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To characterize the structure of jaw muscle fibres
expressing masticatory (superfast) myosin, X-ray dif-
fraction patterns of glycerinated fibres of dog masseter
were compared with those of dog tibialis anterior in the
relaxed state. Meridional reflections of masseter fibres
were laterally broad, indicating that myosin filaments
are staggered along the filament axis. Compared with
tibialis anterior fibres, the peak of the first myosin
layer line of masseter fibres was lower in intensity
and shifted towards the meridian, while lattice spacings
were larger at a similar sarcomere length. These sug-
gest that the myosin heads of masticatory fibres are
mobile, and tend to protrude from the filament shaft
towards actin filaments. Lowering temperature or treat-
ing with N-phenylmaleimide shifted the peak of the first
myosin layer line of tibialis anterior fibres towards the
meridian and the resulting profile resembled that of
masseter fibres. This suggests that the protruding
mobile heads in the non-treated masticatory fibres are
in the ATP-bound state. The increased population of
weakly binding cross-bridges may contribute towards
the high specific force of masticatory fibres during con-
traction. Electron micrographs confirmed the staggered
alignment of thick filaments along the filament axis
within sarcomeres of masticatory fibres, a feature
that may confer efficient force development over a
wide range of the sarcomere lengths.

Keywords: dog jaw muscle/kinetics/masseter myosin/
synchrotron radiation/X-ray diffraction.

Abbreviations: MyBP-C, myosin binding protein C;
MyHC, myosin heavy chain; PIPES, piperazin-1,4-
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Masticatory (superfast) myosin is a distinct subclass
(myosin IIM) of vertebrate striated myosin with
~70% homology of primary structure compared with
limb fast myosin (/). This isoform is expressed in jaw-
closing muscles of carnivorous lower vertebrates (2)
and several orders of eutherians and most orders of
marsupial mammals (3, 4). Rowlerson and co-workers
(5) first described this isoform, and showed that it
has a 2- to 3-fold higher ATPase activity compared
with that of limb fast myosin. From its high myosin
ATPase activity and the fact that the time course of
the isometric twitch of cat jaw muscle was much
faster than that of the limb fast muscle (6), the label
‘superfast’” was applied to this myosin, based on
the assumption that this myosin obeys Barany’s rela-
tionship between ATPase activity and shortening
velocity (7).

The unique property of muscle fibres associated with
this myosin progressively emerged. Kato et al. (§) and
Saeki e al. (9) measured Ca®-activated tension and
ATPase activity of skinned fibres from cat muscles
(m. masseter and m. temporalis) that express mas-
ticatory myosin. They found that normalized maxi-
mum tension and ATPase activity were considerably
higher in masticatory fibres (130—190% for tension,
160—200% for ATPase) compared with limb fast
fibres in the same animal. Their result indicated that
‘tension cost’ (ATPase activity/force output) of masti-
catory fibres was higher. They also showed that mas-
ticatory fibres exhibited remarkably faster tension
recovery after a quick stretch, compared with fast or
slow fibres (8), consistent with their faster twitch time
course (6). Contrary to expectation, however, recent
mechanical analysis of masticatory fibres revealed a
shortening velocity intermediate between those of
slow and fast limb fibres (/0). Furthermore, stiffness
measurement of isometrically contracting masticatory
fibres over a range of frequencies indicated that the
frequency at which stiffness drops to a minimum,
fmin, Which reflects the kinetic constants of cross-
bridge cycling, is not higher than that of fast limb
fibres (/7). All of these observations show that masti-
catory myosin has quite different kinetics compared
with other myosins, and does not obey Barany’s rela-
tionship derived mainly from limb type myosins of
various animal species. It is now obviously inappropri-
ate to qualify this myosin as ‘superfast’, and ‘mastica-
tory’ is used instead.

The attitude of myosin heads has an important influ-
ence on the kinetics of contraction in cardiac and skel-
etal muscles. In cardiac muscle, phosphorylation of
myosin binding protein-C (MyBP-C) in thick filaments
causes myosin heads to extend out towards thin
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filaments, thereby increasing the probability of myosin
heads forming weak attachments to thin filaments in
the absence of activation (/2, 13). During B-adrenergic
stimulation of cardiac muscle, MyBP-C phosphoryla-
tion enhances the cross-bridge attachment rate to com-
pensate for the accelerated cross-bridge detachment
rate due to troponin-I phosphorylation, which would
otherwise reduce isometric force (/4). In fast skeletal
muscle, tetanically induced phosphorylation of myosin
light chain-2 is associated with protrusion and devia-
tion from the helical arrangement of myosin heads,
leading to accelerated cross-bridge attachment and
enhanced twitch force (/15—17). As masticatory fibres
express a unique isoforms of myosin heavy chain
(MyHC) and light chains (5, 18), as well as MyBP-C
(19, 20), there may well be structural characteristics in
the thick filaments of masticatory fibres that contribute
to their contractile properties.

In this study, we carried out X-ray diffraction
experiments, as well as electron microscopy on relaxed
glycerinated (skinned) fibres of dog masseter muscle,
which express predominantly masticatory myosin, to
detect possible structural features of the sarcomere,
in particular, those of the thick filament that might
be relevant to their unique mechanical properties.
For comparison, dog tibialis anterior muscle, which
expresses fast and slow myosins, was also studied.

Methods

Samples and solutions

M. masseter and m. tibialis anterior were dissected from dogs
(Nosan Beagle, 13—17kg) which were euthanized by overdose of
isoflurane under an approval for animal experiments in Jikei
University School of Medicine. Thin muscle strips with extracel-
lular matrix, which is especially rich in masseter muscle, were chem-
ically skinned for 3h in skinning solution, which is prepared by
including 0.2% triton X-100 in relaxing solution composed of
Na,ATP 4.7mM, Mg(methanesulfonate), 6.5mM, EGTA 10 mM,
K(methansulfonate) 55 mM, Na,(phosphocreatine) 10 mM, creatine
phosphokinase 140 U/ml, piperazin-1,4-bis(2-ethanesulfonic acid)
(PIPES) 20mM, at pH 7.0 (ionic strength: 0.2). After the skinning,
the fibres were transferred to the relaxing solution mixed with an
equal volume of glycerol and stored at —20°C. Just before the experi-
ment, a fibre bundle of well-aligned 15—30 fibres forming a fascicle
was carefully dissected from the strip as a specimen. In some experi-
ments, fibre bundles were treated with N-phenylmaleimide (NPM)
before obtaining X-ray diffraction patterns. NPM treatment selec-
tively alkylates the sulfhydryl groups of the myosin head designated
as SH1 and SH2 (27), which are conserved in masticatory myosin
(1). The NPM treatment was carried out according to Xu ef al. (22).
Briefly, fibre bundles were reacted with NPM in the relaxing solution
containing 0.1 mM NPM for 1h. The reaction was terminated by
returning the fibres to the relaxing solution with 5SmM DTT. No
significant crosslink between other sarcomeric proteins was detected
by SDS—PAGE of the fibres after the NPM treatment.

X-ray diffraction experiments

X-ray diffraction experiments were carried out at beam line 45XU in
SPring8 (Hyogo, Japan). A fibre bundle was mounted tautly in a
bath with both ends tied with silk monofilaments. The parallel
arrangement of fibres within the masseter specimens seemed identical
to that within the tibialis anterior specimens. Diffraction patterns
were obtained in the relaxed state by perfusing specimens with the
relaxing solution continuously at 20 and 5°C. Sarcomere length of
the specimens was adjusted to the desired value ranged from 2.2 to
2.7pm guided by laser diffraction. X-ray diffraction patterns were
recorded using an imaging plate system (BAS 2500, Fuji Xerox). The
X-ray wavelength was 0.09 nm and the specimen-to-detector distance
was 1.8 m. Dithiothreitol (SmM) and catalase (1000 U/ml) were
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added to the solutions in order to minimize tissue damage from
free radicals that are produced by the X-rays (23).

Analysis of diffraction patterns
Each X-ray diffraction pattern was rotated around the beam centre
by using the third-order myosin meridional reflections on either side
of the equator as axis guides. After successive quadrant averaging,
myosin first layer line and equatorial reflections were analysed.
The intensity within the range of 1/62.5—1/25.6nm™" along the
meridional axis and 1/50—1/6.7nm~" along the equatorial axis was
used for the analysis of myosin layer line. To extract the myosin
component from the first layer line which is composed of myosin
and actin components, the integrated intensity distribution along the
meridional axis within the slice of 0.00103nm™' in the equatorial
direction was separated into two gaussian distributions which have
peaks at 1/42.9 and 1/36.5nm~". The profile of the first myosin layer
line was obtained by plotting the integrated intensity of the former
distribution along the equatorial axis. The intensity of the first
myosin layer line was expressed relative to the integrated intensity
of the 1/5.9nm™" actin layer lines within the range of 1/4.8—1/
6.9nm™" along the meridional axis and 1/50—1/6.7nm™" along the
equatorial axis.

SDS—-PAGE of myosin heavy chains (MyHCs) and
connectin/titin

Skinned fibres prepared similarly to those used for the X-ray dif-
fraction experiment were dissolved in SDS sample buffer, and
heated for 3min at 95°C. SDS—PAGE of MyHC was carried out
in 8% gel according to the method of Talmadge and Roy
(24) as modified by Hoh et al. (6). SDS—PAGE of connectin/titin
was carried out according to the method of Laemmli (25), with
2.3—4% gradient polyacrylamide as the running gel [acrylamide:
methylenebisacrylamide =30: 1.5 (w/w)]. The gels were stained for
protein with Coomassie Brilliant Blue.

Electron microscopy

Fibre bundles from masseter and tibialis anterior muscles were tied to
entomological pins under tension at 2.2 or 3.7um of sarcomere
length before fixation to avoid shortening. Bundles were chemically
fixed in a solution containing 2% glutaraldehyde and 100 mM
sodium phosphate buffer (pH 7.4) overnight at 4°C. Tissue process-
ing was completed by standard procedures for dehydration and
Epon embedding. Thin longitudinal sections were stained with
uranyl acetate and lead citrate. Electron micrographs were taken
with H-7500 (operating voltage, 80 kV; Hitachi, Japan).

Results and discussion

SDS—-PAGE of MyHCs

Figure 1 shows SDS—PAGE of MyHCs from fibre
bundles of masseter and tibialis anterior muscles. The
tibialis anterior sample (right) shows three bands,
which may be identified as slow (I) type, fast IIx type
and fast Ila type MyHCs, in the order of decreasing
electrophoretic mobility, as previously shown for sev-
eral mammalians by western blotting with monospeci-
fic antibodies (26). The dominant tibialis anterior
MyHCs are fast (Ila) and slow (I). Masseter sample
(left) shows two MyHC components: a weak slow (I)
MyHC, which has the same mobility as that of tibialis
anterior muscle and a prominent masticatory (IIM)
type MyHC, which has a slightly slower mobility
than the slow (I) MyHC, as in other mammals (4).
The results confirmed that fibres used in this study
contained the expected difference in MyHC
composition.
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Fig. 1 SDS—PAGE of MyHCs in masseter and tibialis anterior
fibres. Left gel: masseter fibres, showing a strong masticatory type
(IIM) MyHC (arrowed) and a weak slow (I) MyHC. Right gel:
tibialis anterior fibres, showing two strong MyHCs (arrowed; Ila,
fast Ila type and I, slow type), with a weak fast 1Ix type MyHC
in between.

General characteristics of X-ray diffraction

patterns in the relaxed state

To compare the structural characteristics of the
masseter and tibialis anterior muscles, we obtained
X-ray diffraction patterns from bundles of chemi-
cally skinned fibres of these muscles at 20°C in the
relaxed state. Representative two-dimensional diffrac-
tion patterns from these muscles are shown in Fig. 2.
At a glance, some of the myosin layer lines of masseter
fibres (upper panel) are weaker compared with tibialis
anterior fibres (lower panel). As evidently observable
with equatorial reflections, X-ray diffraction patterns
from masseter fibres are slightly arced indicating that
individual fibres within masseter bundles, or the pop-
ulation of thick and thin filaments in masseter fibres
are misaligned with respect to each other. Since, as
stated in the Methods section, the parallel alignment
of the fibres within masseter specimens seemed identi-
cal to that within tibialis anterior specimens, we infer
that misalignment at a subcellular level caused the
arced feature. Besides the arc, meridional reflections
arising from myosin heads at an order of 1/14.3nm™"
are laterally broad in masseter fibres. This feature
suggests that thick filaments in masseter fibres are stag-
gered in the axial direction, as confirmed by electron
micrography described below.

Adequacy of ATP in fibre bundles to ensure

the relaxed state

Because we used muscle bundles of 1530 fibres, it is
important to confirm whether the concentration of
ATP at the core of the bundle was sufficient for the
fibres to be in the relaxed state. We compared the
X-ray diffraction patterns obtained in the standard
solution with those obtained in a solution in which
MgATP was increased from 4.7 to 5.9mM and crea-
tine phosphate from 10 to 32mM, but found no
evidence of rigor to relaxation change in the X-ray
diffraction patterns of either masseter or tibialis ante-
rior fibre bundles. This suggests that the unique char-
acteristics of the masseter fibres found in this study

Protruding myosin heads from staggered thick filament

M

Fig. 2 X-ray diffraction patterns recorded from bundles of masseter
(A) and tibialis anterior fibres (B) at 20°C. The arrows labelled

r indicate the meridional reflection at 1/14.3nm ™' arising from
myosin heads. The arrows labelled m1-mo6 indicate layer lines
arising from the thick filaments, and the arrows labelled a indicate
layer lines at 1/5.9nm ™" arising from the thin filaments.

The intensities are scaled to the integrated intensity of the layer
line at 1/5.9nm™" in each pattern.

can be attributed to the nature of the masticatory
myosin in the relaxed state.

First myosin layer line at 20 and 5°C

Figure 3A shows the averaged relative intensity pro-
files of the first myosin layer lines (1/42.9nm™") along
the equator for masseter and tibialis anterior fibres at
20°C in the relaxed state. The peak of the intensity
profile from masseter fibres was lower, and its position
was shifted towards the meridian compared with the
corresponding features in tibialis anterior fibres. Since
the peak position and the peak height of the first
myosin layer line reflect the distribution of myosin
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Fig. 3 Averaged intensity profiles of the first myosin layer lines

(ml1 in Fig. 2) along the equator obtained from bundles of masseter
(thick line) and tibialis anterior (thin line) fibres. The intensities are
scaled to the integrated intensity of the thin-filament associated
layer line at 1/5.9nm™" (@ in Fig. 2). Bars indicate a standard error
of the mean (SE). (A) In relaxed state at 20°C. n=11 for masseter
fibres and 13 for tibialis anterior fibres. Peak intensity occurred at a
reciprocal spacing of 0.026 nm™" for masseter fibres and 0.034 nm™"
for tibialis anterior fibres. These values were obtained by least
squares fit of gaussian distribution to the data from 0.02 to

0.06 nm ™" in reciprocal spacing. The estimated helical radius of the
myosin heads are 25.7 nm for masseter fibres and 19.7 nm for tibialis
anterior fibres. Averaged sarcomere lengths were 2.5 + 0.04 um (SE)
for masseter fibres and 2.4 & 0.05um (SE) for tibialis anterior fibres.
(B) In relaxed state at 5°C. n=>5 for masseter fibres and 7 for tibialis
anterior fibres. Peak intensity occurred at reciprocal spacings

of 0.022nm™"! for masseter fibres and 0.028 nm™" for ribialis
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heads around the backbone of thick filaments and the
helical order of myosin heads, respectively (27), these
results indicate that the myosin heads in masseter fibres
protrude further away from the thick filaments and
deviate from helical arrangement, compared with
those in tibialis anterior fibres. This characteristic of
masseter myosin heads is similar to that induced in
fast skeletal muscle by phosphorylation of myosin
light chain-2 referred to in the ‘Introduction’ section,
and could be due to intrinsic differences in the myosin
structure. In this connection, it is of interest that the
amino acid sequence at the neck and hinge regions of
masticatory MyHC shows considerable divergence rel-
ative to corresponding regions of other vertebrate
MyHCs (H. Qin, M.K.H. Hsu and J.F.Y. Hoh,
unpublished results). However, the protrusion of mas-
ticatory myosin heads may also be due to the expres-
sion of a masticatory fibre-specific MyBP-C isoform
(19, 20), since protrusion of the myosin heads can be
brought about in cardiac muscle by phosphorylation
of cardiac MyBP-C (12, 13).

Figure 3B shows the averaged intensity profiles of
the first myosin layer lines of masseter and tibialis ante-
rior fibres at 5°C in the relaxed state. Compared with
the intensity profile at 20°C, the profile of the masseter
fibres at the lowered temperature was not significantly
different, while that for the tibialis anterior fibres was
substantially different: the main peak observed was
reduced in height, and its position was shifted towards
the meridian at 5°C. Theses effects of lowering the
temperature on dog limb fibres are similar to those
of rabbit fast fibres reported by previous workers
(28, 29). They attributed these changes in the rabbit
fast fibres to a shift of equilibrium from M-ADP-Pi
to M-ATP (where M denotes myosin) at the lowered
temperature (30). In view of this, the possibility arises
that the protrusion and deviation from the helical
arrangement of myosin heads in masseter fibres at
20°C reflect a higher population of M-ATP heads
than in tibialis anterior fibres at the same temperature.
This possibility was tested by X-ray diffraction analy-
sis of the fibres after NPM treatment.

First myosin layer lines after NPM treatment

NPM is an agent that inhibits myosin ATPase
activity by trapping myosin at the M-ATP state by
selectively alkylating the SH1 and SH2 of the myosin
head (27). X-ray diffraction patterns from fibres in

anterior fibres. These values were obtained by least squares fit of
gaussian distribution to the data from 0.02 to 0.052nm™" in recip-
rocal spacing. The estimated helical radius of the myosin heads are
30.4 nm for masseter fibres and 23.9 nm for tibialis anterior fibres.
Averaged sarcomere lengths were 2.6 £+ 0.02 um (SE) for masseter
fibres and 2.5 = 0.07 um (SE) for tibialis anterior fibres. (C) After
NPM treatment at 20°C. n=3, and 2 for masseter (thick line) and
tibialis anterior (thin line) fibres, respectively. The reciprocal spacing
of the peak position was 0.024 nm ™' for both masseter and tibialis
anterior fibres. This value was obtained by least squares fit of gaus-
sian distribution to the data from 0.02 to 0.052nm™" in reciprocal
spacing. The estimated helical radius of the myosin heads are

27.9 nm for both masseter and tibialis anterior fibres. Averaged
sarcomere lengths were 2.5 um for masseter fibres and 2.2 um for
tibialis anterior fibres.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

the relaxed state after the NPM treatment were
obtained at 20°C. After the treatment, the peak of
the first myosin layer line of the tibialis anterior fibres
was reduced in height and shifted towards the merid-
ian, simulating the effect of lowered temperature
(Fig. 3C). However, in the case of the masseter fibres,
changes in position and amplitude of the main peak
were small. As a result, NPM treatment of the tibialis
anterior fibres, or lowering the temperature, made the
diffraction pattern of the tibialis anterior fibres similar
to that of the masseter fibres at 20°C. This suggests
the idea that the protruding heads in the non-treated
masseter fibres are in the M-ATP state.

Significance of protruding heads of masticatory
myosin

The effect of the NPM treatment on the X-ray diffrac-
tion pattern of fast rabbit psoas muscle fibres in the
relaxed state was examined by Xu et al. (30). They
showed that NPM treatment decreased the intensity
of the myosin first layer line, similarly to the effect of
lowered temperature. In our study, NPM treatment
also decreased the intensity of myosin first layer line
in the dog tibialis anterior fibres, similarly to the effect
of the lowered temperature on these fibres, but NPM
treatment did not affect that of masseter fibres.
Quantitative comparison of the observation of Xu
et al. on the effects of NPM treatment on the first
myosin layer line intensity with that of ours is not pos-
sible because they described the intensity after the
NPM treatment as ‘below detectable level’. However,
our result is qualitatively consistent with theirs despite
the difference in the muscle used. Thus, the effects of
temperature and NPM treatment on tibialis anterior
and masseter fibres observed in this study suggest
that at 20°C the majority of the myosin heads in mass-
eter fibres are in the M-ATP state in the relaxed state.
This is supported by our biochemical observation
that the size of the phosphate burst at 25°C measured
by the malachite green method (3/) was smaller for
dog masticatory myosin [0.26 = 0.11 Pi/myosin
head, in mean =+ standard error of the mean (SE)]
than that for rabbit fast myosin [0.58 + 0.09 Pi/
myosin head, P <0.02 by Student’s ¢-test (Ohno
and Yamaguchi, unpublished results)]. The smaller
phosphate burst suggests that the population of
ATP-bound head of masticatory myosin is larger
than that of fast type myosin in the relaxed state
at room temperature.

As pointed out by Xu and Gu (22, 32), since the
affinity of M-ATP for actin is considerably higher
than that of M-ADP-Pi in vitro (33), it is likely that
the protruding masseter M-ATP heads that are mobile
and deviated from the helical arrangement, should
have a much higher affinity for actin than the relatively
static M-ADP-Pi wrapping around the filament
shaft in vivo. Therefore, the abundance of M-ATP in
masticatory fibres would favour the formation of
weakly binding cross-bridges, thereby accelerating the
flux of the rate limiting steps during the contraction
cycle, including the phosphate cleavage step in the
hydrolysis cycle. This would account for the higher
ATPase activity of the masseter myosin. The short

Protruding myosin heads from staggered thick filament

duration of twitch contraction of masticatory fibres
compared with limb fast fibres implies that they have
a faster rate of rise of tension. An accelerated rate of
cross-bridge attachment in masticatory fibres could
also help to explain this feature of masticatory
muscle mechanics. Accelerated cross-bridge attach-
ment, coupled with a moderate cross-bridge detach-
ment rate, could also account for the high force
feature and the increased ‘tension cost’ (ATPase
activity/force output) reported in cat masticatory
fibres (~120% of fast fibres). Thus the increased
population of weakly binding cross-bridges may be
the origin of some of the functional characteristics of
masticatory fibres.

Outer peaks of the first myosin layer line profile

In the outer region of the first myosin layer line profile,
other intensity peaks were observed in the tibialis
anterior and masseter fibres (Fig. 3). In tibialis anterior
fibres, a small but significant peak at 0.09nm~' was
observed at 20°C (Fig. 3A). Plausibly, this is the
second peak of the Bessel function arising from the
three-strand helical distribution of myosin heads (27).
The peak is positioned further out than theoretically
predicted (1.9 times of the first peak position). This is
reasonably accounted for by the sampling effect of
myofilament superlattice that would shift the first
peak toward the meridian (27, 34).

A broad peak at 0.11 nm ™" was observed in masseter
fibres (Fig. 3A—C). This is difficult to explain on the
basis of a superlattice or Bessel function originating
from a helix of myosin heads. A possible explanation
for this peak is that the separation of the myosin and
actin layer line components in the data analysis
(see ‘Methods’ section) did not work well because of
excessive overlap of these components due to the slight
misalignment of the myofilaments conspicuously
indicated by the arced equatorial reflections in
masseter fibres.

To assign the origins of these peaks more conclu-
sively, analysis of layer lines and reflections of higher
orders based on atomic structures of the myosin mole-
cules in tibialis anterior and masseter fibres would be
necessary. In any event, absence of a significant peak at
0.09nm™"' in masseter fibres provides further evidence
for their less ordered features.

Equatorial reflections

Remarkable differences between the masseter and
tibialis anterior fibres were also observed in the equa-
torial reflections (Fig. 4). In the masseter fibres, the
lattice spacing was larger than that of the tibialis ante-
rior fibres at corresponding sarcomere lengths. We
consider the larger spacing in masseter fibres compared
with tibialis anterior fibres to be a consequence of ste-
rical repulsion exerted by the protruding mobile
myosin heads as discussed below.

Several factors are considered to affect the spacing
of the thick filament lattice, depending on the state of
muscle. In the rigor and contracting states, cross-
bridges formed between the thick and thin filaments
strongly affect the spacing. Even in the relaxed state,
weakly binding cross-bridges formed at low-ionic
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Fig. 4 The 1,0 lattice spacing plotted against the sarcomere length
of bundles from masseter (filled circle) and tibialis anterior (filled
triangle) fibres. The difference in lattice spacing between the masseter
and tibialis anterior fibres was significant at both short (P < 0.05)
and long sarcomere lengths (P <0.01 by Student’s 7-tests). Bars
indicate SE; n=15 (masseter) and 6 (tibialis anterior) for fibres at
the shorter sarcomere lengths, and n=13 (masseter) and 10
(tibialis anterior) for fibres at the longer sarcomere lengths.

strength may affect the spacing (35). At a physiological
ionic strength, myosin heads in ordinary skeletal
muscle such as tibialis anterior play a minor role,
if any, on the spacing in the relaxed state, but begin
to resist compression beyond a critical filament spac-
ing (36, 37). The filament spacing of masseter fibres
would be larger than that of a limb muscle, because
the protruding mobile myosin heads are expected to
exert steric repulsive force to expand the lattice even
in uncompressed condition.

A similar expanding effect linked with protruding
heads on thick filament lattice has been observed by
Xu et al. for M-ATP heads in rabbit psoas muscle (28).
Consistent correlation between myosin head protru-
sion and an increase in the lattice spacing was observed
in the tibialis anterior with the lowered temperature
and NPM treatment: that is, lowering temperature
from 20 to 5°C increased the spacing of tibialis anterior
fibres by 1.2 + 0.5% (mean + SE; paired analysis) but
not the spacing in masseter fibres (—0.5 = 0.5%), and
NPM treatment diminished the difference in the lattice
spacing between tibialis anterior and masseter fibres at
20°C (43.5 £ 0.88nm in masseter fibres at the sarco-
mere length of 2.6 £ 0.05pum, and 43.3 = 1.16 nm in
tibialis anterior fibres at the sarcomere length of
2.5 £ 0.07 um).

Figure 4 also shows that at 20°C, the lattice of mass-
eter fibres did not shrink as the sarcomere was
stretched, whereas that of tibialis anterior fibres did.
This not only supports the idea that steric repulsive
force exerted by protruding mobile myosin heads
strongly affects the spacing of myofilament lattice in
masseter fibres, but also suggests that the heads are
strong enough to overcome the compressive forces

accompanying the sarcomere elongation of masseter
fibres.
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Fig. 5 SDS—PAGE of high molecular weight myofibrillar proteins
in masseter and tibialis anterior fibres. Left gel; masseter fibres.

Right gel; tibialis anterior fibres. Connectin/titin band is indicated
by the upper arrow, while MyHC is indicated by the lower arrow.

SDS—PAGE of connectin/titin

Elastic filaments of the sarcomere comprising princi-
pally of connectin/titin have been discussed to be
involved in lattice shrinkage with sarcomere elongation
(38). From the lack of lattice shrinkage with sarcomere
elongation in masseter fibres, one may consider the
possibility that elastic filaments in masseter fibres are
less abundant than in tibialis anterior fibres. To address
this issue, we performed SDS-PAGE analysis of the
specimens under the same condition as in the X-ray
diffraction experiments to examine the amounts of
connectin/titin or other large molecular weight pro-
teins that may substitute for connectin/titin. The
result (Fig. 5) suggests that the amount of connectin/
titin relative to MyHC in masseter fibres was similar to
that in tibialis anterior fibres. Therefore, the character-
istics of the lattice spacing of masseter fibres are not
attributable to the lack of elastic filaments. This, how-
ever, does not necessarily exclude the possibility that
the structure and elasticity of sarcomeres in masseter
fibres differ from those in tibialis anterior fibres, as dis-
cussed in the next subsection.

Electron micrography of masseter fibres

To compare the sarcomeric structure of masseter
and tibialis anterior fibres, electron micrographs of lon-
gitudinal sections of these fibres were obtained (Fig. 6).
The most prominent feature of masseter fibres is the
disorder of their sarcomeric structure. The edges of
the A-band (defined by the thick filaments) as well as
those of the H-band (defined by the thin filaments)
of the masseter fibres are irregular, implying either
that there is inhomogeneity in the lengths of the
thick and thin filaments, or that there is an axial stag-
ger in the alignment of both thick and thin filaments.
Furthermore, there is no discernible M-line in the
masseter fibres, as was reported in cat masticatory
fibres (5) in contrast with dense M-lines in the tibialis
anterior fibres. These were essential features of mass-
eter fibres irrespective of the sarcomere length (2.2 and
3.7um). The lack of a dense M-line suggests a weak
connection between thick filaments in the lateral direc-
tion as reported in slow fibres in some mammalian
species (39, 40). This may well be the reason of
the axial stagger of thick filaments in the masseter
sarcomere. Thus, the elastic compliance of the
masseter sarcomere is likely to be larger than that of
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Fig. 6 Electron micrographs of longitudinal sections of masseter
(A) and tibialis anterior (B) fibres. Sarcomere length of both
specimens is 3.7 pm.

the tibialis anterior sarcomere. Note that axial stagger
of the masseter thick filaments is consistent with the
extended feature of the meridional reflections in the
X-ray diffraction pattern of masseter fibres referred
to earlier.

The elastic compliance is thought to allow a wider
range of overlap between the neighbouring thick and
thin filaments within a sarcomere. This would favour
a stable tension development by suppressing the sarco-
mere damage especially at the descending limb of the
length-tension curve where sarcomere instability likely
occurs (41). Also, the elastic axial dislocation of each
thick filament in a sarcomere can reinforce total (active
plus passive) force because the axial deviation allows
the individual thick filament to find another steady
state with higher force where the two sides of the
thick filament differ in overlap with thin filaments
but total force is balanced (41).

Protruding myosin heads from staggered thick filament

In masseter muscle tissue, fibre fascicles run in var-
ious directions in rich extracellular matrices to realize
complex motion of biting and mastication, and there-
fore are supposed to exert force at various sarcomere
lengths. Thus the elastic sarcomeres of the masticatory
fibres as well as the rich extracellular matrix would be
a consequence of adaptation of the muscle to work
efficiently over a wider range of sarcomere lengths.

Conclusion

In summary, our X-ray diffraction study suggests that
the myosin heads of masticatory fibres are mobile,
and tend to protrude from the filament shaft towards
actin filaments. Analysis of the effects of a decrease in
temperature and exposure to NPM on diffraction pat-
terns suggests that the protruding and mobile mastica-
tory myosin heads are in the ATP-bound state. X-ray
diffraction as well as electron microscopy also showed
axial stagger of the thick filaments with no discernible
M-line, suggesting that masticatory fibres have a
highly compliant sarcomere structure. These structural
features may underlie the high specific force and
ATPase activity of masticatory fibres.
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