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Contractile properties differ between skeletal, cardiac and smooth muscles as well as between various
skeletal muscle fiber types. This functional diversity is thought to be mainly related to different speeds
of myosin head pulling cycles, with the molecular mechanism of force generation being essentially the

same. In this study, force-generating attachments of myosin heads were investigated by applying small
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perturbations of myosin head pulling cycles in stepwise stretch experiments on skeletal muscle fibers of
different type. Slow fibers (frog tonic and rat slow-twitch) exhibited only a ‘slow-type’ of myosin head
attachment over the entire activation range, while fast fibers (frog and rat fast-twitch) displayed a
‘slow-type’ of myosin head attachment at low levels of activation, and an up to 30-times faster type at
high levels of activation. These observations indicate that there are qualitative differences between the
mechanisms of myosin head attachment in slow and fast vertebrate skeletal muscle fibers.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The force-generating attachment of myosin heads (cross-
bridges) to the actin monomers on the thin filaments is primarily
controlled by Ca?* via the Ca%*-regulatory system. Binding of Ca%*
to troponin C (TnC) causes a lateral shift of the inhibitory troponin
complex and tropomyosin (TM) [1-3]. In this way, TM controls the
binding of myosin heads to actin monomers. One TM molecule is
thought to control a row of seven neighboring actins. To fully ex-
pose the binding sites and allow stereo-specific binding of myosin
heads to actin with subsequent force generation, further displace-
ment of TM is required, which exceeds that induced by Ca?* bind-
ing to TnC [4,5]. For simplicity, the term “attachment” refers here
to the binding of the myosin head to the actin filament with sub-
sequent force generation.

For fulfilling different functional needs, fibers of skeletal, heart
and smooth muscle as well as various skeletal muscle fiber types
express different molecular species (isoforms) of myosin and regu-
latory proteins (for review, see [1,6]). Thus far it has been assumed
that the molecular mechanism of force generation is essentially the
same in all skeletal muscle fiber types. Since most investigations
dealing with this subject were carried out under maximally acti-
vating conditions, we aimed to gain further insights into this pro-
cess from experiments carried out at different levels of activation.
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In the present study, force-generating attachments of myosin
heads were investigated by applying small perturbations of myosin
head pulling cycles in stepwise stretch experiments on single
mechanically skinned skeletal muscle fibers. Rapid stretches of
Ca"-activated fibers result in characteristic force transients which
include a simultaneous rise in force with the stretch (phase 1), a ra-
pid decay (phase 2) and a subsequent delayed force rise (phase 3)
(Fig. 1A, top trace) [7-9]. The participation of myosin heads in
these phases has been investigated in a number of previous studies
[9-14]. The rapid force decay is thought to be due to shortening of
the elastic element in cross-bridges following a change in their tilt-
ing angle and to the detachment of a small proportion of myosin
heads. The delayed force rise (characterized by the time to peak,
t3, Fig. 1A, top trace) is thought to involve myosin head attach-
ments. Former studies have shown that t; is tightly correlated with
the myosin heavy chain (MHC) isoform composition of a fiber
[8,15-17] indicating that t3 can be used as a measure of attach-
ment kinetics. The present measurements of t3 at different levels
of activation in fibers containing different MHC isoforms indicate
a qualitative difference in cross-bridge attachment after stretch
in fast and slow fibers.

Materials and methods
Frog iliofibularis (Xenopus laevis) and rat EDL muscles (Fisher

344) were quickly excised and single fibers were dissected under
paraffin oil. Fibers were mechanically skinned by rolling back the
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Fig. 1. Stretch-induced force transients of fast skeletal muscle fibers from frog (A) and rat (C) at different levels of activation. The tension traces start at the isometric value.
The tension traces in A and C display a fast (t3r) and/or a slow (t3s) delayed force rise. The diagrams in B (frog fibers) and D (rat fibers) show the relationships between 1/t3s and
1/ts¢ values and the relative tension (expressed as a fraction of the maximal Ca?*-activated tension) before the onset of the stretch. Rhombuses represent 1/tss values and the
triangles represent 1/t values. Dark edged symbols represent values from force transients containing both fast and slow delayed force rises. Results were obtained with 17
type X1 frog fibers (B) and 8 type IIB rat fibers (D). The second X-axis in B and D represents the calculated number of attached myosin heads per seven actins at different levels
of activation. The calculation was based on measurements of stiffness, which in first approximation is proportional to the number of attached myosin heads. Rigor stiffness
was used as a reference point because in rigor all myosin heads are attached to actin. In fast-twitch fibers the maximum number of myosin heads that can be attached per
seven actins is 2. This value is based on data from X-ray diffraction studies of fast-twitch fibers (for review, see [28,29]) indicating 14 actins per 38 nm of actin filament length,
3 myosin heads per 14.3 nm myosin filament length and 2 actin filaments per one myosin filament (238 = 143 - 2 — 1.99). Stiffness at maximal Ca?* activation was 70% of
rigor stiffness suggesting that at maximal activation, 1.4 myosin heads are attached, on average, per seven actins. At lower levels of activation, the average number of attached

myosin heads was considered to be proportionally less.

sarcolemma using fine forceps [18,19]. Fiber segments (1.4-
24 mm) were mounted horizontally between two vertically
orientated pins. One of the pins was the lever arm of a force
transducer; the other pin was connected to a step motor, which
allowed rapid changes of the fiber length (1-2 ms). Fibers were
bathed in previously described solutions [18] based on (mM) 60
HEPES, 8 Na,H,ATP, 10 sodium creatine phosphate, 1 free Mg?*
and 50 mM EGTA. Free [Ca®*], [Sr?*] and [Mg?*] were measured
by ion-selective electrodes. After the mechanical experiments
(frog and rat fibers at 15 and 22 °C, respectively), the fibers were
collected for analysis of the MHC isoform content using SDS-
PAGE [8,17].

Results and discussion

All fast-twitch fibers of frog and rat used in this study contained
only MHC-X1 (pure X1 fibers) or MHC-IIb (pure IIB fibers), respec-
tively. Likewise, all slow-twitch fibers of rat contained only MHC-I
(pure type I fibers). Since the tonic isoform MHC-T has never been
found to be expressed alone in frog fibers [17], we used X1-T fibers
expressing >60% MHC-T and <40% MHC-X1. Henceforth, these tonic
fibers of frog and slow-twitch fibers of rat are called “slow fibers”;
while fast-twitch fibers of frog and rat are called “fast fibers”.

Original traces of stretch-induced force transients of single frog
and rat fibers, measured at different levels of Ca?* activation, are
shown in Fig. 1 (fast fibers) and Fig. 2 (slow fibers). At activation
levels >0.75 of maximum force (Tax), the stretch-induced delayed
force rise peaked at about 50-70 ms and 20-30 ms in fast fibers of
frog and rat, respectively (Fig. 1A and C). In contrast, the stretch-
induced delayed force rise peaked at >2.8 s and >0.9 s in slow fibers
of frog and rat, respectively (Fig. 2A and C). With decreasing activa-
tion, the stretch-induced delayed force rise slowed down gradually
in slow fibers (Fig. 2A-D). This is similar to what was reported for
mouse cardiac muscle [14]. In contrast, in fast fibers at activation
levels between about 0.75 and 0.25 Tnax (Fig. 1A and C), force
traces typically exhibited not one but two types of stretch-induced
delayed force rises: a fast-type (t3r), seen also at higher levels of
activation, and in addition, a much slower type (t3s) which was
not dissimilar from that observed in the slow fibers (Fig. 2A and
C). At activation levels <0.25 Ty, only the slow-type was observed.
As seen in Fig. 1B and D, the 1/t3r values are fairly independent of
force level, whereas the 1/t3s values, like those for slow fibers, in-
crease continuously with the increase in force. These results indi-
cate that in fast fibers there are two qualitatively different types
of myosin head attachment, a slow-type of attachment and a
fast-type of attachment.
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Fig. 2. Stretch-induced force transients of slow skeletal muscle fibers from frog (A) and rat (C) at different levels of activation. Results were obtained with 4 type X1-T slow-
tonic frog fibers (B) and 10 slow-twitch type I rat fibers (D). For details see legend of Fig. 1.

With fast fibers, further experiments were executed in which
the activation level was changed by varying the sarcomere length
(SL) (Fig. 3A and B) or free [Mg?*] (Fig. 3C and D) at constant sub-
maximally activating [Ca?'] or by using Sr** instead of Ca®*
(Fig. 3E and F). These experiments demonstrate that the two
types of attachment in fast fibers depend on the activation level
(i.e. the fraction of attached myosin heads) and not on the level
of Ca".

The gradual increase of slow-type attachment kinetics with the
level of activation (in fast and slow fibers as well as in cardiac mus-
cle [14]) can be explained by considering that adjacent TM mole-
cules along the actin filament are connected end to end [20] and
interact cooperatively. In such case, the shift of one TM molecule
promotes a partial shift of the neighboring TM molecules. As a re-
sult, the attachment of myosin heads in the region controlled by
partially shifted TM molecules is expected to be faster. The sudden
appearance of the fast-type of attachment in fast fibers at interme-
diate and high levels of activation must involve an additional
mechanism from that described above. This mechanism must de-
pend in some way on the density of attached myosin heads, which
increases proportionally with the level of activation. The density of
attached myosin heads per row of seven actins is shown on a sec-
ond abscissa of Fig. 1B and D. This was calculated based on the
known molecular structure of the myosin and actin filaments
and on stiffness measurements (see legend of Fig. 1). At low activa-
tion levels, when fewer than 0.35 myosin heads are attached on
average per row of seven actins (one head attached for a row of
more than about 20 actins), the attachment is always slow
(Fig. 1A-D). Under these conditions it is unlikely to have rows of
seven actins with more than one myosin head attached. Therefore,
when myosin heads are perturbed by the rapid stretch they will
necessarily attach to rows of seven actins that do not have another
myosin head already attached. Consequently, these attachments
will be relatively slow because TM must be shifted to the fully dis-
placed position to uncover the myosin head binding site on actin.
In contrast, at high levels of activation, when more than one myo-
sin head is attached per row of seven actins, the attachment will be

always fast, as the attached myosin heads keep the TMs in the fully
displaced position. Thus, the fast-type of attachment seems to in-
volve a facilitation mechanism whereby myosin heads already at-
tached to actin substantially accelerate the further attachment of
neighboring myosin heads. At intermediate levels of activation,
the attachment of particular myosin heads will be either slow or
fast depending on whether the corresponding myosin binding sites
on actin are partially covered by TM, or are fully uncovered. An-
other possibility for explaining the two types of attachment is to
assume that the slow-type of attachment involves only one head
of the double headed myosin, whereas the fast-type of attachment
involves both heads [21]. Other explanations based on plausible
differences in TM position shifts in slow and fast fibers are also
possible. The existence of two qualitatively different attachments
in fast and slow fibers is supported by structural studies showing
that myosin heads of fast and slow muscles execute different con-
formational changes upon ADP binding [22].

The sudden change from the slow- to the fast-type of attach-
ment in fast fibers is physiologically important because it allows
a rapid change in the rate of force development at high levels of
activation. In contrast, the presence of only slow-type of attach-
ment, with moderate dependence on level of activation, enables
slow fibers and cardiac muscle cells to become faster gradually at
higher levels of activation. It has been known for a long time that
force develops (and redevelops after a period of isotonic release)
faster at higher Ca®* levels, and this is much more pronounced in
fast than in slow fibers [18,23-26] or cardiac muscle [27]. These
features can be fully explained by the different myosin head
attachment mechanisms that operate in fast and slow skeletal
muscle fibers and in cardiac muscle.

In summary, our results provide new insights into functional as-
pects of muscle diversity by showing qualitative differences in
cross-bridge attachment of myosin heads after stretch in slow
and fast vertebrate skeletal muscle fibers over a wide range of acti-
vation. Further investigations using different experimental ap-
proaches are required to determine the underlying molecular
mechanisms.
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Fig. 3. Stretch-induced force transients of fast-twitch frog type X1 fibers measured under different experimental conditions. Fibers were activated submaximally at constant
[Ca?*] and different SLs (A), at constant [Ca?*] and different free [Mg?*] (C), or at different [Sr?*] expressed as pSr (E). The diagrams in B, D, and F show corresponding
relationships between 1/t3¢ (triangles) and 1/t3s (rhombuses) values and relative force. The light grey symbols in B, D, and F represent values measured on 12, 7, and 10 fibers,
respectively, under standard conditions. The dark grey symbols represent values measured in the same respective fibers when one of the standard parameters was altered (B,
2.1 um SL; D, 5 mM [Mg?*]; F, activation by Sr** instead of Ca®"). Note that the force decrease induced by changes in SL or [Mg?*] caused a transition from the fast to the slow
delayed force rise (A and C). Activation by Sr** produced similar results to those produced by Ca®* (E and F).
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