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Inotropic interventions do not change the resting
state of myosin motors during cardiac diastole
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Marco Linaril@®, Vincenzo Lombardit®, and Gabriella Piazzesi*®

When striated (skeletal and cardiac) muscle is in its relaxed state, myosin motors are packed in helical tracks on the surface
of the thick filament, folded toward the center of the sarcomere, and unable to bind actin or hydrolyze ATP (OFF state). This
raises the question of whatthe mechanism is that integrates the Ca?*-dependent thin filament activation, making myosin
heads available for interaction with actin. Here we test the interdependency of the thin and thick filament regulatory
mechanisms in intact trabeculae from the rat heart. We record the x-ray diffraction signals that mark the state of the

thick filament during inotropic interventions (increase in sarcomere length from 1.95 to 2.25 pm and addition of 10" M
isoprenaline), which potentiate the twitch force developed by an electrically paced trabecula by up to twofold. During
diastole, none of the signals related to the OFF state of the thick filament are significantly affected by these interventions,
except the intensity of both myosin-binding protein C- and troponin-related meridional reflections, which reduce by 20%

in the presence of isoprenaline. These results indicate that recruitment of myosin motors from their OFF state occurs
independently and downstream from thin filament activation. This is in agreement with the recently discovered mechanism
based on thick filament mechanosensing in which the number of motors available for interaction with actin rapidly adapts to
the stress on the thick filament and thus to the loading conditions of the contraction. The gain of this positive feedback may
be modulated by both sarcomere length and the degree of phosphorylation of myosin-binding protein C.

Introduction

The generation of force and shortening in striated muscle (skel-
etal and cardiac) is due to the cyclic ATP-driven interactions
of myosin motors emerging from the thick filament with the
neighboring thin, actin-containing filaments. The mechanical
performance of muscle is under the control of both thin and
thick filament regulation. The start signal is the increase of
intracellular Ca?* concentration ([Ca?*];), induced by cell mem-
brane depolarization by the action potential, followed by Ca?*
binding to troponin in the thin filament and structural changes
in the regulatory troponin-tropomyosin complex that release
the actin sites for binding of myosin motors (Ebashi et al., 1969;
Huxley, 1973; Gordon et al., 2000). A second regulatory mech-
anism, based on thick filament mechanosensing (Linari et al.,
2015; Reconditi et al., 2017), recruits myosin motors from their
OFF state in which they lie along the surface of the thick fila-
ment, folded toward the center of the sarcomere, unable to bind
actin (Woodhead et al., 2005; Zoghbi et al., 2008) or hydrolyze
ATP (Stewart et al., 2010).

In contrast to skeletal muscle, in which the thin filament is
kept activated by the maintained high level of [Ca**]; induced by
repetitive firing of action potentials, in the heart the mechan-
ical activity (systole) consists of short periodic contractions
(twitches) triggered by single action potentials. During systole,
the blood is pumped by ventricles into the arterial circulation.
In the resting period between two systoles (diastole), the heart is
filled by the blood from the venous return. In contrast to skeletal
muscle, cardiac muscle [Ca?*]; may not reach the level for full thin
filament activation during systole. Consequently, the mechanical
response depends on both [Ca?*]; and the Ca?* sensitivity of the
filament (Allen and Kentish, 1985; ter Keurs, 2012), parameters
that are under the control of several regulatory systems, either
intrinsic, like the relation between sarcomere length (SL) and
systolic force (a property known as length-dependent activation
[LDA]; Sagawa et al., 1988; de Tombe et al., 2010), or extrinsic,
like neuro-humoral control of the degree of phosphorylation
of several sarcomere proteins: among them the regulatory light
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chain (RLC) of the myosin itself, the regulatory protein troponin
I (Tnl) on the thin filament, myosin-binding protein C (MyBP-C)
on the thick filament, and the cytoskeletal protein titin (Herron
et al., 2001; Hidalgo and Granzier, 2013; Kumar et al., 2015;
Kampourakis et al., 2016). LDA is the cellular basis of the Frank-
Starling law of the heart that, in its classical formulation, relates
the pressure exerted on the blood during the contraction of the
ventricle (end-systolic pressure) to its filling during the relax-
ation (end-diastolic volume), in this way ensuring the dynamic
equilibrium between the two circulatory systems (pulmonary
and systemic) driven by two pumps in series.

LDA is the result of a chain of not yet defined events relating a
mechanosensor of the SL to the number of force-generating mo-
tors, and consequently to the force (Spudich, 2014; Caremani et al.,
2016), through an integrated control of the degree of activation of
the thin and thick filaments. An important role in this regulatory
mechanism is played by MyBP-C, which is bound with its C termi-
nus to the backbone of the thick filament in the central one third
of the half sarcomere (C zone) and extends from the thick filament
to establish, with its N terminus, dynamic interactions, controlled
by the PKA-dependent degree of phosphorylation, with either the
actin filament or the rod-like S2 domain of the myosin (Moos et al.,
1978; Rybakova et al., 2011; Pfuhl and Gautel, 2012).

Relevant mechanical and structural features toward the clar-
ification of the role of MyBP-C in dual filament regulation were
obtained using demembranated cardiac myocytes and selecting
conditions to modulate phosphorylation of MyBP-C without the
influence of the other PKA target proteins in the sarcomere in-
volved in either the Ca?* handling (L-type Ca®* channels in the cell
membrane, ryanodine receptors, and phospholamban) or thin
filament regulation (Tnl). It was found that dephosphorylated
MyBP-C preferentially binds myosin, reducing the probability of
myosin to bind actin. This inhibition is relieved by MyBP-C phos-
phorylation, or by MyBP-C gene ablation (Harris et al., 2002),
leading, in particular at intermediate [Ca®], to a higher rate
of force development and a larger power output (Herron et al.,
2001; Korte et al., 2003). The structural counterpart, investigated
with x-ray diffraction (Colson et al., 2010, 2012), is the finding
that MyBP-C phosphorylation of skinned mouse trabeculae in
relaxing solution induces an increase in the intensity of the 1,1
equatorial reflection (I; ;; generated by the lattice planes formed
by the actin and myosin filaments) relative to the intensity of
the 1,0 equatorial reflection (I, o; generated by the lattice planes
formed only by myosin filaments). This result is an indication
of the movement of the mass density constituted by the myosin
heads from the proximity of the thick filament toward the actin
filament, and presumably of an increased probability for myosin
to bind actin once Ca?* switches on the thin filament. MyBP-C
phosphorylation-dependent mobilization of the myosin heads
has been recently confirmed by EM on isolated thick filament
(Kensler et al., 2017). In this respect, MyBP-C appears to play a
role in the intermolecular-intramolecular interactions by de-
termining the helical packing of myosin heads along the thick
filament in the OFF state. In fact, these interactions are generated
not only within the myosin molecules (head-head and head-tail
interactions responsible for what is called the interacting head
motif [THM]; Alamo et al., 2008), but also with other thick fil-
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ament proteins such as MyBP-C and titin that are assembled so
as to match the 43-nm helical periodicity of the myosin mole-
cules (Rome et al., 1973; Labeit et al., 1992). Titin, which spans
the whole half sarcomere, connecting the Z-line at the end of the
sarcomere with the tip of the myosin filament and then running,
bound to the surface of the thick filament, up to the M-line at
the center of the sarcomere, could play a role in LDA, as it is able
to transmit the stress to thick filament also in the resting sarco-
mere, when no motors are attached to actin. Indeed, modulation
in titin-dependent passive force either by stretch (Cazorla et al.,
2001) or by engineered changes in titin stiffness (Fukuda et al.,
2010, and references therein) alters Ca?* sensitivity of force in
skinned cardiac myocytes.

A still not defined interplay among these proteins is likely to
be the structural basis for the potentiation of cardiac contraction
(positive inotropic effect) by both increased SL and increased
degree of MyBP-C phosphorylation in the diastole preceding
the contraction. This idea is sustained by the effects of MyBP-C
phosphorylation or ablation on the length dependence of the Ca?*
sensitivity (Kampourakis et al., 2014; Mamidi et al., 2014, 2016)
and by length-dependent structural changes recorded with flu-
orescent probes in thin and thick filaments (Zhang et al., 2017).
However, the idea does not find clear support when these inotro-
pic interventions are investigated on the cardiac preparation of
choice, the intact trabecula from the rat ventricle, in which it is
possible to apply high-resolution mechanical methods and define
the mechanokinetic features of the myosin motors (Caremani et
al., 2016; Pinzauti et al., 2018). The most relevant result, obtained
by combining sarcomere-level mechanics and x-ray diffraction in
intact trabeculae, is the finding that, independent of the diastolic
SL, the degree of thick filament activation is under the control of
the load during systole via a rapid positive feedback between the
stress on the filament and the switching ON of myosin motors
(Reconditi et al., 2017; Piazzesi et al., 2018). This result suggests
that the control of thick filament activation is downstream from
Ca?*-dependent thin filament activation. Data in the literature
referring to signals that should represent the structural basis of
LDA in diastole, such as the movement of myosin motors away
from the thick filament, are contradictory: the intensity of the
third-order meridional reflection (M3), originating from the
~14.5-nm axial repeat of the myosin heads, has been found to
increase with SL, and this increase has been interpreted as an
increase of the ordering of the heads more perpendicular to the
filament axis (Farman et al., 2011); more recently, however, the
same group reported that, based on the absence of a significant
increase in both the intensity of M3 reflection and the intensity
ratio between I, ; and I o, there is no evidence for a change in the
radial position of the heads in response to a stretch of the trabec-
ula in diastole, while changes in the intensity of other myosin-
and actin-based reflections would indicate some stretch-induced
increase in mass ordering in both filaments (Ait-Mou et al.,
2016). Indeed, these authors find that I,,/1, , decreases upon
stretch, a result that is not expected given the evidence from
demembranated cardiac cells that, even at low [Ca2*], inotropic
interventions such as an increase in either SL (Kampourakis et
al., 2016; Zhang et al., 2017) or the degree of phosphorylation of
MyBP-C (Colson et al., 2012) imply a mobilization of the myosin
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Figure 1. Mechanical responses under the two ino-
tropic protocols. (A) Relations between Tp and SL at
1mM [Ca?*], (circles) and 2.5 mM [Ca?*], (triangles). Pas-
sive force shown by squares. The lines are polynomial fits
to points. Data from Caremani et al. (2016). The force-SL
relation is unique independent of fixed-end (filled circles)
or sarcomere-length clamp condition (open circles).
Open diamonds indicate the three SL used for the x-ray
study of the effect of SL with [Ca?*], 1 mM (error bars
are SEM; four trabeculae). (B) Time course of the twitch
force with [Ca?*], 1 mM and SL 2.1 pm either in control
(black trace) orin the presence of 10~ M 1SO (gray trace).
Force is relative to Tpin control. The artifact on the force
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heads from their OFF state accompanied by a shift of mass toward
the actin filament.

Here we report an investigation of the effects on the regula-
tory state of the thick filament in diastole of the two above-men-
tioned inotropic interventions, namely an increase in SL and
the PKA-induced increase of phosphorylation of sarcomeric
proteins, including MyBP-C, by addition to the solution of the
B-adrenergic effector isoprenaline (ISO). For this, we exploited
the nanometer-micrometer scale x-ray diffraction possible at
beamline IDO2 of the European Synchrotron Radiation Facility
(ESRF; Grenoble, France) to record the structural changes un-
dergone by the thick filament during the diastole of electrically
paced intact trabeculae from rat ventricle either by increasing
SLs in the range 1.95-2.25 pm or following the addition of ISO
(1077 M). With 1 mM Ca?* in the bathing solution ([Ca?*],), both
inotropic interventions are able to almost double the twitch peak
force (Tp). The 2-D patterns collected at ESRF allow a comparative
analysis of the changes of the intensity of the first myosin layer
line (ML1) and of the intensity, spacing, and fine structure of the
meridional reflections up to the sixth order (M1-Ms). All these
reflections originate from the three-stranded quasi-helical sym-
metry with 43-nm axial periodicity followed by the myosin heads
when they lie on the surface of the thick filament in their resting
(OFF) state. The analysis is done also on the first-order troponin
meridional reflection (T1), originating from the axial periodicity
of troponin complex on the thin filament, and 1,0 and 1,1 equa-
torial reflections, originating from the lattice planes formed by
the double hexagonal symmetry of actin and myosin filaments in
the transversal section of the myocyte. Apart from a 20% drop in
the intensity of both MyBP-C- and troponin-related meridional
reflections upon addition of ISO, none of the signals marking the
state of the thick filament in diastole was significantly affected
by either intervention, indicating that, in agreement with the
mechanosensing mechanism controlling the switching ON of the
myosin motors, thick filament activation occurs independently
of thin filament activation and downstream with respect to it.

Materials and methods

Animals and ethical approval

Male rats (Rattus norvegicus, strain Wistar Han; 230-280 g;
Charles River Laboratories) were housed at the Centro di Stab-
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ulazione Animali da Laboratorio, University of Florence, Firenze,
Italy, and at the Bio-Medical Facility (ID17) of the ESRF, under
controlled temperature (20 + 1°C), humidity (55 + 10%), and il-
lumination (lights on for 12 h daily, from 7 a.m. to 7 p.m.). Food
and water were provided ad libitum. All animals were treated
in accordance with both the Italian regulation on animal exper-
imentation (authorization no. 956/2015 PR) in compliance with
Decreto Legislativo 26/2014 and the European Union regulation
(directive 2010/63). On the day of the experiment, the rat was
anesthetized with isoflurane [5% (vol/vol)] and, as soon as the
animal attained a state of deep anesthesia, as judged by the ab-
sence of the pedal reflex and the loss of the muscle tone in the
hind limb, the heart was rapidly excised, placed in a dissection
dish, and retrogradely perfused with a modified Krebs-Hense-
leit solution (composition in mM: NaCl, 115; KCl, 4.7; MgSO,, 1.2;
KH,PO,, 1.2; NaHCOs, 25; CaCly, 0.5; and glucose, 10), containing
20 mM 2,3-butanedione monoxime, and equilibrated with car-
bogen (95% Oy, 5% CO,, pH 7.4).

Sample preparation

A thin, unbranched trabecula was dissected from the right ven-
tricle under a stereomicroscope. The trabecula was set at the
length (L) at which it was just taut, and its width (w) and thick-
ness (h) were measured using an eyepiece with a graduated scale.
The cross-sectional area (CSA) was calculated as w x h x /4. The
trabecula was then transferred into a temperature-controlled
trough (1.2-ml volume) perfused at 1.2 ml/min with oxygenated
Krebs-Henseleit solution (27°C) and attached, via titanium dou-
ble hooks anchored to aluminum strips clamping the extremities,
to the lever arms of a strain gauge force transducer (valve side)
and a loudspeaker motor (wall side) for mechanical measure-
ments. The characteristics of the force and length transducers
and the procedure of attachment of the trabecula to the levers
have been previously described (Lombardi and Piazzesi, 1990;
Caremani et al., 2016). The SL was set at ~2.1 um at rest by using
a 40x dry objective and a 25x eyepiece, and the corresponding
trabecula length (L,) was measured again and the CSA corrected
for the change in length (L, - L;), assuming constant volume be-
havior. The dimensions of the preparations used for the mechan-
ical experiments done at PhysioLab, University of Florence, were
(mean + SD, n = 4) w, 240 + 100 pm; h, 74 + 20 pm; CSA, 14,300
+ 8,700 um? and L, 2.84 + 0.46 mm. Only trabeculae of CSA >
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Table1. Increase of the T relative to control ( Ty c) following two inotro-
pic interventions with [Ca?*], 1 mM

SL (um) A B

1.95+0.01 0.57 + 0.01 (6)

2.11+0.01 1

2.22+0.01 1.27 £0.02 (7)

2.10 +0.05 1.71+0.09(8)

(A) Increase of SL from 1.95 um to 2.11 and 2.22 um. (B) Addition of

1077 M ISO. The number of trabeculae for each protocol are in parentheses.
Data in A from Caremani et al. (2016); data in B from the four trabeculae
used for the x-ray measurements plus four trabeculae used for the
mechanical experiments.

12,000 pm? were used at ESRF, to have an adequate signal-to-
noise ratio in the x-ray signals (dimensions, w, 410 + 170 pm; b,
100 + 30 pm; CSA, 31,500 + 11,900 pm? and Lo, 2.49 + 0.31, n = 4).

Experimental protocols

Mechanical measurements. Intact trabeculae were electrically
stimulated by means of two platinum plate electrodes, 4 mm
apart, with bipolar pulses of 0.5-ms duration and amplitude 1.5
times the threshold voltage. Measurements were made at the
steady state of the contraction-relaxation cycle during electrical

A B

Reciprocal spacing (um™")
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pacing at 0.5 Hz. A striation follower (Huxley et al., 1981) was
used to record SL changes in a 0.7-1.5-mm-long segment selected
along the central region of the preparation. The two inotropic
interventions studied in this work, the increase in SL and the
addition of the B-adrenergic agonist ISO were defined in order
to almost double the peak twitch force (Tp) of the trabecula elec-
trically paced at 0.5 Hz. The first protocol, which was mechani-
cally characterized in previous work (Caremani et al., 2016 and
references therein), exploits the SL dependence of Tp with [Ca®'],
1 mM, which provides that at ~2.2 pm Tp is twice the value at
~1.95 um (Fig. 1 A and Table 1). The second protocol has been
selected by preliminarily titrating the effect of ISO on Tp under
our experimental conditions—that is, with [Ca%*], 1 mM and SL
~2.1pum. ISO increases Tp up to a maximum of twice Tpin control
(Tpc) ina dose-dependent manner with pISOs, = 8.6 (correspond-
ing to 2.5 x 107 M ISO). In the experiments described in this
paper, a saturating concentration of 10~ M ISO has been used,
which provided an increase in Tp of 71% (Fig. 1 B and Table 1).

Mechanical data collection and analysis. Force, motor lever
position, and SL signals were recorded at sampling intervals of
100 ps with a multifunction input/output board (PXIE-6358;
National Instruments). Dedicated computer programs written
in LabVIEW (National Instruments) and Origin 2015 (OriginLab
Corporation) were used for analysis.

X-ray diffraction data collection. Following SL adjustment at
2.1 pm (see above), the trough was sealed to prevent solution
leakage and mounted with the trabecula axis vertical at beam-

—— SL 2.00 ym
—— SL2.17 ym
—— SL2.26 um

—

— — 2nd order

0.2 0.4 0.6 0.8 1.0
Intensity (a.u.)

Figure 2. X-ray sarcomere reflections recorded with the detector at 31 m from the preparation. (A) Meridional slices of 2-D diffraction patterns from a
trabecula in diastole at three different lengths as indicated by the color code (magenta, 2.81 mm; black, 3.19 mm; green, 3.40 mm; corresponding SLs indicated
with the same color code in the inset in B), showing the orders of the sarcomere reflections from second to fifth. At this camera length, the first order is masked
by the beam stop. Total exposure time, 1.8 ms for each pattern. (B) Meridional intensity profiles from axial integration of the 2-D patterns in A. The lines and
the SLs reported in the inset have the same color code as the corresponding trabecula lengths in A. a.u., arbitrary units.
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Figure 3. X-ray diffraction pattern recorded from an intact trabecula in
diastole with the detector at 1.6 m from the preparation. The horizon-
tal axis, perpendicular to the long axis of the trabecula, shows the low-angle
equatorial reflections (1,0 and 1,1) from the lattice planes formed by the thick
and thin filaments. The vertical axis, parallel to the trabecula axis, shows the
meridional reflections from the axial periodicity of the proteins along the fil-
aments up to the sixth order of the meridional myosin-based reflections (M1,
M2, M3, M5, and M6; M4 is visible but not used in the x-ray analysis because
of its complexity). The ML1 extends in the radial direction in correspondence
to the M1 axial spacing. SL, 2.11 um; total exposure time, 30 ms. The pattern
has been quadrant folded to increase the signal-to-noise ratio.

line IDO2 of the ESRF (Narayanan et al., 2018), which provided
up to 2 x 10'3 photons per second with 0.1-nm wavelength in a
beam of size ~300 pm (horizontal, full width at half maximum)
and ~50 pm (vertical) at the sample. The beam was attenuated
for trabecula alignment. To minimize radiation damage, x-ray
exposure was limited to the data collection period using a fast
electromagnetic shutter (model LS500; nm; Laser Products,
Inc.), and the trabecula was shifted along its axis by 100-200
pm between exposures. X-ray diffraction patterns were re-
corded using the FReLoN charge-coupled device-based detec-
tor with 2,048 x 2,048 pixels (50 x 50 mm? active area). Pixels
were binned by eight in the equatorial direction (perpendicular
to the trabecula axis) before the readout to increase the sig-
nal-to-noise ratio.

The x-ray detector was preliminarily placed at 31 m from
the preparation to collect the sarcomere reflections (Fig. 2). To
obtain a given SL, the trabecula length was first changed by the
same percentage change estimated for the desired SL. Then the
SL was measured by using the intense second-order sarcomere
reflection, and, based on the difference between the measured
and the desired SL, the trabecula length was adjusted again with
an iterative procedure.

The detector was then moved to 1.6 m from the preparation, and
x-ray patterns were recorded with 10-ms exposure windows in
diastole justbefore the 0.5-Hz pacing stimulus. For each trabecula,
the exposures were repeated three times at each of the three SLs,
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both in control and with ISO, with the order selected at random.
In the four trabeculae used for the x-ray data analysis, the protocol
was completed before a detectable sign of radiation damage ap-
peared in the x-ray pattern. The number of trabeculae was chosen
in order to measure intensities and spacings of the relevant x-ray
reflections with adequate signal-to-noise ratio and minimize the
number of animals to be sacrificed; this could be achieved with a
small number of trabeculae because the x-ray signals can be mea-
sured with extremely high precision and low biological variability
(Linari etal., 2000; Brunello et al., 2014; Reconditi et al., 2014).

X-ray data analysis. X-ray diffraction data were analyzed using
Fit2D (A. Hammersley, ESRF), PeakFit (SYSTAT Software, Inc.),
and IgorPro (WaveMetrix, Inc.). 2-D patterns were centered and
aligned using the equatorial 1,0 reflection, and then quadrant
folded horizontally and vertically. The distribution of diffracted
intensity along the meridional axis of the x-ray pattern (parallel
to the trabecula axis) was obtained by integrating the 2-D pattern
from 0.009 nm or 0.019 nm™! on either side of the meridian, to
optimize the signal-to-noise ratio for both the radially narrower
(M1, M2, and T1) and wider (M3, M5, and M6) meridional re-
flections, respectively. Given the arcing of the reflections, to ac-
curately determine the spacing, the narrower integration limits
(+0.009 nm™) were used for all the meridional reflections. The
axial intensity distribution of the ML1 was obtained by integrat-
ing the region between 0.037 and 0.064 nm™ from the meridio-
nal axis. Most background from the 1-D intensity distributions
was removed using a convex hull algorithm; the small residual
background was removed using the intensity from a nearby re-
gion of the 1-D intensity profile containing no reflections. The
total intensities and the spacings of the reflections were then ob-
tained by integrating the axial distribution in the corresponding
regions and measuring their center of mass: M1, 0.0213-0.0247
nm™; T, 0.0249-0.0274 nm™}; M2, 0.0456-0.0469 nm; M3,
0.0676-0.0712 nm™; M5, 0.115-0.117 nm™}; M6, 0.137-0.141 nm™},
and ML, 0.0162-0.0238 nm™". The limits for the ML1 integration
were chosen to exclude the contribution of the partially overlap-
ping first-order actin layer line. The intensity distribution of the
low-angle reflections along the equator of the pattern was deter-
mined by integrating from 0.009 nm™ on eitherside of the equato-
rial axis, and after background removal, the intensity and spacing
of the equatorial reflections were determined with a simultaneous
Gaussian fitonboth1,0 and1,1reflections in the equatorial profile.
The intensities of all the reflections were then corrected to account
for the different mass of the trabecula crossed by the x-ray beam
at the different SL, which is inversely proportional to SL when
the trabecula width is smaller than the horizontal beam size and
inversely proportional to ySL in the opposite case.

Results

The 2-D x-ray diffraction pattern recorded from a trabecula in
diastole at 1.6 m from the preparation (Fig. 3) shows (a) the two
intense low-angle equatorial reflections (1,0 and 1,1) along the
horizontal axis (perpendicular to the trabecula axis), generated
by the hexagonal array of filaments, (b) the ML1 at an axial spac-
ing of 43 nm, due to the three-stranded quasi-helical symmetry
of myosin molecules on the surface of the thick filament, and (c)
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Figure 4. 1-Dintensity distributions from x-ray diffraction patterns during the diastole at three different SLs. (A) Intensity distribution along the equa-
torial axis with indicated 1,0 and 1,1. (B) Intensity distribution along the meridional direction of the ML1. (C) Meridional intensity distribution with indicated
myosin-based reflections from M1 to M6 and the troponin-based T1 reflection. In the M2 cluster, only the third peak from the left, that corresponds to the
second order of 43-nm M1 reflection, is used for the analysis (Reconditi et al., 2014; Ait-Mou et al., 2016). The arrow next to the M3 reflection indicates the small
satellite on the high-angle side (for a higher resolution, see the expanded M3 profile in Fig. 8 E). Color code: magenta, SL 1.96 um; black, SL 2.11 um; green, SL
2.22 pm. Camera length 1.6 m, total exposure time for each SL, 120 ms, summed from the four trabeculae used in the x-ray experiments.

up to the sixth order of the myosin-based meridional reflections
(M1-M6) along the vertical axis (parallel to the trabecula axis) in-
dexing on an axial periodicity of ~43 nm. The spatial resolution
achieved with vertically mounted trabeculae along the meridian
is adequate to record the fine structure of the meridional reflec-
tions due to the x-ray interference between the two halves of the
thick filament (Linari et al., 2000).

Effects of the increase in SL on the x-ray pattern

The intensity distributions of the low-angle equatorial reflec-
tions 1,0 and 1,1, obtained by integrating the 2-D pattern across
the equator, are shown in Fig. 4 A. Superimposed distributions
refer to patterns collected in diastole at SL 1.96 pm (magenta),
2.11 um (black), and 2.22 pm (green). At the longer SL, both re-
flections are farther from the center of the pattern, indicating
compression of the hexagonal lattice formed by thick and thin
filaments (Matsubara and Elliott, 1972; Haselgrove and Huxley,
1973; de Tombe et al., 2010). The SL dependence of the spacing of
the equatorial reflections is shown in the graphs of the first row
of Fig. 5, filled circles: the spacing of the 1,0 reflection, measuring
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the distance between lattice planes formed by the thick filament
(dy,0), is 35.5 nm at SL 2.11 pm and reduces by 2.3% from 1.96 to
2.22 pm. From the inspection of the intensity distributions in
Fig. 4 A, the peaks of the equatorial reflections appear smaller at
shorter SL (especially at 1.96 pum). Indeed, the integrated inten-
sities of the 1,0 (1) and 1,1 (I, ;) reflections increase by 33% and
4%, respectively, going from SL 1.96 pm to 2.22 pm (top left and
top center panels in Fig. 6, filled circles).

Also, the axial intensity distribution of the ML1 (Fig. 4 B), from
the ordered helical disposition of the myosin molecules, shows a
reduced maximum with the reduction in SL. The same behav-
ior in relation to SL is shown by all the myosin-based meridional
reflections (Fig. 4 C): the M3, from the axial repeat of the myo-
sin heads emerging in crowns of three pairs every 14.3 nm; the
Mé, mainly related to a structure in the filament backbone with
the same periodicity of the M3 (Reconditi et al., 2004; Huxley
et al., 2006); and the so called “forbidden” reflections (M1, M2,
M4, and M5), associated with the perturbation of the axial repeat
of three consecutive crowns within each 43-nm repeat in the C
zone (Malinchik and Lednev, 1992; Reconditi et al., 2014). Among
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them, the M1 also has the contribution of the MyBP-C, present in
the C zone of the thick filament with a ~43-nm periodicity (Rome
et al., 1973; Luther et al.,, 2011), and has, on its high-angle side,
the peak of the actin-based reflection due to the 38-nm axial re-
peat of troponin (T1). Apart from the intensity, the fine structure
(Fig. 4 C) and spacing of all the meridional reflections (graphs in
the middle and bottom rows of Fig. 5, filled circles) are roughly
identical at all SLs in the range studied. The position of the cen-
troid of the myosin-based reflections (middle and bottom rows
of Fig. 5, filled circles) shows a minimal increase with SL: the
spacing of the M6 reflection (Syg, 7.173 nm at 2.11 pm) increases
by ~0.13% from SL 1.96 to 2.22 um while the spacing of the M5
(Sms, 8.594 nm at 2.11 um) and that of the M3 (S, 14.356 nm at
2.11 pm) increase by only ~0.02% and 0.04%, respectively.

The M3 intensity profile due to x-ray interference between
the two halves of the thick filament (Linari et al., 2000) shows
one main peak with a small satellite on the high-angle side
(Fig. 4 C, arrow; see also Fig. 8 E), typical of the OFF state of the
myosin heads. Here the heads lie on the surface of the thick fila-
ment folded back toward the center of the sarcomere (Zoghbi et
al., 2008; Reconditi et al., 2011, 2017; Linari et al., 2015), and this
configuration does not appear to be affected by the increase in SL.
The other parameters marking the resting state of the thick fil-
ament are the intensity of the MLI (Iyy;,) and the intensity of the
myosin-based meridional reflections (I, Imz, Ins, Ins, and Iye)-
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All these reflections show a monotonic increase of intensity with
the increase in SL from 1.96 to 2.22 pm (filled circles in Fig. 6),
which spans from doubling (Iy; and Iys,) to an ~50% increase (Iys
and Iy) to ~30% increase (Iyy; and Iys). Also notably, the inten-
sity of T1 (Ir;) increases by ~30%.

I, o increases with SL more than I ;. Consequently, as shown
in Fig. 7, the intensity ratio, I; ;/1; o, reduces with the increase in
SL, from 0.39 at SL 1.96 pm (black) to 0.35 at 2.11 pm (gray) and
0.31at 2.22 pm (white), in accordance with the finding reported
by Ait-Mou et al. (2016) for the same preparation.

Effects of the addition of ISO on the x-ray pattern

The addition of the B-adrenergic effector ISO 107 M to the per-
fusion solution with [Ca®*], 1 mM at SL 2.11 pm potentiates Tp to
1.71 Tpc (Fig. 1 B and Table 1). The corresponding effects on the
x-ray diffraction pattern of the trabecula in diastole are shown
in Fig. 8, where the intensity distributions of the equatorial re-
flections (Fig. 8 A), the MLI (Fig. 8 B), and the meridional reflec-
tions M1/T1 (Fig. 8 C), M2 (Fig. 8 D), M3 (Fig. 8 E), M5 (Fig. 8 F),
and M6 (Fig. 8 G) in ISO (gray) are superimposed on those in
control (black). It is evident that, apart from a small reduction
in the peak intensity of the low-angle peak of M1, none of the
parameters for all reflections, including the fine structure, are
affected by the addition of ISO. X-ray data in diastole with ISO
have been collected at all three SLs used for the preceding test
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on the SL dependence of the pattern. The relations versus SL of
both spacing (Fig. 5) and intensity (Fig. 6) of the various reflec-
tions in ISO (open circles) are quite similar to those determined
in control (filled circles), with the only exceptions of Iy (middle
left panel of Fig. 6) and Ir; (bottom right panel of Fig. 6), which
exhibit a small but systematic reduction ~20%) so that, as shown
by the vertical shift of the respective linear fits, the ISO relations
(dashed lines) lie below those in control (continuous line). As ob-
served in control, also in ISO, I, ; increases with SL (+55% from SL
1.98 to 2.22 pm) more than the I, (+21%; top left and top center
panels in Fig. 6, open circles), so that for the same SL, as shown
at SL 2.11 pm in Fig. 7, the ratio I /1,  in ISO (dashed) is not sig-
nificantly different from that in control (gray).

Discussion

Inotropic interventions do not affect the OFF state of the thick
filament in diastole

This paper reports an x-ray diffraction study of the effects on the
regulatory state of the thick filament of electrically paced intact
trabeculae from rat heart in diastole of two inotropic interven-
tions that almost double the Tp. The first intervention is to increase
SLin the range 1.95-2.22 pm, to exploit the LDA that is the cellular
basis of the Frank-Starling law (de Tombe et al., 2010); the sec-
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ond is the addition to the perfusion solution of the B-adrenergic
effector ISO 10-7 M that promotes the PKA-dependent increase in
the degree of phosphorylation of many sarcomeric proteins, in-
cluding MyBP-C. This thick filament accessory protein in demem-
branated preparations is thought to potentiate the contraction, in
relation to its degree of phosphorylation, via the disruption of the
IHM and mobilization of the myosin heads from their OFF state
even at low [Ca2*] (Colson et al., 2012; Kensler et al., 2017).

The results of our experiments do not support the view that
these inotropic interventions act through the mobilization of my-
osin heads before and independently of the Ca?*-dependent thin
filament activation, as all the x-ray signals marking the OFF state
of the thick filament are preserved independent of the increase in
SL or addition of ISO. In particular, mobilization of myosin heads
from their OFF state is contradicted by the behavior of the following
parameters: (a) the intensity of ML1, which depends on the ordered
disposition of the myosin heads along three-stranded helical tracks
on the surface of the thick filament; (b) the intensity and fine struc-
ture of M3, which depend on the OFF state of the myosin heads lying
on the surface of the thick filament folded back toward the center
of the sarcomere; (c) the intensity of the forbidden reflections (M2,
MS5), which depends on the perturbation in triplets of the axial re-
peat of myosin heads in the C zone; and (d) the intensity ratioI /I, ,,
which depends on the proximity of head mass to the thick filament.
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In contrast to these results, myosin head mobilization away
from their resting state has been consistently found in demem-
branated cardiac myocytes at low [Ca?*] following whatever ino-

>
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tropic intervention, either increase in SL (Kampourakis et al.,
2016; Zhang et al., 2017), increase in MyBP-C phosphorylation
(Colson et al., 2012), or increase in RLC phosphorylation (Colson
et al., 2010; Kampourakis et al., 2016). Notably, the results do
not depend on the structural method adopted, either fluores-
cent probes in the RLC (Kampourakis et al., 2016; Zhang et al.,
2017), or x-ray diffraction (Colson et al., 2010, 2012). Moreover,
the head mobilization by MyBP-C phosphorylation has been re-
cently confirmed by EM on isolated thick filaments (Kensler et
al., 2017). Under these conditions, the only explanation for the
different sensitivity to inotropic interventions should be related
to the preparation itself. It is possible that in permeabilized my-
ocytes (and in isolated thick filaments), the [HM interactions are
weakened by the manipulation, so that any inotropic interven-
tion that implies further weakening of the intra- and intermo-
lecular interactions responsible for the IHM state is sufficient to
disrupt the state and release the heads away from the proximity
of the thick filament backbone. Actually, in permeabilized my-
ocytes at [Ca?*] = 10~° M (pCa 9), myosin heads can already be
substantially away from their OFF state, as demonstrated with
the fluorescent probe in the RLC (Kampourakis et al., 2016). In
this respect, it is worth noting that in skinned fibers from mam-
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Figure9. Dual-filament regulation in cardiac muscle
and the effect of inotropic interventions on the thick
filament. The thin filament is drawn with hexagons sym-
bolizing troponin and it is switched ON (orange to green)
by calcium binding (blue arrow); the thick filament is
switched ON (orange to green) during loaded contraction
through a positive feedback between force on the thick
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(cyan loop). Inotropic interventions (INO) like increase in
SL or addition of ISO to the solution increase the gain of
the feedback loop (represented by the width of the gray
arrows). On the thick filament, constitutively ON myo-
sin heads are green; myosin heads under thick filament

control are gray. Adapted from Linari et al. (2015), Fig. 9
is reprinted with permission from Nature.

malian skeletal muscle, x-ray meridional reflections are weaker,
the fine structure of M3 reflection is different from that in the
intact preparation, and the whole x-ray pattern partially recovers
that of the resting intact muscle with the osmotic recovery of the
lattice dimension (Caremani et al., 2017).

An explanation for the SL-dependent increase of the intensity
of all the reflections
Ageneral effect of the increase in SLfrom 1.96 to 2.22 pmis the in-
crease in the intensity of all the reflections mentioned above, and
also of the actin-based meridional T1 reflection (Fig. 6). This find-
ing, unexpected on the basis of similar measurements done in the
resting fiber from frog skeletal muscle (Reconditi et al., 2014),
likely depends on some basic structural differences between the
two striated muscles. As reported in the literature, (a) the length
of the thin filament (L,) is 0.1 um longer in cardiac muscle (1.04
pm) than in frog skeletal muscle (0.94 pm; Burgoyne et al., 2008),
and (b) the width of the Z line (Z,,) is ~50 nm larger in the cardiac
muscle (100 nm) than in the frog skeletal muscle (Luther, 2009).
The minimum SL at which there is no double overlap of the thin
filament at the center of the sarcomere (SLyy,) for either muscle
can be calculated with the equation SLyy;, = Z,, + 2 x Ly and is 2.18
um for the cardiac muscle and 1.93 um for the skeletal muscle. It
is evident, from these structural considerations, that in the tra-
becula for SLs < 2.18 um, and thus for a large portion of the SL
range explored by x-rays in this study (1.96-2.22 um), there isa
small but increasing portion of thin filament undergoing double
overlap as SL decreases. This is likely the structural basis for the
perturbation of the ordered 3-D disposition of the filaments in a
progressive way with the reduction of SL below 2.18 pum.
Another result that is likely related to thin filament structure
is the decrease of the intensity ratio of equatorial reflections
(I,1/1,0) with the increase in SL. As shown by the top left and
top center panels in Fig. 6, the reduction is mainly related to the
smaller SL-dependent increase of I,; with respect to I, ;. Nota-
bly, a reduction of I,; with an increase in SL, without reduction
in I, o, has been reported for relaxed skeletal muscle (Millman,
1998 and references therein) and attributed to the increase of
lateral thin filament disorder with the increase in SL and the
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corresponding decrease of the length of the thin filament over-
lapping the thick filament, and thus constrained within the dou-
ble hexagonal lattice. In the heart muscle, due to the larger thin
filament length, the increase in SLin the range explored by x-ray
(1.95-2.22 pum) has the combined effect of reducing the double
thin filament overlap at the sarcomere center and increasing the
not overlapped portion of thin filament in the I band, in this way
explaining the reduced increase of I, ; and consequently the re-
duction in the ratio I ,/1; . This analysis demonstrates that, even
if the change in the ratio (see also Ait-Mou et al., 2016) with SLis
in the opposite direction of that expected by a radial shift of the
mass of the myosin heads moving away from the helical track,
there are other structural reasons against the usual interpreta-
tion of the length-dependent changes in1;;/1; o in terms of radial
movement of the mass.

The OFF state of the thick filament is also characterized by
short backbone periodicity, as measured by the spacing of the my-
osin-based meridional reflections, in particular the M6 reflection
(Sme = 7.17 nm), which is the second order of a periodic structure
with the same periodicity of the myosin heads at rest (14.35 nm;
Huxley et al., 2006; Reconditi et al., 2017), but mainly originating
from the backbone of the thick filament. M6, with respect to M3,
is much less sensitive to head movements that may influence its
spacing, and thus is a better measure of the change in extension
of the filament (either elastic or structural; Reconditi et al., 2004;
Brunello et al., 2014). Actually, as shown in the middle and bottom
rows of Fig. 5, the spacing of all the myosin-based meridional re-
flections slightly increases with SL. In particular, the increase of
Sme at SL2.22 um (+0.13%) is more than twice that of Sy;. Notably,
2.22 pm is the SL at which the passive tension starts to rise (green
diamond in Fig. 1). In this respect, the behavior of the spacing of M6
and M3 reflections is quite similar to that in frog skeletal muscle
fibers at SL ~2.7 pm, which in this preparation is the SL at which
the passive force starts to rise. Also in that case, Sy rise leads Sy3
rise (Reconditi et al., 2014, open symbols in Fig. 7 D). This common
behavior at the threshold of the structural response of the thick
filament to the passive force indicates that the stress sensitivity
shown through changes in Sy, cannot be exclusively related to
LDA in the trabecula, but is a common feature of striated muscle.
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In conclusion, based on the response to SL increase of equato-
rial and myosin-based meridional and layer line reflections, the
SL-dependent inotropic effect at the basis of LDA does not imply
any disruption of the IHM characterizing the OFF state of the
myosin motors at low Ca?*.

A specific effect of ISO on the reflections based on

MyBP-C and troponin

ISO exerts its positive inotropic action through the PKA-induced
phosphorylation of several sarcomeric proteins—that is, (a)
proteins involved in the handling of Ca?* (L-type Ca channels,
ryanodine receptors, and phospholamban), (b) Tnl, the phos-
phorylation of which induces a faster Ca?* dissociation from tro-
ponin C, and (c) MyBP-C, which is believed to exert, also at low
Ca?*, a phosphorylation-dependent disruption of the IHM state
and mobilization of the myosin heads. This multiple action of ISO
accounts for its positive inotropic effect on the twitch of the in-
tact trabecula, which is accompanied by a faster rate of force rise
and relaxation (positive lusitropic effect; Fig. 1 B).

In this study, we find that in the diastole of an electrically
paced intact trabecula, the intensity, fine structure, and spacing
of the x-ray reflections and their SL dependence are in general
not affected by the addition of ISO 107 M, which induces a 71%
increase in Tp.

Two exceptions concern the intensity of the cluster around
the M1 reflection, which includes the contribution of the MyBP-C
present in the C zone of the thick filament, and the intensity of
the T1 reflection, which arises from the troponin periodicity
along the thin filament. InISO (open circles in Fig. 6), both reflec-
tions are ~20% lower than in control (filled circles). The paired t
test indicates that the differences are significant (P < 0.03).

To interpret these changes in terms of the regulatory state of
the filaments, it must be considered that (a) the effect on these
two reflections is not present using as inotropic intervention the
increase in SL, and (b) the structural change induced by ISO is
strictly limited to M1 and T1 and thus, very likely, to MyBP-C on
the thick filament and troponin on the thin filament, which are
the filament proteins that represent the target of PKA-dependent
phosphorylation induced by ISO. However, T1 changes do not
necessarily have to be attributed to a direct effect of TnlI phos-
phorylation. The coupled effect of ISO on M1 and T1 reflections
could be explained by the dynamic interactions of MyBP-C with
the thin filament, which are strengthened by phosphorylation
(Moos et al., 1978; Rybakova et al., 2011; Pfuhl and Gautel, 2012;
Mun et al., 2014).

The role of inotropic interventions in thick filament activation

None of the signals marking the OFF state of the myosin motors
during diastole are affected by inotropic interventions that can
double the systolic force, such as increased degree of phosphor-
ylation of MyBP-C or LDA. Thus, inotropic effectors present
during diastole in relation to either neuro-humoral control of the
heart or ventricle filling exert their effect on the thick filament
activation only once the Ca?*-dependent thin filament activation
is ON. The idea that thick filament activation is based on a mecha-
nism downstream with respect to thin filament activation is also
supported by the finding that switching ON of the myosin heads
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isindependent of the diastolic SL and depends on the systolic SL
(Reconditi et al., 2017). All these data converge toward a unique
explanation based on the role of thick filament mechanosensing
in striated muscle: recruitment of myosin motors from their en-
ergy-saving OFF state depends on the stress on the thick filament
(Linari et al., 2015; Reconditi et al., 2017; Piazzesi et al., 2018).
How do inotropic interventions operate in this scenario? The ev-
idence that in relaxed skinned myocytes inotropic interventions
promote the release of the heads away from the backbone of the
thick filament by weakening the interactions responsible for the
IHM state of the myosin molecule strongly sustains the idea that
both LDA and MyBP-C phosphorylation set the gain of the posi-
tive feedback that relates motor recruitment to the stress on the
thick filament (Fig. 9). It must be noted that this mechanism, if it
is confirmed by direct investigation, is independent of and com-
plementary to that operating on thin filament-based regulation
through protein phosphorylation and LDA.

The application of the experimental approach described here
to intact trabeculae of mutant mouse models, in which either
MyBP-C phosphorylation (Colson et al., 2012) or LDA-modulat-
ing titin stiffness (Fukuda et al., 2010) can be manipulated by
site-directed mutagenesis, is the next necessary step for testing
the above conclusion and defining the communicating pathway
and temporal sequence of the dynamic interactions between
MyBP-C, titin, and contractile and regulatory proteins.

Mutations in cardiac MyBP-C and in the domains of cardiac
myosin that interact with MyBP-C are responsible for 80% of
cases of hypertrophic cardiomyopathy (HCM), an inherited heart
disease characterized by thickening of the ventricular wall that
diminishes the relaxation capacity and ventricular filling. These
HCM-causing mutations are thought to disrupt the intermolec-
ular interactions controlling the formation of the IHM and pro-
duce the hypercontractility that leads to HCM (Spudich, 2015;
Alamo et al., 2017; Trivedi et al., 2018). The conclusion in this
paper that the stress-sensing mechanism that switches ON my-
osin motors is modulated by the inotropic interventions opens a
new scenario in which the HCM-causing mutations would oper-
ate by lowering the force threshold of the switch that controls the
thick filament activation.
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