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Myosin motors that cannot bind actin leave their
folded OFF state on activation of skeletal muscle

Massimo Reconditi*?@®, Elisabetta Brunello*®, Luca Fusi*®, Marco Linari'®, Vincenzo Lombardi'®, Malcolm Irving®®, and Gabriella Piazzesi'®

The myosin motors in resting skeletal muscle are folded back against their tails in the thick filament in a conformation that
makes them unavailable for binding to actin. When muscles are activated, calcium binding to troponin leads to a rapid change in
the structure of the actin-containing thin filaments that uncovers the myosin binding sites on actin. Almost as quickly,
myosin motors leave the folded state and move away from the surface of the thick filament. To test whether motor unfolding
is triggered by the availability of nearby actin binding sites, we measured changes in the x-ray reflections that report motor
conformation when muscles are activated at longer sarcomere length, so that part of the thick filaments no longer overlaps
with thin filaments. We found that the intensity of the M3 reflection from the axial repeat of the motors along the thick
filaments declines almost linearly with increasing sarcomere length up to 2.8 pm, as expected if motors in the nonoverlap zone
had left the folded state and become relatively disordered. In a recent article in JGP, Squire and Knupp challenged this
interpretation of the data. We show here that their analysis is based on an incorrect assumption about how the interference
subpeaks of the M3 reflection were reported in our previous paper. We extend previous models of mass distribution along the
filaments to show that the sarcomere length dependence of the M3 reflection is consistent with <10% of no-overlap motors
remaining in the folded conformation during active contraction, confirming our previous conclusion that unfolding of myosin

motors on muscle activation is not due to the availability of local actin binding sites.

Contraction of skeletal and cardiac muscle is triggered by a
transient rise in intracellular calcium concentration. Calcium
ions bind to regulatory sites on troponin in the actin-containing
thin filaments, initiating a change in thin filament structure that
exposes binding sites on actin for myosin motors from the
overlapping thick filament (Huxley, 1973; Parry and Squire,
1973; Gordon et al., 2000). Until recently, this calcium/thin
filament signaling pathway was considered to be a sufficient
description of the regulation of contraction in vertebrate striated
muscle, although molecular details of thin filament structure and
its modulation by calcium binding continued to be elucidated
(Yamada et al., 2020).

That exclusively thin filament model of muscle regulation
was challenged by a series of structural and biochemical studies
of myosin, thick filaments, and muscle cells. An OFF state of
myosin was described in smooth muscle myosin and in isolated
thick filaments from invertebrate skeletal muscle (Wendt et al.,
2001; Woodhead et al., 2005), in which the two motor domains
of each myosin molecule are folded back against its tail in the thick
filament backbone. A similar folded structure was subsequently

seen in isolated thick filaments from mammalian cardiac muscle
(Zoghbi et al, 2008; AL-Khayat et al, 2013) and identified
in resting intact skeletal muscle fibers of vertebrates by cryo-
electron tomography (Luther et al., 2011) and by x-ray interfer-
ence (Reconditi et al., 2011). A population of myosin motors with
extremely low ATP turnover was discovered in resting mamma-
lian skeletal muscle (Stewart et al., 2010) and became identified
with the folded state seen in the structural studies (Irving, 2017).
Because myosin motors in the folded state are unavailable for actin
interaction, these studies led to the conclusion that the well-
known calcium/thin filament signaling pathway is a necessary
but not sufficient component of the regulation of contraction in
skeletal muscle. The same conclusion can be made for the regu-
lation of heart muscle (Hooijman et al., 2011; Reconditi et al., 2017;
Brunello et al., 2020).

That conclusion, however, leads to a fundamental question:
what controls the release of the myosin motors from the folded
OFF state following the calcium transient? Although there may
be a population of motors in resting muscle that are not folded and
whose function could therefore be regulated by the conventional
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thin filament mechanism, there is little doubt that the folded
motors in resting muscle are released from that state when intact
muscles are electrically stimulated. Because they are organized in
a quasi-helical array on the surface of the thick filament (Huxley
and Brown, 1967; Woodhead et al., 2005), the folded motors give
rise to a characteristic x-ray reflection corresponding to a helical
periodicity of ~43 nm called the “first myosin layer line” (MLL;
Huxley and Brown, 1967; Haselgrove, 1975), which is lost following
electrical stimulation. Moreover, time-resolved x-ray studies on
single fibers from skeletal muscle showed that the loss of the folded
motors signaled by the MLI layer line is fast enough to control the
attachment of the motors to actin (Reconditi et al., 2011).

It seems unlikely that release of the folded motors from the
surface of the thick filaments is directly controlled by the in-
tracellular free calcium transient, because it can be prevented or
delayed by imposing rapid shortening at the start of electrical
stimulation (Linari et al., 2015). This experiment also suggested
that activation of the thick filament is mechanically controlled
(i.e., that exit of motors from the folded state is triggered by
stress in the thick filament; Linari et al., 2015; Fusi et al., 2016).
According to this idea, a population of motors that are not folded
in resting muscle could bind to actin when the thin filament is
activated and could generate enough active force to activate the
folded motors through thick filament mechanosensing. The mo-
lecular basis of thick filament mechanosensing remains unknown,
however, and the intrinsic positive feedback of the phenomenon
makes it likely that additional mechanisms are involved, partic-
ularly in the control of muscle relaxation (Brunello et al., 2009;
Irving, 2017).

Apart from the myosin motors themselves, the most likely
molecular mediator of interfilament signaling in the muscle
sarcomere is myosin binding protein C (MyBP-C), a constitutive
component of the thick filament whose N-terminus can bind to
the thin filament (Shaffer et al., 2009; Luther et al., 2011). MyBP-C
is confined to the two “C zones” in each thick filament, from 250 to
510 nm from the filament midpoint in fast-twitch muscles. Be-
cause thin filaments are ~1.0 um long, the C zones fully overlap
the thin filaments at sarcomere lengths less than ~2.5 um, and the
overlap is gradually reduced as sarcomere length is increased to
~3.0 pm. We therefore used the sarcomere length dependence of
the x-ray diffraction patterns from resting and isometrically
contracting skeletal muscle fibers to investigate the hypothetical
role of MyBP-C as an interfilament signaling molecule (Reconditi
et al., 2014). We found that the intensity of the ML1 layer line, an
x-ray signature of the folded motors, was independent of sarco-
mere length in resting muscle in the range from 2.1 to 2.6 um, then
decreased in the range from 2.6 to 3.0 um, as expected from the
hypothesis that the folded motor conformation is stabilized by an
interaction between MyBP-C and the thin filaments in resting
muscle. The sarcomere length dependence of the axial periodicity
of the thick filament backbone, calculated from the spacing of the
sixth-order myosin-based meridional reflection, another x-ray
signal that reports the regulatory state of the thick filament,
supported that conclusion.

In the same series of experiments, we measured the sarco-
mere length dependence of the intensity of the M3 x-ray re-
flection (Is), corresponding to the ~14.5-nm axial periodicity of

Reconditi et al.

Activation of myosin motors without actin binding

JGP

A 12—
— ® g
— $
E § §
2 1)
B o g
e ¢ i
2 o4 L
0.0 T T T T T 1
2.0 2.4 2.8 3.2
B
1.2 |4
. e & 8 8 8
r ¢ i
0.8 — L ! I {
io
n:g ] °
0.4 —
0.0 - | ' | I |
2.0 2.4 2.8 3.2

Sarcomere length (mm)

Figure 1. Sarcomere length dependence of the normalized Iz and the
relative intensity of its two central subpeaks (Rys) during isometric
contraction. Black circles show experimental data (mean + SEM; n = 8) from
small bundles of fibers from tibialis anterior muscles of Rana esculenta at 4°C
(Reconditi et al,, 2014). Magenta circles represent the model of Brunello et al.
(2007) (in B, magenta points to sarcomere length 2.4 pm coinciding with the
experimental data). Green circles represent the modified model in which
detached motors make no contribution to the M3 reflection. Blue circles
represent the modified model in which 10% of the motors in the no-overlap
region are in the folded conformation. See text for details. (A) Normalized I3
during isometric contraction. (B) Relative intensity of the two central sub-
peaks during isometric contraction.

the myosin motors along the filaments. I3 is sensitive to the
axial mass distribution of the myosin motors (Irving et al.,
2000), and we found that it was independent of sarcomere
length in resting muscle but decreased almost linearly with in-
creasing sarcomere length in the range from 2.1 to 2.8 ym in
isometrically contracting muscle (Fig. 1 A, filled black circles).
Thus, like isometric force (Gordon et al., 1966), Iy is propor-
tional to the degree of overlap between the myosin-containing
thick and actin-containing thin filaments. The relationship di-
verged from linearity at sarcomere lengths >2.8 um, at which
sarcomere lengths became heterogeneous (Reconditi et al.,
2014). Decreases in the axial alignment between neighboring
thick filaments and in the axial periodicity of the thick filament
were already detectable at sarcomere lengths >2.6 um. Our
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interpretation of the behavior of Iy; in the linear region was
that the actin-bound myosin motors in the region of overlap
between thick and thin filaments have the high degree of axial
order characterized in previous x-ray studies at short sarco-
mere length (Irving et al., 2000; Piazzesi et al., 2002; Reconditi
et al., 2004; Huxley et al., 2006), but the motors in the non-
overlap region that cannot bind to actin are relatively disor-
dered axially. This conclusion constrains possible mechanisms
of thick filament regulation, since it implies that myosin motors
that have no opportunity to bind to actin because they are
outside the region of filament overlap leave the folded OFF
conformation following electrical stimulation, independently of
whether they are in the C zone.

In a recent article in JGP, Squire and Knupp (2021) challenged
that interpretation of the sarcomere length dependence of I3 in
isometrically contracting muscle. Our interpretation was based
on a structural model for the distribution of the mass of the
myosin motors along the filaments that we had developed pre-
viously to explain the response of skeletal muscle to a quick
stretch (Brunello et al., 2007). In that model, each myosin motor
takes one of three conformations: actin-attached force-
generating motors; their intramolecular partners in the same
myosin molecule; and detached (D) motors, in which neither of
the motor domains in a myosin dimer is attached to actin. The D
motors are not completely disordered but have a Gaussian axial
dispersion of 3.6 nm. It was also assumed that none of the motors
were in the folded state during active contraction. To adapt this
model to longer sarcomere lengths, we proposed that motors in
the region of the thick filament that cannot attach to actin be-
cause no thin filament is accessible to them are in the D state.

Models of this type are constrained by both the intensity and
the detailed axial profile of the M3 reflection (Fig. 2), which is
the result of x-ray interference between the two arrays of my-
osin motors in each centrosymmetric thick filament (Linari
et al., 2000). This effect modulates the broad single x-ray re-
flection that would be generated by the single array of myosin
motors in each half thick filament by a fringe pattern with a
spatial frequency corresponding to the separation between the
two arrays in each filament (Reconditi, 2006). The net result is
to split the reflection into a series of closely spaced subpeaks, of
which the central two are prominent at short sarcomere length
(Fig. 2 A), but the outer peaks become more prominent at longer
sarcomere lengths (Fig. 2 B). The separation between the in-
terference subpeaks decreases slightly but significantly with
increasing sarcomere length, and the decrease is consistent with
that expected from the increase in the separation between the
two arrays of actin-attached motors in each thick filament
(Linari et al., 2000).

The distribution of the mass of the myosin motors along the
filament axis in the models of Brunello et al. (2007) and
Reconditi et al. (2014) and described above give a good fit to both
the total Iz (Fig. 1 A; black, observed values; magenta, model)
from isometrically contracting muscle and the ratio of the in-
tensities of its two most intense subpeaks (higher angle/lower
angle, Ry3; Fig. 1 B) in the sarcomere length range from 2.1to 2.6
pm. The experimental and model values of Ry;; become sys-
tematically different at longer sarcomere lengths, at which the

Reconditi et al.

Activation of myosin motors without actin binding

JGP

A
1.2 —
LA HA
1.0 —
0.8 —
3
<
>
- 0.6 —
2
O
3
0.4 —
0.2 —
0.0
I | ]
B
1.2 —
LA
1.0 — HA
0.8 —
3
<
>
£ 06—
2
2
£
0.4 —
0.2 —
00 A
I | I [ |
0.064 0.066 0.068 0.070 0.072 0.074
R (nm™)

Figure 2. Axial profile of the M3 reflection during isometric contraction
at sarcomere lengths 2.15 pm and 2.90 pum. Black, experimental profiles
reproduced from Reconditi et al. (2014; inset of their Fig. 4 B); magenta,
model of Brunello et al. (2007) (green, modified model in which detached
motors make no contribution to the M3 reflection). Magenta and green
profiles coincide in A. Profiles scaled by the intensity of the lower-angle (LA)
central subpeak. Ry in Fig. Lis the relative intensity of the higher-angle (HA)
and LA central subpeaks. (A) Sarcomere length 2.15 um. (B) Sarcomere
length 2.90 pm. a.u., arbitrary units.

cross-meridional width of the M3 reflection (Fig. 3) starts to
increase, indicating axial misalignment between neighboring
thick filaments as discussed further below. Reconditi et al.
(2014) did not attempt to optimize the fit by altering the pub-
lished model parameters, but, in checking those calculations, we
found that the model values we previously calculated for Ry3
were slightly too high. This does not affect the conclusion of that
paper, that the model of Brunello et al. (2007) in which the
nonoverlap motors have a Gaussian axial dispersion of 3.6 nm
reproduces the observed dependence of the M3 reflection up to
sarcomere length 2.6 um. Moreover, it provides a better fit than
a model in which the nonoverlap motors are so disordered that
they make no contribution to the M3 reflection (Fig. 1, A and B,
green). The partial order of the motors in the no-overlap region
also reduces the relative amplitude of the outer interference
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Figure 3. Sarcomere length dependence of the cross-
meridional width of the M3 reflection during isometric
contraction. The cross-meridional width is measured as the SD
of the Gaussian curve used to fit the cross-meridional intensity
profile. Mean + SEM from 10-14 fiber bundles. Calculated from
data in Fig. S1 of Reconditi et al. (2014).

15 —
‘TE i

=

x
5 { {
< 40— {
(3]
=
2 :
5 - ¢

=
s s ¢

o
— 5_
2 K ) L) (K ]

1S

8

<]
(&)

0 T I T I T I |

2.0 2.4 2.8 3.2

Sarcomere length (um)

subpeaks of the M3 reflection at longer sarcomere lengths (Fig. 2
B), and the experimental profile (black) is closer to that expected
from the Brunello et al. (2007) model (magenta) than that ex-
pected by the modified model in which the detached motors
make no contribution to the M3 reflection (green). However the
limited signal-to-noise ratio of the outer peaks at longer sarco-
mere length precludes a quantitative determination of the de-
gree of disorder of the nonoverlap motors.

From the physiological perspective of thick filament-based
regulation in muscle, the most important implication of the
modeling presented above is that the motors in the no-overlap
region could not have remained in the folded conformation. That
conclusion was not tested directly by Reconditi et al. (2014). To
do so, we modified the model so that a fraction of the motors in
the nonoverlap region remain in the folded state, with the axial
mass distribution determined in resting muscle (Reconditi et al.,
2011). We found that if as little as 10% of the motors in the no-
overlap region were in the folded conformation, Ry; would in-
crease with increasing sarcomere length (Fig. 1 B, blue), in
contrast to the observed decrease (black). This result provides
strong evidence that nearly all the myosin motors in the non-
overlap region of the thick filament leave the folded conforma-
tion during isometric contraction.

Finally, we consider why Squire and Knupp (2021) reached a
different conclusion, starting from apparently the same data.
Those authors used a simpler structural model to calculate the
axial profile of the M3 reflection, but their model is equivalent to
that presented above in which, during contraction, the motors in
the no-overlap region are assumed to make no contribution to
the M3 reflection because they are completely disordered (Figs.
1 and 2, green). Reconditi et al. (2014) did not make that as-
sumption, but rather used a published model in which these
motors had an axial Gaussian mass dispersion of 3.6 nm (Figs.
1and 2, magenta). We have already noted that the Reconditi et al.
(2014) model gives a reasonable fit to the sarcomere length de-
pendence of both the Iy; and the axial profile of the M3
reflection.
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The main reason that Squire and Knupp reached a different
conclusion using a similar theoretical framework, however,
seems to be that they considered the contributions of only the
central two subpeaks of the M3 reflection in their comparison
with the experimental Iy; values of Reconditi et al. (2014),
whereas we included all the subpeaks in both the experimental
and model values of Iy;. Squire and Knupp appear to have as-
sumed, incorrectly, that the experimental Iyy; values of Reconditi
etal. (2014) were determined from only the central two peaks. In
a paragraph discussing the axial extent of the M3 reflection, they
state “Reconditi et al (2014) say that the observed peak widths do
not change with sarcomere length.” In fact, Reconditi et al. (2014)
show that it is the cross-meridional width that is constant in the
relevant range of sarcomere length, whereas the axial width does
increase with sarcomere length (Fig. 2). The relevant data for the
cross-meridional width are reproduced here as Fig. 3 with an
explicit calibration added in reciprocal nanometers.

Squire and Knupp’s alternative explanation for the observed
decrease in Ii; with increasing sarcomere length in the range of
2.1t0 2.6 pm is that it might be due to a decrease in the degree of
alignment of neighboring thick filaments during isometric
contraction at longer sarcomere lengths, and they base this ex-
planation on theoretical diffraction patterns calculated from a
hexagonal array of 25 “thick filaments” modeled as a three-start
helix of spheres (Eakins et al., 2019). According to the authors,
this model predicts that filament misalignment results in a de-
crease in intensity of the M3 reflection with no change at all in
its cross-meridional width, a result reproduced as Fig. 4 b of
Squire and Knupp (2021). However, this unexpected conclusion
does not appear to be supported by the diffraction patterns
calculated from the model (Fig. 7 in Eakins et al., 2019), which
are themselves inconsistent with experimental measurements
of the cross-meridional width of the M3 reflection following the
classic studies of Huxley et al. (1982). Those authors showed that
the cross-meridional width of the M3 reflection increases during
contraction, and they interpreted that increase in terms of
greater axial misalignment between neighboring thick filaments.
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That result has been reproduced by many subsequent x-ray
studies, and the interpretation has been confirmed by EM of
rapidly frozen muscles (Sosa et al., 1994; Lenart et al., 1996).
Therefore, it seems very likely that, in physiological conditions,
any decrease in the degree of alignment between thick filaments
would be accompanied by an increase in the cross-meridional
width of the M3 reflection, an effect that is not observed at
sarcomere lengths up to 2.6 um (Fig. 3), in which the intensity of
the reflection decreases linearly with increasing sarcomere
length (Fig. 2 A). Squire and Knupp’s alternative explanation of
the decrease in the intensity of the M3 reflection at sarcomere
lengths up to 2.6 pm therefore seems unlikely.

In summary, the original conclusion of Reconditi et al. (2014),
that activation of fast-twitch skeletal muscle induces nearly all
the myosin motors in the nonoverlap region of the thick fila-
ment to leave the folded conformation that they took up in the
resting muscle, is confirmed by the additional analysis presented
here. The signaling pathway which triggers that structural
transition remains to be fully elucidated, but it cannot be a
consequence of binding to an activated thin filament.
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