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Abstract Skinned musclefibresfrom the gracilis muscle
of the rabbit were used to record small angle X -ray diffrac-
tion spectraunder variouscontractile conditions. Theintra-
cellular calcium concentration, expressed as pCa, wasvar-
ied between 8.0 and 5.74. Equatorial diffraction spectra
werefitted by afunction consisting of five Gaussian curves
and a hyperbolato separatethe (1.0), (1.1), (2.0), (2.1) and
Z-line diffraction peaks. The hyperbola was used to cor-
rect for residual scattering in the preparation. Theratio be-
tween the intensities of the (1.1) and (1.0) peaks was de-
fined as the relative transfer of mass between myosin and
actin, dueto crossbridge formation after activation by cal-
cium. Therelation between theratio and therelative force
of the fibre (normalized to the force at pCa 5.74 and sar-
comere length 2.0 um) was linear. At high pCa (from pCa
6.34 to 8.0) no active force was observed, while the ratio
still decreased. Sarcomere length was recorded by laser
diffraction. The laser diffraction patterns did not show
changes in sarcomere length due to activation in the high
pCarange (between 8.0 and 6.34). From these results the
conclusion is drawn that crossbridge movement occurs
even at subthreshold calcium concentrations in the cell,
when no active force is exerted. Since no force is gener-
ated this movement may be related to crossbridges in the
weakly bound state.
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Introduction

Since the introduction of the crossbridge model for mus-
clecontraction efforts have been madeto link the existence
of crossbridgesto thelevel of active force generation. Ac-
tive force in this context is taken to mean force generated
after activation by calcium from different sources inside
and outside the muscle cell. Different direct and indirect
techniques have been developed to visualze the cross-
bridges. Geeves (1991) reviewed the different states oc-
curring during crossbridge cycling.

Insight into the transitions between the different states
of the crossbridge can be obtained by measuring ATP-ase
activity during crossbridge cycling. Kuhn et al. (1985)
showed the effects of attachment and detachment of cross-
bridges in relation to the rate of MgATP hydrolysis. Kraft
et al. (1992) used MgATP[ yS] to control crossbridge turn-
over between different states. They combined the tech-
nique with small angle X-ray diffraction and showed that
at low calcium (pCa=8.0) crossbridges in the presence of
this nucleotide analogue have properties of the weakly
bound state.

Small angle X-ray diffraction is used to study the reg-
ular crystalline arrangement of the actin-myaosin filaments.
The position of the diffraction peaks providesinformation
about the lattice spacing between the thick and thin fila-
ments. The intensities of the equatorial diffraction peaks
change during activation due to a stronger sampling of the
S1 heads around the myosin filaments by the transformed
(1.1) reflection and aweaker sampling by the (1.0) reflec-
tion. Thisisinterpreted as a shift of mass towards the vi-
cinity of the actin filament. The shifts have been studied
using radiation, either at low intensities, originating from
arotating anode (Brenner and Yu 1985; Schoenberg 1980;
Yu and Brenner 1989) or at high intensities from a syn-
chrotron source (Brenner and Yu 1993; Huxley et al. 1982;
Junget al. 1989; Konishi et al. 1991; Schiereck et al. 1992).
Changes in active force should correspond to the shift of
mass between the actin and myosin layers. To relate the
process of activation to the different steps in the cross-
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bridge cycle and the generated force, time resolved X-ray
diffraction patternshave beenrecorded (Huxley et al. 1982,
Konishi et al. 1991). In these studies the spectra are aver-
aged over tens to hundreds of repeated contractions. The
ratio between the intensities of the (1.1) and (1.0) equato-
rial reflectionsexpresstherelative changein massbetween
the actin and myosin layers. Yu et a. (1979) and Brenner
and Yu (1985) showed that a linear or slightly upwards
curved relation was recorded between thisratio and the ac-
tive force as a consequence of the change in the number of
strongly bound crossbridges. In a study on chemically
skinned papillary muscle Matsubara et al. (1989) showed
that at maximal activation (pCa4.4) about 80% of themyo-
sinheadsweretransferred to thethin filament. At high pCa
they observed arelatively larger percentage (about 40%)
of myosin heads transferred to the thin filaments than at
low pCa. Brenner and Yu (1993) showed that changes in
theintensities of the (1.0) and (1.1) reflections brought ab-
out by activation did not follow the reciprocal concept.
They suggest that the structure of weakly bound cross-
bridges is different from that of force generating cross-
bridges or those in rigor.

In this study we report experiments carried out on rab-
bit gracilisfreeze dried skinned musclefibresat room tem-
perature (20°C). Only low calcium activation is used, as
higher activation levels result in fibres pulling themselves
apart. The displacement of the myosin heads towards ac-
tin and the generation of force at low intracellular calcium
concentration appear to occur independently of each other.

Methods
Muscle preparation

Gracilismusclewere obtained from rabbits. Therabbit was
anaesthesized with sodium-pentobarbital (30 mg/kg).
Gracilis muscles were removed and cut into long small
strips(2 cmlong, 4 mmwidth). Theanimal waseuthanized
after removing the heart, for other experimental purposes.
Preparations were immediately immersed in liquid nitro-
genfor about 15 minutes. They werefreezedriedin closed
containersondry silicagel at —25°C, for at least 2—3 weeks
(deBeer et al. 1988). After freeze drying the membranes of
the sarcoplasmic reticulum and the mitochondriawere dis-
rupted. Singlefibrescould easily bedissected from thefreeze
dried preparations (diam. 50—100 pm, length >5 mm). Fi-
breswere rehydrated before use. Their structure and phys-
iological performance were found to be compatable to
those of permeabilized muscle fibres prepared by other
methods (Jung et al. 1988).

Bathing solutions
Several bathing solutions were used to control and main-

tain different mechanical activationssuch asrel axation and
activation at different levels. The composition of the var-

c

Fig. 1 Experimental setup. A schematic drawing of the position of
the muscle fibre (M) in a particular superfusion solution in one of
the bins of the cuvette (C): relaxation (R), and activation with dif-
ferent [Ca] in the other bins. X-rays are diffracted by the fibre and
recorded 3.6 m behind the preparation by a photon detector (D)

ious solutions is calculated according to the method de-
scribed by Fabiato and Fabiato (1979). We used a pKa of
7.5 for imidazole and alog (K1 caeata) Of 11.045 in order
to account for the temperature and ionic strength at which
the experiments were performed (Moisescu and Thielec-
zek 1979). Different cal cium concentrationswere obtained
by mixing the relaxation and the activation solutions. To
eliminatetheeffect of Ca?* uptake and rel ease by the mem-
brane fragments of the SR and mitochondria we used a
strongly buffered Ca?*-EGTA solution.

The relaxation solution contained a high concentration
of EGTA (20 mM) and did not contain free Ca?*. Its pCa
is calculated to be higher than 8.0. All solutions contain
60 mM imidazole (pH=6.8, set with KOH), 10 mM PCr
and 50 U/ml CPK. ThefreeMg?* concentrationwas1 mM,
the MgATP concentrationwas5 mM and theionic strength
was 160 mM (adjusted with KCI). The compositions are
adopted from Jung et al. (1989). The experimentswerecar-
ried out at atemperature of 20°C.

X-ray diffraction measuring apparatus

A schematic drawing of the experimental setup is shown
in Fig. 1. The skinned muscle fibre was mounted between
two pairs of tweezers which served as clamps. One pair of
tweezers was connected to a force transducer (KG3, Sci-
entific Instruments, Hel del berg; specifications: resol. 0.1 mg
at 10 Hz; res.freq. 700 Hz), the other to a moveable pla-
teau. The length of the fibre and thus the length of the sar-
comeres was set by moving the tweezers relative to each
other. The mounting device, with the fibre attached, was
connected to a table bearing a holder with 4 cuvettes
mounted in line. The holder could be moved so that the
muscle fibre was immersed in one of the cuvettes.

The apparatus was placed in the beamline of asmall an-
gle x-ray diffraction station (#8.2) of the Synchrotron Ra-
diation Laboratory at Daresbury (UK). The wavelength of
the incident beam was 0.15 nm. Photon flux at the sam-
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Fig. 2 Force development at different values of pCa during a pro-
tocol. A typical paper recording of force development of a muscle
fibre when bathing solutions are changed. The time bar represents
30 s. Thediffraction spectrum isrecorded during 10 s at steady state
tension. The value of the particular pCa's are given for each level of
force development. The force transients between each pCavalue are
dueto the penetration of the fibre through the fluid surface of the cu-
vette

ple was 8.10'° photons/s - mm? at 2.0 GeV and 200 mA
(Daresbury Annual Report, 1992). The two-dimensional
photon detector was mounted 3.6 m behind the muscle fi-
bre. The equatorial diffraction patterns were obtained by
integrating the 2D spectrum symmetrically around the mid-
channel of the detector. The force signal and beam inten-
sity signal were sampled during the radiation period and
the data were stored on disk. Sarcomere length was mea-
sured by laser diffraction and the uniformity of the prep-
aration along the axis of the fibre was checked. The first
order diffraction pattern was monitored on a screen placed
500 mm behind the muscle preparation. Only spatially uni-
form (within 0.05 um) preparations with symmetric first
orders were used (deBeer et al. 1988). Slack length of the
preparation after rehydration was between 1.8 and 1.9 pm.
The sarcomere length was set at 2.0 um.

Experimental protocol

After the fibre was mounted, it was rehydrated in relax-
ation solution for at least 15 minutes. Then the fibre was
activated and relaxed twice beforeit was used and exposed
to the protocol below.

A protocol consisted of relaxation (pCa=28.0), 3 activa-
tion levels: pCa=6.71, 6.34, and 5.97 respectively, relax-
ation (pCa=8.0), 3 activation levels: pCa=6.52, 6.17, and
5.74 respectively, relaxation (pCa=8.0). Wedid not usethe
maximal activation level (pCa=4.4) in order to protect the
preparation against too high internal stress and to prevent
dlip of the attached ends in the tweezers. The duration of
the radiation to obtain one diffraction spectrum was re-
stricted to 10 s to minimize the radiation damage during
the series of protocols. Data sampling occurred at steady
state tension. A typical chart recording of the force during
such a protocol is shown in Fig. 2.

During x-ray diffraction patternrecording it wasimpos-
sible to record simultaneously the sarcomere length by la-
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ser diffraction. To verify the changes in sarcomere length
during a protocol of different activation interventions, the
laser diffraction pattern was continuously recorded from a
different fibre of the same preparation in the same appara-
tus without X-ray diffraction. The length of the sarcomere
during the activation protocol differs maximally by about
0.1 umat thehigher activationlevel, but returnstothestart-
ing value within 0.05 um at pCa=8.0.

Data analysis

The diffraction pattern was corrected for differences in
beam intensity due to the continuous loss of energy in the
storagering. Also, the contribution of the background due
to scattering of bathing solutions, the micawindows of the
cuvette, and the sensitivity differencesin the detector have
been taken into account. For that purpose background scat-
tering spectraand detector response spectrawere recorded
before each new preparation was mounted. To account for
the decrease in x-ray intensity during each recording, the
signal from an ionisation chamber was sampled. Rat tail
collagen fibres (wet) were used for calibration of theinter-
filament distance. The peak intensitieswere determined by
fitting the experimental diffraction patterns in which the
positions of the (1.0), (1.1), (2.0) and (2.1) reflections are
arranged together based upon the hexagonal arrangement
of actin and myosin filaments and in which the reflection
of theZ-linewas accounted for. The diffraction peakswere
fitted by acombined multi-Gaussian and ahyperbolicfunc-
tion using the Marquardt-Levenberg steepest gradient
method (Schiereck et al. 1992, Brenner and Yu 1985; Jung
et a. 1989; Yu and Brenner 1979). The positions of the
(1.0)- and (1.1)-peaksand theratio of the areas of the peaks
were calculated by integration of the areas of the Gaussian
fits of the peaks. Conclusions were drawn on the differ-
encesin dataobtained for thedifferent pCaval uesby means
of the sign-ranking test or Student’s t-test (P<0.05).

The fitted peaks should be located symmetrically
around the zero order peak, which represents the not-dif-
fracted beam (stopped by the beamstop to protect the x-ray
camera). Spectrawere discarded when a 4-channel differ-
ence (full scale of the detector =512 channels) or when the
intensity difference between the left and right part of the
corrected spectrum was more than 10%.

Results

Representative recordings of equatorial diffraction spectra
are shown in Fig. 3. In the case of two pCavalues, 8.0 and
5.74, the output of the detector after 10 sis plotted.
Thetypical drop of the signal in the middle of the spec-
trais caused by the lead beamstop that protects the detec-
tor against direct irradiation from the X-ray beam. A typ-
ical result of the fitting procedure on the diffraction pat-
tern is shown in Fig. 4. Corrected equatorial diffraction
patternsat threedifferent valuesof pCa(8.0, 6.34 and 5.74)
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Fig. 3a, b Equatorial diffraction spectra. Equatorial diffraction
spectra at two pCavalues: a at pCa=8.0, b at pCa=5.74. The spec-
tra are corrected for the differences in sensitivity in the channels of
the detector. The not-diffracted beam is stopped by alead beamstop
to prevent detector damage, as shown in the middle part of the spec-
tra
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Fig. 4 Equatorial diffraction spectra. Equatorial diffraction spectra
at three different values of pCa (8.0, 6.34 and 5.74) are shown. (The
forcerecordingsareshowninFig. 2). Thedotsrepresent the (already
corrected; see Methods) counts in the corresponding detector chan-
nels. The curves show the fitted relations through the datapoints
shown

are plotted (dots). The solid lines represent the fitted
curves. We used the same algorithm as Jung et al. (1989).
Theindividual Gaussian curves and the hyperbolaare also
plotted in the case of pCa=5.74. At pCa=6.34 only afew
percent of the force at pCa=5.74 is generated as can be
judgedfromFig. 2. Theincreaseof theintensity of the(1.1)
peak is much more obvious than the decrease of the (1.0)
peak. This is clearly shown in the inset of Fig. 5, where
[(1.0) and I (1.1), normalised at pCa=6.52, are plotted ver-
sustherelative devel oped tension. Theratio between (1.1)
and (1.0) intensity (left and right spectrum combined) is
plotted versus the relative active force (rel ative to force at
pCa=5.74) in Fig. 5. Data from 15 fibres with sarcomere
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length=2.0 um are combined in thisfigure. The three data
points at the ratio axis are the values of the ratios for pCa;
8.0, 6.71, and 6.52 respectively. At these activation levels,
when no active force is observed, information will be lost
if the mean value of these data points is presented. These
three data pointsindicate that shift of massalready occurs,
suggesting a clear difference in activation level. When
skinned trabecul ae of theright ventricle of therat are used,
the same result is obtained (data not shown).

If therelativeforceisplotted against pCathelower part
of the well known S-shaped curve shown in Fig. 6ais
found. In Fig. 6b the ratio of the equatorial intensities is
plotted as afunction of pCa. It is clearly seen that at high
pCathe shift of massaready occurswhiletheforceisstill
zero (i.e. about 20% of the shift of massat pCa 5.74). These
two curves generally reach their saturation level at
pCa=4.4. The final increase in developed tension from
pCa=5.74t04.4isabout 20to 30% (Schiereck et al. 1993).
The laser diffraction pattern recordings did not show
changesin sarcomere length during activation at high pCa
values. At lower pCavalues, when substantial tension was
also generated, laser diffraction patterns faded and the po-
sition of the first order diffraction peak changed, indicat-
ing a small internal shortening of the sarcomeres (about
0.1 p) and inhomogeneities in the middle of the prepara-
tion. From these recordings we conclude that it isunlikely
that sarcomerelengthischanged at high pCawhen noforce
is generated. From these results we conclude that weakly
bound crossbridgesin skeletal muscle, responsiblefor shift
of mass between actin and myosin, are already present at
high pCaalthough the sarcomere exerted negligible active
force.

Discussion

In this study we relate the ratio of the intensities of the
equatorial (1.1) and (1.0) x-ray diffraction peaksto the shift
of mass between myosin and actin filaments as a conse-
guence of activation by calciumions. Thevaluesof thein-
tensities are calculated after fitting the diffraction pattern
by a number of Gaussian curves and a hyperbola. The ac-



Fig. 5 Ratio between| (1.1)
and | (1.0), versusrelative ac-
tive force in skeletal muscle.
The ratio between (1.1) and
(1.0) diffraction peak inten-
sities, representing shift of
mass between myosin and actin
isuniquely related to active
force, only when active forceis
not zero. At zero force a shift
of mass at subthreshold calcium
concentrations is observed. Sar- 1.0
comere length was 2.0 um. The
bars represent the SEM; total
number of fibres included was
15. Inset: 1(1.1) and 1 (1.0)
(normalised at the values at
pCa=6.52) are plotted versus
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Fig. 6 Relativetension and ratio related to pCa. a showsthe T (rel)
— pCa relationship, b shows the ratio 1 (1.1)/1(1.0) — pCa relation-
ship. A clear increase in shift of mass occurs while forceis still ze-
ro at high pCa. Sarcomerelength was 2.0 um. The barsrepresent the
SEM; total number of fibres included was 15

curacy of the fitting procedure depends on the quality of
the experimental data. A longer period of irradiation of the
sample increases the signal to noise ratio of the spectra,
but also increases the radiation damage of the preparation.
For that reason we designed a protocol that minimized the
radiation such that radiation damage of the preparation was
as low as possible while the signal to noise ratio of the
spectrais acceptable. Our protocol lasts for about 9 times
10 sradiation per fibre.
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The accuracy of the fitting procedure also depends
slightly upon the position of the subsequent peaks. Espe-
cialy the position of the (1.1) peak depends upon actual
geometric parameters that will change by a change in sar-
comere length and force generation (Griffiths et al. 1993;
Jung et al. 1989; Matsubara et al. 1989; Schiereck et al.
1992; Schoenberg 1980; Yu et al. 1979). In this study we
set sarcomere length to a fixed value (2.0 um). However,
after force generation internal redistribution can occur ow-
ing to small differences in local stress strain relations. A
change in the (1.1) peak position is to be expected after
forcegeneration occurs. InFig. 4itisseenthat at pCab5.74,
indeed, the position of both peaks are shifted towards
smaller internal distances. In the case of subthreshold cal-
cium, when no forceisgenerated, the positionsof the peaks
remain unchanged.

A change in sarcomere length is also responsible for a
change in sensitivity of the actomyosin complex to cal-
cium. A rightward shift (to lower sensitivity) is seen at de-
creasing sarcomerelength. If sarcomerelengthin our prep-
aration is decreased by internal shortening due to exten-
sion of the clamped endings of the muscle fibre after acti-
vation, thevalues of force and ratio as shown in the present
study are underestimated. The corrected values should be
more pronounced than shown here, although in the case of
0.05 pm shortening | (1.0) decreased only by afew percent
(Schiereck et al. 1992).

Because no internal forceis generated, and no external
forceisapplied it is assumed that no change in sarcomere
length occurred. We therefore conclude that the change in
intensities of the two diffraction peaks is due to a change
in mass distribution between actin and myosin.

Thelevel of calcium activation can be set and controlled
throughout the contraction when skinned muscle fibresare
used. The concentration of EGTA is chosen such that at
very low calcium concentrations a possibl e contribution of
calcium release from fragments of the sarcoplasmic retic-
ulum or mitochondriato thefinal calcium concentrationis
unlikely. The levels used in this study (pCa between 5.74
and 8.0) are those generally occurring in twitch contrac-
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tions in muscle cells. In these twitches the [Ca?"] at the
level of myofilaments undergo a cycling process between
the extreme levels as seen in the force-calcium relation.
The finding that at ‘ subthreshold’ calcium level, when no
active forceisgenerated, alarge portion of attached cross-
bridgesisalready present, leadsto the conclusion that dur-
ing a normal contraction cycle, crossbridges are cycling
between weakly and strongly bound states.

In skinned muscle cells, the intracellular skeleton will
be affected. Thisisthe reason that at higher tension dam-
age of the myofilament matrix can occur. Therefore, in the
present study pCa was restricted to minimally 5.74. This
concentration is about 80% of that at which maximal ten-
sion is developed (deBeer et al. 1989). Without recording
maximal tension it isimpossible to quantify the tension —
pCa relationship, although the finding that at high pCa
(>6.52) tensioniszerowill not be affected by different lev-
els of maximal tension.

At rest, under normal physiological conditions Gran-
zier and Wang (1993) showed that asubstantial proportion
of crossbridges are coupled. If an intact muscle fibre is
stimulated after along period of rest, under normal meta-
bolic conditions, adepressed force generation isshown. At
increasing stimulation interval, the total amount of weakly
bound crossbridges is also decreased as a consequence of
further decrease of intracellular calcium. This conclusion
supportsthe hypothesisof crossbridgeinduced crossbridge
coupling as proposed by Gordon et al. (1988).

The change in ratio between (1.1) and (1.0) reflection
isattributed to the changein crossbridge massdistribution,
resulting in an almost linear relationship between this ra-
tio and developed tension (Brenner and Yu 1985, 1989).
Whentensionisgenerated, the presence of the parallel con-
nected tension generating crossbridges can be proved by
stiffness measurements, showing a linear relationship be-
tween stiffnessand activetension (Blangéet al. 1972; Jung
et al. 1988). In the case of weakly bound crossbridgesonly,
at almost zero tension, their presenceis not simply proved
by stiffness measurements because of the presence of pas-
sive elastic material (intracellular skeleton) and the fact
that weakly bound crossbridges can detach and reattach at
avery highrate (Jung et al. 1989). Theresultsof the present
study support the findings in the study of Brenner and Yu
(1985), although at low cal cium concentrations our results
appear to be in contradiction with that study. The differ-
ences between methodsand preparationsused may account
for thedifferences. Brenner and Yu (1985) used fibresfrom
psoas muscles, while our fibres originated from gracilis
muscles. Also differences in temperature (6—9°C and
20°C), differencesin skinning (chemically and freeze dry-
ing) and differences in bathing procedure before starting a
protocol (relaxing versus rehydrating and several precon-
ditioning contractions) may cause the differencesin active
tension development at higher calcium concentrations.

The sarcomere length in the present study was kept at
2.0 um while in the study of Brenner and Yu (1985) the
length was kept at 2.3—2.4 um. The advantage of a sarco-
mere length at optimal overlap especially accountsfor the
fact that internal shortening has less influence on the ten-

sion generation although changes in calcium sensitivity
still occur. In our preparation the sensitivity of troponin-C
to calcium is less than at longer (2.4 um) length. That
meansthat at very low calcium concentrationsin our prep-
aration still no active tension is developed while at longer
length due to increased sensitivity, active tension will al-
ready be developed (deBeer et al. 1988). We restricted our
study to 2.0 um only.

The main difference is that at very low calcium con-
centrations, in our study no active force is generated, in
contrast to the study of Brenner and Yu (1985). Like Bren-
ner and Yu (1985) we find a linear relationship between
the ratio | (1.1)/1 (1.0) when tension has been devel oped.
In the present study this line is shifted parallel upwards
and intercepts the ratio axis at 1.05 instead of 0.8 in the
Brenner and Yu study. If no tension is developed at higher
pCa we observed a further decrease in ratio towards 0.8.
The main methodological difference between the present
study and the Brenner and Yu study is that we used ahigh
intensity synchrotron radiation source. The time neces-
sary to obtain enough statisticsin our experiment was re-
stricted to 10 s. Therefore, we did not use the method of
periodical isotonic shortening at almost zero load and re-
stretch of the preparation for stabilization of the sarco-
mere pattern as done in the Brenner and Yu study. Such a
periodical change in length also distorts the crossbridge
distribution in the different states. At high pCa, when no
developed force is recorded, this sarcomere length inter-
vention can only distort the weakly bound state. Asacon-
sequence, there will be no mass transfer towards the thin
filament. In the present study the weakly bound state is
not disturbed. This is reflected in the observation that at
high pCa the main change is found in the I (1.0), indicat-
ing the departure of the myosin headsfrom therelaxed | at-
tice as shown in the inset of Fig. 5.

We concludethat our results are additional to theresults
of Brenner and Yu (1985), adding the presence of weakly
attached connections to the crossbridge cycle.
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