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ABSTRACT Structural changes induced by Joule temperature jumps (T-jumps) in frog muscle fibers were monitored using
time-resolved x-ray diffraction. Experiments made use of single, permeabilized fibers that were fully activated after slight
cross-linking with 1-ethyl-3-[3-dimethylamino)propyl]carbodiimide to preserve their structural order. After T-jumps from 5-6
to ~17°C and then on to ~30°C, tension increased by a factor of 1.51 and 1.84, respectively, whereas fiber stiffness did not
change with temperature. The tension rise was accompanied by a decrease in the intensity of the (1, 0) equatorial x-ray
reflection by 15 and 26% (at ~17 and ~30°C) and by an increase in the intensity of the M3 myosin reflection by 20% and 41%,
respectively. The intensity of the (1, 1) equatorial reflection increased slightly. The peak of the intensity on the 6th actin layer
line shifted toward the meridian with temperature. The intensity of the 1st actin layer line increased from 12% (of its rigor value)
at 5-6°C to 36% at ~30°C, so that the fraction of the cross-bridges labeling the actin helix estimated from this intensity
increased proportionally to tension from ~35% at 5-6°C to ~60% at ~30°C. This suggests that force is generated during

a transition of nonstereo-specifically attached myosin cross-bridges to a stereo-specific binding state.

INTRODUCTION

Muscle force results from a tilting movement of myosin
cross-bridges attached to actin filaments in muscle fibers
(Reedy et al., 1965; Huxley, 1969). However, the nature of
the conformational change in the actin-myosin complex
that induces force generation in muscle is uncertain. Be-
cause the cross-bridges generate force asynchronously, ex-
ternal perturbations that force them to act simultaneously
make it easier to monitor macroscopic and microscopic
mechanical and structural changes in a large fraction of the
cross-bridges. Since the classical papers of Huxley and
Simmons (1971) and Ford et al., (1977), fast length changes
have been used by a number of investigators to synchronize
cross-bridge processes in contracting muscle. Following
quick releases or stretches during isometric contraction of
an intact frog muscle, a transitional decrease in the intensity
of the meridional x-ray reflection on the 3rd myosin layer
line (M3) was observed (Huxley et al., 1981, 1983). Be-
cause the M3 reflection arises from an axial repeat of
myosin cross-bridges on the thick filaments (Huxley and
Brown, 1967), these changes suggest that a large fraction of
the cross-bridges tilts in response to the perturbation. Sim-
ilar experiments were done with single intact muscle fibers
of the frog with 0.2 ms time resolution and with control of
the sarcomere length (Irving et al., 1992; Lombardi et al.,
1995; Piazzesi et al., 1995). It was found that the decrease
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in the intensity of the M3 reflection following a quick 0.5%
decrease in muscle length does not occur during the release
itself, but follows the fast partial tension recovery that
occurs after the end of the applied length change (Irving et
al.,, 1992). Small changes in orientation of fluorescent
probes attached to the light chains on the necks of myosin
cross-bridges following a length step were also observed
(Irving et al., 1995; Hopkins et al., 1998). Thus, there is
evidence for a tilt of a fraction of myosin cross-bridges
attached to actin after a length perturbation. This, however,
does not necessarily mean that the process that induces the
fast partial tension recovery and the tilt of the cross-bridges
following a length change is responsible for the force-
generating transitions in the cross-bridges that drive muscle
contraction (Brenner, et al., 1995). A hypothesis that these
processes are equivalent was put forward by Huxley and
Simmons (1971), however, later, Huxley (1981) pointed out
that some independent evidence is needed to validate this
idea.

An alternative way to synchronize force-generating tran-
sitions in myosin cross-bridges without significant move-
ment of the thin and thick filaments is to rapidly increase the
fiber temperature (Goldman et al., 1987; Bershitsky and
Tsaturyan, 1988; Tsaturyan and Bershitsky, 1988; Davis
and Harrington, 1993; Davis and Rodgers, 1995; Rana-
tunga, 1996). A Joule temperature jump (T-jump, induced
by passing a current through the muscle fiber) induces a
substantial increase in isometric tension in a fully activated
permeabilized muscle fiber (Bershitsky and Tsaturyan,
1989, 1992). Structural changes accompanying the tension
rise were monitored using time-resolved low-angle x-ray
diffraction on beam line 16.1 of the Synchrotron Radiation
Source in Daresbury Laboratory (Cheshire, U.K.). Slight
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cross-linking of the contractile proteins with 1-ethyl-3-[3-
dimethylamino)propyl]carbodiimide (EDC) was used to re-
duce deterioration of sarcomere structure during long-term
activation of permeabilized frog muscle fibers (Bershitsky
et al., 1996). Results of the x-ray diffraction T-jump exper-
iments were published in brief (Bershitsky et al., 1997).
Here, we present another set of experiments in which double
T-jumps from ~5 to ~17°C and again to ~30°C were
applied to muscle fibers to cover a wider range of temper-
ature and isometric force and to collect x-ray diffraction
patterns with better resolution.

METHODS

Muscle fiber preparation and apparatus

The muscle fiber preparation and details of the apparatus were described by
Bershitsky et al. (1996). Briefly, single fibers (segments 3-3.5 mm long,
120—-140 wm in diameter) from the semitendinosus muscle of Rana tem-
poraria were permeabilized by 15-30 min treatment in relaxing solution
(see below) containing 0.5% Triton X-100 at 5-10°C, 15 min in relaxing
solution containing 25% (v/v) glycerol for 15 min and again 15 min in
solution containing 50% (v/v) glycerol, before mounting in the apparatus in
glycerol-free relaxing solution. A fiber was mounted horizontally with one
end glued to a force transducer and the other to a linear motor by means of
a shellac/ethanol paste (Bershitsky and Tsaturyan, 1992). The piezo-elec-
tric force transducer had a resonance frequency of 12—15 kHz with a time
constant of electric charge drain =10 s and noise corresponding to <5 wN.
The linear motor had peak-to-peak noise of 50 nm, a linear displacement
range of 200 wm and allowed step displacements =50 wm in 0.14 ms. The
sarcomere length was monitored during the experiments by diffraction,
using a 2 mW He-Ne laser. To preserve sarcomere structure from deteri-
oration during activation, slight cross-linking with EDC was used (Ber-
shitsky and Tsaturyan, 1995b; Bershitsky et al., 1996).

Solutions

Two rigor solutions were used, composed as follows: a) 5 mM EDTA, 100
mM 3-[N-morpholino]propanesulfonic acid (MOPS), 120 mM potassium
propionate, or b) 2 mM MgCl,, 5 mM EGTA, 100 mM MOPS, 110 mM
potassium propionate. The prerigor solution (Bershitsky et al., 1996) con-
tained 5-10 mM 2,3-butanedione monoxime (BDM), 0.4 mM Na,ATP, 2
mM MgCl,, 5 mM EGTA, 100 mM MOPS and 110 mM potassium
propionate; 5 mM BDM was added to the rigor solution to get rigor state
with well ordered sarcomeres (Higuchi et al., 1995; Bershitsky et al.,
1996). When full rigor stiffness developed in a fiber at low tension, BDM
was washed out. Fibers were then treated with 10 mM EDC in the presence
of 2 mM MgCl,, 60 mM inorganic phosphate at 15°C for 10—15 min
depending on fiber diameter. Then EDC was washed out with the same
phosphate buffer. The activating solution contained 100 mM MOPS, 10
mM CaEGTA, 5.5 mM Na,ATP, 7.5 mM MgCl,, 22 mM phosphocreatine
(PCr) and 1.5 mg/mL chicken creatine kinase with high specific activity
(Bershitsky et al., 1996). The relaxing solution had the same composition,
except that CAEGTA was substituted by EGTA and the concentration of
PCr was increased to 25 mM. To detach all unlinked cross-bridges from
actin in EDC-treated fibers, a super-relaxing solution containing 50 mM
BDM, 20 mM inorganic phosphate, 5.5 mM Na,ATP, 7.5 mM MgCl,, 5
mM EGTA, 20 mM PCr was used (Bershitsky et al., 1996). All solutions
were at pH 7.1 at 20°C with an ionic strength of ~0.2 M.

T-jump

The T-jump method was described previously by Bershitsky and Tsaturyan
(1992, 1995a). The fiber temperature was increased in a period lasting
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0.5-0.8 ms by passing a high voltage (up to 3 kV) pulse from an AC (~30
kHz) power supply while the fiber was suspended in air in a cold (5-6°C),
water-saturated atmosphere. The amplitude of the T-jump was calculated
by dividing the heat energy liberated in a fiber by its thermal capacity. The
thermal capacity was estimated as previously (Bershitsky and Tsaturyan,
1992, 1995a) using the fiber volume determined by microscopical mea-
surement of its dimensions while suspended in air, a fiber density of 1.06
kg'm 2 and a specific heat capacity of 3.7 kJ-kg™ "K' (Hill, 1931). Fiber
volume measurements in air were indistinguishable from measurements
carried out with the fiber immersed in solution. To overcome the slow
cooling of the fiber after the T-jump, a warming AC current (30 kHz) of
several hundred volts amplitude was applied after the heating pulse. The
amount of energy applied to the fiber in the T-jump was calculated on-line
by means of an electronic device measuring AC voltage and current
applied to a fiber (Bershitsky and Tsaturyan, 1995a), taking into account
the capacitance in the wires connected to the fiber. The energy is the
integration of the product of voltage and current during the applied pulse.
It was found that the determination of fiber temperature resulting from
calculations of T-jump energy carried out in the laboratory were different
from calculations performed at the Daresbury Synchrotron. The difference
is attributed to electronic interference in the experimental hutch at the
synchrotron, which changed the estimate of wire capacitance. Careful
analysis of the instrument revealed that, in the previous work (Bershitsky
et al., 1997), the amplitude of the temperature change had been underes-
timated by 3°C. This means that the temperature jump that achieved a
1.68-fold increase in force was from 5-6°C to 20.5 £ 1.5°C and not to
16—19°C, as stated by Bershitsky et al. (1997).

Experimental procedure

At the beginning of each experiment, relaxed and rigor diffraction patterns
were collected in air at 5-6°C for 1 s each while the muscle fiber was
suspended in air. After partial EDC cross-linking, the diffraction pattern in
rigor was collected again for 5 s. Then, the fiber was activated at 0—1°C,
and this state lasted for 1-2 h of experiment without relaxation. The
activating solution that contained the ATP back-up system was changed
every 20 min. As a result of EDC cross-linking, the structural and me-
chanical properties did not change significantly during the long activation
(Bershitsky et al., 1996). Time-resolved x-ray diffraction patterns were
obtained during the double T-jump protocol (see below) from contracting
fibers. At the end of nine of the experiments, the fiber was immersed in
super-relaxing solution, and the x-ray diffraction pattern was collected in
air for 10 s. At the end of five of the experiments, the fibers were put into
Mg-free rigor solution, and the x-ray diffraction patterns were collected
during the double T-jump protocol.

X-ray diffraction

Time-resolved 2D x-ray diffraction patterns were collected with a gas-
filled electronic detector (Worgan et al., 1990) on beam line 16.1 at the
Synchrotron Radiation Source at Daresbury as described by Bershitsky et
al. (1996, 1997). The fiber-to-detector distance was 4.34 m. The x-ray
beam was focused at the fiber in the vertical direction to maximize photon
flux through the fiber, and was focused horizontally at the detector to
sharpen the reflection peaks along the meridian. A 14-mm square beam
stop was placed in the evacuated beam pipe as near to the detector as
possible to absorb the undiffracted x-rays. The center of the electronic
detector was shifted horizontally off the x-ray beam, so that 6th and 7th
actin layer lines (A6 and A7) at ~(5.9 nm)~' and ~(5.1 nm) ™!, respec-
tively, were seen on one side of the detector (see Fig. 9). The center of the
lead beam-stop was horizontally off-center, 54 mm away from the edge of
the beam pipe. The extent of offset was such that all four quadrants of the
diffraction pattern could still be used for measurement of the main equa-
torial and main meridional reflections.

The patterns were corrected for response of the detector, and camera
background scattering was subtracted. BSL, XOTOKO and XFIT software
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obtained from CCP13 (Daresbury Laboratory, Cheshire, U.K.) was used
for the analysis of the x-ray data.

Double T-jump protocol

To collect the x-ray diffraction data at three different temperatures, a
double T-jump protocol was used (see Fig. 4). At the beginning of the
protocol, the activated fiber was suspended in air and its temperature
increased from 0—1 to 5-6°C. Two seconds later, the protocol began. To
measure fiber stiffness, it was released by 0.5% of its length in 140 us and,
10 ms later, restretched to the initial length. After 0.2 s of isometric
contraction, the fast shutter was opened and the fiber was exposed to the x
rays. Then, 0.2 s later, the first T-jump to 17.1 * 0.4°C (range 14—19°C)
was applied and tension increased. Because the data scattering was mainly
due to differences between muscle fibers, whereas, for each fiber, the
amplitude of the temperature changes and the tension transients were
reproducible, the data are presented as mean = SE, n = 16, where 7 is the
number of fibers, unless otherwise stated. Approximately 50 ms after the
T-jump, tension achieved a new steady-state level. The second T-jump,
0.25 s after the first T-jump, to 29.5 = 0.8°C (range 24-33°C) was applied.
Again, it took about 50 ms for tension to reach a new steady-state level.
The shutter was closed 0.25 s after the second T-jump and the release—
stretch cycle was repeated to measure stiffness at the higher temperature.
X-ray framing during the double T-jump protocol is shown in Fig. 4 4. The
x-ray data were stored into two 100-ms time frames at the plateau of
contraction at low (5—6°C) temperature. Then, 16 frames of 1-ms duration
were collected so that the beginning of the T-jump was synchronized with
the beginning of the seventh 1-ms frame. The rate of framing was then
decreased and eight frames of 5-ms duration were recorded. Two 50-ms
frames followed by a 100-ms frame were collected at the plateau of tension
following the T-jump. Identical framing schemes were used for the first
and second T-jumps. The fiber was returned to the trough containing the
activating solution and the protocol was repeated 1-2 min later.

The double T-jump protocol was run 417 times in 16 frog muscle fibers
(850 runs per fiber) until isometric tension at the lower temperature
decreased to 85% of its initial value. In five experiments, after 30—40 runs
of the protocol in the activating solution, muscle fibers were put into EDTA
rigor solution, and the double T-jump was applied 10 to 15 times.

2D diffraction patterns

To obtain high signal-to-noise ratio, the x-ray diffraction patterns in dif-
ferent states were summed from several muscle fibers. The active diffrac-
tion patterns were collected during the double T-jump protocol.

Individual diffraction patterns in relaxed, rigor, and super-relaxed states
were normalized for the x-ray exposure of the same fiber during contrac-
tion at low temperature (0.2-s plateaus of isometric contraction at 5—6°C,
see Fig. 4) and for the reading of the ion chamber, which was considered
to be proportional to the brightness of the x-ray beam. The last correction
was necessary because the rigor and relaxed patterns were always collected
at the beginning of the experiment when the beam was usually brighter,
whereas the super-relaxed patterns were collected at the end of the exper-
iment when the beam had decayed. The patterns were then added together.
This procedure provided the same contribution from each fiber for the
rigor, relaxed, and active patterns, so these patterns could be compared
quantitatively as if they were collected from a single fiber.

Measurement of equatorial reflections and of the
main meridional reflection

The time course of the intensities of the main equatorial reflections (1, 0)
and (1, 1) was followed throughout the protocols. The 2D x-ray diffraction
patterns in each time frame were symmetrically averaged in four quadrants
and integrated across the equator within the region of the (1, 0) and (1, 1)
peaks. The integrated 1D patterns were then analyzed using XFIT software
and fitted by Gaussian curves, so that the positions, widths, and intensities
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of the (1, 0) and (1, 1) x-ray diffraction peaks were determined for each
time frame after subtraction of a polynomial background. A small reflec-
tion originating from the muscle fiber Z-lines, which appears between the
(1, 0) and (1, 1) reflections, was included in the fitting procedure.

A similar procedure was adopted for measurement of the time course of
changes in the main meridional reflection on M3.

RESULTS

X-ray diffraction pattern in different states of the
fibers at low temperature

The x-ray diffraction patterns in different states were ob-
tained in nine experiments to characterize the main struc-
tural features of partially EDC cross-linked muscle fibers
used in T-jump experiments. The active patterns were col-
lected during 0.2-s plateaus of isometric contraction at
5-6°C at the beginning of the double T-jump protocol. The
protocol was repeated 13-50 times, and the patterns ob-
tained from each fiber were summed so that total exposure
was 45.4 s. Individual diffraction patterns in relaxed, rigor,
and super-relaxed states were normalized for the x-ray
exposure of the same fiber during contraction at low tem-
perature and for the reading of the ion chamber. For the
relaxed and rigor patterns, which were collected before
activation, the ion chamber readings were 1.10 = 0.07 and
1.09 = 0.01 (mean = SE, n = 9) of their average value
during active contraction. For the super-relaxed patterns,
recorded 1-2 h after the fiber was activated, the ion chamber
reading was 0.93 = 0.02 of that during contraction. The
patterns from individual fibers were then added together.

Figure 1 shows the diffraction patterns obtained with this
procedure. The myosin layer lines M1, M2, and M3 are
clearly seen in the relaxed fibers, and the actin layer lines
Al and A2 are seen in rigor. We found no difference in the
rigor diffraction patterns collected before and after EDC
cross-linking: the spacing and the intensity of the main
equatorial and meridional reflections and of the actin layer
lines were the same within the accuracy of our experiments.
During contraction, the intensities of the actin and myosin
layer lines (except the meridional spot on M3) were greatly
reduced compared to those in the rigor and relaxed states,
respectively. The M3 intensity, /5, was slightly lower than
in relaxed fibers and ~3-fold higher than in rigor. The
intensity of the M3 reflection was significantly spread along
the equator. This equatorial spread is typical for contracting
muscle, and results from axial disorder of neighboring my-
osin filaments (Huxley et al., 1982). The broadening of the
M3 reflection during contraction of EDC-treated frog mus-
cle fibers shows that cross-linking did not prevent the dis-
ordering of filaments resulting from the active force devel-
oped by uncross-linked myosin heads.

There was also a remainder of the 1st actin/myosin layer
line (LL1) at (36—43 nm) ' during active contraction at low
temperature (Fig. 2 4). The intensity of this layer line was,
however, much lower than that of M1 in relaxed fibers or
Al in rigor. In the super-relaxing solution, the intensity of
LL1 reduced further compared to that of active contraction.
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FIGURE 1
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Active Super-relaxed

2D x-ray diffraction patterns from frog muscle fibers in different states at 5-6°C. The patterns obtained from 9 permeabilized frog muscle

fibers in the relaxed state, in rigor, at the plateau of isometric contraction, and in the super-relaxing solution are shown. Higher intensity is shown as white
and the equator is vertical. The dark rectangle in the middle of the patterns is the shadow of the beam stop. Individual patterns were corrected for the detector
response and for the camera background scattering and symmetrically averaged in four quadrants. The patterns from different fibers were summed after
correction for exposure of each fiber in each state and for the brightness of the beam as described in the Results section. The myosin M1-M3 and actin
Al, A2 layer lines are labeled. The gray rectangle is the area of equatorial integration used for the intensity profiles shown in Figs. 2 4 and 3.

This shows that the helical structure formed by the myosin
heads being packed in close proximity to the myosin fila-
ment was not restored by a high concentration of BDM and
P;. The intensity of LL1 in the super-relaxing solution was
small compared to background, so it was difficult to mea-
sure the intensity and the position of this layer line. Two
different algorithms of decomposition of LL1 intensity into
components corresponding to M1 of relaxed fibers and Al
found in rigor showed that the intensity of the M1 compo-
nent was slightly less and the Al component was about
two-fold less than their values during active contraction.
As the intensity of the layer lines decreases in both
activating and super-relaxing solutions, one would expect
the background to increase, because the total x-ray intensity
scattered by the fiber must be constant. However, we ob-
served a decrease in the background level during active
contraction and especially in the super-relaxing solution
compared to the relaxed and rigor patterns. This can be
explained by the fact that each diffraction pattern was
corrected for the camera background scattering collected for
60 s at the end of each experiment after the fiber was
removed from the set-up. This camera background pattern
was scaled for exposure, but no correction for the ion
chamber reading was done at this stage of the analysis. By
the time the camera background pattern was recorded, the
ion chamber reading was 0.90 = 0.02 (n = 9) of that during
active contraction. Therefore, we underestimated the cam-
era scattering (and therefore overestimated the fiber back-
ground scattering) for the patterns obtained at the beginning
of the experiments. For this reason, the background for the
active, and especially for the super-relaxed pattern taken

right at the end of each fiber experiment, seems to be lower
than those for relaxed and rigor fibers (Fig. 2 A).

Figure 2 B shows equatorial intensity profiles for the
patterns shown in Fig. 1. In the super-relaxing solution, the
intensity /;; of the equatorial reflection (1,1) changed
toward its relaxed value, but did not recover completely.
The intensity of the (1, 0) reflection was, however, much
lower than in relaxed fibers and did not changed much
compared to rigor and active patterns. As a result, the
I, /I ¢ ratio for the super-relaxing solution was 0.83 com-
pared to 0.27 for the relaxed fibers. There was an ~1.5%
shrinkage of the filament lattice when relaxed fibers went
into rigor and a further ~0.5% shrinkage during active
contraction. In the super-relaxing solution, the filament
lattice expanded slightly, but remained shrunk compared to
that in relaxed fibers (Fig. 2 B).

The intensity of Al /,, in rigor was used as a reference
for the quantitative estimation of the fraction of myosin
heads labeling the actin helix during active contraction at
different temperature. For this reason, it was essential to
check if this intensity remained unchanged after long-term
activation during which muscle fibers were subjected to up
to 50 double T-jumps and up to 35 s of x-ray exposure. In
five experiments (different from those used for Figs. 1 and
2), the double T-jumps were repeated 10—15 times in rigor
after 30—40 applications of the same protocol in active
contraction. The off-meridional intensities obtained from
these five fibers in rigor at the beginning and at the end of
the experiments and during active contraction at 5—6°C are
plotted against the meridional spacing in Fig. 3. To compare
the intensities quantitatively, the patterns from the five
fibers were summed after correction for the exposure in
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FIGURE 2 One-dimensional intensity profiles for the diffraction pat-
terns from nine frog muscle fibers in the different states shown in Fig. 1.
(A) The off-meridional intensity was integrated along the equator from (35
nm) ' to (8 nm) ' and plotted against the meridional spacing (0.013—
0.079 nm)~'. The area of integration is shown in the 2D diagram in Fig. 1.
Layer lines M1 and Al in the relaxed (dashed line) and rigor (continuous
line) states, respectively, are labeled. The intensities in the activating
(squares) and super-relaxed (circles) solutions are also shown. (B) the
equatorial intensity profiles. The 1, 0 and 1, 1 reflections are labeled. One
channel corresponds to (775.5 nm) " in reciprocal space.

each state for each fiber and for the decay of the x-ray beam
estimated by the ion chamber readings. The only difference
in the intensity profiles between the rigor patterns collected
from fresh fibers and the same fibers after 1-2 h of exper-
iment was a decrease in the background. The reason for this
decrease in the course of the experiment was an underesti-
mation of the camera background scattering in the early
stages of the experiments (see above). The position of Al
and its intensity /,, remained the same within the 3%
accuracy determined by the spatial resolution and noise.
This shows that the Al intensity is well preserved and not
affected much by fiber run down. Therefore, /,, in rigor
seems to be a reliable reference for its value in other muscle
states. It is worth mentioning that, during active contraction,
the fiber background was higher than in rigor after contrac-
tion as one would expect from the decrease in the intensities
of the layer line characteristics for contracting fibers

(Fig. 3).
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FIGURE 3 The off-meridional intensity profiles for five muscle fibers in
rigor before activation (bold line), during active contraction (squares) and
in rigor after activation (thin line). The area of integration was as in Fig.
2 A. Individual patterns were summed after correction for exposure of each
fiber in each state and for the brightness of the beam as described in the
Results section. These data were obtained from a set of five fibers different
from those shown in Figs. 1 and 2.

Tension response to the double T-jump

The steady-state tension after the first and second T-jumps
were 1.51 £ 0.05 fold (range 1.25 to 2.0) and 1.84 = 0.08
fold (range 1.43 to 2.9) higher than that before the first
T-jump (Mean = SE, for 16 fibers), respectively. For fibers
with low initial tensions at low-temperature, the fractional
increase during the T-jump was higher than for fibers with
high tensions at low-temperature. Following each T-jump
(Fig. 4), tension rose by a process that was adequately
described by a double exponential function (Bershitsky et
al., 1997). The amplitudes of the two components were
approximately equal. The rate constant of the first (fast)
component was 730 + 85 s~ ' and 980 + 100 s~ ' after the
first and second T-jumps, respectively. The rate constant of
the second (slow) component was 76 + 5s~ ' and 83 = 8
s ! for the jumps to ~17°C and ~30°C, respectively
(Mean = SE).

It should be noted that the duration of the T-jump in this
series of experiments was set to 0.5—-0.8 ms instead of 0.35
ms used earlier (Bershitsky et al., 1997). The slower tem-
perature rise, achieved by using a lower peak current, re-
duced the risk of sparking between the fiber and the appa-
ratus. Thus, the rate constant of the fast component of the
mechanical response was perhaps underestimated.

Fiber stiffness at different temperature

To check whether the increase in force with temperature
was due to recruitment of a higher number of cross-bridges
interacting with actin, we measured fiber stiffness before
and just after the T-jump protocol. For this, a 0.5% release—
restretch cycle was applied to the fiber 200 ms before
opening the shutter and 20 ms after its closing. Due to
optical artifacts, it was difficult to measure changes in
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FIGURE 4 The time course of the changes in the (1,0) and (1, 1)
equatorial x-ray reflections during the double T-jump protocol. The inten-
sities and spacing of the equatorial (1, 0) and (1, 1) x-ray reflections are
shown in 4 and B, respectively. Temperature (upper trace in A) and tension
(thick lines in A and B) are the average from 417 runs of the double T-jump
protocol in 16 permeabilized frog muscle fibers. Figures above the tem-
perature trace show the average temperature before and after the first and
second T-jump. The vertical dashed lines show breaks in the time scale. (4)
the intensities /, , (circles) and I, ; (squares) of the equatorial reflections
(1, 0) and (1, 1), respectively, were collected from the same 417 runs of the
protocol. The abscissa corresponds to the center of the time intervals during
which the x-ray data were collected. Gray scale and figures (frames/ms) in
the bottom of 4 show the frequency of the x-ray framing at different time
intervals of the protocol. The intensities in each time frame were estimated
from the Gaussian fit of the peaks above a Pearson VII background and
expressed as the number of photons per ms counted by the 2D detector. The
Pearson VII function, y(x) = h/{1 + 4[(x — m)w]*(2"S — 1)}5, has 4
parameters (h, m, w, and s); it becomes a Lorentzian at s = 1 and
approaches a Gaussian when s — . The thin broken line connects the /; |
data points. The smooth line is an exponential fit through the /, , data
points with rate constants of 320 = 35s~ ' and 136 + 28 s~ ' (Mean *+ SD)
for the first and second T-jump, respectively. (B) The positions of the (1, 0)
and (1, 1) peaks are expressed in terms of the myosin—myosin distance, d,
in the hexagonal lattice. The distance d was calculated using formulas d =
\f3/2dl.0 and d = 1/2d, ; where d, , and d, ; are the spacing of the (1, 0)
and (1, 1) equatorial reflections. The results of the calculation of the d
value using the d, , and d, ; experimental data are shown in B by circles
and squares, respectively.

sarcomere length when the length steps were applied to a
fiber suspended in air. In some cases, however, the mea-
surements were quite successful (Fig. 5). Although the
length steps induced transverse oscillations of the fiber that
initiated oscillations in the sarcomere length signal, these
oscillations were relatively slow and did not detract from
the measurement of the sarcomere length during the step
itself (Fig. 5). These oscillations are usually less visible by
the damping effect of surrounding water when the length

records is due to transverse fiber oscillations induced by the step length
change. (B) Relationship between tension and sarcomere length during the
steps. The tension calibration is as in (4).

steps are applied to fibers immersed in aqueous solutions.
The slope for the relation between sarcomere length and
tension during the steps at high temperature (26°C) was
slightly less than that at low temperature (6°C). For
stretches, the difference was not statistically significant:
2.9 = 8.2% (n = 7), whereas for releases, the decrease in
slope was significant: 16.1 % 4.9%.

Because the sarcomere length signal was not quite reli-
able for stiffness measurement in muscle fibers suspended
in air, the effect of temperature on stiffness was also studied
in four experiments for fibers in solution. Figure 6 shows a
set of experimental records and the relation between sarco-
mere length and tension during stretches and releases of a
muscle fiber in different solutions at different temperature.
Because even slight EDC cross-linking partially switches on
the regulatory proteins on the thin filaments (Bershitsky et
al., 1996), the fibers produced substantial tension (20 to
45% of that at full activation at 2°C) and had a significant
stiffness even in the absence of Ca®" (Fig. 6). Both stiffness
and tension were greatly reduced if the fibers were im-
mersed in super-relaxing solution containing 50 mM BDM
and 20 mM P; that induced detachment of uncross-linked
myosin heads from actin (Figs. 2 and 5, and Bershitsky et
al., 1996). The curvature of the sarcomere length—tension
diagram increased during the length step due to truncation
of the tension responses induced by the fast partial tension
recovery (Ford et al., 1977). This truncation was more
pronounced at higher temperature (Fig. 6). To correct for
the truncation, the steepest linear part of the diagram was
used for the stiffness measurement as shown in Fig. 6 B.
However, no correction was done for the intrinsic nonlin-
earity of the strain—stress diagram (Higuchi et al., 1995) that
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FIGURE 6 Stiffness of a muscle fiber measured with fast length changes in different solutions and at different temperature. (4) experimental records of
changes in the sarcomere length (upper traces, in nanometers per half-sarcomere) and tension (lower traces). The traces were recorded from a muscle fiber
in super-relaxing (1), relaxing (2), magnesium-free rigor (3), and activating solutions at 2°C (4) and 17°C (5). (B) plots of the changes in sarcomere length
and tension during the step stretches and releases for the same muscle fiber. Data points were collected at a sampling rate of 125 kHz. Data for the stretches
were obtained from the traces shown in (4). Straight lines are linear regression for the linear parts of the plots where the possible effect of truncation due
to the finite duration of the steps was minimal. The dashed line corresponds to rigor stiffness.

only could lead to an underestimation of stiffness at low
levels of tension, or, in our case, at lower temperature. After
stiffness measurement at full Ca?" activation at 2°C, the
temperature was increased in 5°C steps, and stiffness was
measured at each temperature. In two fibers, the changes
induced by a temperature increase to 22°C were reversible,
and tension and stiffness returned to their initial levels
(within 5%) after cooling down to 2°C. In two other fibers,
the increase in tension with temperature induced some ir-

reversible damage at 17°C and 22°C so that tension at 2°C
decreased to <85% of the initial level. Only measurements,
where reversible changes in tension and stiffness induced by
temperature shifts from 2°C to 12°C and to 17°C were
obtained, were used for the analysis.

Figure 7 summarizes the results of the tension and stiff-
ness measurements in all four muscle fibers used in this
series. When active force was decreased by using Ca**-free
solution and decreased further by adding BDM and P,

1.
21 5 {% » +Ca +Ca +Ca +Ca
c %] 2°C 12°C 17°C 22°C
o) $ o} ] o ©
‘B c o o
c a o 35 o
L 8 5
Eo] | g
@ @ 0.5 -Ca
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% o Double Tjump exps g v @
zZ o Solution exps z %
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0 . . . 0 12¢ : :
0 10 20 30 0 1 2

Temperature, °C

Normalized tension

FIGURE 7 Normalized tension and stiffness of muscle fibers in different conditions. (4) tension — temperature relation in fully activated frog muscle
fibers. Squares represent data obtained in four experiments in solution; circles refer to average data for the double T-jump experiments. The error bars show
the standard error of the mean (n = 16). Tension for each fiber was normalized for that at 1-2°C. (B) All data obtained from four experiments with fibers
in the activating solution, including that presented in Fig. 6, are shown. Stiffness in the super-relaxing solution at 2°C (SupRel, friangles), in the relaxing
solution (—Ca, diamonds) and in the activating solution at 2°C (+Ca, squares) and, at higher temperature (+Ca, circles), are shown against tension
normalized for that during active contraction at 2°C. The temperature of the activating solution is shown above the data points. Stiffness was measured from
the slope of the linear regression lines as shown in Fig. 6 and normalized for that in magnesium-free rigor solution at 2°C.
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stiffness decreased with tension in a linear manner (Fig.
7 B). About 20% of rigor stiffness remained in the super-
relaxing solution due to a contribution of the myosin heads
covalently cross-linked to actin with EDC and perhaps some
attached uncross-linked heads. However, the substantial in-
crease in active tension with temperature at full Ca** acti-
vation was not accompanied by any measurable increase
in stiffness. This was shown by the fact that the slope of
the stiffness—temperature relation was (1 = 1)% per 10°C
(n = 4), i.e., it was not different from zero. Rigor tension
and stiffness decreased slightly with temperature as de-
scribed by Bershitsky and Tsaturyan (1986, 1989). However
the decrease in rigor stiffness was smaller, (2.3 = 4.6)% per
10°C, if the change in sarcomere length, rather than that of
the total fiber length, was used for the stiffness measure-
ment. Taking into account the significant scatter in the data
for these small changes in stiffness, we conclude that stiff-
ness remained constant within a 5% error when the force
increased by nearly two-fold with temperature.

Time course of the (1, 0) and (1, 1) equatorial
x-ray reflections

As shown in Fig. 4 4, the tension rise induced by the
T-jumps was accompanied by a substantial decrease in the
intensity of the (1, 0) equatorial reflection (/; ) and a small
increase in the intensity of the (1, 1) reflection (/; ;). The
changes in /; , were not instantaneous, but faster than the
increase in tension. At ~17°C and ~30°C, /; ; decreased by
a factor of 0.85 and 0.74, respectively, compared to the
intensity at ~5°C, whereas /; ; increased only by a factor of
1.04 and 1.07. The time resolution and the signal-noise ratio
did not allow determination of whether the changes in /; ,
were simultaneous with the fast component of the tension
rise or slower, but these changes were overall faster than the
tension rise and were largely complete ~10 ms after the
T-jumps (Fig. 4 A). The noise in the data is photon noise and
corresponds to the square root of the total number of
counted photons before subtraction of the background. The
background intensity under the equatorial reflections is ap-
proximately 3 times the intensity in the (1, 0) and (1, 1) peaks.

The positions of the (1, 1) and (1, 0) equatorial reflections
shifted away from the meridian when tension increased after
the T-jumps (Fig. 4 B), indicating some shrinkage of the
filament lattice. Expressed in terms of the size, d, of a cell
in the hexagonal filament lattice (or myosin-to-myosin dis-
tance), this shift was equivalent to a ~1.5% shrinkage of the
fiber lattice when temperature increased from ~5 to
~30°C. The time course of shrinkage was approximately
synchronous with the tension rise.

Time course of the meridional x-ray intensity of
the 3rd myosin layer line M3

Figure 8 4 shows the time course of the change in the
intensity of the meridional reflection on the M3 (/,5). At

T-Jump Induced Structural Changes in Muscle 361

A

300-
7]
£ .
D 200 == 5 i
o : i
> : :
= : i o~
7] :
2 : E
2 : p
c 100 : <
: o
™ : o
= ! -
|“ 0,25—>|H60 ms—)L— 02s 4&60 ms—)‘(— 0.2s
B M2
M3
\ oY A —— rigor, 2°C
£1000 4 . \ ¢/ ---- relaxing, 2 °C
S \ \ o o contracting, 5 -6 °C
8 ! & contracting, 14 - 18 °C
- O contracting, 24 - 33 °C
>
=
7]
[
8 500
£
™
=
0

T
100 120 140
Channel number (meridian)

FIGURE 8 Changes in the intensity of the M3 meridional reflection
during the double T-jump protocol. (4) the time course of the intensity /3
(squares) of the M3 meridional reflection at ~(14.5 nm)~' during the
protocol. The data just before and after the T-jumps are shown at 2-ms time
resolution. The vertical dashed lines show breaks in time scale. The smooth
line is an exponential fit through the /5 data points with rate constants of
56 + 21 s~!and 65 = 50 s~ ' (Mean * SD) for the first and second
T-jump, respectively. The tension trace and the 2D diffraction data used are
the same as those in Fig. 4. The intensity in the M3 meridional diffraction
peak was integrated after Pearson VII background subtraction and ex-
pressed as the number of photons per ms counted by the 2D detector. (B)
Meridional intensity profiles in rigor (bold line), during relaxation (dashed
line), and active contraction at the lower (5-6°C, circles), intermediate
(14-19°C, diamonds) and higher (24-33°C, squares) temperatures are
plotted against the meridional spacing. No background subtraction was
done. The positions of M2 and M3 are labeled.

~17°C and ~30°C, I,;; was higher than that at 5-6°C by
factors of 1.2 and 1.41, respectively. The photon noise
prevented the time course of the changes in /,;; to be
determined with a high time resolution. As shown in Fig.
8 A, the changes in I,;; probably accompanied the slow
component of tension rise. The profiles of the meridional
x-ray intensity in the region of M2 and M3 myosin layer
lines are shown in Fig. 8 B. The intensity of the M3 merid-
ional reflection changed with temperature, but not its width
along the meridian. The changes in the equatorial width of
the M3 reflection were also less than 10% (data not shown).
The spacing of the meridional M3 reflection in contracting
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muscle was different from that in relaxed and rigor states
(Huxley and Brown, 1967; Bordas et al., 1993), but, in
contracting muscle, it did not depend on temperature, at
least within the spatial resolution of our experiments
(Fig. 8 B).

2D diffraction patterns at different temperature

Figure 9 shows the 2D diffraction patterns obtained by
summing the patterns obtained from each of 16 fibers in a
total of 417 runs of the double T-jump protocol. The myosin
layer lines are clearly seen in the relaxed pattern, and the
actin layer lines are seen in the rigor pattern. We found no
difference in the rigor diffraction patterns collected before
and after EDC cross-linking: the spacing and the intensity of
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the main equatorial and meridional reflections, as well as of
Al and A6, were the same within the accuracy of our
experiments and taking into account the 3% decay in beam
intensity during the experiment.

During active contraction, all the layer lines, except the
meridional spot on M3 at ~(14.5 nm) ! and A6 and A7 at
~(5.9 nm)~" and ~(5.1 nm)~' became very weak and
almost invisible. The M3 meridional spot was more intense
during contraction than in rigor, whereas the A6 and A7
were brighter than in relaxed muscle fibers, but less bright
than in rigor (see also Fig. 8 B). These features of the active
diffraction pattern show that, during contraction, most of the
cross-bridges do not label effectively either the myosin or
the actin helices while they retain a ~(14.5 nm)~' period-
icity along the myosin filaments. An increase in the inten-

Active: 30°C - 5°C

Relaxed

FIGURE 9 2D x-ray diffraction patterns from frog muscle fibers at different temperatures. The x-ray diffraction patterns from 16 permeabilized frog
muscle fibers in the relaxed state, in rigor, and at the plateau of active isometric contraction at 5—6°C, 14-19°C, and 24-33°C are shown. Higher intensity
is shown as white and the equator is vertical, and digitally attenuated 20-fold to scale the intensity of the equatorial reflections onto the same gray-scale
as for the weaker reflections. The inner parts of the patterns from the equator up to a meridional spacing of ~0.08 nm ™! was digitally attenuated by a factor
of 5 for the same reason. The first two patterns in the top row show the relaxed and rigor patterns at 5—6°C obtained before activation. The bottom row
shows the patterns obtained during the plateau of isometric tension after activation at each of the three temperatures. The top right pattern is the difference
between the active diffraction patterns at the higher (~30°C) and lower (~5°C) temperature. The threshold in the top right pattern was decreased compared
to others to make small changes more visible. The upper and lower halves of each pattern were symmetrically averaged. The active patterns were obtained
during 417 runs of the double T-jump protocol in 16 fibers (8 to 50 runs per fiber) and added together. The patterns were collected during the 0.2-s plateaus
of contraction at each of the three temperatures (Fig. 4). The relaxed patterns for each fiber were collected during 1-s exposure soon after mounting the
fiber in the experimental set-up. The relaxed patterns from each fiber were normalized by scaling for the total time of fiber exposure during 0.2-s active
contractions and the beam intensity and then added together. The rigor pattern was obtained during 5-s exposures to the x rays of each of 16 fibers after
EDC cross-linking, but before the fibers were activated. Then 16 patterns were normalized and added together using the same procedure as that described
for relaxed patterns. Total exposure was 83.4 s for the active contraction at each of three temperatures, 16 s during relaxation, and 80 s in rigor. The main
equatorial reflections, (1, 0), (1, 1), the myosin M1-M3 and the actin A1 and A6 layer lines are labeled. A rectangle shows the area of integration used for
the off-meridional intensity profiles presented in Figs. 10 and 11. Light and dark vertical lines seen in the lower left and upper right panels are due to a
nonphoton noise induced by the wire-to-wire modulation in the electronics of the 2D detector. There are 200 vertical and 200 horizontal wires in the
detector, and its spatial sensitivity is modulated by these wires. When the detector electronics warmed up after it started to count the photons, the phase
of the modulation changed with time and became stable in a few tenths of a second and then the noise could be effectively corrected by dividing with the
detector response (see Methods). Unfortunately, this correction was not effective in the earlier time frames before the first T-jump.
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sities of A6 and A7 indicates that myosin cross-bridges
probably bind to actin monomers. There is also a remainder
of the 1st actin/myosin layer line at (36—43 nm) ' which is
more visible at the higher temperature. An increase in the
x-ray diffraction intensity in the off-meridional part of the
pattern near Al as well as an increase in /3 described
above are clearly seen in the differential diffraction pattern
(Fig. 9, top right panel).

Intensity of M1 and A1

Fig. 10 shows the meridional profiles of the off-meridional
x-ray diffraction intensity from relaxed, rigor, and active
muscle fibers at 5-6°C and ~30°C. The region of radial
integration of (35 nm) ! to (8 nm) ' shown in Fig. 9 was
chosen because it contains most of the intensity of Al and
M1 where the cross-bridges could contribute (Yagi, 1991).
The peaks in the relaxed and rigor patterns were considered
as pure M1 and Al, respectively, because all cross-bridges
are detached from actin in relaxed muscle and strongly
bound in rigor (Cooke et al., 1984; Lovell et al., 1981). The
Al and M1 peaks in rigor and relaxed fibers were fitted with
Gaussians above a Pearson VII background (see Fig. 4). The
total intensities of the M1 peak from relaxed fibers and the
Al peak from the same fibers in rigor differ by only 2.7%.

60000

A1 x relaxing

origor
------- contracting, 5-6 °C
—— contracting, 24 - 33 °C

30000

Intensity, counts

Channel number

FIGURE 10 The intensity of the first layer line. The intensity of the layer
line in the relaxed state (crosses), in rigor (diamonds), and during contrac-
tion at 5-6°C (dotted line) and at 24-33°C (bold line) was obtained by
radial integration from (35 nm) ' to (8 nm) ' of the 2D diffraction
patterns shown in Fig. 9. The intensity of the first layer line in relaxed
(dashed line) and rigor (continuous line) states was fitted with a sum of
three Gaussian peaks above Pearson VII background. The peaks without
the background are shown at the bottom of the plot. The first peaks for the
relaxed and rigor fibers were considered as M1 and A1, respectively. Their
positions and widths were used for extraction of the M1 and Al compo-
nents from the first layer line during active contraction at different tem-
perature. The total intensity of Al in rigor was 97.3% of that of M1 in
relaxed fibers. Note that the background around the first layer line is lower
during contraction at higher temperature than at lower temperature and that
the position of the peak on the first layer line at ~30°C is close to that in
rigor while its amplitude increases with temperature. Two other peaks are
M2 and M3 for relaxed fibers and A2 and M3 for fibers in rigor. One
channel corresponds to (775.5 nm) ™" in reciprocal space.
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It is seen that, in contracting fibers, the intensity of the 1st
layer line increases with temperature and its spacing shifts
closer to that of A1l in rigor. The background level decreases
with increasing temperature, indicating that the cross-
bridges become better ordered.

During active contraction, the peak in the region of the
Ist layer line is a mixture of the Al and M1 components
(Huxley et al., 1982; Yagi, 1991). These peaks at three
different temperatures were fitted by a weighted sum of the
Al and M1 Gaussians so that only the relative amplitudes of
the peaks and the background level varied during the fit
while the positions and widths of the Gaussians were fixed.
By doing this, we determined the relative contribution of the
Al and M1 to the mixed A1/M1 layer line at each temper-
ature. For each pattern, the background was approximated
by a Pearson VII function (Fig. 11). Quantitative results are
presented in Table 1. When tension increased with temper-
ature, the contribution of Al increased while the contribu-
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FIGURE 11 Contributions of the M1 and Al components to the first

layer line during active contraction at different temperature. The intensities
of the first layer line during contraction at ~5-6°C (4, circles), ~17°C (B,
diamonds), and at ~30°C (C, squares) were fitted with a weighted sum of
the M1 and A1 components above Pearson VII background. The positions
of the peaks and the widths of the M1 and A1 components were taken from
the relaxed and rigor data (Fig. 10) so that only the amplitudes of the peaks
varied during the fit. The fit and the background are shown as continuous
lines. Dashed and bold lines in the bottom show the M1 and Al compo-
nents, respectively, after background subtraction. The intensities of the first
layer line were obtained by the same integration of the 2D patterns as those
in Fig. 10. One channel corresponds to (775.5 nm) ™' in reciprocal space.
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TABLE 1 Relative contribution of the A1 actin and M1
myosin layer lines in the first layer line in the x-ray diffraction
pattern from actively contracting frog muscle fibers at
different temperature

M1 layer line Al layer line

State (%) (%)
Rigor 0 100
Relaxation 100 0
Contraction at ~5.5°C 4.6 12.1
Contraction at ~17°C 2.8 24.2
Contraction at ~29.5°C 2.2 35.6

tion of M1 remained small. This indicates that the increase
in force generation is accompanied by an increase in the
number of myosin cross-bridges labeling the actin helix.

The radial distribution of the x-ray diffraction intensity
along the Al component of the Ist layer line during con-
traction at ~30°C is shown in Fig. 12. The distribution is
similar to that in rigor but ~2.8 times less intense. The only
difference is a small off-meridional shift. The intensity of
the Al component at low temperature and the intensities of
the M1 component at all three temperatures were too weak
to allow measurement of their radial distributions with any
reasonable accuracy.

Intensity of A6

The data collected were too noisy for measuring the time
course of temperature-induced changes in the intensity of
A6 in the 2D diffraction patterns. Nevertheless the intensity

2000 -

— rigor
contracting, 30°C

1000 +

intensity, counts

\j T
0 0.1
Reciprocal radial spacing, 1/nm

FIGURE 12 Equatorial distribution of the intensity along Al. The dis-
tribution of the x-ray diffraction intensities along Al in rigor (¢hin line) and
during active contraction at ~30°C (bold line) are shown. The rigor
intensity was attenuated 2.8 times for easier comparison of the shapes. The
intensity in rigor was obtained by fitting the layer line with the Al peak
above Pearson VII background for each equatorial position so that the
meridional spacing and the width were fixed. The A1 component of the
first layer line during active contraction was obtained by decomposition of
the intensity by the M1 and Al components as described in the legend for
Fig. 11, but 5-pixel-wide slices were integrated along the equator and then
used for the fit to reduce noise. The intensities of the M1 component at
~30°C, as well as the intensities of the M1 and Al components at 5-6°C,
were too noisy to determine their radial distributions. Zero on the abscissa
marks the position of the meridian.
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profiles obtained by integration across A6 were good
enough to visualize some shift of the peak of the intensity
toward the meridian at elevated temperature (Fig. 13). This
meridional shift is typical for rigor diffraction patterns
(Huxley and Brown, 1967; Wakabayashi and Amemiya,
1991).

At 30°C, the intensity of A6 in the active fibers was
82.5% of that in rigor. The total intensity of A6 increased by
only ~17% when tension rose by a factor of 1.84 with a
temperature change from 5°C to 30°C in active fibers. The
data, at 17°C and especially at 5-6°C, where the wire-to-
wire modulation in the detector was apparent (Fig. 9), were
too noisy for accurate quantitative measurement.

Response of muscle fibers in the rigor state to
double T-jump

To check that the temperature-induced changes in the x-ray
diffraction pattern during contraction are specifically linked
to force generation, and not to temperature itself, the double
T-jump protocol was applied to fibers in rigor. Figure 14
shows that, in this case, an increase in temperature led to an
instantaneous tension drop followed by a small and slower
tension rise. This tension drop is due to the thermal expan-
sion of the fiber (Bershitsky and Tsaturyan, 1985, 1989;
Goldman et al., 1987; Davis and Harrington, 1987). The
equatorial intensities /; , and /; ; increased by 1.2% and
decreased by 1.1%, respectively, when temperature in-
creased from 5-6°C to ~30°C (Fig. 14 B). The filament
lattice shrunk by ~0.5% at the higher temperature judging
from the positions of peaks of the (1, 0) and (1, 1) equatorial
reflections. The intensity of Al did not change with tem-
perature with the accuracy of our measurements. More
pronounced changes were observed in the meridional part of
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FIGURE 13 Equatorial distribution of intensity in the A6. Intensity
distribution along A6 at ~(5.9 nm) ™' during relaxation (crosses, dashed
line), in rigor (diamonds, thin line), and during active contraction at the
lower (5-6°C, circles, dotted line) and higher (24-33°C, squares, bold
line) temperature. The data points were obtained by integration of the 2D
diffraction pattern across the layer line, linear background subtraction and
averaging over five data points along the equator to reduce noise. Zero on
the abscissa marks the position of the meridian.
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FIGURE 14 Mechanics and structural changes in the double T-jump
protocol in rigor. Temperature and tension (4) are averaged from 60 runs
of the protocol in five frog muscle fibers. The equatorial (B) and meridional
(C) x-ray intensities at the lower (5—-6°C, circles), intermediate (14—19°C,
diamonds), and higher (24-33°C, squares) temperature were collected for
12 s at each temperature and plotted against equatorial (B) and meridional
(C) channel number. One channel corresponds to (775.5 nm) ™! in recip-
rocal space.

M3 (Fig. 14 C). A decrease in M3 intensity is clearly seen.
Note that in rigor, the temperature-induced changes in M3,
(1, 0), (1, 1) intensities and tension were all in the opposite
direction from those in active muscle (Figs. 4 and 8).

Equatorial intensities during contraction at
sub-maximal activation

To compare changes in the equatorial x-ray intensities in-
duced by an increase in temperature during isometric con-
traction at full activation with those in which tension
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changes are the result of a variation in the number of myosin
cross-bridges involved in the interaction with actin, the
effect of Ca®" on the I,y and [, ; intensities was studied in
five fibers. After rigorization and EDC cross-linking, fibers
were immersed alternately in the activating and relaxing
solutions, and the x-ray diffraction patterns were collected
during 2.5-s-long exposures in air at 5-6°C. Total exposure
was 1020 s in each state for each fiber. Due to the alternate
exposures, the effects of deterioration of the fiber and of the
x-ray beam were approximately the same in the presence
and absence of Ca”*. Tension produced in the absence of
Ca’* was (33 = 3)% of that at full activation as the
regulatory proteins were partially activated by EDC cross-
linking (Bershitsky et al., 1996). In the presence of Ca*",
I, o was (71 = 4)% lower and /; ; was (117 = 3)% of those
at submaximal activation. These changes are different from
those observed when tension increases with temperature at
full activation (Fig. 4): in that case the increase in /; ; was
small.

DISCUSSION

The main result of the experiments presented here is that an
increase in temperature leading to a considerable increase in
tension (without any visible change in stiffness) is accom-
panied by substantial changes in the x-ray diffraction pat-
tern, namely, a decrease in the intensity of the (1, 0) equa-
torial reflection; an increase in the off-meridional intensity
of Al and in the meridional intensity of M3 and a shift of
the intensity peak of A6 toward the meridian. These changes
are interpreted in terms of possible structural changes re-
sponsible for force-generating transition in myosin cross-
bridges attached to the thin filaments. Possible artifacts and
alternative explanations are discussed below.

Possible artifacts and recruitment
of cross-bridges

Structural changes following the T-jumps might result from
a recruitment of detached cross-bridges into states where
they interact with actin and thus cause force generation.
Stiffness measurements before and after the double T-jump
protocol (Fig. 5) show that stiffness estimated from the
slope of the sarcomere length—tension diagram decreased
with temperature. More careful stiffness measurements of
muscle fibers in the solution trough (Figs. 6 and 7) show,
however, that stiffness changes with temperature by <5%
per 10°C. In the worst case, a hypothetical increase in
stiffness with temperature in the range of 5.5 to 29.5°C
could be 5% X (29.5°C — 5.5°C)/10°C = 12%. Taking into
account the compliance of the thin and thick filaments
(Suzuki and Sugi, 1983; Huxley et al., 1994; Wakabayashi
et al., 1994; Linari et al., 1998; Dobbie et al., 1998), the
number of the cross-bridges attached to actin could increase
by 20% if stiffness increased by as much as 12%. Even with
this worst case estimation, the possible change in stiffness is
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too small to account for the 1.84-fold increase in force with
temperature if force is proportional to the number of at-
tached cross-bridges as revealed by the stiffness measure-
ments. Most probably, the number of cross-bridges attached
to the thin filaments remained constant within =10%, so
that changes in the x-ray diffraction intensities observed at
the higher temperature were mainly due to conformational
changes in the cross-bridges attached to actin.

The changes in the x-ray diffraction pattern with temper-
ature also provide evidence that recruitment of detached
cross-bridges does not account for the observed changes.
When activated frog muscle fibers run out of ATP and all
cross-bridges become attached to actin (Bershitsky et al.,
1996, 1998), I,, decreases only slightly (by ~15%),
whereas /; ; increases much (by a factor of 1.5-2). The
intensities of the equatorial reflections following increases
in temperature in activated fibers changed in the same
direction, but were very different quantitatively. At ~30°C
I, o decreased by 26%, whereas /, | increased only by 7%
(Fig. 4) compared to their values at 5-6°C. Also, the time
course of the changes in /;, was faster than the overall
increase in tension after the T-jumps and appears to follow
the fastest component of tension rise (Fig. 4), whereas
cross-bridge reattachment in both frog and rabbit muscle
fibers takes place more slowly and follows the slow com-
ponent of tension rise (Tsaturyan and Bershitsky, 1988;
Bershitsky and Tsaturyan, 1992). At submaximal activation,
tension is proportional to the number of attached cross-
bridges judging from stiffness measurements (Fig. 6) and
taking into account the compliance of the thin and thick
filaments (Huxley et al., 1994; Wakabayashi et al., 1994;
Linari et al., 1998; Dobbie et al., 1998). Changes in the
number of attached cross-bridges affect both /; 5 and /; ; in
the same proportion (Yu et al.,, 1979; Brenner and Yu,
1985). This is in contrast to the changes with temperature at
full activation where /; ; remains nearly constant while /; ,
decreases. Both stiffness and equatorial changes make it
unlikely that the main reason for the structural changes and
force generation following the T-jumps is recruitment of
detached cross-bridges.

Experiments with fibers in rigor (Fig. 14) show that the
T-jump itself does not produce the structural changes ob-
served during activation. The intensity of the M3 meridional
reflection, /3, decreased at the higher temperature in rigor
(Fig. 14), whereas it increased during active contraction
(Fig. 8). The decrease in I,;5 in rigor was probably caused
by temperature-induced decrease in tension (Bershitsky and
Tsaturyan, 1985, 1989; Goldman et al., 1987; Davis and
Harrington, 1987), because, when a rigor fiber is stretched,
I3 increases (Bershitsky et al., 1996; Dobbie et al., 1997).
Thus, the changes in the x-ray diffraction pattern following
the T-jumps in actively contracting muscle fibers were
associated with changes in orientation and/or shape of the
myosin heads, not with a temperature effect per se. /3
changed in the same direction as tension, regardless of the
state of the fiber or of the method used to change tension,
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whether it was achieved by varying the extent of activation,
temperature, or fiber length, in both active or rigor states.

The exhaustion of ATP or ADP accumulation during the
relatively long contraction of fibers suspended in air may
cause some changes in the x-ray diffraction pattern, partic-
ularly at the higher temperature. To avoid this problem, we
used a high concentration of phosphocreatine and chicken
creatine phosphokinase with a high specific activity (Ber-
shitsky et al., 1996). The time course of changes in /; , and
I, ; did not show signs of ATP depletion. The changes in /;
were fast and complete in 10—15 ms, whereas the intensities
of both equatorial reflections remained constant on a slower
time scale when effects of changes in ATP or ADP concen-
trations were expected. So, it is unlikely that changes in the
x-ray diffraction pattern were due to changes in concentra-
tion of substrate or products of the ATPase reaction.

Comparison with previous data

The absence of temperature-induced changes in the equato-
rial x-ray intensities in rigor (Fig. 14) agrees with the
observations of Rapp and Davis (1996), who also did not
see changes unless temperature was increased to >50°C
where dramatic disorder of the filament lattice was induced.
The highest temperature in our experiments was 33°C to
avoid gross damage to the mechanical and structural prop-
erties of muscle fibers. The results of the experiments pre-
sented here are in good agreement with those reported
earlier (Bershitsky et al., 1997). The increase in temperature
from 5-6°C to 20.5 = 1.5°C (after recalibration of the
temperature jump instrument, see Methods), induced ten-
sion to increase 1.68 times (Bershitsky et al., 1997). This
figure is in keeping with the results shown here where
T-jumps to 17.1°C and 29.5°C induced tension to rise 1.51
times and 1.84 times, respectively. Changes in the 7, o, 1;
equatorial and 7, intensities reported by Bershitsky et al.
(1997) are also intermediate between those found here after
the first and second T-jumps in the double T-jump protocol
(Figs. 4 and 10; Table 1). The only difference is that an
increase in the /,;; meridional intensity in earlier experi-
ments was about 6% (Bershitsky et al., 1997), significantly
less than that found now, 20 and 41% for increases to ~17
and ~30°C, respectively (Fig. 8). Possible reasons for this
difference will be discussed later.

Equatorial intensities

The increase in force induced by the T-jumps was accom-
panied by a fast and substantial decrease in /; ;, and a small
increase in [;; (Fig. 4). At ~30°C, I;, was 26% less
intense, whereas /; ; was only 7% brighter than at 5-6°C.
Thus, force generation is accompanied by a significant
radial and/or azimuthal movement of myosin cross-bridges.
As we argued above, this movement is unlikely to be just an
increase in the number of myosin cross-bridges attached to
actin, because, in this case, one would expect much higher
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changes in /; ; than in /; ; (Yu, et al., 1979; Brenner and Yu,
1985). It was suggested (Harford and Squire, 1992; Brenner
and Yu, 1993) that changes in the equatorial intensities
similar to those described here could result from a transition
of myosin cross-bridges attached to actin weakly and non-
stereo-specifically to a strongly (i.e., stereo-specifically)
bound state in which orientation of a myosin cross-bridge in
space is fully determined by the orientation of the actin
monomer to which it binds.

The terms “weak” and “strong” binding refer to the
affinity of the myosin heads to actin observed in experi-
ments with solubilized muscle proteins and protein frag-
ments, and do not relate directly to the mechanical and
structural properties of the cross-bridges. We shall use the
terms “nonstereo-specific” and “stereo-specific” binding to
confer structural and mechanical meaning to the terms weak
and strong binding, respectively, as follows. The nonstereo-
specifically bound myosin heads are able to rotate with
respect to the site of electrostatic contact between actin and
S1 (Rayment et al., 1993). The stereo-specifically bound
myosin heads have restricted rotation, presumably because
of the tighter binding to actin brought about by an increase
in the myosin—actin contact area. For this reason, we pro-
pose that the C-terminals (S1-S2 junctions) of the non-
stereo-specifically bound heads remain in close proximity to
their relaxed positions on the three-stranded helix on the
surface of the myosin rod while the weak actin binding sites
are attached to the thin filaments. So, these cross-bridges
form a halo around the thick filaments. In contrast, the
stereo-specifically bound cross-bridges form a halo around
the thin filaments as they are incorporated into the actin
helix (Malinchik and Yu, 1995).

To simulate the effect of a transition from the nonstereo-
specific to the stereo-specific binding on the /; ; and 7, ;
equatorial x-ray intensities, we used a mathematical model
proposed by Malinchik and Yu (1995). The result of the
modeling is shown in Fig. 15. When the cross-bridges
rearrange from a halo surrounding the thick filaments to a
halo surrounding the thin filaments, /; , decreases signifi-
cantly while /; ; increases very slightly. The low sensitivity
of /; ; to the transition to the stereo-specifically bound state
can be explained by the fact that the total electron density of
the (1, 1) planes does not change much. In contrast, the
electron density near the thick filament backbone decreases
when more cross-bridges contribute to the actin halo. This
leads to a decrease in /;  as the electron density in the (1, 0)
planes decreases. [ , also decreases because an increase in
the scattering power of the thin filaments leads to a decrease
in contrast of the (1, 0) planes as more of the cross-bridge
mass is spread between the (1,0) planes. In summary,
changes in the I;, and 7, intensities after the T-jumps
agree well with the results of the modeling based on the
assumption that the tension rise following the T-jump is
accompanied by a transition of nonstereo-specifically at-
tached cross-bridges to a stereo-specific bound state while
the total number of cross-bridges interacting with actin
remains constant.
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FIGURE 15 The results of mathematical modeling of the effect of the
transition from nonstereo-specific to stereo-specific binding state on the
equatorial x-ray intensities /; ; and /; ;. The model suggested by Malinchik
and Yu (1995) was used. Cross-bridges nonstereo-specifically attached to
actin were assumed to form a uniform halo surrounding the thick filaments,
whereas stereo-specifically bound cross-bridges form a uniform halo
around the thin filaments. Myosin to myosin distance and radii of the thick
and thin filaments of 42 nm, 8 nm, and 4.5 nm, respectively, were taken.
The width of the cross-bridge halos around the thin and thick filaments
were 12 nm, and the electron density of the halos was assumed uniform in
radial and azimuthal directions. The root mean square of isotropic dis-
placement of the thick and thin filaments from their positions in a perfect
hexagonal lattice (Malinchik and Yu, 1995) was taken as 4 nm and 2.5 nm,
respectively. The relative weights of the backbones of the thick and thin
filaments were 36 and 16, while the total weight of the halo within a
hexagonal unit cell was 20. The last figure is less than the total relative
weight of myosin cross-bridges (~33 units, Malinchik and Yu, 1995), but
we assumed that not all cross-bridges, only 60% of them, are attached to
actin during isometric contraction and that detached cross-bridges do not
contribute to the Bragg reflections, but only to a diffuse background
scattering. When the percentage of the strongly bound cross-bridges in-
creased, the mass of the actin-based halo increased while the mass of the
myosin-based halo decreased, so that the total mass of 20 units remained
constant. An increase in the number of stereo-specifically bound cross-
bridges leads to a significant reduction in /, , while the increase in /; ; is
small. Squares and circles are normalized experimental values for /, ; and
I, o, respectively, before and after the first and second T-jumps (Fig. 4).
The fraction of the cross-bridges bound to actin stereo-specifically at each
temperature was estimated from the intensities of the A1 component in the
first layer line (Fig. 11, Table 1) assuming that this fraction is proportional
to the square root of the Al intensity (see Discussion and Fig. 16).

s intensity

The meridional reflection on M3 is the only bright Bragg
x-ray reflection from actively contracting muscle apart from
the equatorial reflections. It arises from the ~14.5-nm axial
repeat of the layers of myosin cross-bridges on the three-
stranded helix of the myosin filament. /,;; depends on
several factors, such as the orientation of the cross-bridges
with respect to the fiber axis, the number of cross-bridges
attached to actin, the deviation of their axial positions from
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the 14.5-nm repeat, and axial disorder of neighboring my-
osin filaments. When contracting intact muscle (Huxley et
al., 1981, 1983) or muscle fibers (Irving et al., 1992; Lom-
bardi et al., 1995; Piazzesi et al., 1995) are suddenly short-
ened or stretched, I,;; decreases temporarily. The time
course of the decrease in /5 is approximately simultaneous
with the fast partial tension recovery following the length
step and occurs in milliseconds (Irving et al., 1992; Lom-
bardi et al., 1995). Because the mechanical and structural
changes induced by a length step are reversed by returning
the muscle length to its initial level 1-4 ms after the first
step (Huxley et al., 1983; Lombardi et al., 1995), the pop-
ulation of myosin cross-bridges attached to actin does not
change when /5 decreases following the step. Because the
number of diffractors and of myosin cross-bridges attached
to the thin filaments remains constant for 1-2 ms after the
length step, the decrease in /5 following a length step most
probably results from a tilting of a substantial part of the
cross-bridges to a position more aligned along the fiber axis
(Huxley at al., 1983; Irving et al., 1992). In permeabilized
and slightly cross-linked muscle fibers, 7,5 also decreases
following releases and stretches (Bershitsky et al., 1996) at
both low and high temperature (Bershitsky et al., 1997). In
contrast to the length steps, an increase in temperature to
~17 and ~30°C led to an increase in /,;; by 20 and 41%
(Fig. 6), which, however, was not instantaneous, but rather
followed the slow component of the tension rise. This slow
component was shown to be accompanied by a reattachment
of the cross-bridges because, during this phase of the T-
jump-induced tension transients, the cross-bridges forget
the length changes applied before the T-jump in muscle
fibers of the frog (Tsaturyan and Bershitsky, 1988) and
rabbit (Bershitsky and Tsaturyan, 1992).

In an earlier paper (Bershitsky et al., 1997), only a small
increase (6 = 10%, mean = SD, n = 13) in I3 was
observed following the T-jump from 5-6°C to ~20°C when
I; values were compared at the plateau of contraction at
these two temperatures. In the protocol used in the early
paper, step releases and stretches were applied before the
T-jump, and /5 did not recover completely after the length
perturbations, but remained 7% lower at the time of the
T-jump application (Fig. 2 in Bershitsky et al., 1997). For
this reason, I,;; at the plateau of contraction at ~20°C
normalized for that just before the T-jump was (113 = 11)%
(mean = SD). In the set of experiments presented here, the
increase in /;; was more pronounced (120 and 140% at
~17 and ~30°C, respectively). The most probable reason
for the difference is the variation in /5 from fiber to fiber.

In rigor, I,; decreases when temperature rises, and the
decrease correlates with the decrease in tension caused by
thermal expansion of the contractile proteins (Bershitsky
and Tsaturyan, 1985, 1989; Goldman et al., 1987; Davis and
Harrington, 1987). This observation complements the in-
crease in [,;; that accompanies the increase in tension
induced by stretch of muscle fibers in rigor (Poole and
Rapp. 1991; Bershitsky et al., 1996; Dobbie et al., 1997,
1998). Generally, in both rigor and active isometric con-
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traction, /3 changes in parallel with tension when temper-
ature increases, whereas tension increases with temperature
during contraction and decreases in rigor (Figs. 8 and 14).

Actin layer lines

The intensity of Al during active contraction was, in our
experiments, somewhat higher and the intensity of M1 was
lower than those found in intact muscle (Huxley et al., 1982;
Amemiya et al., 1987; Yagi, 1991; Bordas et al., 1991). The
difference in the A1 intensity most probably results from the
contribution of cross-linked myosin cross-bridges to Al in
our experiments. The cross-linking was performed when
fibers were in rigor and when all myosin cross-bridges were
strongly bound to actin. Stiffness measurements indicate
that the percentage of cross-linked myosin cross-bridges in
our conditions is 10-20% (Bershitsky et al., 1996). The A1l
intensity in contracting muscle measured by Yagi (1991),
who used the same range of radial integration, was 7.6% of
the M1 intensity at rest. The x-ray intensity of Al is ap-
proximately proportional to the square of the number of
myosin heads labeling the actin helix (Huxley et al., 1982;
Huxley and Kress, 1985). For any actin filament where
helical order is well preserved, the myosin heads stereo-
specifically attached to the filament are coherent diffractors,
and the square root of the normalized contribution of Al in
the first layer line in contracting muscle, n,, is roughly
proportional to the fraction of myosin heads having actin-
based helical order. Therefore, the 7.6% intensity measured
by Yagi (1991) corresponds to n, = 27.5% (V' 0.076) in
whole frog muscle at 5°C. The n, value estimated from our
data at the same temperature gives a figure of 34.8%
(V0.121), which is 7.3% higher. The difference is less than
the number of the cross-linked myosin heads estimated from
stiffness measurement in the super-relaxing solution (Figs.
5 and 6) and can be explained by the contribution of the
cross-linked heads to the A1 intensity because some of them
might be cross-linked in a state stereo-specifically bound to
actin.

The difference in the M1 intensity during active contrac-
tion in our experiment (4.6% at 5°C) and that measured in
whole muscle in the same conditions (23—-30%, Huxley et
al., 1982; Yagi, 1991) is, however, too big to be explained
by the effect of slight EDC cross-linking. To account for the
difference between our results and those obtained on whole
muscle, we consider factors that may decrease the intensity
of M1 from the value of 23—-30% in whole muscle to 4.6%
in permeabilized, slightly cross-linked fibers. A difference
of 15-20% may arise if such a fraction of fibers remained at
rest during contraction of whole muscle, perhaps as a con-
sequence of activation failure brought about by radiation
damage. In this case, the estimation of the A1 component
obtained from these specimens should be multiplied by a
factor of 1.18—1.25 (= 1/0.85-1/0.8), so that the value of
7.6% estimated by Yagi (1991) increases to 8.9-9.5%,
which is even closer to the 12.1% estimated from our data
at 5-6°C.
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We described previously the increase in the intensity of
the hybrid A1/M1 layer line with temperature and measured
the spacing of the differential peak, which was close to the
position of Al (Bershitsky et al., 1997). This result suggests
that an increase in force with temperature is accompanied
by more intense labeling of the actin helix by myosin
cross-bridges. In the series of experiments described here,
less noise and higher final temperature and tension were
achieved than previously. Also, relaxed and rigor diffraction
patterns were recorded for the same fibers. Thus, the Al and
M1 components of the reflections could be extracted from
the active diffraction patterns at each temperature.

The relative contribution of Al and M1 in the layer line
could be estimated by taking advantage of the difference in
their spacing (Fig. 10). When isometric force increases with
temperature, the off-meridional x-ray intensity of the
A1/M1 shifts along the meridian toward the position of Al,
so that its contribution increases while the contribution of
M1 decreases (Figs. 10 and 11 and Table 1). In contracting
fibers, the sum of A1 and M1 contributions increased from
16.7% of its value in rigor to 37.8% at ~30°C showing that
the cross-bridges become more ordered when they generate
more force at the higher temperature. This increase in order
is also seen in the decrease in the background level around
the first layer line (Fig. 10).

When force increases by 1.84 times with temperature, 7,
increases 1.71 times from 34.8 to 59.6% (Fig. 16). The fact
that the estimated number of stereo-specifically bound
heads is nearly proportional to force while stiffness and the
total number of heads interacting with actin remain constant
indicates that force is produced by a transition of nonstereo-
specifically attached cross-bridges to the stereo-specific
binding state.

Radial distribution of the intensity along Al in contract-
ing muscle was similar to that in rigor (Fig. 12). The only
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FIGURE 16 Plot of the fractions, n,, of myosin cross-bridges contrib-
uting to A1 at different temperature against tension normalized for its value
at 5-6°C. The fractions of the total number of myosin cross-bridges
attached to the thin filaments in rigor were calculated as the square roots of
the normalized Al intensity (Table 1). The line is the linear regression
through the data points, the error bars are SE. obtained from fiber-to-fiber
statistics (for tension) and peak from the XFIT program (for the amplitude
of the Al).

T-Jump Induced Structural Changes in Muscle 369

difference was a small off-meridional shift. This shift may
result from a difference in conformation of myosin cross-
bridges stereo-specifically bound to actin in contracting
muscle from that in rigor. Alternatively, the a-helical necks
of myosin S1 can be more disordered in contracting muscle
where they bear a substantial force so that their contribution
to the inner part of the layer line is reduced compared to
rigor.

Further evidence for a transition of myosin cross-bridges
to a state where they are stereo-specifically bound to actin is
the shift of the intensity of A6 at ~(5.9 nm) ' toward the
meridian (Fig. 10). Such a shift was found in rigor (Huxley
and Brown, 1967), but not during active contraction at low
temperature (Wakabayashi and Amemiya, 1991) whereas
the A6 intensity, /44, increases when intact muscle develops
isometric tension (Wakabayashi et al., 1985; Kress et al.,
1986; Wakabayashi and Amemiya. 1991). An increase in
1, during contraction is partially due to an activation of the
thin filaments, but mainly results from attachment of myo-
sin cross-bridges (Kress et al., 1986). The absence of a shift
of the peak toward the meridian during contraction indicates
that the majority of the cross-bridges attached to actin are
not bound stereo-specifically, in contrast to rigor, because
their neck regions, located at a higher radius from the axis
of the thin filament (and therefore at a smaller reciprocal
radius), do not contribute much to the inner part of A6. The
response to an increase in temperature, which results in
increased force, is quite different: after the T-jump, the peak
of the intensity in A6 moves slightly toward the meridian,
indicating that more myosin cross-bridges label the actin
helix even at higher radii from the filament axis.

Possible implication for the mechanism of
force generation

The data presented here support the view that muscle force
generated upon raising temperature results from a transition
of the cross-bridges from nonstereo-specific attachment to
actin to a stereo-specific binding (Huxley and Kress, 1985;
Harford and Squire, 1992; Brenner and Yu, 1993), while the
total number of cross-bridges interacting with actin does not
change significantly. The number of myosin heads stereo-
specifically bound to actin in frog muscle fibers during
isometric contraction at 5-6°C was estimated from the
intensity of Al to be ~35% (Fig. 16). This value is probably
overestimated due to a contribution of the myosin cross-
linked myosin heads and, possibly, of nonstereo-specifically
bound heads to the Al intensity. An estimate of 30% is
more realistic and agrees well with that derived from the Al
intensity in intact muscle at the same temperature (Yagi,
1991). EPR studies (Cooke et al., 1984; Ostap et al., 1995)
report that only 20-30% of the cross-bridges are tightly
bound to actin in contracting rabbit muscle fibers at 22°C.
Electron microscopy study of quickly frozen rabbit muscle
fibers (Hirose et al., 1993) and fluorescent polarization of
labels attached to the light chains of the myosin heads (Ling
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et al., 1996; Hopkins et al., 1998) also show only a small
fraction of cross-bridges bound to actin in a stereo-specific
manner in contracting muscle. In frog muscle at this tem-
perature, we report a higher fraction of stereo-specifically
bound attached cross-bridges. However, it may be more
relevant to compare rabbit muscle at 20°C to frog muscle at
5-6°C, where both data sets report 20-30% tightly bound
cross-bridges. Indeed, both frog muscle at 5—6°C and rabbit
muscle at 20°C show an ~1.6-fold enhancement of force
when temperature rises by ~15°C (Bershitsky et al., 1997,
Ranatunga, 1990), whereas, when frog muscle temperature
rises from 20 to 30°C, force only increases ~1.1-fold.
When tension rises with temperature, the Al intensity in-
creases so that as much as 60% of the cross-bridges become
stereo-specifically bound (Table 1). Again, taking into ac-
count the cross-linked cross-bridges, ~55% of noncross-
linked cross-bridges label the actin helix when active force
increases by a factor of 1.84.

The number of cross-bridges attached to actin in contract-
ing frog muscle fibers was estimated from stiffness mea-
surements by Goldman and Simmons (1977) and more
recently by Linari et al. (1998), who took into account a
nonlinear strain—stress diagram in rigor (Higuchi et al.,
1995) and the compliance of the thin and thick filaments
(Suzuki and Sugi, 1983; Huxley et al., 1994; Wakabayashi
et al., 1994). These measurements give an estimate of 43%
of the cross-bridges contributing to active stiffness, if a
cross-bridge is as stiff in contracting muscle as in rigor.
Measurement of the equatorial x-ray intensities (Haselgrove
and Huxley, 1973; Huxley and Kress, 1985) provide higher
estimate (up to 90%) of the number of cross-bridges inter-
acting with actin. A similar figure of >70% of the cross-
bridges forming complexes with actin was obtained from
analysis of the intensities of a number of meridional x-ray
reflections by Martin-Fernandez et al. (1994). The figure of
55% myosin heads labeling the actin helix indicates that a
majority of cross-bridges attached to actin become stereo-
specifically bound when force approaches the upper limit of
its physiological range with temperature.

An alternative hypothesis assumes that force generation
occurs as a result of a transition of attached cross-bridges
between two or more discrete states (Huxley and Simmons,
1971). A modern version of this hypothesis may suggest
that the catalytic domain of a myosin head does not change
conformation during the force-generating step, and only the
a-helical neck and the light chains are involved in a tilting
movement that results in force production (Holmes, 1997).
Even if the lowest estimate for the number of cross-bridges
attached to actin is used (43%, Linari et al., 1998) and
assuming that their catalytic domains are strongly bound,
the intensity of Al during active contraction at 5°C would
be as high as 18% of that in rigor. This is about twice as
much as that observed in intact muscle (Yagi, 1991) and is
1.5 times higher than that found here in partially cross-
linked muscle fibers (Table 1). One can argue that a tilt in
the neck region of the myosin heads could be responsible
for a decrease in the Al intensity. However model calcula-
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tions show that random axial and azimuthal tilt of the neck
with a standard deviation of 30° (~4.5 nm) could be re-
sponsible for only an ~10% decrease in the contribution of
a myosin head to the Al intensity (Koubassova and Tsatu-
ryan, paper in preparation). So, during an isometric contrac-
tion with 43% of attached heads, one would expect as much
as 0.43 X 0.43 X 0.9 = 16.6% of the Al intensity in rigor
if their catalytic domains are stereo-specifically bound to
actin and only the necks undergo a high amplitude tilting.
Also, only 20% of spin-labels attached to the catalytic
domain of S1 were found strongly bound to actin in con-
tracting muscle (Cooke et al., 1984). Huxley et al. (1982)
indicated that the cross-bridges attached to actin in contract-
ing muscle are rather well ordered axially, but probably
disordered azimuthally. It was pointed out by A. F. Huxley
(personal communication) that an increase in the Al inten-
sity and a shift of the A6 peak toward the meridian that
accompany the temperature-induced increase in force can
be explained in terms of the Huxley—Simmons (1971)
model as follows. In this model, isometric contraction is an
equilibrium between a low-force and a high-force state of
the attached cross-bridges, and a temperature jump would
shift this equilibrium in favor of the high-force state. Both
states must be stiff in the axial direction to explain the
constancy of stiffness of the whole fiber, but, if cross-
bridges in the low-force state (i.e., the state described as
nonstereo-specific in the work presented here) were free to
rotate about the fiber axis, their orientations would not
follow the long helix of the thin filament and therefore they
would not contribute to the actin layer lines. The slow
increase in the intensity of the M3 meridional reflection
with temperature observed here is more difficult to accom-
modate in this model.

The Huxley—Simmons model (1971) is supported by the
measurements of the M3 meridional intensity following fast
changes in length of whole muscles (Huxley et al., 1981;
Husley et al., 1983) or single intact (Irving et al., 1992;
Lombardi et al., 1995; Piazzesi et al., 1995) and permeabil-
ized (Bershitsky et al., 1996, 1997) fibers. After either
release or stretch, the M3 intensity decreases dramatically,
whereas the brightness of the equatorial intensities and of
the first layer line (Huxley et al., 1983) do not change
noticeably. The decrease in the M3 intensity occurs not
during the step itself, but accompanies the fast partial ten-
sion recovery after the step is complete (Irving et al., 1992).
These data are evidence for a tilting of a significant part of
the cross-bridges attached to actin because the changes in
M3 are reversible within 1-2 ms after the step (Huxley et
al., 1983) and no signs of radial movement are seen on the
x-ray diffraction patterns. Small changes in axial orientation
of fluorescent probes attached to the regulatory myosin light
chains in response to the length steps were also found
(Irving et al., 1995; Hopkins et al., 1998). If a force-
generating transition is accompanied by tilting of a majority
of the cross-bridges to a state where they are more aligned
with the fiber axis, one would expect a substantial decrease
in the M3 intensity with temperature when force increases
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by 1.84. Instead, we observed a relatively slow increase in
Iy; by 41% (Fig. 8), nearly a 3-fold increase in the intensity
of I,; and a 26% decrease in /; ,. So the changes in the
x-ray diffraction induced by the length steps are different
from those observed when generation of higher force is
stimulated by an increase in temperature at isometric con-
ditions. The changes in /,,; suggest that force generation is
more complex than the mechanism presented by Huxley and
Simmons (1971).

Because isometric tension is proportional to the number
of the cross-bridges labeling the actin helix (Fig. 16), we
conclude that muscle force results from a transition of
nonstereo-specifically attached myosin heads to a stereo-
specifically bound state.
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