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Abstract

Two groundbreaking papers published in 1954 laid out the theory of the
mechanism of muscle contraction based on force-generating interactions be-
tween myofilaments in the sarcomere that cause filaments to slide past one
another during muscle contraction. The succeeding decades of research in
muscle physiology have revealed a unifying interest: to understand the mul-
tiscale processes—from atom to organ—that govern muscle function. Such
an understanding would have profound consequences for a vast array of ap-
plications, from developing new biomimetic technologies to treating heart
disease. However, connecting structural and functional properties that are
relevant at one spatiotemporal scale to those that are relevant at other scales
remains a great challenge. Through a lens of multiscale dynamics, we review
in this article current and historical research in muscle physiology sparked

by the sliding filament theory.
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1. INTRODUCTION AND HISTORY

"Two papers published simultaneously in 1954 (71, 77) independently showed that striated muscle
shortens as a result of the sliding between two sets of filaments containing the proteins myosin and
actin. Thus was born the sliding filament hypothesis. There has been a series of impressive and
informative reviews of the history and basis of the sliding filament theory of muscle contraction
(e.g., 21, 74, 164, 179). Rather than attempting an expansion on those superb perspectives, we
focus in this review on the central idea that muscle contraction is the output of a dynamical system
spanning spatial and temporal scales from nanometers and microseconds to meters and minutes,
integrating biochemical and mechanical regulation across scales.

Striated muscle’s highly structured, nearly crystalline organization sets it apart from other bio-
logical systems (Figure 1). Single muscle cells are portioned into subcellular elements (myofibrils)
that are formed from a series of axially arranged sarcomeres, each consisting of interdigitating
systems of axial filaments—the thick and thin filaments. Thin filaments, extending from Z-disks,
contain a double-helical strand of actin monomers along with troponin-tropomyosin complexes
that are involved in the regulation of contraction. The myosin molecular motors constitute the
bulk of the thick filaments and extend radially in the form of a three-start helix.

Supporting evidence for the sliding filament hypothesis was established in a series of papers that
melded experimental and theoretical studies of muscle contraction. First, early polarized light (73)
and electron microscopy (EM) (77) evidence pointed to the structural overlap of thick and thin
filaments, suggesting the idea that the force generation increases with greater filament overlap, a
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Figure 1

An illustration of striated muscle across spatial scales. Generally, skeletal and cardiac muscles are made up of
myofibers and cardiomyocytes (respectively) that span tens of microns to tens of millimeters. The subcellular
contractile organelle, the myofibril, is structurally similar in myofibers and cardiomyocytes, and its size is on
the order of microns. The myofibril is composed of many serially linked sarcomeres (the half-sarcomere is
shown for simplicity), each approximately 2-3 microns long. The three main myofilaments that comprise the
sarcomere, the thick filament, the thin filament, and titin, are tens to thousands of nanometers in length. The
main constituent proteins of the myofilaments are myosin (grzy), myosin-binding protein C (MyBP-C)
(blue), tropomyosin (purple), titin (pink), the troponin complex (yellow), and actin (green). The structural and
functional properties of each spatial scale are highlighted throughout this review, from single-protein to
cellular-level function. The atomic representations of each protein or protein subunit from the Protein Data
Bank are as follows: myosin, 4DB1; MyBP-C, 2K1M; tropomyosin, 11C2; titin immunoglobulin domain,
1G1G; troponin, IMXL; actin, 2ZZWH.
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Figure 2

The chemomechanical cycle of myosin motors in the sarcomere. When Ca?* is unbound from troponin (zp
lef?) on the thin filament, tropomyosin (Tm) is in the blocked state, sterically blocking myosin-binding sites
on F-actin. Myosin is in a resting conformation, folded onto the thick filament backbone. Upon Ca?*
binding to troponin, allosteric interactions within the troponin complex cause azimuthal displacement of
Tm along F-actin, allowing Tm to reversibly occupy a closed state. This closed state partially exposes
myosin-binding sites on F-actin, permitting weak actomyosin interaction. Myosin is loaded with its
energy-bearing hydrolysis products, ADP and inorganic phosphate (Pi). In a process facilitated by multiple
intra- and interfilament cooperative activation mechanisms (e.g., nearest-neighbor thin filament activation
via T'm, myosin-actin-tropomyosin interactions), Tm is further displaced to an open state that permits
strong myosin binding. The powerstroke (or working stroke) occurs when myosin undergoes a
conformational change while maintaining its strong interaction with actin, which results in force production
along and between the thick and thin filaments. ADP is released postpowerstroke, producing a rigor state
until ATP binds to the nucleotide-binding pocket of myosin. With ATP bound, the affinity of myosin for
actin is reduced, and myosin dissociates from actin. ATP is then hydrolyzed again, priming myosin for
another strong, force-producing interaction with actin.

hypothesis that was tested in the classic studies of length—tension relationships first established by
Gordon and colleagues (47) in 1966.

With the goal of understanding the fundamental molecular mechanisms underlying cross-
bridge force generation, Huxley established the two- and three-state models of myosin motor
mechanics. These models formed a hypothesis that was tested in another landmark paper by Hux-
ley & Simmons (72) in 1971. Their goal was to probe cross-bridge mechanochemistry using ex-
ceedingly rapid changes in the length of activated muscle fibers. The underlying concept of this
so-called quick release experiment is that a very rapid release of the tension borne by cross-bridges
would drive their dissociation from the thin filament, or at least a change in their conformation.
Any transient response in the tension of the contracting fiber that would follow from that quick
release would therefore represent the temporal dynamics of the mechanochemistry of the cross-
bridge (Figure 2). Moreover, very quick releases would allow one to probe the most rapid events
associated with the cross-bridge cycle. Thus, the dynamics of force generation are characterized
with several phases of tension recovery (T'1, T2, T3, and T4 phases).

Rapid release and rapid stretch experiments continue today, contributing significantly to the
methods of experiments carried out on muscle fibers. These approaches have been complemented
by a host of other experimental efforts, including force measurements in isometric and isotonic
conditions for muscle fibers that are either intact (and electrically activated) or chemically skinned
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and activated by controlling the concentrations of calcium and ATP. In addition, the advent of
powerful tools such as time-resolved X-ray diffractometry and optical tweezers for manipulating
or measuring processes at the nanometer scale has yielded significant insight into the dynamics of
force production of single molecules (175).

The current paradigm for muscle contraction built upon the sliding filament hypothesis and
more than 50 years of research since its development has culminated in a generally accepted view
of muscle contraction (for reviews, see 46, 175). Briefly, the notion held by the field today is that
cross-bridges use chemical energy derived from ATP hydrolysis to drive axial sliding motion be-
tween the thick and thin filaments. The sliding of the filaments is regulated by electrical, chemical,
and structural components. Electrical activation of the cell leads to depolarization in the T-tubules,
the opening of calcium channels, and the subsequent calcium-induced calcium release from the
sarcoplasmic reticulum into the myofibril (in an elegant process termed E-C coupling). While
the muscle is relaxed, the troponin—tropomyosin complex blocks myosin-binding sites on the thin
filament. However, when calcium enters the system, it binds with the troponin-tropomyosin com-
plex, inducing a conformational change that reveals the binding sites and allows cross-bridges to
form. Upon binding, cross-bridges release mechanical strain energy derived from ATP hydrolysis
and generate force, which drives muscle contraction.

In the sections that follow, we review both current and past research efforts with an eye toward
highlighting the multiscale features of muscle and the multidisciplinary approach that investiga-
tors have used. Beginning with molecular levels of organization, and culminating in cellular and
tissue scales, we summarize selected experimental and theoretical approaches that have shaped our
understanding of muscle function.

2. THE MOLECULAR DRIVER OF FILAMENT SLIDING: SINGLE
MYOSIN STRUCTURE, KINETICS, AND MECHANICS

The linchpin theory of cross-bridges acting as independent force generators and the model de-
veloped by Huxley & Simmons (72) in 1971 were unique among the other theories of mus-
cle contraction emerging at the time in that they accounted for the following characteristics
of muscle contraction (69): (#) Tension depends on the extent of filament overlap; (/) the max-
imum speed of shortening is independent of filament overlap; (c) the energetic cost of contrac-
tion per unit length decreases with increased speed of shortening, implying cyclic interactions,
as were proposed by Needham (129) even before the sliding filament theory was developed; and
finally (4) muscle contracts even when the distance between the filaments is varied, suggesting
that contraction does not strictly depend on the spacing of the myofilament lattice. The slid-
ing filament theory also emerged at the same time as the discovery of the collective behavior
of myosin motors in other systems, lending credence to the idea that myosin molecular motors
work in concert to produce muscle contraction. In this section, we describe the structure and me-
chanics of individual force-generating myosin motors and their regulation within the contractile
lattice.

2.1. Single-Myosin Protein Structure and the ATPase Cycle

Each myosin within the thick filament is a hexameric protein comprised of two myosin heavy
chains and four myosin light chains (for a review, see 46). The C-terminal end of myosin is rod
shaped, and a dimerization of the two heavy chains is structured as an a-helical coil, known as the
S2 fragment. The S2 segments of approximately 300 myosins bundle, forming the thick filament
backbone. The two heavy chains of each myosin separate and branch, creating two independent

www.annualreviews.org o The Sliding Filament Theory and Beyond

377



378

globular regions, known as S1 heads. Each S1 head contains a nucleotide-binding pocket where
ATP is hydrolyzed to provide the energy for contraction. S1 heads also contain a region that
interacts with actin during cross-bridge cycling. Each myosin heavy chain associates with two
light chains: the essential light chain that is required for myosin function and a regulatory light
chain that modulates the kinetics of cross-bridge cycling.

The cyclic myosin—actin interactions powering contraction are fueled by ATP in a process
known as the chemomechanical cross-bridge cycle (20, 46) (Figure 2). In relaxed muscle, most
myosin heads are not associated with actin, but instead are bound with ADP and inorganic phos-
phate (Pi) from the preceding ATP hydrolysis. In this conformation, the actin-binding surface
of myosin has polar and charged residues that can associate with actin when tropomyosin is not
blocking the binding sites on actin. Myosin initially binds to actin via electrostatic interactions
(weak binding), positioning the S1 head so that strong, hydrophobic interactions develop. Force
and strain develop when myosin isomerizes in a ratchet-like motion, releasing Pi and generat-
ing the powerstroke. Once ADP is released, there is a brief moment when myosin is in rigor. At
that moment, ATP rapidly binds in the nucleotide-binding pocket, and this myosin-ATP state
reduces the affinity of myosin for actin, allowing cross-bridge detachment and a recovery stroke
of the S1 head. ATP hydrolysis is thought to occur mainly in this detached state of myosin, both
in resting and contracting muscle, which reprimes myosin for subsequent cycles of cross-bridge
formation.

2.2. Mechanics and Dynamics of Myosin Motors During Contraction

From their early work on tension transients following a quick release of activated muscle fibers,
Huxley & Simmons (72) deduced that each motor molecule, when attached to actin, undergoes a
small number of successive movements, each more energetically favorable than the last, thus pro-
viding a conceptual basis for the cross-bridge cycle (72). Combining the quick-release protocol
with time-resolved X-ray diffraction analyses in single intact skeletal muscle fibers, Piazzesi et al.
(139) provided some of the first in situ measurements of the average axial motion of the center
of mass of myosin motors relative to the thick filament. With approximately 1-A resolution, they
found that the motion of myosin heads is best explained by working stroke models rather than
by rapid attachment and detachment models of actomyosin, supporting the tilting lever arm hy-
pothesis (139). This was later confirmed by Hugh Huxley and colleagues (78), who showed that
the center of mass of myosin heads moves with, on average, a tilt of approximately 60° during the
working stroke.

Understanding the forces that drive filament sliding and sarcomere shortening during contrac-
tion required a closer look at myosin motor mechanics and dynamics in intact muscle. Vincenzo
Lombardi and Gabriella Piazzesi, both of whom trained under Andrew Huxley, provided novel
insights into the in situ motions and mechanics of the myosin motor during muscle contraction.
For example, in isometric contractions, there is an elastic distortion of the myosin motors of ap-
proximately 2-2.7 nm (contributing 40-50% of the sarcomere compliance), allowing for the de-
velopment of force during contraction against high loads (27). Furthermore, by monitoring the
axial motion of the myosin heads during the force response to a sudden decrease in fiber length,
Piazzesi and colleagues (138) demonstrated that the force-velocity relationship in skeletal muscle
is determined by a modulation of the number of myosin motors (each with constant force and
stroke size) rather than the force-generating capacity of individual motors. In fact, it was later es-
timated by the same group that as few as 1-4 myosin motors per half-thick filament could provide
maximum (unloaded) shortening in muscle (39) with a working stroke size of approximately 7 nm
(137). Huxley’s original model attributed this relationship to a lower force exerted per myosin
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motor (68). Similarly, Caremani et al. (16) recently demonstrated that the size and speed of the
working stroke of cardiac myosin ranges from 3 to 8 nm and 1,000 to 6,000 s~! depending on
the load against which the muscle is contracting. Additionally, the force per myosin motor during
an isometric twitch in cardiac muscle is similar to that of fast myosin in skeletal muscle [approxi-
mately 6 pN (9, 95)] but has a stiffness that is two- to threefold smaller than skeletal muscle myosin
(140).

2.3. Structure-Function Relationships of Myosin from Pathological
and Therapeutic Perspectives

Our understanding of myosin structure and function in normal, healthy muscle paved the way for
studies examining the functional consequences of altered myosin structure in disease. For exam-
ple, a study focused on R403Q myosin mutation associated with hypertrophic cardiomyopathy
(193) showed that a heart disease associated with ventricular hypertrophy and diastolic dysfunc-
tion can have a single-molecule basis. The R403Q mutant myosin isolated from murine hearts
has significantly increased actin-activated ATPase rates and higher average (ensemble) force pro-
duction compared to normal (wild-type) myosin but no differences in single-myosin force pro-
duction (193). More recent studies using recombinant human cardiac myosin found that R403Q
mutant myosin has a reduced affinity for actin and reduced AT Pase rates and produces less intrin-
sic force compared to wild-type myosin (127). The range of functional properties for the R403Q
myosin mutation has sparked debate about whether organ-level hypercontractility scales down to
the single-protein level and, more generally, about the mechanisms by which mutated proteins
drive organ-level remodeling and dysfunction.

With advances in tools for investigating structural dynamics of myosin (e.g., small-angle X-ray
diffraction, X-ray crystallography, time-resolved fluorescence microscopy, computational model-
ing), possible structural bases for cardiomyopathies linked to mutations in cardiac myosin have
begun to emerge (176). A commonality among many mutations in myosin associated with hyper-
trophic cardiomyopathy appears to be the inability of myosin motors to sufficiently turn off or
become unavailable for ATPase activity. This overactivity is likely due to the mutation-induced,
allosteric restructuring of myosin that disrupts intra- and intermolecular interactions that would
otherwise stabilize the resting conformation. Motors that are unable to rest during diastole likely
have an increased probability of forming force-generating cross-bridges during systole, therefore
contributing to pathological hypercontractility (128, 177, 204). The opposite case may also be
true—mutations in myosin found in patients with dilated cardiomyopathy (a disease associated
with hypocontractility) have been found to inhibit the ability of myosin to fully activate during
systole (204).

The altered myosin motor structure caused by mutations associated with cardiac dysfunction
raises the question of whether myosin structure can be targeted for therapeutic intervention. Some
myosin-targeted small molecules [e.g., Omecamtiv Mecarbil (201) and 2-deoxy-ATP (115, 143)]
have been shown to alter myosin structure, providing beneficial functional effects.

3. THE FILAMENTS THAT SLIDE, PULL, AND STRETCH:
MYOFILAMENT STRUCTURE, MECHANICS, AND REGULATION

All of the dynamics discussed above play out in a lattice of compliant myofilaments. Thus, the
forces generated by single molecules collectively interact at a higher level of organization. In this
section, we review the mechanical, geometric, and regulatory features of the key filaments that
comprise the lattice.

www.annualreviews.org o The Sliding Filament Theory and Beyond

379



3.1. Thin Filament Structure, Mechanics, and Regulation of Contraction

Thin filaments are approximately 1.1 wm long in vertebrate striated muscle and are composed of
a double-helical coil of filamentous (F)-actin, laced along its length with tropomyosin strands
(188). Each double-stranded tropomyosin covers seven globular (G)-actins along each helical
strand of F-actin. Troponin complexes contain a calcium-binding (TnC), an inhibitory (Tnl), and
a tropomyosin-linking (Tn'T)) subunit on each strand of the thin filament, such that there is a ratio
of seven actins to one tropomyosin and one troponin complex (7:1:1), often called a structural
regulatory unit. In the absence of calcium, inhibition of contraction occurs because tropomyosin
strands lie in a position blocking the myosin binding sites on each G-actin of the thin filament, a
position that is stabilized by Tnl interaction with two actins (one on each F-actin strand).

Following a cellular action potential, release of calcium from the sarcoplasmic reticulum leads
to thin filament activation. Calcium binds to the N-terminal lobe of TnC, exposing hydropho-
bic residues and increasing the affinity of the N-terminal lobe of TnC for Tnl, which reduces the
affinity of Tnl for actin (22). The reduced affinity of Tnl for actin increases tropomyosin mobility
on thin filaments, exposing myosin-binding sites on actin (116). Myosin binding to actin results in
further displacement of tropomyosin and prevents tropomyosin from moving back to a blocking
position (203). When calcium dissociates from troponin, myosin motors detach from actin pro-
gressively, allowing tropomyosin to move back to an inhibitory position on the thin filament and
sarcomere relaxation to ensue.

To see how regulatory events in thin filaments influence larger-scale function, it is helpful to
examine the differences between cardiac and skeletal thin filament activation. In mammals, fast
skeletal muscle TnC has two N-terminal calcium-binding trigger loops (62, 66) that ensure rapid
thin filament activation and exposure of more than the 11 actin monomers of the structural reg-
ulatory unit, i.e., binding sites are thought to be exposed in neighboring regulatory units as well
(156). This has been suggested to be a mechanism of cooperative activation in fast skeletal muscle,
and computational models that account for cooperativity in thin filament activation support this
notion (14). In contrast, cardiac TnC has only a single calcium-binding loop, and calcium bound
in this loop is insufficient to expose hydrophobic residues of Tnl (170), reducing the ability of cal-
cium binding alone to completely activate thin filaments (196). Cardiomyocytes therefore rely on
additional mechanisms of thin filament activation, such as cooperative activation between neigh-
boring regulatory units along the thin filament (147) and cross-bridge binding (14). Studies have
shown that myosin binding to actin increases Tnl affinity for TnC, although the size of the func-
tional regulatory unit is thought to be seven actin monomers or fewer (43). Thus, a combination
of cross-bridge binding and calcium binding to neighboring troponins may be required for full
activation of a regulatory unit in cardiac muscle. Furthermore, while skeletal muscle can modulate
calcium-activated force based on firing frequency and/or recruitment of motor neurons innervat-
ing each cell, cardiac muscle activation is restricted to individual, cellular-level mechanisms.

Because cardiac thin filaments are less sensitive to calcium than are skeletal muscle thin fila-
ments, modulation of myosin motors in cardiac muscle can also augment activation kinetics (and
force) (90). Moreover, as thin filament activation in cardiac muscle depends on myosin, cross-
bridge detachment when calcium dissociates from troponin can facilitate a more rapid deactiva-
tion of the thin filament and return of the muscle to rest (132). This is one mechanism of rapid
deactivation that allows for rapid relaxation as heart rate increases via adrenergic modulation dur-
ing stress. Another mechanism that provides an increased rate of relaxation in cardiac muscle
with adrenergic stimulation is phosphorylation of cardiac Tnl (86), a mechanism that is not avail-
able to skeletal muscle. This is accomplished with a cardiac-specific N-terminal extension on Tnl
(174) that contains phosphorylation sites. When these sites are phosphorylated, they interact with
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another region of Tnl, the inhibitory peptide, to destabilize the interaction between Tnl and
TnC (19, 197), precipitating calcium release from TnC and deactivation of troponin and the thin
filament.

3.2. Thick Filament Structure and Composition

The thick filament of mammalian striated muscle is approximately 1.8 pwm long and consists
mainly of myosin arranged as a helical, bipolar filament. The a-helical coiled coils of the myosin
tails form the backbone of the thick filament, and the myosin heads (two per molecule) extend
outward radially from the surface of the backbone (202). The central portion of the thick fila-
ment (the M-line) is bare of myosin motors and contains unique titin protein domains and other
proteins, such as myomesins, that physically link thick filaments together at the M-line (40, 41).
Myosin motors are arranged on the thick filament as crowns of three heads, and each head within
the crown is separated azimuthally from the others by 120° (102, 149, 178). Subsequent crowns
along the axis of the thick filament are separated by approximately 14.3 nm (Figure 3) and ro-
tated azimuthally by 40° such that the myosin head helical periodicity along the thick filament is
approximately 43 nm (149, 178).

These structural details are supported by imaging data from high-intensity X-ray light. The
bipolar arrangement of myosin heads along the thick filament axis produces unique X-ray
diffraction patterns that, with today’s advances in photon detectors, enable high spatiotemporal-
resolution measurements of the position and dynamics of motors during contraction. For example,
one feature of the pattern (the meridional reflection or M3) corresponds to the axial distribution
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Figure 3

The geometry of the myofilament lattice can be revealed by X-ray diffraction. (#) An X-ray diffraction
pattern of the synchronous flight muscle from Manduca sexta taken at the Advanced Photon Source at the
Argonne Laboratory. The layer lines correspond to the axial and radial reflections of the pseudocrystalline
structure of the sarcomeres. The vertical axis of reflections corresponds to axially periodic structures along
the filaments, while the horizontal axis corresponds to reflections caused by the filament lattice in the radial
direction. (b)) An axial view of resting thin and thick filaments. Actin monomers are approximately 2.7 nm
apart along the double-stranded filament, which has a helical periodicity of approximately 5.9 nm. Myosin
motors are arranged axially as crowns of three motors every approximately 14 nm. With an azimuthal
rotation of approximately 40°, the helical periodicity of the myosin crowns repeats every three crowns, or
approximately 43 nm. () The arrangement of the myofilament lattice produces two planes of symmetry: one
that is produced by neighboring thick filaments separated by approximately 35 nm and a second that is
produced by both thick and thin filaments separated by approximately 20 nm.
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of myosin crowns along the thick filament (Figure 3). If the spacing of the crowns was perfectly
uniform along the thick filament, then a single M3 intensity distribution would occur. However,
mirrored myosin structures on each half of the thick filament produce intensity distributions at
higher spatial frequencies (in reciprocal space) compared to the distribution from the crown re-
peats, and with enough intensity, these higher-order interference fringes can cause a splitting of
the M3 peak into two narrower peaks (58; for a review of the M3 split, see 149). Recent analyses of
the split M3 reflection can inform our understanding of the in situ axial motions of myosin heads
during contraction (78, 96, 139, 152, 153) and quantify the fraction of myosin motors in resting,
active, or force-generating states (151).

Recent studies have focused on myosin-binding protein-C (MyBP-C), another important thick
filament—associated protein that localizes to the central third of the half-A-band (144), to deter-
mine its role in regulating contraction. In mammals, MyBP-C is expressed in three isoforms, slow
skeletal, fast skeletal, and cardiac, and the functional role varies among the isoforms (93), as is
discussed briefly in Section 3.3. MyBP-C consists of multiple serially linked immunoglobulin and
fibronectin domains and a unique linker domain that serves as a phosphorylation site. As its name
suggests, MyBP-C binds to myosin and the thick filament backbone via its C-terminal domains,
while the first four N-terminal domains of MyBP-C [consisting primarily of immunoglobulin (Ig)
domains and phosphorylation sites] can interact with the thin filament (146, 148, 165) and myosin
S2 on the thick filament (52).

3.3. Thick Filament-Based Regulation of Contraction

Recent evidence points to the thick filament as an additional component of the contractile reg-
ulatory system in striated muscle. This regulatory mechanism relies, in part, on feed-forward
mechanosensation in the myosin filament: Stress in the thick filament backbone (caused by force-
generating motors or passive sarcomere stretch) is thought to disrupt what are likely electro-
static interactions that stabilize resting myosin heads in the interacting head motif (202), thereby
recruiting motors for force generation in a stress-dependent manner. Motors stabilized in this
conformation [referred to as the OFF state (94) or the super-relaxed state (117)] are folded back
onto the thick filament backbone with their heads pointing toward the M-line of the sarcomere
(150), making ATP hydrolysis unfavorable. Support for this mechanism was recently provided by
time-resolved X-ray diffraction measurements of thick filament structure coupled with measure-
ments of sarcomere-level mechanics. During isometric tetanus in skeletal muscle fibers, stress in
the thick filament backbone develops after calcium-mediated thin filament activation and pro-
gressively switches myosin motors ON during tetanus (94). Moreover, in the absence of calcium,
passive stretch-induced thick filament strain releases resting motors, likely through mechanisms
similar to those facilitating contraction (38).

The thick filament mechanosensing hypothesis has also been tested in mammalian cardiac
muscle (15, 108, 136, 151). During a cardiac twitch, myosin motors are released from their resting
state in proportion to systolic force (151). Thus, as venous return and metabolic demands vary beat
to beat, cross-bridge recruitment is proportionately tuned to meet contractile demands, thereby
optimizing the energetic efficiency of systole-diastole cycles. Moreover, the axial distribution of
myosin recruitment along the thick filament backbone may be affected by MyBP-C. As force
develops during a cardiac twitch, motors in the c-zone of the A-band are recruited first and support
the majority of the force during the twitch (10). The resting structure of the thick filament may
be a promising therapeutic target to treat systolic heart failure (4, 143).

The function and regulatory role of MyBP-C in the sarcomere are areas of active investigation
(10,57,118,119,125). MyBP-C may stabilize the resting conformation of myosin motors and may
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therefore regulate their release upon activation (119). Ablation of MyBP-C increases cross-bridge
binding and cycling rates, likely by removing the physical constraints of MyBP-C on the myosin
motors (181). This mechanism has also been explored as a potential treatment for diminished
cardiac contractile function in dilated cardiomyopathy (92). Additionally, although MyBP-C is
mainly associated with the thick filament, recent evidence has emerged that it can also interact
with actin, forming interfilament cross-links that may facilitate thin filament activation (56, 126,
158). Similarly, the protein myomesin bridges thick filaments together at the M-line, which likely
regulates both axial and radial myofilament dynamics during contraction (191).

3.4. Titin Structure and Mechanics

The early two-filament model of the sarcomere proposed by Huxley and colleagues could not ex-
plain all of the mechanical properties of resting muscle. An additional elastic element was needed
to account for passive tension and stiffness in the sarcomere (independent of actin—myosin inter-
actions), but such an elastic element was not discovered until many years after the initial Huxley
models. Passive elements could, for example, include contributions from the extracellular matrix,
the Z-disks, and various protein constituents, including the giant filamentous protein titin, which
spans the length of the entire half-sarcomere in muscle. It is the largest known protein (3—4 MDa)
and is composed of many unique, serially linked domains that have specialized tasks in the sar-
comere. Historically, titin was believed to be mainly a structural protein that connected the thick
filament to the Z-disc and was initially aptly named connectin by Maruyama and colleagues (111,
112). Titin has been found to be a highly dynamic and complex protein, involved in multiple
mechanical and biochemical aspects of muscle function. As many features of titin have been com-
prehensively reviewed elsewhere (35, 49, 50, 97, 99), we explore how recent information about
the mechanical properties of titin has shaped our interpretation of the sliding filament theory in
resting and contracting muscle.

While the structure and length of the I-band region of titin varies among muscle types and
titin isoforms (50), it generally consists of dozens of serially linked Ig domains that flank a distinct
region rich in proline (P), glutamate (E), valine (V), and lysine (K), termed the PEVK region,
and a unique amino acid sequence that varies among isoforms and muscle types (the skeletal N2A
region and the cardiac N2B or N2BA region). The A-band region of titin is less understood than
the I-band region. It consists of Ig and fibronectin super-repeats that strongly interact with myosin
and MyBP-C (99), and it is likely much stiffer than the I-band region (29). Each super-repeat is
approximately 43 nm in length, which coincides with the helical repeat distance of myosin crowns
along the thick filament (36). It has therefore been hypothesized that the A-band region of titin
facilitates myosin filament formation and structure (189). Tonino et al. (189) recently showed that
deleting two super-repeats in the A-band of murine cardiac and skeletal muscle causes a significant
reduction in the length of the myosin filament. This change in thick filament length alters the
sarcomere length dependence of force and reduces contractility in both cardiac and skeletal muscle
(189).

The mechanical properties of the I-band region of titin contribute significantly to the total
passive elasticity of muscle (48, 51, 80). Titin expressed in mammalian skeletal muscle is generally
longer and therefore effectively more compliant than cardiac muscle titin. Using fluorescent
probes positioned proximally and distally to the PEVK segment, Linke and colleagues (100,
101) showed that Ig domains extend first, and that the length of the PEVK segment is preserved
until much longer sarcomere lengths. Moreover, studies on whole titin molecules (85, 110) and
isolated titin fragments (109, 157) have shown that individual Ig domains dynamically unfold and
refold under load, and that nearly all Ig domains are likely to be unfolded in random order at
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Figure 4

An example of the half-sarcomere represented as a system of springs in computational and mathematical
models. Computational and mathematical models of muscle function often rely on dissecting complex
sarcomere—protein interactions into a system of Hookean springs. Models such as these provide
approximations of mechanics, energetics, and kinetics of contraction and relaxation that can accurately
recapitulate experimental observation and/or generate experimentally testable hypotheses. Myosin
cross-bridges can be modeled as two-spring systems (gray) consisting of a linear spring plus a torsional spring
at the thick filament backbone (198), and MyBP-C (blue) can be modeled as a spring in parallel with
cross-bridges (37). Titin can also be modeled as an additional spring in the I-band (pink), in parallel with the
thin filaments and the array of cross-bridges (141, 142).

approximately 10 pN (8, 159). Mirtonfalvi et al. (110) suggest that exposure of ligand-binding
sites on titin may provide a mechanoregulated signaling motif to the I-band.

The load-dependent structural dynamics of the Ig domains in the I-band region of titin (159),
together with the spring-like characteristics of the PEVK segment (100), provide the sarcomere
with a length-dependent spring. A recent study used a mechanical model of the half-sarcomere
(134) (Figure 4) to provide an in situ quantitative description of the elasticity of the I-band re-
gion of titin during tetanic contraction (141). The stiffness of titin during contraction at long
sarcomere lengths is approximately 6 pN/nm, a value that is approximately 100 times larger than
the static stiffness responsible for the passive force-length relationship in resting muscle over the
same range of sarcomere lengths (141). Similarly, changes in titin stiffness (e.g., due to phospho-
rylation or disease-causing mutations) may affect the force-generating capacity of myosin motors
(142).

The apparent stiffness of the I-band region of titin in vivo depends on factors such as phospho-
rylation (54, 61, 89), interactions with actin (100, 130), calcium-dependent stiffness upon muscle
activation (28), and isoform switches during development or disease progression (49). Ongoing re-
search efforts aim to elucidate the relationship between altered titin stiffness and muscle function,
especially in disease contexts.

3.5. Titin-Based Regulation of Contraction

The regulatory and structural roles of titin in contraction remain an active area of research.
The I-band region of titin physically links the thick filament to the Z-disk and likely facilitates
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mechanical force transmission between the Z-disk and the myosin filament. Accordingly, during
muscle contraction, titin may play a role in force equilibration, balancing axial forces within the
sarcomere (142) or between serially linked sarcomeres during contraction (111, 195).

Titin may also be involved in activating the other myofilaments in the sarcomere by transmit-
ting forces between them during passive stretch. Recent work by Fusi et al. (38) suggests that titin
may facilitate thick filament activation in skeletal muscle by imposing stretch-induced stress on
the thick filament backbone, disrupting the resting conformation of myosin motors. Moreover, the
shorter sarcomere lengths at which cardiac muscle operates (compared to skeletal muscle) suggest
that the shorter titin molecule in cardiac muscle may be tuned to provide mechanical functions
similar to those of cardiac muscle (107, 108). The I-band region of titin in mammalian cardiac
muscle was recently implicated in length-dependent activation of both thick and thin filaments,
likely through a cooperative, strain-dependent mechanism upon stretch (2).

The A-band region of titin also plays a role in biochemical signaling. Indeed, titin binds to
more than 25 other proteins (99). Many titin-associated ligands, such as calmodulin, filamin C, and
obscurin, interact with the M-band region of titin (99). Furthermore, the M-band region of titin
interacts with muscle-specific RING-finger proteins-1/2 (MURF1/2), which bind to microtubules
and help maintain their stability (49, 99). Lastly, myomesin interacts with the M-band region of
titin, which provides links between thick filaments (98).

Notably, the A-band region is also associated with cardiomyopathy-causing mutations. Approx-
imately 25% of patients with end-stage dilated cardiomyopathy have titin-associated truncating
mutations (60), many of which are located in the A-band region of titin. In cardiomyocytes lack-
ing full-length titin, myofibrils are more susceptible to damage during mechanical loading com-
pared to cardiomyocytes with full-length titin (167). However, depending on the location of the
truncation-causing mutation, a recently discovered shorter isoform of titin [called Cronos titin
(206, 207)] can facilitate myofibrillar organization in the absence of full-length titin, which can
partially preserve cardiac contractility in human cardiac myocytes (206).

4. A MICROSCALE MACHINE OF SLIDING FILAMENTS: SARCOMERE
STRUCTURE, ORGANIZATION, MECHANICS, AND DYNAMICS

Just as individual motor proteins generate forces and interact within a lattice of compliant, reg-
ulated myofilaments, the scaffolding of filaments within the whole sarcomere connects function
across scales. Among the earliest experimental results connecting these spatial scales was the classic
length—tension relationship established by Gordon et al. (47). The discovery of this relationship
was instrumental in supporting the sliding filament hypothesis and theory of independent force
generators and highlighted the notion that muscle force depends on its geometric state (32). In
this section, we explore recent experimental and theoretical advances that have revealed additional
geometric and dynamic features of force generation at the sarcomere scale. These advances have
resulted from emerging techniques for time-resolved data and computational methods that were
not feasible at the onset of the sliding filament hypothesis.

4.1. Structure and Organization of the Lattice

A host of imaging technologies have been brought to bear in our understanding of the struc-
ture and organization of the myofilament lattice and sarcomeres of striated muscle. These in-
clude EM, X-ray diffraction, laser diffraction, and fluorescence confocal microscopy. EM was
among the earliest imaging technologies used to reveal sarcomere structure (55). Although EM di-
rectly reveals the layout of electron-dense structures with extremely high spatial resolution [recent
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microscopes approach sub-Angstrom resolution (161)], the tissue fixation that it requires can alter
the sizes, spacing, and organization of subcellular structures. In contrast, X-ray diffraction pat-
terns of muscle can reveal the myofilament lattice geometry without the need for fixation (or any
modification of the muscle tissue) (178). Indeed, muscle X-ray diffraction can be done on intact
whole animals and muscles (42, 105). Early X-ray diffraction experiments beginning in the 1940s
(7) required long exposure times, precluding detailed measurements of the temporal dynamics of
active muscle until the 1960s (30, 75). With the advent of powerful synchrotron radiation and
high-speed digital detectors in the 1980s, time-resolved experiments exceeding 100 Hz became
possible (76, 82), enabling measurements of axial and radial structural changes of the sarcomere
in active muscle.

In mammalian skeletal muscle, the interdigitating myofilaments in the overlap region of the
sarcomere are arranged in a three-dimensional lattice with a double-hexagonal symmetry that en-
ables cross-bridges from multiple thick filaments to interact with a single actin filament (Figure 3).
In the I-band region, the thin filaments form a rectangular lattice as they insert into the Z-disk
(180). However, the myofilament packing ratio and lattice geometry vary considerably across dif-
ferent animal taxa (67), suggesting that structural adaptations in the lattice enable functional
specialization (168). For example, packing ratios of thick to thin filaments can vary from 6:1
in cockroach leg muscles (53) to 5:1 in Lethocerus (190) and 12:1 in the common garden snail
(162). Interestingly, variation in features like packing ratio not only impacts the number of avail-
able binding sites, but also may affect other aspects of structural mechanics, such as electro-
statics, filament lattice spacing, and cross-bridge kinetics. This is an area that is ripe for future
research.

Extending from the theory of independent force generators, another theory is that muscles
with many short sarcomeres connected in series will be well adapted to rapid contraction, while
muscles with longer sarcomeres (and myofilaments) are better suited to slower, high-force
contractions (53, 71). This theoretical hypothesis is born out in structure—function relationships
seen across taxa (131) and even across muscle groups within a single organism, where both the
packing ratios of thick to thin filaments and the filament lengths are correlated with either large
forces or rapid contractions (168).

In the 1970s, an alternative hypothesis to the theory of independent force generators sug-
gested that electrostatic forces drove muscle contraction (31, 69, 124, 166). However, the theory
that filament sliding is due to independent force generators took precedence over that alterna-
tive hypotheses (70), diminishing interest in electrostatic interactions. We know today, however,
that such interactions help stabilize the lattice (160, 171). The repulsive forces between negatively
charged filaments and constricting forces (likely arising from elastic structural components such
as the Z-disks; M-line proteins like myomesins; and proteins like titin and MyBP-C, which are
interwoven in the myofilament lattice) yield a stable equilibrium (123). Independent of steric in-
teractions with cross-bridges, the thin filaments are more subject to collapse at low pH than are
the thick filaments (113), although at normal pH the lattice does not collapse, indicating the im-
portance of mechanical forces. While either electrostatic forces alone (122) or mechanical forces
alone (171) can roughly account for lattice spacing, the data are best fit by models that take both
electrostatic and mechanical forces into account (171).

In addition to stabilizing the lattice, the charges of lattice proteins also attract polar water
molecules, resulting in a layer around filaments. In total, approximately 30% of the lattice volume
is osmotically inactive, with approximately 20-25% taken up by protein (121). The remaining
fluid in the lattice is free to flow and could mediate substrate transport, as is discussed further in
section 4.2.
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4.2. Radial Sarcomere Dynamics and Interfilament Regulatory Mechanisms

In addition to the packing ratio of thick to thin filaments, the radial spacing of filaments can also
vary between species and temporally during contraction. By its name, the sliding filament hy-
pothesis gives the impression that the radial spacing of the myofilaments does not vary during
contraction. However, as muscle contracts and relaxes, the spacing between myofilaments in the
lattice changes, which has important implications for myosin motor binding kinetics, fluid flows,
and radial elastic energy storage. Decreased lattice spacing can bring myosin molecular motors
closer to the thin filament, thus increasing the probability of cross-bridge binding (1, 17). Addi-
tionally, changes in lattice spacing alter the strain in bound cross-bridges and the direction of the
forces that they apply (163). Spatially explicit modeling of the system corroborates experiments,
highlighting that lattice spacing is an important regulator of axial muscle force (184, 186, 198,
200). Given its importance for muscle function, it is important to understand what the rules are
that govern lattice spacing.

Early X-ray diffraction experiments showed that resting muscles maintained a constant vol-
ume, with the lattice dilating as sarcomeres shortened and constricting upon sarcomere lengthen-
ing (30, 160). The lattice also maintains a constant volume during length changes in resting fibers
of the crayfish leg, where 12 thin filaments surround each thick filament (5). However, because
cross-bridges produce axial and radial forces, the isovolumetric hypothesis cannot be fully tested
in resting fibers. In the 1990s, time-resolved X-ray diffraction patterns of active muscles revealed
that cross-bridges exert radial forces that compress the filament lattice, demonstrating that the
lattice is not isovolumetric (17, 18). Furthermore, in one of the first in vivo X-ray diffraction ex-
periments, the lattice spacing of Drosophila’s cyclically contracting flight muscle was shown to be
constant during natural function (81). In contrast, X-ray diffraction patterns from the cyclically
contracting flight muscle of Manduca sexta revealed that the lattice dilates and compresses, but
there is considerable variation among individual animals in both the magnitude and temporal pat-
terns of lattice kinematics (105). Additionally, the dynamics of lattice spacing are also correlated
with naturally occurring temperature gradients within the thorax (42). Moreover, differences in
lattice spacing as small as 1 nm have been correlated with the distinct functional roles (e.g., me-
chanical work) played by adjacent cockroach leg muscles that are otherwise identical (42, 192).
Thus, feedback between active cross-bridges and the radial lattice spacing can control the tempo-
ral dynamics of work and force in contracting muscle.

The dense packing of filaments has been shown to slow the diffusion of substrates to their tar-
get sites by computational (3, 169) and experimental studies (25, 114, 133), with decreases in lattice
spacing decreasing the rate of diffusion (84). Diffusion rates depend on the size of substrates, and
the anisotropic structure of the lattice results in more rapid axial diffusion than radial diffusion for
some substrate sizes (6, 63). Additionally, diffusion rates may be a driver of organelle positioning
within muscle cells. For example, mitochondria are subject to mirrored constraints, including the
diffusion of the oxygen necessary for ATP production and the diffusion of ATP into the dense
contractile lattice (87). The time constraint imposed by slow diffusion may be especially problem-
atic for cells contracting at high frequencies, where substrate exchange (e.g., calcium, ATP) with
organelles sitting exterior to the lattice must occur over rapid timescales.

Diftusion is not the only mechanism that could drive substrate exchange between the lattice
and surrounding intracellular environment. Dynamic changes in the volume of the lattice, modu-
lated by cross-bridges, necessitate fluid flow that could have important implications for substrate
exchange. Interestingly, using a simplified model of viscous shear stresses for flow between fila-
ments, Andrew Huxley (70) concluded that such stresses are not important. That said, the impli-
cations of fluid flow for muscle function are still relatively open areas for muscle research.
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The relationship between cross-bridges and lattice spacing is one example of interfilament
regulation of the sarcomere that differs from many of the mechanisms that we discuss in
Section 3, which focuses on individual filament-associated proteins. Thus, muscle employs multi-
ple regulatory mechanisms, spanning from the scale of single molecules to the dynamic motions
of ensembles of myofilaments.

4.3. Axial Sarcomere Dynamics and Interfilament Regulatory Mechanisms

The importance of lattice geometry was shown in the classic study by Gordon and colleagues (47),
highlighting the dependence of active force on sarcomere length. Three main features emerged
from their paper. At long sarcomere length (approximately 3.5 wm), where thick and thin fila-
ments barely overlap, few cross-bridges can contribute to force. Force rises linearly during con-
traction as sarcomere length decreases to approximately 2.2 pwm, where filament overlap allows
the maximal number of cross-bridges to form with the thin filaments. This region is called the de-
scending portion of the length—tension relationship (even though it ascends during contraction).
From approximately 2.0-2.2 pm, force peaks and remains constant. From approximately 1.3—
2.0 pm, force declines linearly as a consequence of steric hindrance among actin filaments, titin,
the thick filament, and the Z-disk. This is called the ascending portion of the length—tension re-
lationship. Thus, the power of muscle depends on the sarcomere length at which it is contracting.
This length dependence of active force adds to passive tension, which rises exponentially with
sarcomere length, which is primarily due to titin (see Section 3.5). It should be noted that, as the
lattice expands during contraction, the increased distance between myosin and actin reduces the
likelihood of cross-bridge formation, thus also contributing to the decrease in force with decreases
in length. Additionally, experiments that involve osmotic compression of the lattice suggest that,
at long sarcomere lengths, lattice compression may also inhibit axial force generation by con-
straining the angle at which cross-bridges can generate axial forces (200). Thus, the force-length
relationship may follow from more complex lattice kinematics than were initially suggested in the
pioneering work of Gordon et al.

The dependence of force on sarcomere length is also a key determinant of cardiac muscle
function. Over a century ago, Otto Frank and Earnest Starling observed in independent studies
that the systolic pressure is modulated by diastolic filling, thus providing beat-to-beat regulation
of cardiac output. While the subcellular origins of this feature of cardiac muscle, now referred
to as the Frank-Starling law of the heart, are still under active investigation (2, 26, 33, 172), the
length dependence of tension and calcium sensitivity in cardiac myocytes is generally believed
to be an integral component. In particular, cardiac muscle differs from skeletal muscle in that
it operates mainly on an ascending limb of the length—tension relationship (16). Consequently,
during diastolic filling, when ventricles are stretched, the sarcomere length of resting cardiomy-
ocytes increases, leading to larger forces. A variety of mechanisms may contribute to the sarcomere
length dependence of force in cardiac muscle, many of which are under active investigation, such
as length-dependent calcium sensitivity of force (26, 88), recruitment of myosin motors (13, 106,
151), and titin strain (2).

In addition to the functional consequences of lattice spacing and length-dependent force gen-
eration, filament compliance may play a significant role in regulating muscle function. The idea
of compliance as a factor gained attention with a series of papers in 1994 (44, 79, 194) that in-
troduced experimental data pointing to periodicity changes in the thick and thin filaments in
relation to the tension that they bore. These papers led to spatially explicit computational models
that suggested that, as tension develops in myofilaments, axial strain can realign myosin-binding
sites on actin filaments, augmenting cross-bridge recruitment (23). Spatially explicit models with
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filament compliance (12, 23, 120) allowed Tanner et al. (185) to explore the influence of the de-
gree of cooperativity between neighboring regulatory units along myofilaments on force output.
Additionally, while the study of sarcomere elasticity tends to be dominated by the myofilaments,
the functional role of Z-disk compliance is also an active area of research (40, 103).

4.4. The Ends of the Sarcomere: Z-Disks and Myotendinous Junctions

The vast majority of muscle research has centered on myofilament structure, regulation, and or-
ganization. Far less attention has focused on the Z-disk (Z-line, Z-band), which joins sarcomeres
end to end, transmitting forces between sequential sarcomeres. Thin filaments anchor into the
Z-disk via o-actinin and nebulin (103). Similarly, titin interacts with actin and o-actinin to me-
chanically connect thick filaments to the Z-disk (205). Additionally, proteins such as myozenin
and y-filamin (183) and LIM-domain proteins play important roles in the structural integrity of
the sarcomere, signaling, and mechanosensing (65, 145). Myriad other Z-disk proteins have been
linked to various muscular dystrophies (24) in which crucial structural connections between the
sarcomere and the sarcolemmal surface are compromised.

For vertebrate muscle, the thin filament lattice arrangement shifts from hexagonal packing to
rectangular packing as it attaches to the Z-disk. The thickness of the Z-disk varies considerably,
from approximately 30 nm in fast skeletal muscle fibers to approximately 100 nm in cardiac fibers
(104). Interestingly, a recent study shows that the rapidly contracting sonic muscles of the mid-
shipman fish have exceptionally wide Z-disks (approximately 1,200 nm), about the same width as
the A-band in these specialized sound-producing muscles (11). The greater thickness in cyclically
loaded muscles such as cardiac and sound production muscles raises the interesting question of
whether the Z-disk plays a role in elastic energy storage as well as in force transmission.

In a transverse view, the network of a-actinin proteins form one of two possible geometries: a
square lattice or a basket weave. Early experiments suggested that the shift in geometry depended
on the state of active tension—in relaxed fibers, the proteins form a square lattice, whereas in
the active state, the structure resembles a basket weave geometry (45). However, a recent study
suggests that tropomyosin movement may influence the shift from square lattice to basket weave
independent of the level of the force generation (135). In the end, the roles in elastic energy storage
and force transmission for Z-disks and myotendinous junctions (MT]Js) remain open areas for
future investigations.

Axial force transmission along the train of sarcomeres continues across Z-disks to the MT],
where the cell is folded extensively as it connects to the extracellular matrix—the degree of fold-
ing depends on the fiber type (187). At the M'TJ, connections between the lattice and the sar-
colemma are mediated by various structure proteins, including dystrophin. Defects in dystrophin
proteins compromise the associations of thin filaments with the membrane at the MTJ. Thus,
similar to the Z-disk, the MT] remains an open area for future research in muscle physiology and
pathophysiology.

4.5. Efficiency Is an Emergent Property of Multiscale Interactions

How efficiently do myosin motors convert chemical energy into mechanical energy? Muscle ef-
ficiency was first investigated through the lens of heat (32). Long before the sliding filament hy-
pothesis, Fenn (34) showed that muscle that performs work emits more heat than an isometrically
contracting muscle. Huxley (70) noted that any model of muscle contractility must account for the
Fenn effect. The modulation of the rates of cross-bridge cycling ultimately provides a mechanis-
tic link between muscle mechanics and chemical kinetics (72, 91), allowing for an explanation of
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the Fenn effect. In 1987, Homsher (64) provided an excellent review of the relationship between
muscle enthalpy production and actomyosin AT Pase.

For a linearly elastic spring, the mechanical energy is the product of the spring stiffness and
the square of its distortion. Thus, the energy derived from ATP hydrolysis must be greater than
the mechanical work associated with distortion of the cross-bridge (138). However, one challenge
in estimating efficiency is decoupling energy-consuming processes in the cell, like ion pumping,
from the work performed by cross-bridges themselves. Measurements of efficiency in skinned
fibers show that there is considerable diversity across organisms, fast and slow muscle types, and
operating conditions (e.g., temperature, load, and velocity) (91, 173). The efficiency of human
skeletal muscle is estimated to be approximately 20% (59). Documenting the efficiency of indi-
vidual myosin motors in the lattice is challenging since, by operating asynchronously, they perform
work on negatively strained neighbors (83). To estimate myosin motor efficiency, Sugi et al. (182)
recorded the power generated by glycerinated fibers when cross-bridge powerstrokes were syn-
chronized by limiting the amount of ATP in the system to approximately one per myosin motor
and using the laser-induced release of caged calcium for activation. Their study showed that the
efficiency of individual myosin motors within the filament lattice is, conservatively, 70% (182),
which is much greater than previous estimates in vertebrate muscle.

5.IDEAS FOR THE FUTURE AND THE MULTISCALE PROBLEM

We are acutely aware of the vast amount of exciting muscle history and research that we have not
reviewed in this article, such as the challenging open questions about the evolutionary diversity
of muscles and their function, the diverse set of functions that muscles must accomplish, ques-
tions about sarcomerogenesis and the underlying developmental processes in which mechanical
and genetic regulatory pathways conspire to create nearly paracrystalline structures, and myriad
other open questions in the field. We chose instead to set the stage for questions that we have
found interesting: those largely related to the challenges for understanding multiscale dynamics
of muscle and melding models and experiments.

The muscle in a mouse that weighs only a few grams is not all that different from that in
whales weighing many thousands of kilograms: Muscle scales from mice to whales and does so
with a structure that is stunningly conserved. However, as discussed in Section 1, the fundamental
concepts of muscle contraction (launched with the pair of 1954 papers in Nature introducing the
sliding filament hypothesis) included evidence of the vast spatial and temporal scales across which
mechanisms of muscle function must span. Since then, a common interest has emerged in the field
of muscle research: developing a deep mechanistic understanding of the multiscale processes—
from atom to organ—that govern muscle function. While such multiscale problems are not unique
to muscle, understanding the function of muscle on multiple spatiotemporal scales is central to
many areas of active research, from interpreting functional and structural diversity across animal
taxa, to engineering new technologies, to developing therapies for muscular pathologies.

To a considerable extent, the extreme spatial organization of muscle with repeated modules
lends itself well to multiscale studies. For example, time-resolved X-ray diffraction provides data
that reflect geometric changes at the scale of Angstroms and nanometers. When this is cou-
pled with other imaging methods [such as laser diffractometry that can provide micrometer
(sarcomere)-scale information], along with force and length measurements at the centimeter scale,
simultaneous mechanical and structural data can be acquired across nearly eight orders of magni-
tude (107'° to 1072). Few biological systems lend themselves to such a broad range of immediate
spatiotemporal information.
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Creating predictive models that span such scales is a challenge. For example, molecular dy-
namics models now provide deep insight into functional dynamics of single myosin molecules,
including interactions with various nucleotides (154, 155). However, such modeling approaches
are computationally intensive and cannot be scaled to the millions of interacting molecules that
constitute a single sarcomere.

As we describe above, spatially explicit sarcomere-scale models (micrometer) that incorporate
lattice geometry (184, 198-200), filament compliance (12,23, 120), cross-bridge and titin mechan-
ics (142), cooperative binding (184), and thin filament regulation (185) provide insight into the
interaction between chemical kinetic and structural features, but they also do not scale well. As
with molecular dynamics simulations, the computational demands of these Monte Carlo—based
approaches preclude predictions of contractile dynamics at the scale of centimeters (thousands of
sarcomeres).

Similarly, more heuristic models of muscle force generation, such as Hill relationships, force—
length relationships, and activation dynamics (force—time relationships), allow predictive models
of tissue-, limb-, and organ-scale dynamics. However, these approaches give little insight into
vastly smaller spatial and temporal scales. A core challenge of understanding muscle function
across physical scales is the inherent influence of processes at each scale on processes at other
scales. That is, mechanisms from one spatiotemporal scale cannot be easily untangled from mech-
anisms at adjacent scales. Consequently, models at the molecular level of organization are often
quite difficult to apply to larger spatial scales and vice versa. Indeed, the two-way coupling between
macroscopic and microscopic scales is a fundamental challenge that we face today. This is partic-
ularly true of molecular models driven by Monte Carlo simulations. This challenge of multiscale
dynamics will require methods to extract reduced-order behaviors from detailed high-dimensional
simulations.

In addition to coupling across spatial and temporal scales, there remain additional open areas
of research that reflect coupled processes. For example, the coupling between force and activa-
tion is inherent in stretch activation, cooperative binding, and mechanosensing (94) in the lattice.
Additionally, recent work points to an interesting, and poorly explored, coupling among volume
changes of the lattice, fluid flow, and substrate delivery. Thus, contractions may result in fluid ex-
change between the lattice and surrounding cell volume, where organelles like the sarcoplasmic
reticulum and mitochondria are located. Ultimately, coupling among experimental, theoretical,
and computational efforts will enable us to develop models that may be used as tools for under-
standing disease and for designing novel therapeutics.
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