from relaxing
to rigor solution (first column) and 1 s (second column) afier photolysis of
caged ATP. Mean *+ SE from six fibers. Retardation and birefringence
values in the second columna were determined from the change in R during
the flash, using the width measured less than 1 min after relaxation (see
Materials and Methods). Compensator null values at this time gave frac-
tiomal changes in retardation and standard birefringence of 5.1 * 2.2% and
7.1 * 2.2%, respectively.
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caged ATP solution (Table 1) for at least 2 min. Caged ATP was photolysed
by a 30-50 mJ pulse of wavelength 320 nm from a frequency-doubled dye
laser (Candela SLL 1050, Natick, Mass.), focused at the chamber by a fused
silica cylindrical lens. An Oriel 5181 filter (Oricl Corp., Stratford, CT) was
used to absorb the primary light emitted by the laser. To minimize flash
artifacts adjustable masks were used to prevent the laser pulse illuminating
the motor and transducer hooks. The gain of the photodiode amplifiers was
reduced during the flash and the prefiash outputs transiently maintained by
sample-and-bold circuits. Afier relaxation was compicte (~1 s) the fiber
width was measured and the compensator renulled. A solution sample was
taken from the experimental chamber and analyzed for nucleotide and caged
mucleotide concentrations by reversc-phase high-performance liquid chro-
matography (Merck RP8 column with 10 mM KH,PO,, pH 5.5, 10% metha-
nof). On average 1.35 + 0.05 mM MgATP (mean * SE, n = 16) was
released by a single flash. Finally optical measurements (pull 0, £ and w)
were made in the standard relaxing solution.

Stifiness measurements

Instantancous stiffness was measured on the same set-up by applying
stretches of ~7 nmvhalf sarcomere complete in ~200 ps to the rigor fiber
or at various times afier release of ATP (sce Fig. 3). The movement at the
motor hook was measured with a vane and differential photodiode detector
and the motor position signal corrected as described by Goldman and Sim-
mons (1986). The response of the force transducer was determined at the
end of each experiment using a nylon monofilament coancction attached via
T-clips between the motor and transducer. The natural frequency of the
transducer was 2.9 kHz and the damping time constant typically 0.1 ms. The
force transducer records were corrected as described by Ford et al. (1977).
Instantancous force/leagth plots were made from the corrected traces, and
these were lincar duriag most of the leagth change for the aylon mono-
filament or a rigor mascie fiber (Fig. 3 B). Instamtancous stiffacss was
determined from the lincar portion of these force/length plots.

RESULTS

In relaxing solution at sarcomere length 2.8-2.9 pm the bi-
refringence, calculated assuming that optical path length is
equal to fiber width, was 2.05 * 0.09 X 10~ (mean + SE,
n = 6). This is similar to the value previously reported for
the same solution at sarcomere length 2.4 um (2.14 * 0.02
X 107 see Table 2 in Peckham and Irving, 1989). The bi-
refringence decreased when muscle fibers were put into rigor
(Table 2). After correction for a small reduction in width the
decrease in standard birefringence was 5.7 * 1.0%, which
may be compared with 7.4 + 0.8% determined previously at
sarcomere length 2.4 pm (Peckham and Irving, 1989). The
smaller decrease at the longer sarcomere length used here is
expected from the reduction in filament overlap (Peckham
and Irving, 1989). No further change in width or birefrin-
gence was observed when the rigor solution was exchanged
for one containing caged ATP.

When about 1 mM ATP was released by laser flash pho-
tolysis of caged ATP the birefringence returned to its relaxed
value (Table 2, Fig. 2). Following the photolysis pulse and
associated flash artifact there was a lag of 50-100 ms before
tension began to fall (Fig. 2). The half-time for tension re-
laxation, measured from the time of the flash, was 202 + 15
ms (n = 6). The slower relaxation compared to previous re-
ports (Goldman et al., 1984) is due to both the lower ionic
strength (100 mM) and temperature (15°C) used in the ex-
periments presented in Fig. 2. When the ionic strength and
temperature were raised to 200 mM and 20°C respectively,
relaxation half-times were in the range 50-100 ms.
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FIGURE 2 Birefringence and tension changes ac-
companying relaxation produced by photolysis of
caged ATP. Each trace is averaged from the six fibers
in Table 1. The birefringence traces were obtained by
scaling the ratio R to the final standard birefringence
change for each fiber after photolysis (see Materials
and Methods and Table 1), and the calibration bar also
refers to standard birefringence. Tension/cross-
sectional area was estimated from fiber width by as-
suming width was equal to depth. The laser flash oc-
curs at time 0. The three smooth lines are least-squares
fits to a single exponential for the portion of the trace
for which each fit is shown.

Tension (30 kN/m?)
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After ATP release birefringence increased in two distinct
phases separated by a period of ~50-100 ms after ATP re-
lease when birefringence was almost constant (Fig. 2). The
initial rapid increase was small, corresponding to only a 0.9
* 0.2% change in standard birefringence (mean * SE, n =
6) but was observed in all fibers. This phase of the birefrin-
gence increase was reasonably well fit by an exponential with
a rate constant of 63 s™! (Fig. 2). The slower phase of the
birefringence increase was much larger, corresponding to a
4.9 * 0.7% change in standard birefringence. An exponential
fit to this region gave a rate constant of 5.1 s™!, which was
slightly slower than the rate constant determined by fitting
the final force relaxation, 6.7 s™! (Fig. 2). The half-time for
the overall increase in birefringence was 267 + 31 ms (n = 6),
which is slightly greater than the comesponding value for the
tension relaxation (202 *+ 15 ms), although the paired difference
was not significant at the 5% level.

We also attempted to measure birefringence transients
during development of active contraction induced by ATP
release in the presence of calcium using a caged ATP solution
like that in Table 1 except that EGTA was replaced by
CaEGTA. The observed retardation changes were much
smaller than those seen on relaxation, but contained slow
components of variable polarity that may be related to lon-
gitudinal translation of sarcomeres during activation. We
therefore did not attempt to characterize the underlying bi-
refringence changes. Force development in these conditions
was well fitted, after an initial lag phase, by a single
exponential with rate constant 14.4 * 1.4s™' (mean * SE,
n = 14).

Stiffness measurements
The birefringence results presented above (Fig. 2) suggest
that a small structural change occurred during the first 50 ms

800 1000

Tume (ms)

after ATP release, when tension was roughly constant, and
a larger change accompanied the final mechanical relaxation.
In an attempt to find a mechanical correlate for the faster
process, we measured fiber stiffness in the conditions used
for the birefringence measurements. Rapid stretches were
applied at different times after the laser flash, and the tension
responses compared with those observed in relaxing and
rigor conditions (Fig. 3). Already at 10 ms after ATP release
fiber stiffness was reduced compared with the rigor value.
Moreover, in contrast with the behavior in rigor, at 10 ms
after ATP release tension did not remain constant after the
stretch, but recovered on the millisecond time scale (Fig. 3
A). These results show that the characteristic mechanical
properties of rigor muscle are lost rapidly after ATP release
despite the lag in mechanical relaxation.

The time course of the change in instantaneous stiffness
after ATP release was determined in more detail from
the tension/length plots obtained during the length steps
(Fig. 3 B). Instantaneous stiffness fell rapidly to about half
its rigor value in the first 50 ms after ATP release (Fig. 4).
An exponential fit to the points in this time range gave a rate
constant of 43 s, which is similar to that of the initial bi-
refringence increase of 63 s™'. This fast component was much
more prominent in instantaneous stiffness (Fig. 4) than in
birefringence (Fig. 2). Stiffness, like birefringence, also
shows a slow component (Fig. 4), which was not studied in
detail.

To obtain an approximate estimate of the extent of the
rapid (~1000 s™) recovery process after a stretch, the tension
recovery 1.7 ms after the stretch (7,-T, , .., where T is the
tension at the end of the stretch and T, , __ is the tension 1.7
ms later) was expressed as a fraction of the peak tension
change during the stretich (T,-T,, where T, is the tension
before the stretch). The quantity (7,~-T,, J(T,-T,) in-
creased rapidly after ATP release, and an exponential fit to
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(B) Instantancous tension-length plots during the length steps, from the data
in (A). The slope of these plots gives a measure of instantaneous stiffness.

the points from the first 50 ms gave a rate constant of 126
s™\. The rapid tension recovery process seems to develop
more rapidly after ATP release than either the decrease in
instantaneous stiffness or the increase in birefringence.

Effect of inorganic phosphate

Phosphate accelerates mechanical relaxation after photolysis
of caged ATP (Hibberd et al., 1985), presumably by bind-
ing to the actomyosin.ADP intermediate formed after
hydrolysis. Thus phosphate is a useful tool for correlating
the mechanical and structural signals with biochemical
transitions. In the present conditions 10 mM phosphate
decreased the lag preceding tension relaxation (Fig. 5)
and increased the final rate of relaxation by a factor of
about 4 (Table 3). The birefringence transient was like-
wise accelerated so that the change in both signals was

Time (ms)

FIGURE 5 Birefringence and tension changes accompanying relaxation
produced by photolysis of caged ATP in the presence (thicker traces) and
absence (thinner traces) of 10 mM phosphate. Three fibers were used; the
traces in the presence of phosphate are the average of three records and those
in the absence of phosphate the average of five (three before and two afier
the phosphate records were obtained).

almost complete 100 ms after ATP release (Fig. 5). The
overall half-time of the birefringence change was slightly
greater than that of tension, and the rate constant of an
exponeantial fit to the final part of each trace was smaller
(Table 3). In the presence of 10 mM phosphate the fast
and slow components of the birefringence change could
no longer be clearly separated. However, phosphate had
little effect on either force or birefringence in the first 20
ms after ATP release, when the fast birefringence signal
was well underway.
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TABLE 3 Effect of 10 mM phosphate

No 10 mM
phosphate phosphate

Relaxing to rigor solution, AB° -7.2+0.8% -42 *+05%
Relaxation by caged ATP

photolysis, AB° 8.1 =*3.0% 79 £ 1.7%
Half-time of overall tension

change (ms) 186 * 15 435*19
Half-time of overall birefrin-

gence change (ms) 201 =+ 11 699 = 150
Rate constant of final tension

relaxation (s™') 93 388
Rate constant of final birefringence

change (s™) 6.1 23.1

Change in standard birefringence AB°, half-times and final rates of tension
and birefringence changes from the three fibers used for Fig. 5. Standard
birefringence changes calculated as in Table 2. Values for no phosphate are
means of five traces, three of which were before the photolysis trials with
phosphate and the other two after. Values for 10 mM phosphate are means
of three traces. The standard birefringence change for relaxing to rigor
solution seemed to be smaller in the presence than in the absence of phos-

phate, but this difference is probably not real, as the changes produced by
caged ATP photolysis were similar in the two cases. The rate constants were
obtained from exponential fits to the average traces with and without
phosphate.

DISCUSSION
Origin of the birefringence signals

Following ATP release in a rigor muscle fiber in the absence
of calcium the standard birefringence increased by 5.8 *
0.7% (Table 2, Fig. 2). A decrease in birefringence of similar
magnitude was observed when the fibers were transferred
from relaxing to rigor solution (5.7 * 1.0%, Table 2), which
is consistent with previous steady-state measurements (Peck-
ham and Irving, 1989). Inasmuch as the filament lattice spac-
ing is the same in these two solutions (Ferenczi et al., 1987;
Peckham and Irving, 1989), the increase in birefringence
after ATP release must be caused by a change in orientation
of filament components rather than a change in the fraction
of the fiber volume occupied by filaments. As in the case of
the previous steady-state measurements, we conclude that
the birefringence increase after ATP release is caused by an
increase in the average degree of alignment of myosin heads
with the fiber axis.

The time course of the birefringence increase showed a
small fast phase during the first 50 ms after ATP release and
a larger slow phase over about the next 1 s (Fig. 2). Although
the amplitude of the fast phase was small, 0.9 = 0.2% change
in standard birefringence, it was the most reproducible part
of the birefringence transient, as indicated by the small stand-
ard error. This reproducibility is likely to be caused by the
presence of residual rigor attachments, preventing changes in
the cross-sectional shape of the fibers. For the same reason
redistribution of sarcomere length is unlikely to have oc-
curred in this period (see Fig. 8 in Dantzig et al., 1991). The
force in the fiber was almost constant, so the length of series
elastic structures would not have changed. Therefore the
small fast component of the birefringence increase is unlikely
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to be caused by a systematic movement artifact. Time-
resolved x-ray diffraction measurements showed no transient
change in filament lattice spacing during this period (Fe-
renczi et al., 1987). Therefore the fast increase in birefrin-
gence, like the larger slower component, is likely to be
caused by an increase in the average degree of alignment of
myosin heads with the fiber axis.

Relation of the birefringence changes to
transitions in the actomyosin ATPase cycle

The fast birefringence component is likely to be associated
with the formation of myosin.ATP and myosin.ADP.Pi
states, which are weakly bound to actin. In the conditions
used here the rate of ATP release from caged ATP is 100 s™'
(Barabas and Keszthelyi, 1984). The second-order rate con-
stant for ATP binding to actomyosin is 1-4 X 10° M™'s™" for
the proteins in solution at ionic strength 0.1 M, pH 7.0, 20°C
(White and Taylor, 1976). Thus, when 1 mM ATP is released
from caged ATP in the presence of ~0.15 mM myosin heads,
the formation of the actomyosin. ATP complex is expected to
occur at a rate greater than 100 s™' (Goldman et al., 1984).
ATP hydrolysis oocurs at ~60 s™' in rabbit psoas fibers at
ionic strength 0.2 M, 12°C (Ferenczi, 1986), and the rate in
solution at ionic strength 0.1 M, 15°C can be estimated as
~80 s™! from the data of Johnston and Taylor (1978). Thus,
at the end of the fast birefringence component with rate 63
s7!, the intermediates AM.ATP and AM.ADP.Pi (where A
represents actin and M myosin) are likely to be present.
Given that myosin is weakly and reversibly bound to actin
in these states (Stein et al., 1979), they are likely to be in rapid
equilibrium with the detached states M.ATP and M.ADP.Pi.
Consistent with these conclusions, the fast birefringence
component is well underway before significant effects of
phosphate can be detected in either the birefringence or force
traces (Fig. 5), suggesting that phosphate release has not yet
taken place.

Changes in mechanical properties following ATP
release

The changes in mechanical properties of the muscle fibers
during the fast birefringence component were studied by im-
posing step stretches at various times after ATP release. Be-
cause of restrictions imposed by the optical apparatus, these
measurements were made with relatively long, non-coaxial
hooks on the motor and transducer. This introduced some
undesired oscillations in the tension transients (Fig. 3), but
should not have affected measurements of relative changes
in mechanical characteristics of the fibers in the first 50 ms
after the flash, when force and series elastic extension are
constant. Furthermore, the presence of some residual rigor
crossbridges in this period is likely to prevent redistribution
of sarcomere length, as argued above. By the end of the fast
phase of the birefringence increase, instantaneous stiffness
had fallen to about half its rigor value (Fig. 4), and there was
a rapid component of force recovery after a step stretch (Fig.
3). The fitted rate constants of 43 s™! for the change in in-
stantaneous stiffness and 126 s* for the onset of the fast force
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recovery process are similar but not identical to that of the
birefringence fast phase, 63 s™. These mechanical changes
are qualitatively consistent with the formation of AM_ATP
and AM.ADP.Pi states in rapid equilibrium with their de-
tached counterparts, but might also indicate the presence of
actively cycling crossbridges soon after ATP release. A more
extensive mechanical investigation would be required to dis-
tinguish between these possibilities.

It is perhaps surprising that the isometric force borne by
the fiber is virtually constant during the fast birefringence
component and the accompanying stiffness decrease (Figs.
2 and 4). The observation that mechanical relaxation is
slower than the initial detachment of myosin heads from actin
suggests that these rapidly detaching heads either were un-
strained in the rigor fiber, or can reattach and regenerate the
original force even in the absence of calcium, at least until
the cooperative activation of the thin filament in the rigor
state is overcome (Goldman et al., 1984). Because active
force generation is slower than detachment, the simplest
models based on the latter hypothesis would predict a tran-
sient dip in force. Such a force dip is very small or absent
in the present conditions (Figs. 2 and 4), despite the relatively
slow rate of active force development observed in the pres-
ence of calcium, 14.4 s™'. Another possible explanation for
the maintained force is that a fraction of the myosin heads
may have bound contaminant ADP before the laser flash
(Sleep and Burton, 1990; Thirlwell et al., 1993). These heads
would release ADP slowly and may make a disproportionate
contribution to the recorded force (Dantzig et al., 1991) but
may not contribute to the fast component of the birefringence

change.

Changes in myosin head orientation after ATP
release

Birefringence is sensitive to the average degree of alignment
of the myosin heads with the fiber axis. If all the heads had
the same orientation, the angle between the long axis of the
myosin heads and the fiber axis would be ~50° in rigor and
~30° in relaxing conditions (Peckham and Irving, 1989).
The amplitude of the fast birefringence component is only
about 15% of the total increase between rigor and relaxing
conditions (Fig. 2), corresponding to an increase in axial
angle of only a few degrees in this simple model. However,
the birefringence would not be sensitive to a transition from
the rigor angle to a wide degree of orientational disorder,
because the rigor angle is close to the angle (54.7°), which
gives the same birefringence as an isotropic distribution.
Thus the fast birefringence component indicates a small in-
crease in the average degree of alignment of the long axis of
the heads with the filament axis, which may be accompanied
by a large increase in the disorder of head orientations.

The possible states of the myosin head at the end of the
fast component can be grouped as follows: 1) residual rigor
heads (or AM.ADP heads), 2) weakly attached AM.ATP or
AM.ADP.Pi heads and their detached counterparts M.ATP
and M.ADP.Pi, 3) actively cycling heads, and 4) detached
heads in the equilibrium-relaxed configuration.
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The fraction of the myosin heads in each group of states
is unknown. However, the birefringence for each group can
be estimated from previous steady-state measurements.
Group 2 (AM.ATP, AM.ADP Pi, M.ATP, M_.ADP Pi) is also
present in low ionic strength relaxing conditions (Brenner et
al., 1982). The birefringence in low ionic strength relaxing
solution is close to the rigor value (Peckham and Irving,
1989) and not significantly different from that at the end of
the fast birefringence component reported above. The bire-
fringence in active contraction is also close to that in rigor
(Irving, 1993), but the birefringence in equilibrium-relaxed
fibers at physiological ionic strength is much higher than in
the other steady states (Peckham and Irving, 1989) and in-
deed is the value reached at the end of the slow birefringence
component (Table 2). Thus the birefringence soon after ATP
release, at the end of the fast component, is consistent with
the presence of either weakly attached or actively cycling
crossbridges (as well as some residual rigor heads), but not
with a large fraction of myosin heads being in the
equilibrium-relaxed configuration.

The large slow birefringence component, on the other
hand, does indicate a large increase in the average alignment
of the long axis of the myosin heads with the fiber axis. This
suggests that the equilibrium-relaxed configuration is
achieved with a time course similar to that of the final
mechanical relaxation.

Comparison with the results of other structural
methods

Fast myosin movements induced by photolytic ATP release
in the absence of calcium in rabbit psoas fibers have been
demonstrated previously by other structural methods. In each
case the structural change significantly preceded mechanical
relaxation. The intensities of the equatorial x-ray reflections,
which are sensitive to the distribution of mass between the
actin and myosin filaments, change with a rate constant of
~300 s™* at 10-12°C, and pH 6.8 (Poole et al., 1991). The
polarization of fluorescence from rhodamine probes bound
to myosin light chain 2 changes with a rate constant of ~100
s™! at jonic strength 0.2 M, pH 7.0, 20°C (Allen et al., 1992).
The difference between these rate constants and that of the
fast birefringence component (63 s') might be caused by
cither the different experimental conditions or the sensitivity
of the structural methods to different types of motion of the
myosin head and its constituent domains.

These structural methods probably do report different
types of motion, as the birefringence signal is dominated by
a large slow component (Fig. 2), whereas both the equatorial
x-ray diffraction (Poole et al., 1991) and myosin light chain
fluorescence signals (Allen et al., 1992) are dominated by the
fast component. Such qualitative differences between the
signals are unlikely to be caused by the different solution
conditions.

The x-ray and light chain fluorescence signals described
above suggest that the fraction of heads remaining in rigor
at the end of the fast component is small. The light chain
fluorescence signal shows that the light chain domain of the
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head is rapidly disordered after ATP release. The disorder
may extend to the whole of the head, given that electron
paramagnetic resonance studies of fibers labeled with spin
probes on the reactive sulphydryl of the myosin heavy chain
show dynamic disorder both in low ionic strength relaxing
conditions (Fajer et al., 1991) and during active contraction
(Fajer et al., 1990; Berger and Thomas, 1993). The confor-
mation of the myosin heads in these steady-state measure-
ments is likely to be similar to that soon after ATP release,
as argued above, and is therefore consistent with substantial
disorder of head orientations at this time. A difference in the
degree of head disorder between low and normal ionic
strength relaxing conditions was also demonstrated by Fajer
et al. (1991), consistent with the birefringence difference
between these states (Peckham and Irving, 1989).
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