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The Stiffness of Skeletal Muscle in Isometric Contraction and Rigor:
The Fraction of Myosin Heads Bound to Actin
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*Department of Physiological Sciences, University of Florence, 50134 Florence, ltaly, and *The Randall Institute, King’s College London,
London WC2B 5RL, England

ABSTRACT Step changes in length (between —3 and +5 nm per half-sarcomere) were imposed on isolated muscle fibers
at the plateau of an isometric tetanus (tension T,) and on the same fibers in rigor after permeabilization of the sarcolemma,
to determine stiffness of the half-sarcomere in the two conditions. To identify the contribution of actin filaments to the total
half-sarcomere compliance (C), measurements were made at sarcomere lengths between 2.00 and 2.15 um, where the
number of myosin cross-bridges in the region of overlap between the myosin filament and the actin filament remains constant,
and only the length of the nonoverlapped region of the actin filament changes with sarcomere length. At 2.1 um sarcomere
length, C was 3.9 nm T, " in active isometric contraction and 2.6 nm T, " in rigor. The actin filament compliance, estimated
from the slope of the relation between C and sarcomere length, was 2.3 nm um ™" T,~"'. Recent x-ray diffraction experiments
suggest that the myosin filament compliance is 1.3 nm um~" T,~". With these values for filament compliance, the difference
in half-sarcomere compliance between isometric contraction and rigor indicates that the fraction of myosin cross-bridges
attached to actin in isometric contraction is not larger than 0.43, assuming that cross-bridge elasticity is the same in isometric
contraction and rigor.

INTRODUCTION

Force generation in muscle is generally considered to be dugulian and Morgan (1981) reported a substantially higher
to a structural change, the working stroke, in myosin crossvalue (~30%) in similar experiments.
bridges that are attached to the actin filaments. The working In the last few years a large body of experimental evi-
stroke was originally thought to stretch a compliant struc-dence has been accumulated which indicates that the actin
ture in the cross-bridge itself (Huxley and Simmons, 1971)filament compliance represents a considerably larger frac-
The thin (actin-containing) filament and the thick (myosin- tion, ~50%, of the half-sarcomere compliance. This value
containing) filament were assumed to be rigid. According towas deduced from mechanical measurements on isolated
this idea, each cross-bridge acts as an independent forégtin filaments (Kojima et al., 1994) and skinned muscle
generator, with a compliance corresponding to the amourfibers in rigor (Higuchi et al., 1995), and from x-ray mea-
of instantaneous sliding between thin and thick filamentssurements of changes in filament periodicities (Huxley et
that reduces the isometric tetanic fordg)(to zero,~4 nm  al., 1994; Wakabayashi et al., 1994).
(Ford et al., 1977). It follows that the stiffness (the recip- If at full overlap about half of the instantaneous filament
rocal of compliance) of the half-sarcomere should be lin-Sliding required to reduce the isometric force to zero were
early related to the fraction of myosin cross-bridges at{aken up by shortening of the filaments, the cross-bridge
tached to actin (Huxley, 1980). compliance determined in intact single fibers (Ford et al.,
Support for this view came from estimates of filament1981; Bagni et al., 1990) would have been substantially
compliance based on the dependence of fiber stifiness opverestimated and t.he fiber stiffne;s would not be Iinearly
sarcomere length (Ford et al., 1981; Bagni et al., 1990)(§Iated to the fractloh of cross-bridges atta_ched to actin
These experiments led to the conclusion that the contribuflaments. Thus the idea that a large fraction of cross-
tion of the actin filaments to the half-sarcomere compliance®lidges is attached to actin during isometric contraction

at a sarcomere length that allows full overlap betweenVould no longer be sustained by the experimental observa-
tion that the stiffness during active isometric contraction is

myosin and actin filaments was less than 20%. However, ; L9 )
a large fraction of that in rigor (Goldman and Simmons,
1977). This fraction is directly related to the force per
cross-bridge, a crucial parameter in conventional cross-
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and in rigor, how fiber compliance varies with sarcomere A
length in the range between 2.00 and 2%, where the Movable plate
isometric tetanic tensionTf) is almost constant. In this
range the fraction of myosin cross-bridges that can attach to
the actin filament is constant, and only the length of the
nonoverlapped region of the actin filament changes with
sarcomere length, so that the relation between half-
sarcomere compliance and sarcomere length gives a direct
estimate of the compliance of the actin filament. Combined
with an estimate of myosin filament compliance derived
from x-ray diffraction experiments, the present results indi-
cate that no more than 48 5% of the myosin heads are
attached to actin in an isometric contraction.

Pivoting arm l

MATERIALS AND METHODS

Frogs Rana esculenjawere killed by decapitation and pithing. Single Teflon slide
intact fibers <5 mm long) were dissected from the lateral head of the
tibialis anterior muscle in Ringer’s solution (115 mM NacCl, 2.5 mM KClI,

To the-stepper motor

1.8 mM CaCl, 3 mM phosphate buffer at pH 7.1). Connections between B

tendons and the transducer hooks were made by means of T-shaped

aluminum clips (Ford et al., 1977) to minimize end compliance and to Loudspeaker
obtain optimal alignment between the fiber and the transducer levers. motor

Muscle fibre
\ Pivoting arm

Force transducer

Experimental set-up

The experimental set-up (Fig. 1) was built around a movable aluminum
plate with four pedestals, each carrying a drop of solution gf0held
between two coverslips 4 mm wide and 8 mm long (Linari et al., 1993). A
hole of appropriate dimensions for illuminating the fiber was drilled in the FIGURE 1 Experimental set-upA] Device for changing solutions. The
center of each pedestal. The solution bathing the fiber was changed byovable plate was driven by a computer-controlled stepper motor. On the
moving successive drops into position while the fiber remained on the optiegnovable plate there were four drops of solution, each held between an
axis. During the experiment the temperature of the drops was maintainedpper and a lower coverslip. The upper coverslips were carried on a
at 4°C by feedback control, using a thermistor that continuously monitorecpivoting arm and were removed to mount and dismount the fiber. In one of
the temperature of the aluminum plate. The output from the control circuitthe drops two platinum wire electrodes (not shown) were glued parallel to
fed two thermoelectric modules (CP 1.4-7-10L; Melcor) that were attachedhe fiber axis, along the opposite edges of the two coverslips delimiting the
to the bottom of the plate. The length change of a 0.7-2.0-mm segmerdrop. This ensured simultaneous contraction of all parts of the fiber length
selected in the third of the fiber next to the force transducer end (toafter 0.5-ms pulses of transverse curreB). View along the direction of
minimize the transmission delay between the segment length and forcmotion of the movable plate, showing the fiber mounted between the hooks
signals) was monitored by means of a striation follower (Huxley et al.,of the loudspeaker motor and the force transducer.

1981; Lombardi and Piazzesi, 1990). The output signal from the striation

follower, the mean change in half-sarcomere length in the segment (sen-

sitivity 125 mV/nm/half-sarcomere), was obtained by dividing the differ- Experimental procedure

ence in sarcomere displacement at the two regions bounding the segment

by the number of half-sarcomeres within the segment. Force was measuréth intact fiber was mounted in the experimental trough in Ringer's
with a capacitance gauge force transducer (Huxley and Lombardi, 198030lution. The sarcomere length),(width (w), and height at the center of
with a resonant frequency of 50 kHz and a time constant of decay othe fiber f) were measured at 0.5-mm intervals along the fiber with’a 40
unloaded oscillation of 30—6@.s. A loudspeaker motor (Cecchi et al., dry objective (NA 0.60; Zeiss) and anx8or 25X eyepiece. The cross-
1976; Lombardi and Piazzesi, 1990), able to deliver step length changesectional area (CSA), determined in 31 fibers at sarcomere length2.13
complete in~50 us, was used to produce steps-0110 us duration to 0.06 um (mean= SD), assuming the fiber cross section was elliptical
avoid excitation of longitudinal oscillations in the fiber. Step length (CSA = (w/4)wh), was 5.7+ 1.9 X 10~ ° m? (mean= SD). The fiber was
changes were imposed in fixed-end mode (using the feedback signal frorstimulated with trains of alternate polarity pulses at a frequency (15-30 Hz)
the motor position sensor). The length-clamp mode (using the feedbackptimal for a fused tetanus. Tetarfids duration were elicited at different
signal from the striation follower output) was not used, because occasionalarcomere lengths between 1.88n and 2.25um. The time interval
artefacts in the sarcomere length signal could cause irreversible damage between successive tetani was 10 min.

the integrity of the sarcomere structure in the fragile rigor fibers. The After the isometric tetanic plateau tension had been attained, step
tension signal and the mean sarcomere length signal from the selectqzbrturbations in length of 3 to +5 nm per half-sarcomere, measured from
segment can be used to determine sarcomere stiffness irrespective of ttiee mean changes in the length of the segment monitored by the striation
mode of operation of the length servo-system. To electrically stimulate thdollower, were applied to determine the fiber stiffness. Stiffness was
intact fiber, a pair of platinum wire electrodes (diameter 1&0) parallel calculated either from the slope of the relation betw@gr{the extreme

to the fiber were glued to the opposite edges of the coverslips delimitingension attained during the length step) and the size of the lengthTstep (
one of the drops. relation), or from plots of instantaneous force and length changes during
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FIGURE 2 Protocol for measuring stiffness at the plateau of an isometric tetdnesad at a similar tension in rigoBJ. Upper traces Motor position

expressed as a percentage of fiber lenggh (iddle tracessarcomere length change in nm per half-sarconievegr traces tension. In rigor the tension

just before the first step of the sequence was 0,88this example, wher&, is the isometric plateau tension in the intact fiber. The same test step sequence

was imposed on the fiber at 200-ms intervals in both intact and rigor conditions. The step amplitudes werelaboul.0, —1.5, +1.5, and+2.5 nm

per half-sarcomere. A step of opposite polarity was imposed 50 ms after each test step to return the tension to close to its value before the first step. |
this way the tension before each test step differed from that before the first step by less than 4% for the first four test steps and by less than 10% for the
fifth test step, both in the intact fiber and in rigor. Tension per unit cross-sectional area (CSA) is expressed relative to CSA in the intaagnélrg. I1so
tetanus: fiber length, 5.81 mm; length of segment used for sarcomere length measurement by striation follower, 1.33 mm; sarcomere jemgiBS203

6.0 X 10 ° m? temperature, 4.1°C. Rigor: fiber length, 3.86 mm; striation follower segment length, 1.32 mm; sarcomere lengiim;2CIHA, 8.6%

10° m? temperature, 4.0°C. The CSA of the permeabilized fiber in relaxing solution wag 46 ° m?.

the step itself. According to previous studies (Ford et al., 1981; Bagni et al.SD), and CSA was 8.2 3.0 X 10 ° m? (mean= SD). The latter is 44%
1990), the stiffness is expected to vary by less than 4% in the range ofarger than the value in the intact fiber.
sarcomere lengths 2.0-22m. To measure such small changes with Rigor was induced by MgATP deprivation, using an EDTA rigor
sufficient accuracy, it is necessary to minimize the effects of other sourcesolution (Table 1) to chelate Mg, because preliminary experiments had
of variation in the measured stiffness, for example, the limited resolution ofshown thatx-toxin permeabilized fibers went into rigor very slowly in the
the striation follower signal and small variations in the isometric tension in
a series of tetani. The precision of stiffness measurements at the sarcomere
level was enhanced by using a protocol consisting of a train of different
sized test steps applied at intervals of 200 ms in each tetanus (Figs. 2 and
3). To minimize differences in tension before the test steps, each test step ] | i | i
(marked by avertical barin Fig. 3) was reversed after 50 ms. Each tetanus
at a sarcomere lengtk)(other than 2.Jum was preceded and followed by
a tetanus at 2.m, and the stiffness at sarcomere lengthias calculated
relative to the mean of the two neighboring estimates at sarcomere length
2.1 um. Absolute values for stiffnesK() were then obtained by multi-
plying these relative stiffness values by the average stiffness in all of the
measurements at sarcomere length 2 in that experiment. 200 ms
After the measurements on the intact fiber had been completed, it was
permeabilized in a relaxing solution (Table 1) containing 5 units’naff
purified a-toxin (Nishiye et al., 1993; kindly provided by Dr K. Tak) at
18°C for 20 min. We preferred-toxin permeabilization to protocols that
involved the use of glycerol and detergents, because in preliminary exper- [ | | l |
iments detergents were found to produce weakening of the neuromuscular
junction region and increase the probability of the fiber breaking while
inducing high tension in rigor. After permeabilization, the fiber was trans-
ferred to relaxing solution. Because thetoxin treatment was found to
weaken the tendon attachments, a fiber segment (3—4 mm long) was cut
free from the tendons, and new aluminum clips were gently clamped on the
segment extremities. The segment ends were glued in air to the clips with _
shellac dissolved in ethanol (8.3% wi/v; Bershitsky and Tsaturyan, 1995) to 200 ms
prevent the fiber segment from slipping out of the clips and to minimize
lengthening of the damaged end sarcomeres at the high tension leveHGURE 3 Faster time base records of sarcomere length and tension
induced by stretches in rigor. changes in the isometric tetanu§ @nd rigor 8). In each panel the upper
Sarcomere length and the dimensions of the fiber segment were medrace is sarcomere length in nm per half-sarcomere, and the lower trace is
sured in relaxing solution after remounting it in the experimental trough attension. The vertical bars above the sarcomere length signals mark the
a length just above slack length; both sarcomere length and CSA wersteps used for stiffness measurements (test steps). From the same records
found to have increased: in the 31 fiberezas 2.27+ 0.10 um (mean* as Fig. 2.

>

100kN m? 5nm

5nrm

100 kN m?
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TABLE 1 Solution compositions

Solution Na,ATP MgCl, EGTA EDTA Na,CP CPK BDM TES GLH
name (mM) (mM) (mM) (mM) (mM) (mg/ml) (mM) (mM) (mM)
Relaxing 5.4 7.7 25 — 19.1 1.0 20 100 10
Prerigor 0.5 3.0 10 — — — 20 100 —
Rigor-BDM — — — 34.0 — — 20 100 —
Rigor — — — 34.0 — — — 100 —

CP, creatine phosphate; CPK, creatine phosphokinase; BDM, 2,3-butanedione monoxime:tiigBydroxymethyllmethyl-2-aminoethane sulfonic acid;
GLH, glutathione; pH of all solutions, 7.1 at 20°C, adjusted with KOH (21202 M). lonic strength: relaxing, 200 mM,; rigor-BDM and rigor, 150
mM; prerigor, 100 mM. EDTA was obtained from Fluka (Buchs, Switzerland). All other chemicals were obtained from Sigma.

presence of M§". We tested the possibility that our rigor stiffness mea-  For the analysis reported below, we used only 10 fibers of the 31 fibers
surements were affected by the use of the relatively low ionic strengthtested, all with rigor solution according to Table 1. In these fibers, through-
EDTA rigor solution by comparing sarcomere stiffness in EDTA rigor out all phases of the experiment (including rigor), the striation pattern
solution (Table 1) with that in a more conventional Mg rigor solution remained ordered and the sarcomere length along the segment under
containing 1.7 mM MgCJ; 20 mM EGTA; 37.9 mM 1,6-diaminohexane- inspection did not vary by more than5%. Stiffness measurements in the
N,N,N",N’-tetraacetic acid; 100 mM-tris-(hydroxymethyl)methyl-2-ami- ~ whole range of sarcomere lengths, required to determine the relation
noethanesulfonic acid; 10 mM glutathione; ionic strength: 200 mM. Forbetween compliance and sarcomere length in the intact fiber, were col-
these comparisons we used the longer fibers from the medial head of thected in only 5 of the 10 fibers.
tibialis anterior muscle, in which a segment free from neuromuscular
junction can be isolated after-toxin treatment. Rigor stiffness was mea-
sured as usual in EDTA rigor and then, after treatment with Triton X-100Data recording
(0.5% for 10 min), in Mg rigor. The stiffness measured in a range of forces
from 0.2 to 0.8T, did not differ significantly in the two rigor solutions. The Tension and motor position were monitored continuously on a chart
ratio of Mg rigor to EDTA rigor stiffness was 1.0% 0.09 (meant SEM) recorder (speed 10-25 mm/s). Tension, motor position, and sarcomere
(p > 0.4 with t-test for the differences in three experiments). length signals were recorded at sampling intervals of 5+ @iith a digital

The procedure to induce rigor was developed from that described byscilloscope (Nicolet ProSystem 20) and at sampling intervals of 1 ms with
Higuchi et al. (1995), which preserved the regularity of the striation patternan A/D card (Computerscope EGAA; RC Electronics) in a 386/33 PC.
along the fiber and allowed the sarcomere length in rigor to be set at draces from the digital oscilloscope were stored on diskettes for subse-
chosen value. Starting with the fiber segment in relaxing solution, thequent analysis. The responses were measured directly on the Nicolet
segment length was set for the desired sarcomere length value in rigo@scilloscope by means of its internal cursors, and on the PC with the EGAA
usually the fiber went slack. The fiber was then transferred to a prerigosoftware.
solution containing 2,3-butanedione monoxime (BDM) (Table 1) for 10
min at 10°C. The temperature was reduced to 0°C, and the fiber was
transferred to rigor-BDM solution (Table 1) for 10 min. In these conditions RESULTS
the fiber took up any slack without developing irregularities in the striation i A L. ) .
pattern and became stiff without developing detectable force. The half-timd €nsion transients in isometric contraction and
of stiffness development (measured by the instantaneous tension changeiin rigor
response to a small stretch) wa® min. . . .

The fiber was then transferred to rigor solution without BDM (Table 1) 1€NSion transients in response to length steps ®fto +5
and allowed to warm up to 4°C, artand CSA were measured again. In hm per half-sarcomere, measured from the mean change in
the 31 fiberss was 2.14+ 0.08 um and CSAwas 7.2- 23X 10°m*  sarcomere length in the fiber segment monitored by the
(mean= SD). The CSA value was 27% larger than in the intact fibers. gyiation follower, were elicited both in the intact fiber at the

To avoid the effect of tension on stiffness estimates in rigor (Higuchi et . . . .
al., 1995), stiffness in rigor was measured at the same steady force as thBlateau of an isometric tetanus (tensm Fig. 2A) and in

at the isometric tetanus plateau. To attain a steady force level in rigofn€ Same fiber in rigor at a tension closelta(Fig. 2B). The
comparable to the isometric plateau force in the intact fiig), the fiber ~ high force value in rigor was obtained by applying a slow
was lengthened by a slow ramp (duratierl.5 s). A train of length steps  ramp stretch of 2—6% of the fiber length, which corre-
(Fig. 2B) was applied to the fibe2 s after the end of the ramp to determine sponded to only 5-10 nm per half-sarcomere in the selected
rigor stiffness. The slow ramp stretch was revdries after the last step of . o

the train. Sometimes irreversible yielding of part of the segment developec?egment because of the Iqrge compllance and give of the
progressively in repeated cycles of ramp lengthening, as indicated by thattachments. In the-2-s period between the end of the ramp
segment being slack after the ramp was reversed. In these cases, before @ad the start of the train of length steps, the mean sarcomere
next ramp stretch was applied, the fiber was set just taut (tension less thdength in the segment shortened by 0.5-2 nm. This short-

0.1T,) by using the mlcromz.;\m'pulator carrying the motor. The expenrﬁentening progressively slowed and was accompanied by a
was stopped when the striation follower signal was no longer reliable . d f 10—40% oF.. with th fi
because sarcomere translation could not be measured continuously in OF}%I‘ISIOH rop o - 0 Ofp Wi € Same time course.

of the regions bounding the selected segment. Because of the fragility of N€ Slow stress relaxation of segment length and force after
the rigor fibers, data were usually collected for only four to six cycles inthe ramp stretch are probably the consequence of further
rigor. In a few fibers it was possible to obtain rigor stiffness measuremenislow give in the attachments.

at two different sarcomere lengths in the same preparation; in these fibers, In active isometric contraction, the step Iength change

after increasing the temperature to 10°C, the fiber segment was transferred,. . . . .
to relaxing solution and the segment length was adjusted for the nev?dIICItS a tension transient (HUXIey and Simmons, 1971)

sarcomere length. A second cycle of rigor induction in the fiber segmen€OMpoOsed of an instantaneous “elastic” response (phase 1)
was then initiated. followed by a complex recovery toward the original tension
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value (Figs. 3A and 4 A). Because the test step was under segment length control, and is beyond the scope of the
followed, after 50 ms, by a step in the opposite direction,present study.

only the faster components of the tension recovery are The main aim of the present work is to make precise
observed in the present experiments. The tension transientseasurements of instantaneous stiffness (phase 1 of the
after step releases (first and third test steps; Fig) &re  tension transient) in isometric contraction and in rigor. This
faster than those after stretches, and the quick recoveryan be done by recording tension and changes in the mean
(phase 2), the transient reversal of recovery (phase 3), arghrcomere length in the segment under inspection in re-
the beginning of the slow recovery (phase 4) are observedponse to applied length steps in fixed-end conditions.

For step stretches (second, fourth, and fifth test steps; Fig. 3

A) the tension transient becomes progressively slower with

increasing step size, and only phases 2 and 3 are observ
In rigor (Figs. 3B and 4 B) there is much less tension
recovery after the elastic response.

The sarcomere length changes after the larger lengtivhen the same step change in sarcomere length is imposed
steps were clearly different in tetanic contraction (Figé& 3 in isometric contraction and rigor, the instantaneous tension
and 4A) and in rigor (Figs. B and 4B). In the tetanus, the response is larger in rigor (Fig. 4), indicating the higher
quick tension recovery was accompanied by a furthesstiffness of the rigor fiber. The elastic characteristics of the
change in segment length in the same direction as thdtalf-sarcomere can be represented by a plot of the extreme
during the step, as expected in fixed-end conditions becaugension attained during a length stdp)(against the size of
of extension or shortening of the tendon attachments durinthe length step (thel; relation; Huxley and Simmons,
tension recovery by cross-bridges after a release or a stretch971).
respectively. In rigor the change in segment length after the Fig. 5 showsT, relations for the same fiber in an isomet-
length step was generally in the direction opposite thatic tetanus ¢pen circle and in rigor {riangleg at the same
during the length step, indicating “give” of some part of the sarcomere length (2.m). The T, points, normalized as
fiber outside the segment where sarcomere length was relescribed below for the variation in the tension before each
corded. This effect was larger after step stretches and iength step, are expressed relativeTtp the steady tension
responsible for most of the tension recovery after the stegn isometric contraction before the first step. The effects of
which has a time course similar to that of the segment lengtthe small variation in tension before each test step were
change (Fig. 3B). This recovery process is similar to the eliminated by multiplying eachi; point by the factofT,/T;,
slow stress relaxation after a ramp stretch in rigor (FiB).2 whereT,; is the tension just before each step (the fifst

The fast component of tension recovery, corresponding tealue corresponds t§,) andT; (the point on the ordinatén
phase 2 of the tension transient, is much smaller in rigoFig. 5) is the mean of the fiv&; values in each train.
than in the isometric tetanus. A more quantitative compar- In the present experiments the length changes were com-
ison of the fast tension recovery in the isometric tetanus anglete in 110us, and all of the releases were smaller than 3
in rigor would require measurements of tension transientsim/half-sarcomere. Thus the effect of fast tension recovery

E‘éjt'iffness measurements at 2.1-um
sarcomere length

A B

Tetanus Rigor
Isometric tetanus; B) rigor. Upper

rq..;k
I~
’
row: Sarcomere length changes;

lower row. tension changes. From the
same fiber as Fig. 2. , |

5ms 5ms

4 nm

FIGURE 4 Superimposed sar-
comere length and tension signals
from different size length stepsA)

100 kN m™




2464 Biophysical Journal Volume 74 May 1998

2.0 nm/half-sarcomere by multiplying its value as a fraction of
tetanus {' fibre fiber length by the average half-sarcomere length in the
o segment fiber. The T, relation was less steep than that for the

v rigor 15 segment ¢pen circle¥ because of the contribution of ten-

don complianceC for the whole fiber was 6.2 0.31
nm/half-sarcomer&j. In the five fibers the fiber stiffness

10 was 33+ 2% lower than the segment stiffness (Table 2).

L 0.5 Instantaneous tension-length relations

The fiber stiffness in isometric contraction, as measured
with length steps of 100—20@s duration, is dominated by
the elastic behavior of the sarcomeres and is not signifi-
cantly affected by viscosity (Ford et al., 1977; Piazzesi et
al., 1992). To establish whether the rigor stiffness also arises
from a purely elastic response, the tension at 5- ou.&0-
FIGURE 5 T, relations in isometric contraction and in rigor. The ex- intervals during the length steps was plotted against the
treme tension attained during the length st&p, formalized byT, as segment length change at the same instant, in both isometric

explained in the text) at the plateau of an isometric tetaty#() and in . . . . .
rigor (V) at 2.1 um sarcomere length, plotted against the length changecomracn0n (Flg' &) and rigor (Flg' GB)' The duration of

measured at the same time Bs O, v, Length signal from the striation th€ length step was fixed, so the larger steps correspond to
follower; @, length signal from the motor position sensor. The continuouslarger velocities, and the presence of a significant viscosity

lines are linear regression lines fitted to each set of points. The slopes fajyould displace the instantaneous tension values downward
the segment length dat®(¥/), which give the half-sarcomere stiffness in for Iarger releases and upward for Iarger stretches (Ford et

units of T, nm™%, were 0.249= 0.005 (mean= SEM) in isometric . . L .
contraction and 0.33% 0.013 in rigor. The fiber stiffness in isometric al., 1977). In both active and rigor conditions, the points

contraction (which includes the contribution of the tendon) was 067 belonging to different step sizes were found to superimpose,

0.004T, nm™*, 33% less than the segment stiffness. Same fiber as in Figindicating the absence of a significant viscous component at

2. Sarcomere length: intact fiber, 2.4@n; rigor fiber, 2.10um. The rigor  the sampling rate used here. Thus the active and rigor
i + = . . . .

tension was 0.8% 0.02T, (mean-= SEM,n = 5). stiffnesses show an almost pure elasticity, and their values

can be directly compared.

during the length step on tHE, values (Ford et al., 1977) The intercept of the instantaneous tension-length relation
was negligible, and thd, relation was considered to be ©n the length axis was obtained by extrapolating the line

linear (Fig. 5). The slope of thg, relation, determined by obtained by linear regression of the first 10 points (corre-
linear regression, was used to measure the instantaneo§gonding to the first 10Qs) during the length step for all
stiffness K) of the segment under inspection. In five fibers five length step amplitudes (Fig. 6). In six fibers-a2.1 um
at 2.1um sarcomere lengtti in isometric contraction was Sarcomere length, the values Gf calculated from the
62 + 5% (mean= SEM) of that in rigor (Table 2). intercept on the length axis, were 626 1.1% and 0.9+
The intercept of thd, relation on the length axisygin ~ 1.9% (meant SEM) less that those derived from tfig
Ford et al., 1977) represents the extent of instantaneouglation in isometric contraction and rigor, respectively. The
shortening necessary to reduce the force fiigito zero and ~ instantaneous tension-length relation is expected to yield a
measures the compliance of the half-sarcom@p The  smaller value ofC than theT, relation in isometric contrac-
mean value ofC was 4.17+ 0.05 nm/half-sarcomergj  tion because of truncation df; by quick tension recovery
(SEM, n = 5) in isometric contraction, and 2.56 0.16  during the length step (Ford et al., 1977). This truncation is
nm/half-sarcomer@}, (n = 4) in rigor. effectively absent in rigor, because the fastest components
The T, relation in the isometric tetanus for the whole of the quick recovery are suppressed. The stiffness of the
fiber is shown by the filled circles in Fig. 5. For comparison half-sarcomere derived from instantaneous tension-length
with the T, relation obtained from changes in segmentplots at 2.1um sarcomere length in isometric contraction
length, the fiber length change was expressed in units ofvas 66+ 5% of that in rigor (mean- SEM, n = 6).

1 1 1

6 -4 2 0 2 4

Step length change per half-sarcomere (nm)

TABLE 2 Comparison of stiffness in isometric contraction and in rigor at ~2.1 um sarcomere length

Sarcomere length _ Segment stiffness Fiber stiffness
(m) TiT, (Tonm™?) (To nm™?)
Intact (O = 5) 2.128=+ 0.002 0.999+ 0.010 0.240+ 0.003 0.161* 0.008
Rigor (h = 4) 2.120=+ 0.009 0.945+ 0.043 0.390+ 0.024

Data are obtained froffi, relations and expressed as mearSEM. T,/T, is the average tension before the test step as explained in the text.
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A 2.2 um), the number of myosin cross-bridges overlapped by
actin filaments is constant. If the actin filaments are com-

Tetanus pliant, the stiffness of the half-sarcomek€) (s expected to
vary with sarcomere length in this range solely as a result of

25 the change in the length of the nonoverlapped actin fila-
¢ +4.7nm ments in the I-band (Ford et al., 1981; Bagni et al., 1990;
4 #3020 Higuchi et al., 1995), assuming that stiffness is not signif-
+2.0 icantly affected by the small change in interfilamentary
13 15 spacing. In this sarcomere length range, the compliance of
o 23 the half-sarcomeré& (= 1/K) is expected to be linearly

related to sarcomere length (equation A10 of Ford et al.,
1981), so it is convenient to present the experimental results
in terms of compliance rather than stiffness.

0.5 - Analysis of compliance data was limited to the sarcomere
- length range 2.00-2.1Zm, where isometric tetanic tension

L ! L ! ' | was within 2% of its maximum value at 2.10n (Fig. 7A).

6 4 -2 0 2 4 6 In the tension-sarcomere length relation originally reported
by Gordon et al. (1966) for semitendinosus muscle fibers,
the plateau region was from 2.05 to 2.25. However, in
tibialis anterior fibers, as used here, the plateau of the
tension-length relation is shifted to the left By0.1 um and

B is restricted to a smaller range of sarcomere lengths (Bagni
et al., 1988, 1990), probably as a result of variation in actin
filament lengths (Bagni et al., 1990). In our experiments
there was no detectable difference in isometric tetanic ten-
sion between 2.05 and 2.10m, and for purposes of the
compliance analysis we considered the points at 2.00 and
2.15 um, where tension is within=1% of the mean value,

to be included in the plateau region.

In this plateau region, the contributions of myosin fila-
ment and cross-bridge compliance can be considered to be
constant, and the relation between half-sarcomere compli-
ance () and sarcomere lengtls)(can be written as

1.08

Step length change per half-sarcomere (nm)

Ca
C=506-9+6C (1)

-6

wherec, is actin filament compliance per unit lengty,is
the reference sarcomere length (4uin), and C, is the
. . _ _half-sarcomere compliance at= 2.1 um. C, depends on
FIGURE 6 Instantaneous tension-length relation during steps of differye - compliances of actin and myosin filaments, cross-
ent sizes imposed in isometric contractid¥) énd in rigor B). The rigor . . . ’
tension before the first step was Tyl Tension values for each step were b“dges* and the Z-line (See Appendlx, Eq. A4)'
normalized asT/T, as described in the text. The amplitudes of the length  Half-sarcomere compliance in isometric contraction was
steps in nm per half-sarcomere shown in the symbol key were measured found to increase with increasing sarcomere length in the
thg time of the extreme tension chang’q)(‘The time intervall between range 2.00—-2.17um (Fig. 7 B). A similar increase was
points was 1Qus. The intercept on the abscissa was 3.46 niamd 2.92 — hcarad for compliance values obtained using the segment
nm in B. The corresponding values &, the half-sarcomere compliance . L
normalized forT,, were 3.46 nmT, * and 2.65 nmT, % Intact fiber: length signal from the striation followeopen symbojsand
length of segment used for striation follower, 1.27 mm; sarcomere lengththose obtained using the motor position sigrdle sym-
2.04pm; CSA, 6.2x 10~° m?. Rigor: length of segment used for striation bols) to monitor changes in fiber length. The length changes
follower, 1.28 mm; sarcomere length, 2.g6n; CSA, 9.8x 10 °m”.  for the whole fiber have been expressed in nm/half-sar-
Temperature, 4.1°C. comere, as described previously for tfig relation. The
fiber compliance was larger than the segment compliance,
as a result of the contribution of tendon compliance.

The slope of the relation between half-sarcomere com-
pliance and sarcomere lengit) (2, Eg. 1) was determined
In the plateau region of the isometric tension—sarcomerdéy linear regression of the data for each fiber (FigB,7
length relation (in the sarcomere length range frel0 to  continuous lines The resulting values of, in isometric

Step length change per haif-sarcomere (nm)

Dependence of sarcomere compliance on
sarcomere length in the isometric tetanus
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A contraction were 2.47- 0.85 nmum * T, ' (mean +
SEM, n = 5) for the segment length data, and 2:820.34
nm um~* T, * for the fiber length data. These values are

1.04 - not significantly different§ > 0.5, t-test).
B The much larger vertical spread of the compliance data
c 1.02 - obtained from fiber length changes is due to variation in
% 1.00 : tendon compliance between preparations. The smaller ver-
e ! tical spread of the compliance data obtained from segment
2 008 | length changes was not correlated to that obtained from
o L fiber length changes, and is probably due to errors in the
- 0.96 L striation follower signal related to sarcomere length inho-
L mogeneity. These errors are probably responsible for the
0.94 s L , | , | larger SEM of the estimate af, from the segment length
195 200 205 210 215 220 225 data, which is more than twice that for the fiber length data.
Therefore we consider the estimate @f from the fiber
Sarcomere length (um) length data, 2.32 nmqum™* T, %, to be the more reliable.
This value was used to calculate the dotted lines superposed
on the two sets of data for active contraction in FigB.7
B Half-sarcomere compliance at sarcomere lengthgari

(Co) was 6.27+ 0.29 nmT, ! for the fiber length data
(mean=*= SEM, obtained from the individual regressions
8 Active, through each set dflled symbol}. For the segment length
{ | e— — A whole fibre dataC, was estimated to be 4.15 0.03 nmT, * by fitting
Eq. 1 to the pooled data witty, = 2.32+ 0.34 nmum ™ *
To . The difference betwee@, values obtained from the
fiber length and segment length data, corresponding to the
paer vertical displacement between the two dotted lines in Fig. 7
;w_’hﬂgw_{_ﬁ“»x‘_“_‘_ B, was 2.12 nnil,” %, and this is due to the contribution of
B x x tendon compliance. The value Gf, for the segment length
data, 4.15 nnil, %, is very close to that determined in a
. , , . . . previous section; the segment stiffness obtained figm
95 200 205 210 215 220 225 relations was 0.240, nm* (Table 2), corresponding 15,
= 4.17 nmT, % These values also agree with previous
results obtained under the same conditions (Lombardi and
FIGURE 7 Dependence of isometric tetanic tensié) &nd half-sar- PIaZ.ZGSI, 199.0; Piazzesi et al". 1992). We showed in the
comere complianceB) on sarcomere lengthAf Isometric tetanic tension, previous section that the compliance obtained fromThe
relative to that at 2.um, obtained by grouping measurements at different relation in an isometric tetanus is overestimated by 6.6
sarcomere lengths into classes 008 wide. Data are meanr SEM from  1.1% compared with that obtained from instantaneous ten-
five fibers. In some cases th_e error bgr is smallgr than t_he _symB))I. ( sion-length plots. Thus the corrected valueGgfshould be
Half-sarcomere compliancé€, in isometric contraction and in rigor, cal- 3.88+ 0.05 an0711 and theC:s relation should be shifted

culated from the intercept df, relations on the length axis, plotted against inal h hed li
sarcomere lengtlt©Dpen symbols/alues ofC in isometric contraction from downward accordingly (shown as ttet-dashed line under

the segment length change (“active, segmefitigd symbolsvalues from  the segment length data Fig. 7 B).

the movement of the motor hook (“active, whole fiber”). Corresponding

symbols in the segment and fiber data were obtained from the same

preparation, and these are the same five fibers uséd The continuous

lines were obtained by linear regression on the data from each fiberDependence of sarcomere compliance on

Crosses Values ofC in rigor using the segment length change (‘rigor, sarcomere length in rigor

segment”) obtained from these five plus five other fibers. The dotted line

superimposed on the “active, whole fiber” data was calculated using Eq. The dependence of the half-sarcomere compliacegn
in the text and the mean values@f (2.32 nmpm * T, *) andC, (627 sarcomere length in rigor is shown in FigB7(crosse} for

nm T, ). The dotted lines superimposed on the “active, segment” andy» fiye fihers studied in active isometric contraction plus
“rigor, segment” data were obtained by fitting Eq. 1 to pooled data for each

of these conditions, assuming the valuecgfestimated from the whole _Oth?r.f've fibers. As d'S.CUS.SEd n Mate_”als and Methods, it
fiber data (2.32 nmum—* T,~%). C, was 4.15 nmT,* for the “active, IS difficult to measureC in rigor at two different sarcomere
segment” data and 2.58 nif,~* for the “rigor, segment” data. The |engths in the same fiber, and this was possible in only one
dot-dashed line (“active, segment”) and the dashed line (“rigor, segment’yf the fibers in Fig. 7B. Therefore we used the pooled data

were obtained by shifting down th@ values from the dotted lines by 0.28 ! P : :
nm (active) and 0.02 nm (rigor), respectively, to take into account the eﬁec!rom the 10 fibers in rigor for regression analysis of the

of truncation of theT, by early tension recovery, as explained in the text. compliance-sarcomere length relatﬁ'?n (qu 1). The resulting
value ofc, was 1.2+ 2.3 nmum = Ty -, and C, was

7

Rigor, segment

5
4
3
2
1
0
1

Compliance per half-sarcomere (nm T0'1)

Sarcomere length (um)
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2.58 + 0.07 nmT, *. Although the value ofc, is not lateral expansion of the filament lattice. Tfig relation in
significantly different from that measured in isometric con- active skinned fibers from frog muscle is nonlinear, and
traction, the large standard error means that the rigor datasmotic compression of the filament lattice makes The
cannot be used to estimatg. The dotted line through the relation more linear and increases the stiffness (Goldman
rigor data in Fig. /B is a least-squares fit obtained with ~ and Simmons, 1986). These problems were avoided in the
set to 2.32 nmum ™ * T, %, the value in isometric contrac- present experiments by measuring active stiffness in the
tion. The value ofC, obtained from this fitting procedure intact fibers. The stiffness of active intact fibers is indepen-
was 2.58+ 0.07 nmT, %, the same value &, obtained by ~ dent of the tonicity of the bathing solution in the range
linear regression witle, as a free parameter. This value is 0.8—1.44 times that of normal Ringer’s solution (Mansson,
also close to that determined from tfig relation at sar- 1993; Piazzesi et al., 1994), which alters the filament lattice
comere length 2.Jum (segment stiffness 0.390, nm *  spacing by 16% (Bagni et al., 1994).

(Table 2), corresponding 16, = 2.56 nmT, %). The cross-sectional area of the fibers wa7% larger in

There is very little truncation oflf; by quick tension rigor than in the intact fibers, suggesting that the interfila-
recovery in rigor, and the compliance determined from thementary distance was13% larger in rigor. X-ray diffrac-

T, relation is overestimated by only 08 1.9%, as dis- tion measurements using the same protocol as the present
cussed above. The dashed line through the rigor data in Figxperiments showed that the filament lattice spacing was
7 B was obtained by reducinG, in Eq. 1 by 0.9% (from 16 = 5% (mean= SD,n = 3) larger in rigor than in the
2.58 + 0.07 to 2.56= 0.08 nmT, %). The vertical dis- intact resting fiber (our unpublished results). Given the
placement between the compliance:sarcomere length reléasensitivity of the stiffness of the active intact fiber to
tions for isometric contractiondpt-dashed lingand rigor  lattice spacing changes of this magnitude, it seems unlikely
(dashed lingwas 1.31 nn, . This displacement is likely that this difference has a substantial effect on the stiffness
to be due to the reduced contribution of myosin cross-bridgeneasured here.
compliance in rigor as a consequence of the larger number Assuming that all myosin cross-bridges are attached to
of cross-bridges attached to actin. actin and are under tension in rigor (Cooke and Franks,
1980; Thomas and Cooke, 1980; Lovell et al., 1981), the
active:rigor stiffness ratio can be used to estimate the frac-
DISCUSSION tion of attached cross-bridges in active contraction, subject
to the following conditions:

1. Each attached cross-bridge exhibits the same type of
instantaneous elasticity in isometric contraction and in
The stiffness of the half-sarcomere in single muscle fibers atigor.

2.1 um sarcomere length, determined from step perturba- 2. The compliance of the other structures in the half-
tions in sarcomere length, was 0.2Z89nm *in an isomet- sarcomere (e.g., the myosin and actin filaments) can be
ric tetanus and 0.390, nm ! in rigor (Table 2). The determined.

corresponding values from linear regression of half-

sarcomere compliance against sarcomere length were (1/

4.15=) 0.241T, nm * and (1/2.58= ) 0.388 T, nm %,
respectively. Thus the half-sarcomere stiffness in an isome
ric tetanus was 62t 5% of that in rigor. This parameter
becomes 66+ 5%, using the slope of the instantaneousThe viscoelastic behavior of cross-bridges in isometric con-
tension-sarcomere length relations (1/3-88.258T,nm *  traction and in rigor was examined by comparing the in-
in the isometric tetanus and 1/2.56 0.391 T, nm™* in stantaneous tension-length relations (Fig. 6). In both cases
rigor). the plots from length steps of different amplitudes superim-

These estimates of the active:rigor stiffness ratio argosed, indicating that in both the active and rigor conditions
similar to that reported by Yamamoto and Herzig (1978) butthe elastic response at 5-1% time resolution is not sig-
~15% smaller than that reported by Goldman and Simmonsificantly influenced by viscosity.

(1977). The difference may be related to the application of It is possible that the stiffness of an individual myosin
length steps from a low steady rigor tension in Goldman andross-bridge attached to actin is not a constant, but varies as
Simmons’ experiments, because rigor stiffness increasebe cross-bridge progresses through the force-generating
with static tension (Higuchi et al., 1995, and our unpub-cycle toward the rigor state. Recent time-resolved x-ray
lished results). This effect was avoided in the experimentgliffraction experiments (Lombardi et al., 1995) suggest that
of Yamamoto and Herzig and in the present experiments bgross-bridge compliance is located at least partly within the
measuring rigor stiffness at a tension closergo myosin head itself, in the bending of the light chain region

Another distinct feature of the present experiments is thabf the head or in angular distortion of the actin-myosin
the rigor stiffness was compared with the stiffness of thebond. One mechanism by which this might lead to a state-
active intact fiber, whereas Goldman and Simmons (197 7)lependent compliance would be if the cross-bridge in rigor
measured active stiffness in skinned fibers. Skinning causesere oriented less perpendicular to the filament axis (Reedy

Sarcomere stiffness in isometric contraction and
in rigor

Elasticity of cross-bridges in isometric
contraction and in rigor
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et al., 1965; Piazzesi et al., 1997a), increasing its bending
stiffness in response to an axial strain.

On the other hand, not all of the cross-bridges may
contribute fully to the rigor stiffness. According to a recent
model that considers the role of the two heads in each
myosin molecule (Huxley and Tideswell, 1997), it is pos-
sible that the second head cannot bind strongly when the
first is attached. More generally, although it is well estab-
lished that all myosin heads are attached to actin in rigor, it
is possible that some of these are not bearing tension and do
not respond to an applied length step.

I

The resolution of these uncertainties requires further ex-  ~ 1.0
periments. In the rest of this paper we will retain the E
simplest assumption that the elasticity of a single cross- g 05
bridge is the same in the isometric contraction and in rigor. g ‘
|_
0.0
Filament compliance oo 0e na Be e b
Compliance, the reciprocal of stiffness, is a convenient C 0.0 0.2 0.4 06 0.8 1.0
parameter for describing the elasticity of structural compo- €35
nents of the sarcomere that are mechanically in series with £ - cu=0
the cross-bridges. In fact, cross-bridges and myofilaments ¢ g 3.0 -
are interconnected in a complex series-parallel arrangement. & © 7 on=1.33
The elements that are mechanically in series are the Z-line, & 25 -
the zone of nonoverlapped actin filaments, the zone of © f 20 L e
filament overlap in which cross-bridges link actin and my- s 00 02 04 06 08 1.0
[&]

osin filaments, and the bare zone of the myosin filaments.
The compliances of these elements add to give the total

Distance from the M-line (um)

half-sgrcomgre Compl!ancg. In the abs.ence.Of eV|'dence fci‘—rIGURE 8 Distributed strain in the half-sarcomerd) Schematic rep-
Compllance in the Z-line in the fOllOWIhg discussion, we resentation of the structure of the half-sarcomere at sarcomere length 2.1
assume that the compliance of the Z-line is zero. We firsium. 1,,, the length of the myosin filament, is taken as @81 ¢, the
consider the compliance of the actin and myosin filamentseffective length of the overlap zone, as @i; |, the length of the actin

then deduce the compliance of the cross-bridges. filament from the Z-line to the beginning of the bare zone, as u95 (B)
Distribution of the change in force along the myosin and the actin filaments

when the force is instantaneously increased from zeffyt®ashed line
Cy = 0 nmum™* T,~%; continuous linecy,, = 1.33 nmum™* T,~% (C)
Distribution of the change in cross-bridge strain along the overlap zone for

. L . an instantaneous force increaseTgiwith eitherc,, = 0 (dashed ling or
The compliance of the actin filaments was estimated from. _ 4 23 nmum~2 T, (continuous ling

the relationship between half-sarcomere compliance an

sarcomere length in the sarcomere length range 2.00-2.15

mwm, where the isometric tetanic tension varied by less than ] )
+1% and the number of attached cross-bridges can bi1® force To) developed at the plateau of the isometric
considered to be constant. In this region the compliance di€tanus is given by

the overlap zone is constant, and the variation in the half- < _ _

sarcomere compliance with sarcomere length is due to the S(To) = Calla = OTo + CalTo/2 )
different length of the zone of nonoverlapped actin fila- The first term arises from the region of the nonoverlapped
ments. In the active fiber the compliance of the actin fila-actin filament and the second from the region where cross-
ment per unit lengthg,, was estimated to be 2.32 0.34  bridges can attacH, is the length of the actin filament
nm um~* T, from the slope of the relation between fiber between the Z-line and the beginning of the bare zone, and
compliance and sarcomere length. This estimate is not af is the effective length of the overlap zone (see Appendix
fected by the contribution of the tendons to fiber compli-and Fig. 8A). At 2.1-um sarcomere length, = 0.95um
ance, because tendon compliance is independent of saand{ = 0.7 um, andc, was measured as 2.32 rm *
comere length. To %, giving Sa(Ty) = 1.4 + 0.2 nm or 0.15+ 0.02%l ,.

The strain in the actin filament depends on its compliance This value is significantly smaller than that (0.26%) es-
and on the distribution of the force along it, increasing fromtimated by x-ray diffraction measurements of changes in the
zero opposite the bare zone to a maximum in the I-bandpacing of actin-based reflections from whole muscles of
(Fig. 8 B). The average strain in the actin filame,) at  Rana catesbeian@uxley et al., 1994, temperature 10-14°C;

Compliance of the actin filaments
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Wakabayashi et al., 1994, temperature 8—10°C) and fronfrom our work that the slope of the relation is the same,
single muscle fibers oRana temporaria(Piazzesi et al., independent of the contribution of tendon compliance.
1997b, temperature 4°C). The larger strain observed in the The value of 44% for the contribution of actin filaments
x-ray experiments may be due to a larger isometric tetanito half-sarcomere compliance in rigor is somewhat lower
force per cross-sectional aregy) for the temperature and than that estimated in skinned fibers from rabbit psoas
species used in those measurements. In the x-ray experauscle (55%, Higuchi et al., 1995).

ments on whole muscld,, was probably larger by a factor ~ Our estimate of actin filament compliance per unit length
of 1.2 because of the higher temperature (Woledge et algan be related to the compliance of an individual actin
1985). In single fiber experiments at 4°T, is 1.5 times filament by considering the number of filaments per unit
larger in Rana temporariathan in Rana esculentgour ~ Cross-sectional area of the fiber. In intact fibers from frog
unpublished measurements). If we assume that the packirigeletal muscle, taking the, lattice spacing as 37.5 nm
density of filaments within the myofibrils and that of myo- (Matsubara and Elliott, 1972) and the fraction of cross
fibrils within the fiber are the same in different species, S€ction occupied by myofibrils as 0.83 (Mobley and Eisen-
these differences i, would lead to different filament berg, 1975), there are 1.02 10'° actin filaments m? of
strains being measured in the various experiments, even §h€ fiber cross section. Witf, = 228 + 21 kN m*
filament compliance were constant. When the differen{Mmean= SEM, 10 fibers) the compliance per actin filament
force per filament irRana esculentand Rana temporaria IS 2-32 anm’1{(2287I§N m"2/1.02><'101? filaments m ?)

is taken into account, according to these assumptions, the 10-4 Pm PN~ um=. This value is slightly lower than -
value of S,(T,) for Rana temporariapredicted from our both the value measured at similar force levels in rabbit

. . . 71_ . .
stiffness measurements is 0.220.03%l ,, which is similar ~ Muscle fibers in rigor (14.8 pm pNL pm-7 Higuchietal.,
to that estimated in the x-ray experiments. 1995) and that measured for isolated actin-tropomyosin

; 1 —1. i
The contribution of actin filament compliance to the :‘llaments (1?'4 pm ?Nh pm Eopma e.t aI.I,('199;1). ’?)b'
half-sarcomere compliance is given By = ca(lx — %s0) arger compliance of the actin filament in skinned rabbit

(equation A10, Ford et al., 1981; Eq. Al in the Appendix) fibers is in agreement with the larger contribution of the
Ch at 2.1um éarcomere .I,engtr(;, .is 112+ 017 nm “actin filament compliance to the half-sarcomere compliance
A . A0 . - .

T, *. This represents 2& 4% of the total half-sarcomere in the measurements of ng'uch| et ql. (1995) (see abpve).
. o : . _ On the other hand, the lattice spacing and the fractional
compliance in isometric contraction (3.880.07 nmT, -)

and 44+ 7% of the total half-sarcomere compliance in rigor vglrufrirll aemogneixt;zmyt?gl%ﬁ#:{gﬁ?ﬁigggg ;Twzref:grent'lzeé(:loerg )
(2.56 = 0.08 nmT, Y). P » may 9 :

The value of 29% for the contribution of actin filaments
to half-sarcomere compliance in an isometric tetanus is
similar to that measured by Julian and Morgan (1981) inCompliance of the myosin filaments

single fibers fromRana temporaria 30%. On the other The change in spacing of the myosin-based meridional

hand, in qther experiments on single fibers from elmgna x-ray reflections produced by applying rapid length changes
temporaria(Ford et al., 1981) oRana esculent@agni €t , \yhole muscles (Huxley et al., 1994) or isolated muscle
al., 1990), the fraction of the half-sarcomere complianCgjpers (Piazzesi et al., 1997b) during an isometric tetanus
attributed to actin filaments in an isometric tetanus Wasshows that the myosin filament is extended-b§.10% for
estimated to be less than 20%. The estimate of Ford et al tansion increase df,. Larger spacing changes have been
(1981)_ was based on the relatlon_ between half-sarcomergyserved when tension was altered by applying ramp short-
compliance and sarcomere length in the range of Sarcomegging or lengthening to active muscles (Huxley et al., 1994
lengths between 2.1 and 3, where other factors, such \yakabayashi et al., 1994). However, the spacing changes
as myosin filament compliance and development of sartecorded during these slow length changes are likely to
comere inhomogeneity, may affect the estimate. The esticontain components that are not related to filament compli-
mate of Bagni et al. (1990) was based on compliancgnce, because cross-bridges can detach from and reattach to
measurements in the sarcomere length range 1.96 #2016 actin during the period of the measurements. Other struc-
similar to the present work. However, sarcomere lengthyral changes may contribute to the change in spacing of the
changes were not measured in those experiments, and thgyosin-based x-ray reflections under these conditions, as is
tendon compliance assumed (23% of the half-sarcomergnown to occur during the development of an isometric
compliance) led to an overestimate of the half-sarcomergetanus (Haselgrove, 1975; Bordas et al., 1993).
compliance. Consequently, the contribution of actin fila- Because these myosin-based x-ray reflections arise from
ments to the half-sarcomere compliance was underestthe axial periodicity of the myosin heads, the 0.10% spacing
mated. Actually, the value af, that can be calculated from change presumably measures the average strain along the
the slope of the relation between fiber compliance andwvhole of the myosin filament, except the bare zone. Taking
sarcomere length obtained by Bagni et al. (1990)y%&nm  into account the nearly linear variation of force along the
wm~* Ty ~%, similar to the value reported here (2.320.34  filament (Fig. 8B), the myosin filament compliance per unit
nm um~ ! T,~1), as expected according to the conclusionlength ¢,,) can be calculated from the average stré)(
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according to the equation Appendix, under the assumption that the compliances of the
_ myosin filament and Z-line are zero. This gives= 0.52+
cw = Su/({(To/2)) () 0.04, i.e., 52% of the cross-bridges attached in rigor would

be attached in isometric contractioncff = 1.33 nmum™*

T, %, the upper limit according to the previous section, Eq.
4 givesky, = 1.44+ 0.33T,nm * um™?, and consequently
Rana temporariafibers at 4°C is 1.5 times that iRana In rigor the comp!almce Of. the cross-bridges k‘)’%’ s
esculentafibers at the same temperature, the best estimat(l.“01 = _0'23 nmT, °. In this case, from -Eq. A6 in the
of ¢, in the present experiments is 1.33 nom ™% T, *. Appendix, at the plateau of _the |sometr|c tetanBs,.=
Using Eq. Al of the Appendix, the contribution of myosin 0-43 = 0.05 and the cross-bridge compliancefii) is

-1
filament compliance to the half-sarcomere compliance car-30 = 043 nmT, ~ (note that the value of decreases
be calculated a€,, = cy,(Iyy — %50). Cyy at 2.1um, Cy0 with increasingc,,). These values would have been slightly

is 0.44 nm, or 11% of the total half-sarcomere complianceUnderestimated if the value of, from the x-ray diffraction
These estimates of myosin filament compliance are basedf€asurements had been an overestimate, as discussed in the

on the spacings of x-ray reflections that are related to th@€VIous section. _

axial mass distribution of the myosin heads. It is possible N @n active muscle fiber at the tetanus platead0% of

that the measured changes in head spacing give an overdg€ total compliance per half-sarcomere is in the myofila-

timate of the compliance of the myosin filament backbonements. Consequently, the change in strain of the cross-

because the axial spacing of the heads may be influenced ifidges for an instantaneous change of tension from zero to

compliance in the heads themselves, or in the actin filamentlo Varies according to their position along the overlap zone.
The distribution of the change of cross-bridge strain, deter-

mined by the procedure described in Appendix A of Ford et
Compliance of the cross-bridges al. (1981), is shown in Fig. & for both c,, = 0 (dashed

. _ _1 _1 - .
To discriminate the contributions of the cross-bridges fromlfme) andcy = hl.33 nmutr)n'd To (c.:or?tlnuous Im@a'lrr]\ tdhe
those of the other structural components to the total halfiormer case the cross-bridge strain increases with distance

sarcomere complianc€, in Eq. 1 must be made explicit. from the M-line, over the range 2.51-3.29 nm. Cross-

According to Eq. A4 in the Appendix, and assuming that thebridges nearer the M-line have a smaller strain because

compliance of the Z-lineC,, is zero,C, is given by more pf the applied st_rain is take_n up py the_long_er segment
of actin filament that is mechanically in series with them.

2 1 If the myosin filament is also compliant, both the average
) + CM( M 3§> + lM} (4 value and the range of the cross-bridge strain are reduced,
and the minimum strain occurs within the overlap region.
wherel,, is the length of the myosin filameng is the  \ith ¢y = 1.33 nmum ™ T, (continuous linén Fig. 8
fraction of myOSin CrOSS-bridgeS attached to the actin flla-C), the Cross_bridge strain is in the range 2.19-2.68 nm, and
ment, andk, is the stiffness of cross-bridges per unit lengththe minimum value occurs at 0.36m from the M-line.
when all cross-bridges are attached. These calculations take no account of the active response
Because of the uncertainties of the current estimate obf the cross-bridges, i.e., force generation within the cross-
myosin filament compliance (see previous section), the f0|bridge, or attachment to or detachment from actin in re-
lowing analysis is made, assuming two limiting conditionssponse to a length change. FigC&epresents the distribu-
for the value ofcy,: 0 and 1.33 nmum " To~™ If the o of the change in elastic strain that would be produced
myosin filament compliance is zero = 0), Eq. 4 reduces py 4 change in tension df,, but this is unlikely to corre-
to spond to the actual distribution of strain at the plateau of an
1 S 1 isometric tetanus. At the tetanus plateau the steady tension
Co= CA(3§ =y + 2) + Blot (5) is maintained by asynchronous cross-bridge interactions.
Freshly attached cross-bridges must generate force against
In rigor, we further assume that all myosin heads are attheir own compliance, without significant change in actin
tached to actin (Cooke and Franks, 1980; Thomas antilament strain. In this situation the strain in the attached
Cooke, 1980; Lovell et al., 1981), = 1. Thus the only  cross-bridges would be independent of the distance from the
unknown parameter in Eq. Sks. SubstitutingC, = 2.56+  M-line, and would take the value (BKy() X To =) 2.30=
0.08 nmT, ! (Fig. 7),cy = 2.32+ 0.34 nmum * T,”%,  0.43 nm forcy, = 1.33 nmum™* T, ™%
¢ = 0.7 um, andl,, = 0.8 um givesk, = 0.99 + 0.13T, This value is not significantly different from the maxi-
nm ' um™*, and the cross-bridge compliancekg) is  mum extent of reversal of the working stroke (2 nm;
(1/(0.99Tonm * um™* X 0.7 um) =) 1.44+ 0.18 nmT, . Piazzesi et al., 1997c¢), which corresponds to the size of the
The value ofg in active contraction can be calculated structural change in the cross-bridge that was responsible
from the values o€, in active contraction (3.88& 0.05 nm for the generation of isometric force. This conclusion
T, Y and rigor (2.56+ 0.08 nmT, %), using Eq. A6 inthe  strongly supports the idea, assumed in the original theory of

Sy is calculated as 0.10% multiplied by 700 nm (the length
of the overlap zone in the half-sarcomefg) *. ThusS,, =
0.7 nmT, %, giving ¢y = 2 nmum ™ T,~%. Becausd, in

1 S
Co = {CA(3§ - |M + E
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Huxley and Simmons (1971), that the structural changes 290; and is the fraction of myosin heads attached to actin
leading to isometric force generation is completely reversiblein isometric contraction. Witli = 0.43, the average force
per attached head is 3.6 pN, which is similar to the average
values of force developed by single myosin heads at high
load in in vitro motility assays (Finer et al., 1994, Ishijima
et al., 1994; Molloy et al., 1995), although substantially
lower than the peak values reported in the first two of these
The present results imply that the fraction of myosin crossstudies.
bridges attached to actin in isometric contraction, assuming Using this value of the average force per myosin head, the
that all are attached and bearing tension in rigor andghat mechanical energy produced in the working stroke can be
is 1.33 nmum~* T, %, is 0.43+ 0.05. If not all cross- estimated from thd, curve (Huxley and Simmons, 1971;
bridges were attached and bearing tension in rigor, théiazzesi and Lombardi, 1995), taking into account the re-
above estimate would represent the relative fraction in theuction of the intercept of this curve on the length axis to
isometric contraction compared to rigor. ~10 nm due to filament compliance. This gives the energy
The fraction of myosin heads attached to actin duringper working stroke as 2% 10 2 J, which is~44% of the
active contraction has previously been estimated from dree energy available from ATP hydrolysis60 x 10 2*J,
variety of structural methods by comparing values of struc-assuming that the efficiency of energy transduction is 60%).
tural parameters in relaxation, active contraction, and rigorThis value is consistent with the possibility that more than
The intensities of the equatorial x-ray reflections in con-one working stroke could be produced per ATP hydrolyzed
tracting muscle are much closer to the rigor than to thglshijima et al., 1991; Lombardi et al., 1992).
relaxed values, suggesting that up to 90% of the myosin
heads are close to the actin filaments (Haselgrove and
Huxley, 1973; Huxley and Kress, 1985). However, the largeAPPENDIX
changes in these x-ray reflections on activation may be due L . o ,
to movements of the myosin heads associated with théhe coptrlbutlons of the actin and myosin fllqments and the myosin
. . . 1 . ross-bridges to the total half-sarcomere compliance were calculated by
regulation of contraction, or with a weak interaction be- ysing equation A10 of Ford et al. (1981):
tween the heads and actin that does not contribute to stiff-
ness or active force (Huxley and Kress, 1985). The low- 2 1
angle x-ray reflections arising from the actin helix are much C= CA<|A B 35) + CM('“" N 3§> * k.l + G
weaker in active contraction than in rigor (Huxley et al.,
1982), suggesting that in active contraction only a smallwherec, is the compliance of the actin filament per unit lendthis the
fraction of the heads, probably less than 30%, take up théffgctive actin filgmgnt length, i.e., the length ofthe actir\ filament frgm the
. . . . . Z-line to the beginning of the bare zone (see Figd)8¢ is the effective
ngor conformation. The orientation of Spin probes on thelength of the overlap zone between myosin and actin filaments (not
Catalytic domain of myosin heads in skinned muscle fibersfncluding the bare zoneg,, is the compliance of myosin filament per unit
in relaxation, active contraction, and rigor (Cooke et al.,length;l,, is the length of the myosin filament including the bare zdqge;
1982; Ostap et al., 1995) suggest that in active contractiois the stiffness of the cross-bridges per unit length; @ads the compli-

20-30% of the myosin heads are in the rigor Conformation:ance. of the Z-line. This equation is a good approximation of the exact
golutlon for the parameter values used here. In the sarcomere length range

Fraction of cross-bridges attached at the
isometric tetanus plateau

(A1)

These estimates are sqmgvyhat |OV\{€I’ than the 43% of cros '00—2.15um, { takes the constant value of Qufn, I, andk_ are constant,
bridges attached to actin in isometric contraction, comparegng the only parameter on the right-hand side of Eq. Al that depends on
to rigor, estimated from the present stiffness data. A differsarcomere lengtrsfis I,. According to Fig. 8A, this can be expressed as
ence in this direction would be expected if the rigor orien-
tation corresponds to that taken up by cross-bridges at the
end of the working stroke, whereas the majority of heads
attached in an isometric contraction are in a structurally
distinct state at the beginning of the working stroke (HuxleyTo take into account a variable fraction of myosin cross-bridges attached to

and Tideswell. 1997 Linari et al.. 1997 Lombardi et al actin,k. can be expressed as the produdtpthe cross-bridge stiffness per
’ ! 7 : "’ unit length when all of the cross-bridges are attached and exhibit full

1995; Piazzesi et al., 1995). In fact, this dlstlnctlon. MaYstifiness, angs, which varies between 0 (no cross-bridges attached) and 1
produce a much larger difference between the fraction ofall of the cross-bridges attached). Thus the half-sarcomere compli@nce,
attached cross-bridges and the fraction of a rigor-like conean be written as

formation than that noted above, depending on the structure

S
|A=§_|M+§ (A2)

of the state at the beginning of the working stroke. C= &SJF {c (1 ] ) tc (I _E ) n 1 e }
The average force exerted by each attached myosin head 2 A3t~ I v — 3¢ Bkl %
at the plateau of the isometric tetanus can be calculated as (A3)

To/(NHf), whereT, is 228 kN m 2 in the present experi-

. . L . 5
m€2ts,N, the denSIty of myosm filaments, is 0.54 10t . intercept on the axis, corresponding to the term in the curly brackets, is the
m~<, one-half of the value estimated above for the actinsum of the contributions 6 of the structural components that do not depend

filaments;H, the number of myosin heads per half-filament, on sarcomere length in the range considered hers, I§ the reference

A plot of C againsts should therefore be a straight line with slopg2. The
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sarcomere length of 2.&m, it is convenient to rewrite Eq. A3 as Cooke, R., M. S. Crowder, and D. D. Thomas. 1982. Orientation of spin
labels attached to cross-bridges in contracting muscle fitéasure.

Ca 1 S 300:776-778.

C= E(S — ) +iCa §§ —lu+ 2 (Ad) Cooke, R., and K. Franks. 1980. All myosin heads form bonds with actin
in rigor rabbit skeletal muscldiochemistry19:2265-2269.

2 1 Finer, J. T., R. M. Simmpns, and J. A. Spudich. 1994. Single myosin
+ —Zr) + + molecule mechanics: piconewton forces and nanometre diisre.
CM('“" 3§) Bkol CZ} 368:113-119.
Ford, L. E., A. F. Huxley, and R. M. Simmons. 1977. Tension responses to
so that the term in brackets is the value®#t s,, termedC,. sudden length change in stimulated frog muscle fibres near slack length.

We assume that under the conditions of our experiments in rigor, all of J. Physiol. (Lond.)269:441-515.

the cross-bridges are attached and exhibit full stiffness, sokthat k. Ford, L. E., A. F. Huxley, and R. M. Simmons. 1981. The relation between

Writing C, , andC, , for the values oL, for rigor and the isometric tetanus, stiffness and filament overlap in stimulated frog muscle fibres.

respectively, J. Physiol. (Lond.)311:219-249.

Goldman, Y. E., and A. F. Huxley. 1994. Actin compliance: are you
1 S 2 -1 pulling my chain?Biophys. J67:2131-2136.

ko=1|Cor—Ca ég —lw+ 2] Cul v — §§ - Cz|¢ Goldman, Y. E., and R. M. Simmons. 1977. Active and rigor muscle

stiffness.J. Physiol. (Lond.)269:55P-57P.

Goldman, Y. E., and R. M. Simmons. 1986. The stiffness of frog skinned
muscle fibres at altered lateral filament spacidg.Physiol. (Lond.).
378:175-194.

1 S Gordon, A. M., A. F. Huxley, and F. J. Julian. 1966. The variation in
={|Cr,—Cul=C — Iy + = isometric tension with sarcomere length in vertebrate muscle fibres.

Bko {[ 0t~ Calgt vt 5 (A5b) J. Physiol. (Lond.)184:170-192.

4 Haselgrove, J. C. 1975. X-ray evidence for conformational changes in the
2 myosin filaments of vertebrate striated musdleMol. Biol.92:113-143.
— Cullv — §§ Cz|¢ Haselgrove, J. C., and H. E. Huxley. 1973. X-ray evidence for radial
cross-bridge movement and for the sliding filament model in actively
contracting muscleJ. Mol. Biol. 77:549-568.
Higuchi, H., T. Yanagida, and Y. E. Goldman. 1995. Compliance of thin
1 S 2 filaments in skinned fibers of rabbit skeletal musdiophys. J.69:

Co,r —Ca ég — Iy + o)~ Cullv — 3¢ C, 1000-1010.

(A6) Huxley, A. F. 1980. Reflections on Muscle. The Sherrington Lectures XIV,

1 2 Liverpool University Press, Liverpool.

Cot—Ca ég — Iy + o~ Cullv — ég -G, Huxley, A. F., and V. Lombardi. 1980. A sensitive force transducer with

resonant frequency 50 kH4. Physiol. (Lond.)305:15P-16P.
Huxley, A. F., V. Lombardi, and L. D. Peachey. 1981. A system for fast
. o recording of longitudinal displacement of a striated muscle fibre.
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