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Abstract Small-angle X-ray diffraction patterns from the
anterior byssus retractor muscle of Mytilus edulis in the
resting, active, and catch states were examined closely to
elucidate the structural features of catch. The specimens
were isometrically contracted by stimulation with acetyl-
choline. The specimens that produced strong tensions in
both the active and catch states showed noticeable struc-
tural change in the thick filaments. Although the tension
was weaker in the catch state than in the active state, the
axial spacings of the 14.5 nm meridional reflection and its
higher order reflections from the thick filaments were more
elongated in the catch state than in the active state. This
means that the thick filaments were stretched more strongly
in the catch state than in the active state.
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Introduction

The anterior byssus retractor muscle of Mytilus edulis
(ABRM) is a myosin-regulated molluscan smooth muscle
(Lehman et al. 1972) that produces a prolonged contraction
called catch. In the catch state, a high but slowly decaying
tension is maintained for a long time with very little expen-
diture of energy. To clarify the nature of the catch mechanism,
researchers have attempted to detect structural changes in the
catch state by X-ray diffraction techniques. Small-angle X-ray
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diffraction studies of the ABRM in the tonically contracting
state, in which the tension level is due largely to catch tension,
have shown an intensity increase of the 19 nm layer line from
the actin-containing thin filaments (Lowy and Vibert 1972).
The intensity increase was interpreted as a tropomyosin shift
attributable to cross-bridge attachment to the thin filament.
Time-resolved small-angle X-ray diffraction experiments
have shown that the intensity increase of the 19 nm layer line
from the relaxed to the catch state is much weaker than that
seen during phasic contraction, and that it is close to the
intensity increase in the rigor state (Popp et al. 1991).
Time-resolved small-angle X-ray diffraction studies of
the equatorial reflection from the ABRM have revealed that
the intensity of the 14 nm equatorial peak due to sideways
packing of the thin filaments does not change when the
ACh stimulation is terminated and that it remains almost
constant for a while in the early stage of catch relaxation
(Lowy and Poulsen 1982). This result was inferred by
assuming that myosin heads remain attached to actin
molecules in the rosette space around the thick filament.
However, electron microscopic studies did not support that
interpretation of the intensity change of the equatorial peak
during contraction by insertion of myosin heads between
the thin filaments arranged in rosettes (Bennett and Elliott
1989). Observation of the thin filament arrangement in
cross sections of the freeze-substituted ABRM suggested
that the intensity of the 14 nm equatorial peak comes
mainly from the groups of thin filaments, not only in the
resting state but also in the active and catch states.
According to medium-angle X-ray diffraction studies of
the ABRM (Tajima et al. 1994a), the axial spacing of the
0.92 nm meridional reflection from the thin filaments
increases in the active state and partially recovers in the
catch state toward that in the resting state. On the other
hand, the elongation of the axial spacing of the 1.038 nm
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meridional reflection from the thick filaments is maintained
almost equally in the active and catch states. In our present
work, the axial spacings and intensities of the thin and
thick filament reflections in the small-angle X-ray diffrac-
tion pattern were measured more accurately by using an
incident X-ray beam with improved convergence and
longer camera lengths to clarify the structural changes of
those filaments in the catch state. A brief report of this
work was published previously (Tajima et al. 2001).

(a)

Materials and method

Anterior byssus retractor muscles about 30 mm long were
dissected from large specimens of Mytilus edulis. The
muscle was pared down to a bundle with a diameter of
about 1 mm or less, and then mounted vertically in an
acrylic specimen chamber with one end fixed in the
chamber and the other attached to a force transducer. The
distance between the ends of the muscle bundle was fixed

(b)

Fig. 1 Small-angle X-ray diffraction patterns from an ABRM
compared between the resting (R), active (A), and catch (C) states.
The X-ray patterns were recorded with a camera length of 2.2218 m
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at 13 s exposure. (a) and (b) show the same pattern, but (b) was
reproduced with a gentle gradient to show the reflections close to the
center of the X-ray pattern
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at a length beyond which the resting tension could be
narrowly detected. The muscle bundle was maintained at
8°C in a flow of oxygenated artificial sea water through the
specimen chamber, and contracted by stimulation with
acetylcholine (ACh). In order to show the structural
changes of the thin and thick filaments as distinctly as
possible, we attempted to produce high tension using a
high-concentration (1073 M) ACh solution. The catch state
was developed by washing out of ACh and terminated by
applying 5-hydroxytryptamine (2.5 x 107> M).
Small-angle X-ray diffraction experiments were carried
out using synchrotron radiation and a point-focusing
camera having the maximum camera length, 2 m, at
beamline 15A of the Photon Factory, Tsukuba. The X-ray
patterns were recorded on 200 x 200 or 200 x 250 mm?
imaging plates, and the patterns’ digital intensity data

were read from imaging plates with a pixel size of
0.1 x 0.1 mm?. After the inclination angle and the center
of each pattern were determined, the pattern was rotated
so as to make the meridian parallel to the longitudinal
axis of the pixel grid, and then translated so as to bring
the center of the pattern to the nearest node of the pixel
grid. Letting the node be the origin of the pixel grid, the
four quadrants of the pattern were folded and averaged.
For comparison of the X-ray patterns among the resting,
active, and catch states, the intensity of each state was
brought to the same scale by adjusting the background
intensities to the same level at the area far from the center
where the diffuse scattering from the muscle bundle,
which was due primarily to the myosin heads, had
diminished to almost zero (Poulsen and Lowy 1983;
Lowy and Poulsen 1987).
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Fig. 2 Time dependence of the tension produced by the specimen
while the small-angle X-ray diffraction patterns shown in Fig. 1 were
recorded. Application of acetylcholine (ACh) and 5-hydroxytrypta-
mine (5-HT), as well as washing out of them (W), are indicated by
arrows. The asterisks show the intervals where the chart speed was
slowed down by a factor of 1/60. The X-ray patterns in the active,
resting, and catch states were recorded at the points indicated by the
arrows. Point P shows the tension maximum in the active state just
before the catch state in which the catch pattern was recorded. The
strange behavior of the tension after the first stimulation in the lower
panel was probably due to an irregular configurational change of the
muscle. The muscle was so soft just after relaxation by 5-HT that it be
came elongated in the air by the force of gravity. During the exchange

of the 5-HT solution for artificial sea water, a part of the muscle was
probably caught at the lower edge of the narrow (1 mm) gap in the X-
ray window, and the tension produced by this part was not transmitted
to the force transducer at the beginning. With the increase in tension,
the irregular configuration gradually recovered, and simultaneously
the tension recovered. The tension changed normally after the second
and third stimulations, and it was ascertained by looking through a
telescope after the second stimulation that the muscle was normal in
its configuration and position in the cell. This irregularity was brought
about probably due to the relatively large diameter of the specimen.
Such a strange change in tension was not observed in the other
specimens
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Results
Meridional reflections from thick filaments

Small-angle X-ray diffraction patterns from the same spec-
imen in the resting, active, and catch states are compared in
Fig. 1.Figure 2 shows the development of tension during the
experiment to record the X-ray patterns shown in Fig. 1. The
pattern of the catch state was taken 8 min after the end of the
stimulation, when the tension was decaying very slowly. The
X-ray patterns were recorded on an imaging plate mounted
inside an evacuated beam path. Because it took 10 min to
evacuate the path after the imaging plate was mounted, it was
difficult to take X-ray patterns in successive active and catch
states. Therefore, the specimen was relaxed after the pattern
in the active state was taken, and contracted again to record
the pattern in the catch state. The tension was maintained at
12.2 and 8.8 kg/cm? during X-ray exposure in the active and
catch states, respectively. The maximum tension in the active
state just before the catch state in which the catch pattern was
recorded was 10.7 kg/cm? (point P in Fig. 2). The specimens
that produced such strong tensions showed noticeable
changes in the axial spacings of the thick filament reflections.

Figure 3 shows the radially integrated intensities of the
three meridional reflections from the thick filaments cor-
responding to the 14.5, 7.3, and 4.8 nm axial spacings
(Fig. 1b). Table 1 shows the axial spacings of the three
reflections obtained from the positions of the maximum
points on the fitting curves. Despite the decrease in tension,
the axial spacings were more elongated in the catch state
than in the active state.

The axial spacings in the catch state were elongated in
the specimens that developed tensions stronger than 11 kg/
cm? in the active state. The tensile strength depended on
the specimen; such strong tension occurred in 30% of the
experiments. The elongation ratios of the spacings in the
active and catch states are shown in Table 2 for three cases.
Figure 1 shows the X-ray patterns of one of those cases,
which is specimen (1) in Table 2. In all three cases, the
axial spacings were longer in the catch state than in the
active state. In these cases, the catch tension exceeded 70%
of the tension in the active state, and tension decay after the
end of the stimulation was less than 20%.

Because of the decrease in tension, the three axial
spacings will be smaller at point P in Fig. 2 than at the
point where the pattern in the active state was recorded.
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Table 1 Axial spacings and changes in integrated intensities of the
meridional reflections from the thick filaments

State Position® Spacing Intensity change®
(Pixel number) (nm) (%)
14.5 nm
Resting 226.351 14.533° 0
Active 225.875 14.564 —20.34
Catch 225.750 14.572 —11.10
7.3 nm
Resting 452.670 7.268 0
Active 451.640 7.285 17.82
Catch 451.460 7.288 8.45
4.8 nm
Resting 679.373 4.844 0
Active 677.760 4.856 15.67
Catch 677.600 4.857 0.70

* The position of the maximum point on the fitting curve shown in
Fig. 3

° Change in the intensity obtained by integration of the area below
the fitting curve

¢ The wavelength 0.14805 nm was used for the calculation of axial
spacings. It was obtained by putting the average structural period of
the thick filaments, as obtained from the three meridional reflections
from the resting ABRM, into the period that had been measured with
high accuracy by a conventional X-ray apparatus using CuKal
radiation (Tajima et al. 1994a)

Table 2 Increases in the axial spacings of the meridional reflections
from the thick filaments in the active and catch states

Spacing Specimen

(1) 2 3)

Active  Catch  Active  Catch  Active  Catch
145nm 021% 0.27 0.21 0.26 0.33 0.37
73 0.23 0.27 0.22 0.24 0.34 0.36
4.8 0.24 0.26 0.22 0.24 0.35 0.38

Therefore, it was supposed that the axial spacings would
increase as the specimen changed from the active to the
catch state. This supposition was tested by using a beam
path that was altered to allow external mounting of the
imaging plate. By using this beam path, small-angle X-ray
diffraction patterns in the active and catch states were
recorded successively without the need to relax the speci-
men between states (Fig. 4). Two higher-order meridional
reflections from the thick filaments were recorded by
decreasing the camera length slightly. Figure 5 shows the
tension record through the recording of the patterns shown
in Fig. 4. The tension was maintained at 12.0 and 10.4 kg/
cm?” during X-ray exposure in the active and catch states,
respectively. The radially integrated intensities of the five
meridional reflections from the thick filaments showed that

{a) R A A Cc

2.9 — - -
am

34—

(b) - -

Fig. 4 Upper halves of the small-angle X-ray diffraction patterns
from an ABRM compared between the resting (R), active (A), and
catch (C) states. The patterns were recorded with a camera length of
1.6490 m at 13 s exposure. (b) shows the reflections close to the
centers of the patterns shown in (a) by reproduction with a gentle
gradient

NOISNAL

Fig. 5 Time dependence of the tension produced by the specimen while the small-angle X-ray diffraction patterns shown in Fig. 4 were

recorded
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the axial spacings of these reflections actually increased
with the transition from the active to the catch state
(Fig. 6). Elongations of the axial spacings obtained from
the fitting curves of the intensity distributions shown in
Fig. 6 are included in Table 3 as those of Specimen (1),
with two other examples. In the three specimens, the ten-
sion in the active state exceeded 10 kg/cmz, and tension
decay after the end of the stimulation was less than 23%.
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The elongation of the axial spacings in the catch state
obviously depended on the extent of catch relaxation. If the
tension decay after the end of the stimulation was above
30%, the axial spacings were smaller in the catch state than
in the active state, even if the tension in the active state was
above 10 kg/cm?. This change occurred in almost the same
range where the intensity of the equatorial peak begins to
increase appreciably (Lowy and Poulsen 1982).
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Table 3 Increases in the axial spacings of the meridional reflections
from the thick filaments in the active and following catch states

Spacing Specimen

1 2 3)

Active  Catch  Active  Catch  Active  Catch
145nm  0.24% 0.33 0.29 0.32 0.48 0.53
7.3 0.25 0.28 0.25 0.29 0.46 0.55
4.8 0.24 0.26 0.25 0.29 0.46 0.54
3.6 0.22 0.29 0.22 0.27 0.46 0.54
2.9 0.27 0.30 0.26 0.29 0.44 0.50

Average  0.24 0.29 0.25 0.29 0.46 0.53
SD 0.018 0.026  0.025 0.018  0.014 0.019

The three meridional reflections from the thick filaments
changed in the integrated intensity in the active and catch
states (Figs. 3 and 6). Unlike the spacings, the integrated
intensities in the active state partially recovered in the
catch state toward those in the resting state (Table 1).

Thin filament layer line reflections

Figures 7 and 8 show the intensity distributions across the
5.9 and 5.1 nm layer lines from the thin filaments shown in
Fig. 1. The 5.9 nm reflection tends to form an arc with
distance from the meridian. This is due to distortion of the
thin filament orientation, and is especially pronounced in
the resting state. The intensity distributions shown in
Fig. 7a were obtained by radial integration in a region
close to the meridian where the 5.9 nm reflection appeared
to be relatively straight. The axial spacings of the 5.9 and
5.1 nm layer lines in the three states were obtained from
the maximum points on the fitting curves shown in
Fig. 7b—e (Table 4). The spacings increased in the active
state and partially recovered in the catch state toward those
in the resting state. The elongations of the axial distance
between actin molecules in the thin filament, as estimated
from the spacing changes in the 5.9 and 5.1 nm layer lines,
were 0.93 and 0.67% in the active and catch states,
respectively.

The intensity distributions shown in Fig. 8a were
obtained by radial integration of the intensity in the region
that included the whole 5.9 nm layer line reflection. The
intensities of the 5.9 and 5.1 nm layer lines were obtained
by integrating the areas under the fitting curves shown in
Fig. 8b (Table 4). As shown previously (Tajima et al.
1994b), the integrated intensity of the 5.9 nm layer line
was weaker in the active state than in the resting state, and
partially recovered in the catch state. On the other hand, the
integrated intensity of the 5.1 nm layer line was stronger in
the active state than in the resting state, but partially
recovered in the catch state also.

The 19.5 nm layer line reflection, which was undetect-
able in the resting state, increased in intensity in the active
state and weakened in the catch state (Figs. 1a and 9), in
agreement with the work of Popp et al. (1991). A com-
parison of the integrated intensities obtained by integrating
the areas under the intensity profiles in Fig. 9 showed that
the transition from the active to the catch state reduced the
intensity of the 19.5 nm reflection to 71%.

Rigor-like reflections

It is known that the rigorized ABRM shows layer line
reflections from the thin filaments that are decorated with
myosin heads according to the symmetry of the actin helix
(Lowy and Vibert 1972; Tajima et al. 1999b). In the small-
angle X-ray diffraction pattern from the ABRM in the
active state, weak reflections similar to the layer line
reflections in the rigor pattern appeared under the 5.9 nm
layer line (Fig. 10) (Tajima et al. 1994b, 1999a). Time-
resolved small-angle X-ray diffraction showed that the
rigor-like reflections increased in intensity with the
increase in tension induced by stimulation with either a
high (1073 M) or low (107> M) concentration of ACh
solution. In the catch state, the rigor-like reflections
became very weak although they were still faintly visible.
Therefore, the arrangement of the thin and thick filaments
in the catch state was different from the rigor structure, in
which all the myosin heads attach to the thin filaments to
join the thin and thick filaments throughout their overlap
region.

Equatorial reflection

The intensity distribution along the equator was separated
into an equatorial peak attributable to the organization of
the thin filaments and a smooth background (Fig. 11). The
integrated intensity of the equatorial peak was weaker in
the active state than in the resting state (Table 5). In the
catch state, the integrated intensity increased slightly but
was almost equal to that in the active state, in agreement
with the work of Lowy and Poulsen (1982).

Discussion

The small-angle X-ray diffraction patterns from the iso-
metrically contracted ABRM, which developed strong
tensions in both the active and catch states, showed elon-
gations of the axial spacings of the meridional reflections
from the thick filaments upon the transition from the active
to the catch state. This result implies that the thick fila-
ments were more elongated in the catch state than in the
active state, probably due to the increase in tension applied

@ Springer



64

J Muscle Res Cell Motil (2008) 29:57-68

Fig. 7 Background-subtracted
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to the thick filaments. Because the intensity of the equa-  filaments was in the activated structure. The thick filaments
torial peak in the catch state was almost equal to that in the  in the catch state were elongated probably by the associa-
active state, the two states were similar in their distribu- tion between thin and thick filaments.
tions of the thin and thick filaments, in accordance with the The catch mechanism has been related to the structure of

electron microscopic observation of Bennett and Elliott  the muscle in two ways. Two main hypotheses, the
(1989). The appearance of the 19.5 nm layer line reflection ~ paramyosin hypothesis (Johnson et al. 1959) and the link-
in the catch state indicated that a great portion of the thin  age hypothesis (Lowy and Millman 1963), have been
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proposed to explain the prolongation of tension in the catch
phase. In the linkage hypothesis, catch is related to the
persistence of the strongly bound actin-myosin linkages
between the thin and thick filaments. Here, the association
between the thin and thick filaments is explicitly incorpo-
rated into the catch mechanism. However, it has been
found that catch is insensitive to myosin inhibitors such as
vanadate (Galler et al. 2005; Butler et al. 2006). The catch
state is regulated by the c-AMP-dependent phosphorylation
of twitchin, which is located on the thick filament (Sieg-
man et al. 1997, 1998). Twitchin phosphorylation and
moderate intracellular alkalization, either of which termi-
nates the catch state, do not accelerate myosin head
detachment (Andruchova et al. 2005; Hopflinger et al.
2006). Therefore, it is unlikely that catch tension is main-
tained by actin-myosin linkages. Butler et al. (2006)
suggested that catch force is generated by dephosphoryl-
ated twitchin, which provides a linkage between the thin
and thick filaments, and that myosin regulates the attach-
ment and detachment of twitchin to the thin filament.
Recently, Funabara et al. (2007) proposed that the complex

1
180
(Pixel Number)

|
150
Axial Position

Fig. 9 Background-subtracted intensity distributions of the 19.5 nm
layer line reflection from the thin filaments in the active and catch
states. The intensity distributions were obtained by radial integration
in the region 0.138-0.304 nm~', which contained the whole of the
19.5 nm layer line reflection shown in Fig. la

formed with the dephosphorylated D2 site of twichin, F-
actin and myosin represents a component of the mechanical
linkage responsible for catch force maintenance.
According to Cornelius (1982), the catch tension that
appears soon after the end of the stimulation decreases
exponentially. The tension decay is probably due to a
gradual decrease in the number of linkages between the
thin and thick filaments. Because these filaments are bound
to each other by the remaining linkages, tension decay
cannot be brought about by sliding them against each
other’s full lengths. It is supposed that each thin filament
becomes somewhat more extensible or unable to maintain
tension at the parts where the linkages become detached

@ Springer



66

J Muscle Res Cell Motil (2008) 29:57-68

Fig. 10 Background-subtracted small-angle X-ray diffraction pat-
terns shown in Fig. 1, compared between the resting (R), active (A),
and catch (C) states. The rigor-like layer line reflections correspond-
ing to the axial spacings, 7.0, 8.6, and 11.1 nm, are indicated by the
arrows. The 10.4 nm off-meridional reflection from the thick
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Table 5 Changes in the equatorial peaks in the active and catch
states

State Spacing Half-width Intensity change®
(nm) (x10—1 nm™}) (%)

Resting 12.98 223 0

Active 12.83 3.01 —-21.3

Catch 13.07 3.02 —17.1

* Change in the intensity obtained by integration of the area below
the intensity curve shown in Fig. 11b

(Fig. 12a). Accordingly, the tensile stress in the overlap
region between the thin and thick filaments will be
depressed, and the thick filaments will come to play a more
important role than the thin ones in maintaining the ten-
sion. The depression of the tensile stress in the overlap
region disturbs the equilibrium of the tensile stress between
the overlap region and the region that includes the dense
body and thin filaments connected to it. To reach a new
equilibrium state, the overlap region becomes elongated
and the region that includes the dense body contracts
(Fig.12b). This may be the reason for the thick filament
elongation in the catch state.
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A decrease in the number of myosin cross-bridges
around the thin filaments in the catch state is suggested by
intensity changes of the meridional reflections from the
thick filaments. This might cause a decrease in the number
of twitchin linkages between the thin and thick filaments.
After the extent of catch relaxation exceeds 30%, the thin
filaments gradually detach from the thick filaments, and
gather to make groups of them. This will reduce the tension
applied to the thick filaments.

The paramyosin hypothesis suggests that the tension
developed by the actin-myosin linkages in the active state
is preserved in the catch state by the interconnecting pa-
ramyosin-containing thick filaments. Actually, thick
filament interconnections are observed in the catch state
abundantly in electron microscopic studies of the freeze-
substituted ABRM, and it is assumed that the intercon-
nections are formed by twitchin (Takahashi et al. 2003).
The paramyosin hypothesis is favored for its possibility of
explaining the very high stiffness of the muscle in the catch
state (Johnson and Twarog 1960; Sugi et al. 1999). How-
ever, the paramyosin hypothesis faces a problem regarding
tension propagation. It has been shown that the thin fila-
ments are connected to the cell membrane by the dense
bodies attached to it (Twarog et al. 1973; Sobieszek 1973).
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Fig. 12 Tllustration of the thick filament elongation in the catch state.
(a) Schematic diagram of the conformational change of the thin
filament due to dissociation of a part of the linkages between the thin
and thick filaments. (i) Before dissociation. (ii) After dissociation.
Part A: Because the thin filament is not parallel to the axis of the thick
filament, it becomes loose after dissociation of the linkages. The thin
filament may also change its direction between the adjacent thick
filaments by changing the binding position from one thick filament to
another. According to the electron microscopic studies (Bennett and
Elliott 1989), the thin filaments are not likely parallel to the thick
filaments. Part B: Although the thin filament is parallel to the axis of
the thick filament, it may become loose due to the disappearance of a
strain, such as the torsion brought about by connection with the thick
filament. Part C: A part of the thin filament detaches from the thick
filament and does not play a role in maintaining the catch tension. (b)
Equilibrium of the tensile stress between the overlap region and the
region including a dense body and thin filaments at the beginning of
catch (i) is lost after dissociation of a part of the linkages between the
thin and thick filaments, and reaches a new equilibrium state (ii). The
changes in tensile stresses are schematically shown by arrows. / and A
| are the half-length of the thick filament and its elongation,
respectively

These dense bodies appear to serve as cell junctions to
propagate the tension of the thin filaments from cell to cell.
On the other hand, no connection between the thick fila-
ments and the cell membrane has been found. It is
uncertain whether or not the thick filaments, by themselves,
develop tension that propagates along the whole muscle.
In order to solve this problem, Galler et al. (2005)
assumed connections of the thick filaments with the thin
filaments and/or with the dense bodies by twitchin besides
interconnections between the thick filaments. From our
studies of the small-angle X-ray diffraction patterns, con-
nections with the thin filaments are probable. The
connections with the dense bodies will be advantageous for
explaining the residual stiffness that exists after relaxation
of the catch tension (Sugi et al. 1999). However, it seems
difficult for such connections to form because of the small

diameter of the dense body. We strongly feel that more
electron microscopic studies of the longitudinal section of
the ABRM in the active and catch states are needed to
clarify structural changes at high levels of the contracting
system; for example, changes in the distribution and con-
formation of the thin and thick filaments, or configurational
changes in the dense body.

In our previous work on medium-angle X-ray diffraction
patterns from the ABRM, the axial spacing of the 1.038 nm
meridional reflection from the thick filaments was smaller in
the catch state than in the active state, although both the
active and catch tensions seemed sufficiently high (Tajima
etal. 1994a). However, the elongation of the thin filaments in
the active state, 0.48%, corresponding to the spacing change
of the 0.922 nm meridional reflection from the thin filaments,
is smaller than the elongation, 0.93%, estimated in this work
from the X-ray pattern shown in Fig. 1. The tension was
probably overestimated because of the difficulty of mea-
suring the cross-sectional area of the specimen. However, in
this case too, the recovery of elongation by the change from
the active to the catch state was smaller in the thick filaments
than in the thin ones. There is a possibility that strong tension
was applied to the thick filament in the catch state.

Our skill in sample preparation and our X-ray diffraction
technique have progressed. The X-ray patterns shown in
this work are of much higher quality than the patterns we
showed in 1994.
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