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The mammalian heart pumps blood through the vessels, maintaining
the dynamic equilibrium in a circulatory system driven by two pumps
in series. This vital function is based on the fine-tuning of cardiac
performance by the Frank–Starling mechanism that relates the pres-
sure exerted by the contracting ventricle (end systolic pressure) to its
volume (end systolic volume). At the level of the sarcomere, the
structural unit of the cardiac myocytes, the Frank–Starling mechanism
consists of the increase in active force with the increase of sarcomere
length (length-dependent activation). We combine sarcomere me-
chanics and micrometer–nanometer-scale X-ray diffraction from syn-
chrotron light in intact ventricular trabeculae from the rat to measure
the axial movement of the myosin motors during the diastole–systole
cycle under sarcomere length control. We find that the number of
myosin motors leaving the off, ATP hydrolysis-unavailable state char-
acteristic of the diastole is adjusted to the sarcomere length-dependent
systolic force. This mechanosensing-based regulation of the thick fila-
ment makes the energetic cost of the systole rapidly tuned to the
mechanical task, revealing a prime aspect of the Frank–Starling mech-
anism. The regulation is putatively impaired by cardiomyopathy-
causing mutations that affect the intramolecular and intermolecular
interactions controlling the off state of the motors.

myosin filament mechanosensing | heart regulation | small-angle X-ray
diffraction | cardiac muscle | Frank–Starling mechanism

In each sarcomere, the structural unit of the skeletal and car-
diac muscles, myosin motors arranged in antiparallel arrays in

the two halves of the thick myosin-containing filament work
cooperatively, generating force and shortening by cyclic ATP-
driven interactions with the interdigitating thin actin-containing
filaments. The textbook model for the activation of contraction
indicates that the binding to actin of myosin motors from the
neighboring thick filament is controlled by a calcium-dependent
structural change in the thin filament. However, in these muscles
at rest, most of the myosin motors are in the off state and packed
into helical tracks with 43-nm periodicity on the surface of the
thick filaments (1–4), making them unavailable for binding to the
thin filament and ATP hydrolysis (5, 6). Recent X-ray diffraction
experiments on single fibers from skeletal muscle showed that, in
addition to the canonical thin filament activation system, a thick
filament mechanosensing mechanism provides a way for selective
unlocking of myosin motors during high load contraction (7).
This thick filament-based regulation has not yet been shown in
cardiac muscle, in which several regulatory systems are signifi-
cant. In contrast to skeletal muscle, during heart contraction, the
internal concentration of Ca2+ ([Ca2+]i) may not reach the full
activation level, and thus, the mechanical response depends on
both [Ca2+]i and the sensitivity of the filaments to Ca2+ (8, 9). For
a given [Ca2+]i, the maximal force is larger at longer sarcomere
lengths [SLs; length-dependent activation (LDA)], which is the
cellular basis of the Frank–Starling law of the heart (10, 11).
LDA is the result of a chain of yet undefined events relating a
mechanosensor of the SL to the number of force-generating
motors and consequently the force (12, 13), and moreover, it is

modulated by the degree of phosphorylation of contractile (Myosin
Regulatory Light Chain), regulatory [Troponin I on the thin filament
and myosin-binding protein C (MyBP-C) in the thick filament], and
cytoskeletal proteins (14–20). We exploited the nanometer–micro-
meter-scale X-ray diffraction possible at beamline ID02 of the
European Synchrotron Radiation Facility (ESRF) to record the
structural changes undergone by the thick filament and the myosin
motors during the systole–diastole cycle in intact trabeculae from
rat cardiac ventricle under SL control. X-ray signals marking the
structure of the thick filament indicate that, in diastole, the myosin
motors are in the off state. At the peak of the twitch, the number of
motors that have been unlocked from the off state is found to be
proportional to the SL-dependent systolic force, indicating that thick
filament mechanosensing rapidly tunes the energetic requirements
to the mechanical task.

Results
SL–Tension Relation Determined with Ultra-Small-Angle X-Ray
Diffraction. 2D X-ray diffraction patterns from an intact trabec-
ula are collected with the detector placed at 30 m from the
preparation to record the first orders of the sarcomeric reflec-
tions (Fig. 1 A and B). The length of the trabecula between the
transducer levers at rest is set, so that the average SL is ∼2.2 μm
[Fig. 1 A, Dia (2.23 μm) and B, blue line]. During force devel-
opment in fixed end (FE) conditions, sarcomeres shorten against
the compliance of the attachments, so that, at the peak of force
(Tp), SL becomes 1.95 μm (13% shorter) (Fig. 1 A, FE and B,
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red line). Sarcomere shortening recorded during the force
development in an FE twitch is used as a feedforward signal to
prevent the sarcomere shortening during the next twitch [length
clamp (LC) conditions (13, 21)]. In this case, SL at Tp is 6%
shorter (2.1 μm) (Fig. 1 A, LC and B, violet line). Tp is larger in
LC (90 kPa) (violet trace in Fig. 1C) than in FE (55 kPa) (red
trace in Fig. 1C). In four trabeculae, the SLs are 2.21 ± 0.02 μm
(mean ± SE) in diastole (blue triangle in Fig. 1D), 1.90 ± 0.03 μm
in FE (red circle in Fig. 1D), and 2.09 ± 0.01 μm in LC (violet circle
in Fig. 1D). In agreement with the Tp–SL relation (black circles in
Fig. 1D) (13), the corresponding Tp values are 41 ± 4 (red circle in
Fig. 1D) and 93 ± 11 kPa (violet circle in Fig. 1D), respectively. As
shown by SL recordings with a striation follower during the rise of
twitch force (Fig. S1) (13), this protocol allows the development of
different systolic forces starting from the same diastolic SL and
represents an efficient way to relate the systolic mechanical per-
formance to the loading conditions, independent of diastolic SL.

Changes in the Myosin-Based Reflections with the Force Development.
The 2D pattern collected from the trabecula at 1.6 m from the
preparation (Fig. 2A and Fig. S2A) shows the first-order layer line
reflection (ML1) at an axial spacing of 43 nm and up to the sixth
order of the meridional reflections (M1–M6) indexing on the
quasihelical three-stranded symmetry with 43-nm periodicity fol-
lowed by the myosin molecules when they are on the surface of the
thick filament in their resting (off) state (2, 4, 7). The spatial
resolution achieved along the meridian (parallel to the trabecula
axis) with vertically mounted trabeculae is adequate to record the
reflection fine structure (Fig. 2) caused by the X-ray interference
between the two halves of the thick filament (22) (Fig. S3).
The first-order myosin meridional reflection, M1, has the con-

tribution of the MyBP-C, which is present in the C zone of the
thick filament with an ∼43-nm periodicity (3, 23). The second
(M2), fourth (M4), and fifth orders (M5) are the so-called for-
bidden reflections associated with the perturbations of the helical
symmetry of the myosin motors in the C-zone of the thick filament
(24, 25). The third order (M3), originating from the axial repeat of
myosin motors, has a periodicity (SM3) of 14.354 ± 0.004 nm (blue
in Fig. 2 C andD), and the sixth order (M6), mainly determined by
the mass periodicity in the thick filament backbone, has a peri-
odicity (SM6) of 7.182 ± 0.003 nm (blue in Fig. 2 E and F). The M3
intensity profile shows one main peak with a small satellite on the

high-angle side (Fig. 2C, blue line), typical of the off state of the
myosin motors (2, 4, 7), and both SM3 (Fig. 2D, blue) and SM6
(Fig. 2F, blue) mark a short backbone periodicity. With the pacing
frequency used here (0.5 Hz), these findings are independent of
whether the trabecula is quiescent or in diastole (Fig. S4).
At the peak of twitch force, the intensities of all of the myosin

meridional reflections (Fig. 2B, red and violet lines) and that of
the ML1 (Fig. S2 B and C) decrease because of the myosin
motors moving away from their helical tracks as the thick fila-
ment switches on. The M3 reflection, which remains the most
intense, exhibits different fine structure and different increase in
spacing depending on whether the contraction occurs in FE or
LC mode. In FE (Tp = 41 kPa and SL = 1.9 μm) (Fig. 1D, red),
the intensity of M3 (IM3) reduces to 0.58 ± 0.06 that in diastole,
and the profile shows a main peak and two satellites on either
side, with a prominence of the low-angle satellite (about 1/4 of
the main peak) (Fig. 2C, red). SM3 (14.357 ± 0.016 nm) is not
significantly different from that at rest (Fig. 2D, red), whereas
SM6 increases to 7.243 ± 0.005 nm (0.84%) (Fig. 2F, red). In LC
(Tp = 93 kPa and SL = 2.1 μm) (Fig. 1D, violet), IM3 reduces to
0.69 ± 0.07 that in diastole, and the profile is split in two peaks of
comparable size (Fig. 2C, violet); SM3 increases to 14.474 ± 0.025 nm
(0.84%) (Fig. 2D, violet), and SM6 increases to 7.276 ± 0.006 nm
(1.31%) (Fig. 2F, violet). In contrast with the differences of the
intensity and fine structure of the M3 reflection between FE and
LC twitches, the intensity of ML1 drops to almost the same low
level during both contractions, independent of the Tp attained
(Fig. S2 B and C). This finding is similar to what already was
found in time-resolved X-ray diffraction experiments on skeletal
muscle fibers during the development of an isometric contraction
(4), in which the half-time of the drop of ML1 intensity is shorter
than that of the drop of resting-like head population and the rise
of active-disordered population, indicating that the quasihelical
symmetry of the myosin motors lying along the thick filament at
rest is disrupted with the rise of force somewhat in advance to
the axially relevant movements of the motors.

Changes in the State of Myosin Motors During Systole Calculated by
Simulation of the M3 Intensity Profile with a Structural Model of the
Sarcomere. The changes in the intensity and interference fine
structure of the M3 reflection are used to calculate the fraction of
myosin motors leaving the off state and contributing to force using
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the same structural model previously used to calculate the move-
ment of the myosin motors during force development in an electri-
cally stimulated skeletal muscle fiber (4) (SI Results). A striking
conclusion of the simulation is that, during heart contraction, the
fraction of motors leaving the off state is proportional to Tp. Without
the contribution of the off motors, the model is able to fit X-ray data
of the LC twitch but not those of the FE twitch (Fig. S5).
In diastole, the motors are on the surface of the thick filament

folded back toward the center of the sarcomere (blue in the

cartoon in Fig. 3A), and the backbone has a short periodicity (2, 4,
7). The corresponding axial mass density is represented by a
Gaussian with the center at an axial position (z) displaced by −7.97 nm
from the head–rod junction (negative direction is toward the
center of the thick filament) and σ = 3.5 nm (Fig. 3B, blue) (4).
The calculated intensity profile, convoluted with the point spread
function of the recording system (beam and detector) (dashed line
in Fig. 3E), fits the observed profile (continuous blue line in Fig.
2C) apart a narrower axial width. This difference, even more
marked in the intensity profiles at the peak of the twitch (Fig. 3 F
and G), is likely caused by the arching of the reflection across the
meridional axis (26) because of the orientational dispersion in the
multicellular preparation (SI Results).
The observed intensity and interference fine structure of the M3

reflection at the peak of both twitches can be fit if the mass dis-
tribution is given by the contribution of three populations: (i) at-
tached force-generating motors (the structure of which is taken
from the cryo-EM model) and (ii) their partners, both tilted away
from the center of the sarcomere (25, 27) (red and orange, re-
spectively, in the cartoon in Fig. 3A), as well as (iii) motors in the off
state (blue in the cartoon in Fig. 3A), the fraction of which increases
with the reduction of force. The detached dimers (gray in the car-
toon in Fig. 3A) do not significantly contribute to the M3 intensity
(25), likely because of their large conformational dispersion.
At SL of 2.1 μm and external Ca2+ concentration ([Ca2+]o) of

2.5 mM (LC twitch), Tp is 93 kPa, which is 0.85 the force under
maximal activation conditions [Tmax = 110 kPa attained at SL
2.25 μm (13, 28)]. The observed intensity profile of the M3 re-
flection can be simulated with the same degree of precision by
either a model in which, as a simplifying assumption, all motors
are switched on (model 1) (Fig. S5 B and E) or a model in which
the fraction of switched on motors (fON) depends on the force
(model 2) (Fig. 3 C and F) as suggested by the FE data simu-
lation. In either case, the free parameters for the simulation of
the M3 intensity profile in the LC twitch are the fraction of at-
tached force-generating motors (fA) and the rotation of their
light chain domain (LCD) (details are in SI Results). With the
simplifying assumption that all motors are in the on state at the
peak of the LC twitch, the observed intensity profile (continuous
line in Fig. S5E) is best simulated (dashed line in Fig. S5E) when
fA is 0.18 (the associated error is in Table 1) and the LCD tilt is
63° to the filament axis, so that the displacement of the center of
the mass density profile from the head–rod junction is +3.03 nm
(Fig. S5B, red), 1 nm away from the center of the sarcomere with
respect to the partner motors (25, 27).
In the FE twitch, Tp reduces from 93 to 41 kPa as the corre-

sponding SL reduces from 2.1 to 1.9 μm (Fig. 1D), and,
according to the proportionality between Tp and the number of
attached motors (13), fA reduces from 0.18 to (0.18 × 41/93 =)
0.08. By simply reducing to this value the contribution of the
mass of the attached motors and the partner motors (Fig. S5C,
red and orange, respectively), the calculated intensity profile
(Fig. S5F, dotted line) is too low, and the size of the low-angle
peak relative to that of the high-angle peak is much larger than
observed (Fig. S5F, continuous line). The only way to both raise
the intensity at the observed spacing (14.36 nm) and recover the
observed fine structure is to add the contribution of the mass
corresponding to a fraction of motors in the off state (fOFF). The
best approximation (Fig. S5F, dashed line) is obtained with
fOFF = 0.56 (Fig. S5C, blue line and Table 1) [that is, the fraction
of motors available for attachment (fON) is decreased to 0.44
relative to the LC twitch]. Because according to the change in
Tp (13), the fraction of motors attached in the FE twitch also
decreases to (41/93 =) 0.44 that attached in the LC twitch, the
results of the simulation indicate that there is a direct pro-
portionality between the number of attached motors and the
number of available motors.
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This conclusion on the proportionality between the number of
attached motors and available motors is taken into account in the
simulation of LC data with model 2. In the LC twitch (SL = 2.1 μm
and [Ca2+]o = 2.5 mM), Tp is 0.85 Tmax (110 kPa), suggesting that,
according to the conclusions of the simulation of the FE twitch, the
calculated M3 intensity profile of the LC twitch must include the
contribution to the mass from 15% of the motors in the off state
(Fig. 3C, blue line) to be added to the contributions from both the
attached motors (Fig. 3C, red line) and their partners (Fig. 3C,
orange line) among the 85% of motors in the on state.
In this case, the observed intensity profile (Fig. 3F, continuous

line) is fit (Fig. 3F, dashed line) when the attached motors have their
LCD tilted by 72° with respect to the filament axis [that is, 9° more
tilted toward the end of the working stroke, so that their center of

mass is axially displaced by +2.02 nm from the head–rod junction
(Fig. 3C, red), almost coinciding with that of the partner motors
(Fig. 3C, orange)], and their fraction is 0.18 (Table 1).
Thus, both models 1 and 2 predict the same fA in the LC

twitch, independent of the original assumption on fOFF. The new
structural constraints from model 2 simulation of the LC twitch
and the mechanical constraint of fA = (0.18 × 41/93) 0.08 have
been used to simulate again the M3 intensity profile of the FE
twitch, leaving fOFF as the only free parameter. The observed
intensity profile (Fig. 3G, continuous line) is best simulated (Fig.
3G, dashed line) when fOFF is increased to 0.64 (Table 1). Cor-
respondingly, fON is reduced to 0.36, 42% of the LC value
(practically the same reduction as that undergone by the pop-
ulation of attached motors). Thus, both models 1 and 2 (Table 1
shows the comparison) drive to the conclusion that, at Tp, fON
(obtained from X-ray data) scales in proportion to fA and force.
In the absence of the thick filament regulation concept, the

fraction of motors attached among 294 motors in each half-thick
filament (the duty ratio r, which corresponds to fA) seems to
depend on the loading conditions and the resulting Tp. In fact,
although the different SLs in the LC and FE twitches do not
imply any significant change in the number of motors over-
lapping with the thin filament, r at Tp is 0.18 in the LC twitch and
0.08 in the FE twitch. Considering that, in either case, the con-
dition is isometric, this apparent difference in r contradicts the
expectation from the kinetics of a mechanoenzyme-like myosin
II that r is uniquely determined by the mechanical condition (29).
The contradiction is solved when the thick filament-based regula-
tion of motors in the on state is taken into account: the correct duty
ratio rc (the ratio fA/fON) results in fact constant: (0.18/0.85 =)
0.21 ± 0.05 for the LC twitch and (0.08/0.36 =) 0.22 ± 0.07 for the
FE twitch. This conclusion is quite robust, because it is in-
dependent of the original assumption on the presence of a fraction
of motors in the off state in the LC twitch (Table 1). Moreover, as

Table 1. Comparison of the relevant parameters estimated with
models 1 and 2

Parameter Model 1 Model 2

fOFF

LC 0 0.15 ± 0.10
FE 0.56 ± 0.05 0.64 ± 0.08

fA
LC 0.180 ± 0.009 0.180 ± 0.019
FE 0.079 ± 0.005 0.079 ± 0.010

rc
LC 0.180 ± 0.009 0.212 ± 0.049
FE 0.180 ± 0.023 0.219 ± 0.075

In model 1, fOFF is assumed to be zero at the peak of LC twitch; in model 2,
fOFF at the peak of LC twitch is assumed to be 0.15, in agreement with the
conclusion from model 1 that fOFF becomes zero when activation is maximal
(Tmax = 110 kPa; details are in the text). The errors are calculated as detailed
in SI Methods.
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Fig. 3. Load-dependent regulation of the state of myosin motors. (A) Schematic of the motor configurations: blue, off state; red, actin-attached motor of a
dimer; orange, its detached partner; gray, detached dimer in the on state. The vertical dashed line intercepts the origin of the axial displacement of the center
of mass of the motor (z), which corresponds to the position of the head–rod junction; z is negative for displacements toward the center of the thick filament.
(B–D) Axial mass density of the myosin motors in the different states identified by the color code as in A and calculated by the simulation for (B) the diastole,
(C) the LC twitch, and (D) the FE twitch. (E–G) Superimposed M3 intensity profiles: observed (continuous lines) and calculated from the mass projections in B–D
(dashed lines) (same color code as in Fig. 2C). (C, D, F, and G) The simulated data for the LC and FE twitches are obtained with model 2.
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shown in detail in SI Results, the conclusion is also not affected by
the possibility, within certain limits, that 110 kPa could represent
an underestimate of Tmax (Table S1).

Discussion
Achievements in Relation to Previous Work. The Frank–Starling law
of the heart represents a fundamental regulatory mechanism that
relates the performance of the heart to the ventricular filling. At
cell level, the mechanism consists of the increase in contractile
force, related to proportional increase in the number of attached
motors, with increase in SL (LDA). LDA is generally attributed
to the SL modulation of the sensitivity of the thin filament to
cytosolic Ca2+ concentration combined with the fact that, during
heart contraction, [Ca2+]i undergoes a transient increase that
may not reach the full activation level (8, 9, 11). The molecular
mechanisms underlying LDA remain largely unknown, although
LDA has been shown to be modulated by several factors, such as
the degree of phosphorylation of sarcomeric proteins and car-
diomyopathy causing mutations in these proteins (14–20, 30).
X-ray diffraction provides a unique tool for in situ in-

vestigation of the structural changes undergone by the myofila-
ments during the cardiac contraction–relaxation cycle. This
work, by combining sarcomere-level mechanics with nanometer–
micrometer-scale X-ray diffraction in intact trabeculae from the
rat cardiac ventricle, describes the changes in the thick filament
and the myosin motors after force development in the cardiac
twitch and their relation to SL, with the subnanometer precision
achieved by using the X-ray interference between the two halves
of the thick filament. We find that, in diastole, all of the myosin-
based reflections mark the quasihelical three-stranded symmetry
followed by the myosin molecules when they are in their off state
on the surface of the thick filament with a short periodicity (2, 4,
7). At the peak of twitch force, the intensities of all of the me-
ridional reflections and that of the ML1 decrease because of the
myosin motors leaving their helical tracks as the thick filament
switches on. The M3 reflection exhibits a different fine structure
and different increase in spacing depending on whether the
contraction occurs in FE (Tp = 41 kPa) or LC (Tp = 93 kPa)
mode. Based on the structural model of the sarcomere defined
for the skeletal muscle (4), the results indicate that, during a
twitch, only a fraction of motors leaves the off state, and this
fraction depends on the level of the force.
By corollary, the motors that attach to actin and contribute to

Tp are a constant fraction (rc = 0.21) of the switched on motors,
whereas they represent a variable fraction (fA; proportional to
the degree of thick filament activation) of 294 motors present in
each half-thick filament. From fA, the individual force (F)
exerted by the motors contributing to Tp can be calculated fol-
lowing simple lattice geometry considerations, and given the
constraint that Tp is accounted for by fA (13), it will be the same
for both LC and FE twitches. With a distance of 43.3 nm be-
tween myosin filaments in the myofibril (31) and a myofibrillar
volume density of 60% (32, 33), the density of myosin filaments
can be calculated to be 370 × 1012 filaments m−2, and thus, the
density of motors is 1.1 × 1017 m−2. Consequently, F, calculated
from the parameters of either the LC (Tp = 93 kPa and fA = 0.18)
or the FE twitch (Tp = 41 kPa and fA = 0.08), is 4.7 ± 1.0 pN. This
value of F is slightly smaller than that determined in isometric
contractions of the fast skeletal muscle of vertebrates in the same
range of temperatures (34, 35), a difference that could be explained
by the different isoform composition.
Previous work using skinned fiber preparations from mam-

malian heart provided kinetic (6) (rabbit heart bundles) and
structural (36) (rat trabeculae) evidence that (i) in the relaxed
cell, only about 50% of motors are in the off state and (ii) the
fraction switching on upon Ca2+ activation is rather small. In
contrast, our X-ray experiments show that (i) most of motors
(apart from a few constitutively on motors) (7) are in the off

state in the intact cell at rest and (ii) the proportion of motors
switching on during systole rises with the stress on the filament.
The reason for the difference of the fraction of the motors in the
off state is likely to be caused by the different preparation. In
fact, it is well-known from skeletal muscle studies that skinning
(causing lattice expansion and loss of soluble proteins) implies,
even at the physiological temperature, some loss of the ordered
structure of the thick filament, which would imply a reduction in
the fraction of motors in the off state. The other discrepancy (the
dependence on the force of the fraction of motors switched on
during active contraction) can actually be explained, in quanti-
tative terms, considering the low force developed on Ca2+ acti-
vation in those skinned preparations: 23 kPa in ref. 6 and 32 kPa
(SL = 1.9 μm) and 42 kPa (SL = 2.3 μm) in table S1 of ref. 37.
These low forces imply, according to the mechanosensing-based
thick filament regulation, a correspondingly low fraction of
motors in the on state, a fraction that may be either already
present because of the preexisting disorder in the relaxed state or
too low to be detected.
The finding that a stress-sensing mechanism in the thick fila-

ment recruits motors from the off state in relation to the me-
chanical task leaves open the question on its molecular basis. The
mechanism is likely related to the intramolecular interactions
between the two motor domains and between the motor domain
and the tail (38) as well as intermolecular interactions of the
motor domain with MyBP-C (39) and titin (40). Impairment of the
control by the stress-sensing mechanism on the state of the myosin
motors is likely the molecular basis of hypertrophic cardiomyop-
athy (HCM) attributed to mutations that cause hypercontractility.
In this respect, it must be noted that the failure of a stabilizing
interaction between MyBP-C and the so-called mesa region in the
myosin motor has been recently proposed as a possible cause of
HCM (30). Mutations in the domains of either protein responsible
for the interaction would reduce the affinity of MyBP-C for the
myosin and in this way, could blunt the control by the stress-
sensing mechanism of the off state of myosin motors, causing the
hypercontractility that is thought to lead to HCM.

Aspects of the Frank–Starling Mechanism. The finding that the
changes in the intensity and fine structure of the M3 X-ray re-
flection of a twitching trabecula can be explained only by in-
troducing the constraint that a variable number of myosin motors,
depending on the peak force, remains in the off state provides a
different perspective of the Frank–Starling mechanism. The con-
ventional view based on the original experiments of Frank and
Starling put the emphasis on the dependence of the end systolic
pressure on the ventricular filling at the end of diastole. In this way,
the stroke volume could be maintained against an increased aortic
pressure. Here, we show that, independent of the diastolic SL, the
number of motors recruited from the switched off population scales
in proportion to the systolic force. In this respect, the LC and FE
twitches approximate the conditions of the left ventricle beating
against a high (LC twitch) and a low (FE twitch) aortic pressure
(Fig. S1). In turn, the end systolic pressure–volume relation of the
left ventricle, defined by the pressure–volume points at which the
contracting cardiac cells are neither lengthening nor shortening, is
the organ correlate of the active tension–length relation determined
at sarcomere level with twitches that, according to our protocol,
start from the same SL and experience different loading conditions.
In this respect, the finding that the number of myosin motors made
available for interaction with actin depends on the loading condi-
tions shows that, independent of the ventricular filling, the thick
filament stress-sensing mechanism adapting the number of switched
on motors to the actual systolic force must be quite rapid.
This conclusion and the demonstration that almost all motors

are in the off state in the diastole provide an integrated view of
the Frank–Starling mechanism, which combines mechanical,
structural, and energetic aspects: irrespective of the molecular
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mechanism that relates force to SL, the stress-dependent thick
filament regulation optimizes the fraction of motors in the state
that prevents ATP splitting in relation to the mechanical output.
In this way, independent of the end diastolic SL (end diastolic
volume), the energetic cost of the heart beat is tuned to the
ventricular end systolic pressure–volume relation.

Methods
All experiments were made on male Rattus norvegicus killed in agreement
with Italian regulation on animal experimentation (Authorization 956/2015-
PR in compliance with Decreto Legislativo 26/2014). A thin, unbranched, and
uniform trabecula was dissected from the right ventricle under a stereomi-
croscope, transferred into a thermoregulated trough, perfused with oxygenated
Krebs–Henseleit solution (27 °C), and attached via titanium double hooks to the
lever arms of a strain-gauge force transducer (valve side) and a loudspeaker
motor (wall side). The trabecula was precisely oriented with the larger transverse

axis orthogonal to the X-ray path by twisting opportunely the double-hook
arms. A pair of Mylar windows was positioned close to the trabecula, about
1 mm apart, to minimize the X-ray path in the solution. The trough was sealed
to prevent solution leakage, and the trabecula was mounted at the ID02
beamline of the ESRF. Trabeculae were electrically stimulated at 0.5 Hz to pro-
duce twitches, and X-ray diffraction patterns were recorded in frames of 5-ms
exposure time at the end of the diastole and the peak of FE and sarcomere LC
twitches. Details on materials and methods are provided in SI Methods.
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