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1. Introduction

The results of low-angle X-ray diffraction studies
on glycerinated insect fibrillar muscle fit an actin
helix of pitch 5.92 mm with an axial subunit repeat
of 2.75 nm. The strongest actin layer-line is an off-
meriodonal reflection at 5.9 nm [1, 2]. In the relaxed
state all the intensity is distributed parallel to the
equator, while on going into rigor the 5.9 nm intensity
increases and the density is now streaking across the
meridian {1]. As there are no changes in the 5.9 nm
reflection between the relaxed and the rigor state, the
actin helix appears to remain unchanged [1, 3, 4].

Based on detailed model calculations the increase
in intensity and the changed density distribution in
the rigor state has been attributed to the extra mass
of the myosin cross-bridge heads which become stably
attached to the actin monomers [1, 5].

In the present study the changes have been investi-
gated at 5.9 nm for muscles undergoing oscillatory
contraction—relaxation cycles. The intensity changes
have been recorded only for the near-meriodonal part
along the 5.9 nm layer-line which is most sensitive to
cross-bridge attachment [5]. At power-producing fre-
quencies of 1 Hz, 5§ Hz, 15 Hz and 20 Hz information
has been obtained on the phase relation between active
tension development and fluctuations in the mass of
the myosin heads which attach to the actin at a given
angle.

The basic outcome of these studies was that the
5.9 nm intensity is initially decreasing during the
sinusoidal stretching phase and always increasing to-
wards the end of the oscillatory cycle. Further, the
sampled 5.9 nm intensity reaches a maximum half-
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way through the oscillation cycle which only at 1 Hz
and 20 Hz coincides with the tension maximum but
at 5 and 155 Hz is lagging behind the tension peak.

2. Materials and methods

Bundles of 20 glycerol-extracted fibres from the
dorsal longitudinal muscle of the water bug Lethocerus
colossicus (stored at —18°C for 4—8 days in 50% gly-
cerol, pH 6.9) were glued to a pair of glass rods, one
connected to a strain gauge (WWH 141) tension trans-
ducer, the other to a vibrator [6]. The central portion
of the fibre bundle was sandwiched between two My-
lar windows to allow the X-ray beam to pass through
A Huxley—Holmes-type rotating anode X-ray tube
was used (loading 35 kV), giving a foreshortened spot
of 150 um X 180 um. Of the density distributed along
the 5.9 nm layer-line only the density near the meri-
dian up to an equatorial spacing of 0.05 nm~! was
sampled by a proportional counter. The lead mask
placed in the focal plane was proportioned to take in
two quadrants so as to increase the sensitivity. The
counts were accumulated in the relaxed and rigor
states or at a given interval in the oscillatory cycle for
a standard period of 30 min, thus providing a constant
background. As an internal standard the first equato-
rial reflection was measured by selecting in turn a se-
cond aperture of the metal mask.

In the experiments the fibre bundle was initially
immersed in rclaxing solution (15 mM Na,-ATP,

7 mM MgCl,, 5 mM Na-azide, 4 mM EGTA, 20 mM
K-phosphate buffer, pH 6.8; the ionic strength was
adjusted to 0.12 with KCl) and the fibre length there-
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Fig. 1. Tension development and changes in the near-meriodonal density distribution on the 5.9 nm layer-line. The respective

oscillation frequencies are given in the diagram. The tension changes indicated by the dotted line were monitored continuously.
The aggregate of counts accumulated on the 5.9 nm layer-line at time intervals equal to every eighth of the oscillatory cycle are
represented by the solid circles. All data represent the least square fit to 15 experiments ottained by a computer. The standard
error of the 5.9 nm intensity changes varied between 8-12%.

after extended by 2% above the length which gave

zero tension. After the X-ray recording the fibres were
transferred to the activating solution of 10~5 M Ca?*,
stabilized with Ca-EGTA [6]. When ATP was absent
from the otherwise identical composition of the relax-
ing solution the fibres went into rigor [7].

3. Results

A suitable set of reference values was obtained by
recording the 5.9 nm intensity for each bundle in the
relaxed and rigor state. To be able to express these
changes in absolute terms they are best related to the
intensity recorded for the first equatorial layer-line
(E{R) which gave highly reproducible values.

The sampled 5.9 nm intensity was 0.91 * 0.06%
E g (mean * S E., n = 15) under relaxing conditions
where the cross-bridges are detached [7]; in the rigor
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state it amounted to 1.88 £ 0.16% E ;i (mean + S.E.,
=15).

For the quantitative evaluation of the data on ac-
tive muscle the 5.9 nm intensity in the relaxed state
was always subtracted and the difference to the rigor
state defined as unity. The intensities sampled during
each eighth of the oscillatory cycle were then ex-
pressed as a percentage of this difference, I5g being
100% for Irjgor —Irelaxed-

In the sinusoidal stretch-and-release cycles imposed
on the fibres at a peak-to-peak amplitude of 1% or
50 um and the frequencies given in fig. 1, the length
changes were always followed by delayed tension
changes, with the fibres performing oscillatory work.
The time intervals for measuring the X-ray intensity
were deliberately chosen so as for one of them to
coincide with the time of the maximal intensity in-
crease at the particular frequency.

The density changes on the 5.9 nm layer-line in the
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course of an oscillatory length-tension cycle reveal a
definite phase relationship which is characteristic for
the oscillation frequency (fig. 1). In absolute terms
the greatest intensity increase is observed at a frequen-
cy of 1 Hz, being lowest at 20 Hz.

Although the magnitude of the peak-to-peak ten-
sion change is comparable at 1 Hz, 5 Hz and 15 Hz,
the 5.9 nm intensity fluctuates between 27-—-36% at
1 Hz, 22—-29% at 5 Hz, and between 21—28% at
15 Hz (fig. 1).

The lack of correlation between the sampled near-
meriodonal density at 5.9 nm and the amount of
tension developed becomes more striking still, if one
considers the phase relation over the whole oscillation
cycle. Only at 1 Hz and 20 Hz did the maxima of the
intensity and of the tension coincide, while at 5 and
15 Hz the intensity attains its maximum later.

At the end of the release phase and hence on the
starting point for the initiation of the next oscillatory
cycle the intensity was always high, but becomes re-
duced half-way through the stretching phase. After
the 5.9 nm intensity has reached its peak value at a
time when the muscle is already reduced below its
mean length the intensity drops again, although the
relative extent of this reduction in intensity is much
less than the accompanying decrease in tension (see
particularly 1 Hz and 15 Hz). At a frequency of 20 Hz
both the oscillatory tension and the density values are
reduced. However, there is a peak-to-peak change of
10% in intensity (7.2—17.5%) for a peak-to-peak
change of 4.5 mg/fibre, while for a peak-to-peak ten-
sion amplitude of 7 mg/fibre at 115 Hz it varied be-
tween 9% and -7%. Certainly, not too much significance
can be attached to small intensity differences of 1-2%
in view of a standard error of about 10%. In fact a 2%
change in [59 corresponds to a mean aggregate of 762
counts per 30 min and that on a background of about
34 600 counts.

4. Discussion

The intensity changes on the 5.9 nm layer-line
close to the meridian, although certainly related to
cross-bridge attachment to the actin filament [1, 5],
exhibit no simple relation to the magnitude or the
time course of the oscillatory tension changes (fig. 1).
This seems not altogether surprising as a proportion-

FEBS LETTERS

March 1974

ality between the number of actin—myosin links and
the 5.9 nm intensity increase requires that all these
cross-bridges are attached to the actin at an almost
constant angle [1, 5]. Particularly the intensity in-
crease at the end of the oscillation cycle which is un-
accompanied by a major tension development will

be difficult to explain on the basis of a constant angle
of attachment inherent in the modelling of the rigor
data [1, 5].

To explain the kinetics of the density changes
shown in fig. 1 the following working hypothesis is
offered which utilizes the predictions and calculations
of previous models [1, 5]. As the result of stretch still
existing actin—myosin links dissociate; in the second
half of the stretching phase new cross-bridges attach
to the actin and generate tension, with the angle be-
tween myosin head and actin being 35°C both axially
and azimuthally and hence the intensity high [1].
When the fibre length is reduced at increasing speed
the cross-bridge head may be moved axially to an
angle of 45°C or more which would lower the inten-
sity close to the meridian. To account for the dip in
intensity after the tension maximum it could addition-
ally be envisaged that during the sinusoidal release
phase the cross-bridge head shortens from the normal
banana-shaped appearance [8] (assumed to be 11.2 nm
in length and 5.6 nm in diameter in insect muscle [1])
to an egg-like conformation as has been observed in
hydrodynamic studies [9], where both the length and
the diameter of the head was only 7 nm. The density
increase at the end of the oscillation cycle can be ex-
plained by postulating that the axial tilt of the myosin
head becomes much less as the muscle re-approaches
its mean length, possibly with the myosin head still in
the shorter conformation. The imposed movement of
6 nm per half-sarcomere would certainly account for
the required decrease in the cross-bridge angle.
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