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Abstract. The Frank-Starling Law was proposed over 100 years ago, but it remains
to be fully explained at the molecular level. The Law states that when the volume of
blood returning to the heart suddenly increases, it stretches cardiomyocytes that
instantly respond by increasing ejection pressure, thereby ensuring that the heart
deals efficiently with beat-to-beat changes in the circulation. Here we review: The
history of the Otto Frank and Ernest Starling role in formulating the Law; The key
contractile proteins involved (Myosin ATPase, Titin, cMyBP-C); The role of Super
Relaxation; and the contribution of computational analyses. We then propose two
pathways by which PIEZO1 (a mechanosensitive Ca** permeable channel that
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recently was the subject of the 2021 Nobel Prize) may play a role in the Frank-
Starling Law. In Mechanism 1, PIEZOL1 is a non-specific Ca?* channel expressed in
the T tubules adjacent to TRPM4 which together activate the sarcoplasmic reticu-
lum to release more Ca®* causing a cascade of events resulting in contraction. In
Mechanism 2, stretch of the heart chamber wall is sensed by PIEZOL1 in the car-
diomyocyte intercalated discs, which is directly connected to titin molecules that
activate myosin crossbridges at their S1-S2 via myosin binding protein
C (cMyBP-C).

Keywords: Frank-Starling law - Super relaxation - Intercalated discs - PIEZO1
- T-tubules

What Is the Frank-Starling Law?

The Frank-Starling Law is also known as the Starling Law of the Heart or the Frank-
Starling Mechanism. It describes the pressure-volume relationship between the volume
of blood that flows into the heart during diastole followed by the rapid and enhanced
development of stroke volume. But how does the heart meet a rapid change in venous
return by generating an enhanced ejection fraction? The Law is not restricted to the
heart but applies to the stretching of skeletal or cardiac (i.e., striated) muscles, but there
are some important differences. For instance, in skeletal muscle contractile force is
regulated by recruiting more “motor units” (the number of muscle fibers innervated by
a single motor axon), or by working synergistically with other muscle groups. Heart
muscle does not function by responding to motor innervation. Furthermore, skeletal
muscle cells are highly linear motors usually attached at each end to a bony skeleton.
Cardiomyocytes have no origins or insertions but are interconnected by intercalated
discs not only at their ends but also by lateral intercalated discs. Thus, the heart cham-
ber effectively acts as a single “motor unit”. Compared to skeletal muscle, cardiomyo-
cytes are usually binucleated and are shorter (about 120 pm long) than highly elongated
multi-nucleated skeletal muscles. Cardiac sarcomeres have shorter I band, and a shorter
working range, typically 1.8-2.2 pm. Kobirumaki-Shimozawa [40] demonstrated using
nano-imaging that the beating heart operates within much lower working ranges, with
diastolic and systolic lengths of 1.95 pm and 1.68 pm, respectively. This strongly sug-
gests the presence of a Frank-Starling reserve in vivo. Cardiomyocytes also branch,
forming a syncytium enabling the heart chamber to contract synchronously. Furthermore,
ejection of the blood from the heart is fast (about 200 msec). Accordingly, the heart
exhibits a length-dependent activation that depends less on the degree of overlap
of thick and thin filaments and more on the total number of participating myosin
crossbridges [92, 51] (Fig. 6.1).
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Fig. 6.1 Pressure-volume relationship in the frog ventricle. The top and bottom solid lines
show the maxima and minima of isometric twitches, while the middle solid curve shows the
isotonic maxima. This figure, originally published by Otto Frank, is reproduced from Sagawa
et al. [74] with permission from Elsevier.

The Historical Background for the Frank-Starling Law

There is an extensive history on this topic that makes unexpectedly interesting reading.
It was recently reviewed in considerable detail by Han et al. [28]. The authors examined
essentially all the relevant papers from 1869 to 2021. Despite the existence of several
earlier reports, today the Frank-Starling Law has its origins in a seminal paper by Otto
Frank [24]. Frank was a medical graduate who studied mathematics, chemistry and
physics in Germany but also spent some time in Edinburgh. He published hundreds of
papers, the most important of which showed that two pressure-volume relationships
exist as the heart goes from diastole (relaxed) to the end of systole (contracted)
(Fig. 6.2).

Before we discuss the molecular basis for the Frank-Starling Law, it is worth recall-
ing the scientific and cultural differences that existed at the time between Germany
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Fig. 6.2 The relationship between sarcomere length and tension development for skeletal
(black) and cardiac (red) muscle. Note the short range of sarcomere length charcteristic of
cardiac muscle. (This figure is modified from Sequeira and van der Velden with permission from
Springer-Nature).

(Frank) and Great Britain (Starling) around the time the Law was first formulated [43].
Frank’s seminal publication [24] was in German and according to the translators [38],
the paper was “much too formidable to be approached at all except by accomplished
linguists”. Importantly, it contained the definitive pressure/volume diagram. Frank
studied in Heidelberg, Munich, Glasgow and Strasbourg, and later moved to Munich
where he completed his habilitation thesis (the equivalent to a post-doctorate). He
remained there as professor until 1934, when he was compelled by the Nazi regime to
accept emeritus status. He died in Munich on November 12, 1944. Today he would be
immediately recognized as a renown biophysicist, but in the 1890s it was understand-
able he was not, although Frank has worked in Glasgow, Ernest Starling may not have
heard of him. At the time, unlike in the UK, German medical schools were predominantly
taught by medical graduates who were commonly expert scientists. This ensured that
medical graduates had a working grasp of the basic sciences.

About 20 years later Ernest Starling, also an MD, adopted a more physiological
approach using mammalian hearts with coronary arteries rather than amphibian hearts
[60]. While this paper did not cite Frank’s [24] publication, the pressure-volume data
using a dog heart did agree with Frank’s figures. However, they did not include data on
isotonic maxima. Nevertheless, Starling was an excellent teacher, communicator, and
physiologist. He recognized that British medical students were focused almost exclu-
sively on clinical medicine [38], and strongly advocated for the inclusion of basic sci-
ences in the first two years of their curriculum. He was also politically active, urging the
UK Government of the day to overhaul its approach to medical practices during World
War I [38]. In his celebrated Linacre Lecture presented in 1915 and published three
years later [79], he proposed the Starling Law of the Heart which later became the
Frank-Starling Law.
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Han et al. [28] concluded that “despite being fully conversant with Frank’s publica-
tions, Starling neither remarked on, nor tested Frank’s finding of “contraction-mode-
dependent performance of the heart”. In his Linacer lecture he insightfully states that
the pressure developed by the heart is a function of the length of the muscle fibre.
However, this failed to reflect the different end-systolic pressure-volume relationships
for isometric and after-loaded twitches. Instead, this left the field open for a study that
eventuated a century later to explain both Frank’s and Starling’s findings. Kenneth Tran
and his colleagues performed a systematic investigation of the force-length relationship
across a wide spectrum of physiologically relevant preloads, afterloads, working range,
temperature, and stimulus frequencies [28]. Widening the range of both preloads (blood
flowing into the heart) and afterloads (blood flowing out of the aorta), rather than main-
taining low preload or high afterloads, reveals the true contraction-mode-dependent
nature of the pressure-volume relations as first observed by Frank [24, 28].

The Anrep Effect

A sudden stretch applied to heart muscle triggers a biphasic increase in force. The first
rapid phase (1 s) is an immediate rise in contractility, described above as the Frank-
Starling Law. A second phase, often known as the Anrep effect, is a force response that
occurs slowly over the 10-15 min following the stretch. It was named after Gleb
Vasilievich von Anrep, a Russian-born physiologist who worked with Starling. The
mechanistic explanations of the Anrep effect involve autocrine events involving endo-
thelin, several receptors, several enzymes, reactive oxygen species (ROS), and Na*/H*
activation [13, 71]. The increase in force development in the Anrep effect involves
oxidative stress and Ca**/calmodulin-dependent protein kinase II (CaMKII) activity. It
works on a much longer time scale than the significantly faster Frank-Starling Law. A
recent review by Sequeira et al. [76] proposes that the Anrep effect involves a two-
phase activation of contraction involving a transition from the super-relaxed state to
disordered-relaxed state [76].

Molecular Basis of the Frank-Starling Law

Starling predicted that the power of the heart lies “in molecular changes occurring at the
surface of longitudinal fibrillae” [38]. Today these “fibrillae” are known as myofibrils
which are simply a long series of sarcomeres. Precisely how does a rapid stretch of
cardiac stretch instantly enhanced contraction? Decades later, Andrew F. Huxley and
Rolf Niedergerke [33] and Hugh E. Huxley (not related to AF Huxley) and Jean Hanson
[34] proposed the sliding filament hypothesis based on myosin thick filaments with
their crossbridges, and actin thin filaments that slide relative to the thick filaments but
do not change their lengths. Earlier Hanson and Huxley [30] had suggested the
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presence of connecting “S filaments” that joined the ends of the thin filaments to the
ends of the thick filaments. They were nearly right, but the field had to wait until 1976
when Koscak Maruyama and his colleagues reported a new elastic protein, which they
called connectin [55]. Three years later Kuan Wang and his colleagues reported a “new”
elastic thin filament protein they named titin, and the name stuck [90] (Fig. 6.3).
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Fig. 6.3 Cellular and molecular architecture of the heart. The heart (upper left) is a muscular
organ predominately comprising cardiac muscle fibers (cardiomyocytes) interconnected by (red)
intercalated discs (upper right). Force is generated by myofibrils consisting of a series of sarco-
meres (lower figure). A single myofibril (inset rectangle) is magnified (bottom figure) to show its
components. The sarcomere is bounded by Z discs, has a large (anisotropic) A band and charac-
teristically short I bands. Sarcomeres have three types of filaments: (1) Thin filaments (composed
of F-actin and relaxing proteins) that extend from a Z discs towards the middle of the sarcomere,
leaving a thin-filament-free H zone; (2) Thick filaments (predominantly myosin and titin) have a
central M line that crosslinks the thick filaments; and (3) Titin filaments that run from the Z disc
through the I band (curvy blue line) and along the surface of the thick filaments to reach the M
line. Force is produced by myosin crossbridges shown projecting from the thick filaments that
transiently attach to the thin filaments and move them towards the H zone. Top panel was adapted
from Peng et al. [61], the lower panel from Dutta et al. [20].
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Sarcomeric Proteins

Since the heartbeat refers to its contractile performance, our review of the Frank-
Starling Law begins with the role of sarcomeric proteins in cardiomyocytes.

Myosin ATPase

In the early days training of scientists required that they be familiar with a classic lan-
guage, e.g. German (e.g. [42]), and this persisted into the 1940s [21]. Subsequently,
English was adopted as the language of science. One of the earliest papers to discuss the
structure and function of muscle myosin in English came from John Gergely [26], a
charming Hungarian who migrated to the US after the end of World War II and was
mentored by the Nobel Prize winning Albert Szent-Gyorgyi (for his discovery of
Vitamin C in 1937). Gergely ultimately settled in Boston where he headed the Boston
Biomedical Research Institute (BBRI). Szent-Gyorgyi gravitated to nearby Woods
Hole Massachusetts where he established the Institute of Muscle Research. Gergely is
well known for his contributions to the relaxing proteins, but he will be remembered by
many in the muscle field because he developed the Information Exchange Group (IEG)
which compiled and circulated unreviewed advanced details of muscle research before
it had been accepted by the journals. In the 1960-1970s he avoided the ire of the pub-
lishing companies by claiming the IEG reports were “personal communications”
because they were communications between scientists and therefore, not a breach of
their copyright. Today BioRxiv does a similar job.

Myosin is the motor molecule that produces systolic force in the Frank-Starling
Law. In a healthy human heart, the ventricles mainly express a slow isoform of myosin
(MYH?7), while the atria mainly express the faster isoform, MYH6 [52]. Both isoforms
are hexameric proteins consisting of two heavy chains, two essential light chains
(ELCs) and two regulatory light chains (RLCs) (Fig. 6.4). Prior to the discovery of
titin (about 3 MDa), the myosin molecule (~400 kDa) was the largest known protein
in cardiomyocytes. It has two named components, the long light meromyosin
(LMM) tails forming the thick filaments and the heavy meromyosin (HMM) composed
of subfragment 1 (S1) and subfragment 2 (S2). Today the S1 is synonymous with
crossbridges. Thick filaments are mainly composed of myosin LMM “rods”. In the
middle of the A band the LMMs are arranged tail-to-tail forming the central “bare”
zone. The myosin “heads”, pointing away from the centre M line with an axial periodic-
ity of 43 nm. The two heavy chains separate to form separate S1 crossbridges. A total
of 49 layers of myosin crossbridges project from the surface of the thick filaments. A
myosin schematic is illustrated in Fig. 6.4. Its S1 component is rigidly attached to actin
and does not appreciably change its orientation relative to the actin filament. Rotation
of the crossbridge (the Power Stroke) occurs in the “converter” domain (or hinge)
which is located just below the attachment of the myosin light chains, close to the S1—
S2 junction. The original idea that the myosin crossbridge is a rigid (“oar-like”) struc-
ture that rotates at its junction with actin was challenged based on fluorescence
polarisation data [17] and later confirmed by Cooke et al. using EPR spin-labelled myo-
sin crossbridges who showed that probes located at the ATPase sit do not change their
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Myosin LMM

Fig. 6.4 The components of cardiac myosin and its binding partners. Myosin contains two
heavy chains, and two regulatory light chains (RLCs, purple dumbbells) and two essential light
chains (ELCs, red dumbbells). The N-terminal Light Meromyosin (LMM) component forms the
bulk of the thick filaments and interacts with titin (TTN) and cardiac myosin binding protein C
(cMyBP-C). LMM (red) is shown projecting into the interfilament space as heavy meromyosin
(HMM, not labelled) a two-headed tryptic fragment consisting of one myosin subfragment 2 (S2,
brown) and two S1 subfragments or crossbridges (pink). HMM can be further cleaved by papain
into two S1 subfragments, each carrying one ELC, one RLC, and the ATPase catalytic site. S-1 is
the only part of myosin that binds to the thin filaments and is sufficient to account for filament
sliding in motility assays [86]. We refer to S1 as the “crossbridge”.

orientation during contraction Cooke et al. [14]. The point of rotation “hinge” region
is the location of a number of point mutations associated with Hypertrophic
Cardiomyopathy (HCM) or Dilated Cardiomyopathy (DCM) [11, 31, 52].

Titin, the Third Sarcomere Filament Protein

Third filaments were reported in insect asynchronous flight muscles where they bridged
the short gap between the ends of the thick filaments in the A band to the Z discs [3, 25,
66]. They were named “C” filaments and were considered at the time to be only a fea-
ture of highly specialized asynchronous insect flight muscle. There seemed to be no
room for a third filament invertebrate muscle including cardiomyocytes. The extraction
experiments described by Huxely and Hanson were interpreted as “denatured myosin
and actin” and not as a bona fide sarcomeric proteins.



6 The Molecular Basis of the Frank-Starling Law of the Heart: A Possible Role... 107

The number of thin filaments present in the sarcomere can be estimated by electron
microscopy by counting filaments in serial transverse sections. In 1969 dos Remedios
[16] reported there were 619 thin filaments in a single rabbit psoas muscle and found
that, on average the A band has 2.0 thin filaments for every thick filament. However, in
the I band instead of 2.0 the number reported was about 2.79, i.e. nearly 3. This result
suggested that for every thick filament about 80% extended into the I band as an addi-
tional (non-actin) thin filament. They were named “residual” filaments and were directly
visualized by electron microscopy in intact sarcomeres and were clearly imaged after
myosin and actin extraction holding the Z discs together.

The history of the third “titin” filament was reviewed in detail [18, 19, 92], but more
recently, Wolfgang Linke [50] published a comprehensive review of titin that summa-
rizes our current understanding of its structure and function. Linke pointed out that the
original two-filament hypothesis was unsatisfactory because, in the absence of a third
filament, there would be nothing to stabilize sarcomere. The A bands could not be
maintained in the middle of the sarcomere, and contraction of shorter sarcomeres (with
more overlap of thick and thin filaments) would pull apart the longer sarcomeres where
there was less overlap, especially in skeletal myocytes. Also, naturally occurring spon-
taneous oscillatory contractions (SPOCs) characterized by Shin’ichi Ishiwata and his
colleagues [36] later demonstrated that the true functional unit of contraction is the half
rather than a whole sarcomere. Telley et al. [84] raised the prospect of an enhanced
‘residual’ force that remained elevated after a quick stretch of activated single myofi-
brils. This force increased linearly with the degree of half-sarcomere length non-
uniformities and was attributed to the passive force imposed by titin [68]. Studies
measured as time-resolved displacement of the A band indicated that residual force was
present irrespective of half-sarcomere non-uniformity [9, 68]. This raises the ques-
tion of whether residual force enhancement primes the muscles for the next set of con-
tractions, and thus formed the basis of the Frank-Starling Law?

Titin is the third most abundant protein (10% of the total muscle mass) and is also
the largest protein ever recorded having nearly 36,000 amino acids [44]. Its molecular
weight varies (3—4 MDa) depending on whether the isoform is N2B and N2BA. The
shorter isoform was missing the N2A elastic elements. The N-terminus is anchored in
the Z disc where it binds to the N-terminus of a titin in the next sarcomere (see titin at
the N and C termini, Fig. 6.5). Its C-terminus stretches through half of the sarcomere to
terminate at the M line where it binds to the C-terminus of the next titin, a distance over
1 pum. Thus, consecutive titins are interconnected along the entire length of the sarco-
mere with binding site along the thick and thin filaments as it continues to the inter-
calated discs at the cardiomyocyte ends. Titin is therefore a prime target for
stretch-activation of the heart in the Frank-Starling Law. The expression level of the
small titin isoform correlates with its contribution to overall muscle stiffness, suggest-
ing that differential expression of large (e.g., N2BA) and small (e.g., N2B) titin iso-
forms is an effective means to modulate the filling performance of the heart [94].

In the Z disc: Titin contains up to seven Z-repeats that interact with a-actinin and
cross-link the barbed ends of actin filaments. The first two Ig domains of two titin fila-
ments bind to the stretch sensor TCAP (telethonin) and they are also the substrate of
titin kinase that regulates the anti-parallel assembly of titin in the Z disc [87]. Mutations
in TCAP were identified in patients with hypertrophic cardiomyopathy (HCM) and
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Fig. 6.5 Schematic illustration of the giant protein, titin. Its N-terminus is in the Z disc and it
extends through the I band and half the A band where its C-terminus reaches the M in the middle
of the sarcomere, a distance of over 1 pm. Titin has many binding partners discussed in detail in
the text. In the I band it has a highly extensible PEVK region that functions as an extensible
entropic spring and is responsible for its unusual elastic properties. At least six titin molecules run
along the surface of the thick filament. Titin plays a crucial role in the Frank-Starling Law.

dilated cardiomyopathy (DCM) [31]. Titin also binds to CAPZ, an actin-capping pro-
tein that anchors the actin filaments to the Z disc. It directly controls maximum isomet-
ric tension generation by the sarcomere. It is important for anchoring PKC-B(II) and
reducing myofilament sensitivity to Ca** [67].

In the I band: Obscurin (OBSCN) is another giant (721 kDa) protein located in the
I band close to the Z disc (Fig. 6.5). Like titin, it has multiple immunoglobulin (Ig) and
some fibronectin (Fn) domains that bind to a smaller isoform of titin called Novex-3.
Obscurin has also been reported at the M line [45] (see below). As the titin sequence
extends into the I band, one report [70] suggests it binds to the thin filament protein,
tropomyosin. This connection with the thin filament might explain the reduced thin fila-
ment count in the I band described above [15]. Nearby the sequence has two splice
isoforms, N2B and N2A, both present in cardiac titin filaments. Cardiac N2B binds to
the FHL1 while the N2A splice isoform acts as an entropic spring element that can
unfold with persistent force modulated by Ankrd [88]. FHL1 and Ankrd are
mechanosensors that modulate muscle-specific signalling and growth. C-terminal to the
N2A is the well-studied highly extensible PEVK domain that functions as an extensible
“spring”. Atomic force microscopy of the PEVK region strongly suggests it binds to
F-actin. These data strongly implicate the binding of titin to F-actin [48]. Very recently
Squarci et al. [77] used small angle X-ray diffraction and reported that PEVK can
switch from a sarcomere length (SL)-dependent “OFF-state” to a SL-independent recti-
fier “ON-state”. This allows free shortening of titin while resisting a quick stretch (the
stiffness was ~3pN per half sarcomere per half thick filament) and enables the I band
section of titin to transmit a suddenly increased load to the thick filament. In the
“ON-state” the periodic interactions of A band titin with the myosin alter their “disposi-
tion” in a load-dependent manner. No doubt future investigations will resolve whether
cMyBPC plays a role here. The PEVK region is also associated with other proteins
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including Four and a Half LIM domain 2 (FHL2) that regulates heart development, and
Muscle Ankyrin Repeat Protein (MARP) involved in the stretch-response of muscle.

In the A band: A total of six titins are located on the surface of the thick filament
and bind to the LMM region of myosin (see “Turnover” discussion below). This is also
seen as 9—11 stripes of cMyBP-C associated with 49 levels of myosin heads in each half
sarcomere (Fig 6.5). In this way titin acts as “blueprint for the thick filament architec-
ture [7]. This was earlier demonstrated using selective deletions of titin’s C-zone super-
repeats where the results showed not only a reduction of cMyBP-C stripes but also a
reduction in overall thick filament length and resulting force production [85]. Alignment
of the myosin motor domains in the thick filament produce the well-known myosin
crossbridge periodicity which in turn mandate the binding of cMyBP-C as 7-9 stripes
A band (Fig. 6.5).

In the M line: The main structural component is myomesin which strongly cross-
links the thick filaments and therefore maintains the alignment of the thick filaments.
The M line is also where the C-terminal sequences of two titins overlap and bind
strongly to each other, effectively maintaining the continuity of the titin filament along
the sarcomere. The myomesin also binds to obscurin [65] suggesting it makes a close
connection to the lateral cisternae, the main Ca?* storage-release site in adjacent to the
myofibrils (see I band discussion above) thereby implicating it in the Ca**-induced
Ca*-release mechanism.

Turnover Rate of Titin: Experiments evaluating the half-lives of sarcomeric pro-
teins in the adult rat heart have yielded varying results. Older reports suggested that
about 50% of myosin heavy chains turn over in 5.4 days [23], while half of troponin I
turns over in 3.2 days [53]. We now know that the huge size and functional complexity
of titin as a stress-sensor makes it a target gene in cardiomyopathies [49]. Recent stud-
ies, employing more sophisticated techniques have demonstrated much faster exchange
times or accelerated turnover rates [71]. Da Silva Lopes et al. [15] inserted a GFP probe
into the C-terminus of the TTN gene that carried an endogenous promoter using cul-
tured beating embryonic cardiomyocytes using Fluorescence Recovery After
Photobleaching (FRAP). They took several precautions including: (1) Minimising pho-
totoxicity by observing FRAP from a single sarcomere; (2) Eliminating the contribu-
tion of de novo synthesis of TTN using cycloheximide that blocks translation elongation;
(3) Using knock-in TTN-eGFP cardiomyocytes to increase the signal-to-noise ratio; (4)
Following the fluorescence for 14 h to achieve a steady-state determination of the
half-life of fluorescence recovery; and finally (5) Ensuring their measurements were not
confounded by excluding the short Novex isoforms of titin. The fluorescent tag repre-
sented <1% of the molecular weight of titin. They measured FRAP using embryonic
cardiomyocytes at normal, high, and low Ca** levels, in the presence of BDM (an inhib-
itor of myosin ATPase) using neonatal cardiomyocytes. Unexpectedly, they found the
exchange half-lives from 1.7 h to 3.7 h with an average half-life of only 2.2 h. Movement
of titin was largely unrestricted and high Ca®* levels also inhibited its mobility. They
concluded that the slow rate was attributable to the movement of existing titin within
the sarcomere. These rapid turnover rates of titin have been validated by recent studies
also using FRAP, revealing a surprisingly fast half-life for titin of 1.2 h [8]. These find-
ings align with studies that showed even faster half-lives for cardiac troponins, which
occur in the order of minutes in mouse embryonic cardiomyocytes also measured by
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FRAP. Titin visualization in real time revealed an unexpected level of mobility within
and between sarcomeres. Da Silva Lopes et al. [15] argued that movement along the
fibril would require a tumbling motion but lateral movement between filaments would
not, and their observations were consistent with titin movement that was equally effi-
cient along and between fibrils. They concluded that titin is much more dynamic than
expected and that it can detach from the M line and Z disc and move freely in either
direction before it re-attaching.

Cardiac Myosin Binding Protein C

As its name suggests, cMyBP-C is a protein associated with the thick filament. It was
first reported by Gerald Offer and his colleagues at King’s College Biophysics [58] as
the third largest protein contaminant (140.5 kDa) of skeletal myosin preparations.
However, it was some time before the importance of cMyBP-C was more fully under-
stood [6]. Cardiac cMyBP-C differs from its skeletal muscle isoform by the addition of
a CO domain at its N-terminus, thus placing it close to the motor domain of myosin
including the Regulatory Light Chain (RLC) [69]. Immunohistochemistry revealed that
cMyBP-C is in the A band as 7-9 stripes [62] with a spacing corresponding to the myo-
sin crossbridge repeat of 43 nm [6] (lower panel in Fig. 6.6). Protein Kinase A (PKA)-
catalysed phosphorylation of both cMyBP-C and cardiac troponin I (cTnl) decreases
the Ca** sensitivity of force and accelerates the rate of crossbridge cycling [80].

Of the N-terminal domains, CO is expressed in the heart but is not expressed in skel-
etal muscle [72]. The first three domains bind to either the base of the myosin S1 cross-
bridge (RLC) and S2 (Fig. 6.6) or they bind to the actin filament. Domains C3—C6 have
no known binding partners and we have assigned them to the interfilament space. The
four C-terminal domains, C7-C10, were reported to bind to titin, and C9—C10 domains
bind to LMM in the thick filament [63, 85]. However, just-published super-resolution
cryo-electron microscopy of fully relaxed cardiac muscle [20, 83] describe a clear
physical separation between cMyBP-C and titin in the thick filament. Unfortunately,
there are currently no cryo-EM data on activated thick filaments to determine whether
this cMyBP-C/titin separation is maintained when the thick filaments are activated as
proposed under the Frank-Starling Law.

Domains C0, C1 and C2 of cMyBP-C bind to F-actin but when they are stretched,
they detach from actin and bind to myosin S2. The N-terminal CO domains binds to the
regulatory light chain (RLC) of myosin and together with C1 and C2 activate the myo-
sin crossbridges to interact strongly with F-actin [62]. The functional importance of this
complex is that cMyBP-C regulates whether myosin crossbridges in the C zone are
shifted from the super relaxed state (see below) into the activated state that produces the
enhanced force characteristic of the Frank-Starling Law.

The C3-C6 domains leave the thick filament and extend out into the gap between
thin and thick filaments. This region of cMyBP-C also contacts actin filaments as shown
in Fig. 6.8 [78]. Strangely, although cMyBP-C appears to be critical for the function of
cardiac muscle, when the gene was introduced into skeletal muscle, it did not appear to
make the critical connection between titin and the myosin crossbridge needed to explain
the Frank-Starling Law [73].
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Fig. 6.6 The structure, localization and binding partners of cardiac myosin binding pro-
tein C (cMyBP-C). The 11 immunoglobulin/fibronectin domains of cMyBP-C are numbered
CO0-C10 from N- to C-terminus (top figure). Of the N-terminal domains, CO is only expressed in
the heart and is absent in skeletal muscle. The first three domains bind to either the base of the
myosin crossbridge (RLC and S2) (Fig. 6.4) or they bind to actin in the thin filament. The middle
four domains have no specific binding partners and have been assigned to the interfilament space.
Of the C-terminal four domains, C10 binds to LMM in the thick filament, but recent super-
resolution cryo-electron microscopy of relaxed cardiac muscle report a clear physical separation
between cMyBP-C and titin. There are currently no cryo-EM data on whether this separation also
changes during activation and contraction as suggested by historical reports. C9 and C10 are
binding sites for FHLIM1, a biosensor known to bind to titin. The bottom figure shows cMyBP-C
is limited to 7-9 distinct stripes in the A band.

c¢cMyBP-C’s role in disease. A mouse homozygous knockout of cMyBP-C resulted
in development of hypertrophic cardiomyopathy, but the heterozygotes were unaf-
fected. In humans, mutations in the MYBPC3 and the MHH?7 genes are more frequent
than other sarcomeric genes and represent about half of all HCM patients and in one
Icelandic population they accounted for >90% of HCM [1]. cMyBPC is inherited an
autosomal dominant and mainly affects diastolic dysfunction. Mutations can also lead
to DCM. Formin Homology 2 domain-containing 3 (Fhod3) is abundantly expressed in
the heart and plays an essential role in the regulation of actin assembly [56]. Its
N-terminal region is cardiospecific (Fig. 6.6) and is responsible for the localisation of
cMyBP-C to the C zone. Mutations in Fhod3 result in defective binding of cMyBPC3
to actin and contribute to the pathogenesis of cMyBP-C-related cardiomyopathy. The
precise mechanism for the above remains a mystery. Phosphorylation (PKA) of cMyBP-
C reduces its Ca’* sensitivity of myosin crossbridge cycling [12].

Cardiac MyBP-C Plays a Significant Role in Modulating Crossbridge Activity.
Under low Ca?* conditions achieved during relaxation, cMyBP-C primes thick fila-
ments by synergistically shifting tropomyosin to the closed rather than off state [47].
Previs et al. [64] showed that eccentric release of Ca* from the SR at the Z disc predict-
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ably resulted in non-uniform activation on a beat-to-beat timescale if it were not for
cMyBP-C that “exquisitely” sensitises the unbalanced release of Ca* so it is perfectly
counterbalanced the Ca?* diffusion in the half-sarcomere. More recently, Hanft et al.
[29] reported that phosphorylation of cMyBP-C regulates sarcomere length-dependence
of cardiac myofilaments. Thus, cMyBP-C affects the Frank-Starling Law by regulating
sarcomere length-dependence of myofibrillar power and controls the beat-to-beat per-
formance of the heart.

cMyBP-C Has Emerged as a Major Controller of Crossbridge Activity. The N
terminus of cMyBP-C can bind to either the thin filament or the myosin crossbridge
while its C terminus is anchored to LMM in the thick filament (see Fig. 6.6), and during
sarcomere activation also appears to bind to titin. As Heling et al. [32] concluded,
cMyBP-C is indeed one protein to govern them all.

Super-Relaxation Crossbridge Kinetics

Before 2010 myosin crossbridges were thought to be in one of two states. They were
either in the actin-bound state (Fig. 6.7a) where ATP is rapidly hydrolysed (Fig. 6.7b) or
they were completely detached (Fig. 6.7a Disordered Relaxed (DRX) state) where
crossbridge ATP hydrolysis is slow (Fig. 6.7b). However, in 2010 Roger Cooke and his
colleagues reported that the ATPase activity of myosin in free solution was significantly
faster than when it was measured in muscle fibers where myosin heads were constrained
to the thick filaments [81]. They concluded that myosin crossbridges that were not
attached to the thick filaments could be either in the DRX state or in a new state they
named the Super Relaxed (SRX) state. Here the myosin crossbridge was closely aligned
along the thick filament where either it had some degree of movement (the non-IHM
state) or one head was folded back and immobilised on the second head aligned along
the rod (the interacting heads motif, IHM). These crossbridges were temporarily
unavailable for force development but could be rapidly “activated” and contribute to
force development. The SRX state can be quickly converted to the DRX state (Fig. 6.7)
when there is a sustained demand for increased power.

Attachment of the myosin crossbridges described by AF Huxley and Niedergerke
and Huxley and Hanson in 1954 provided little or no detail of the nature of the attached
crossbridges. By 1969 Hugh Huxley [35] used electron microscopy to show that con-
traction involved an interdigitation of myosin and actin filaments produced by a cyclic
attachment of crossbridges. These crossbridges were projections that attached to the
thin filaments. Three years later dos Remedios et al. [17] used fluorescence polarization
of tryptophan intrinsic to the S1 portion of the myosin crossbridges to show that there
was little or no rotation of S1 probably occurred in the S2 portion of myosin. This con-
clusion was subsequently confirmed using electron paramagnetic resonance spectros-
copy of myosin extrinsically labelled light chains [96]. In 2004 the dos Remedios et al.
publication was selected in a list of the 50 most important in the history of muscle
contraction and myosin motility [59].

In November 2023 two important papers were published back-to-back in Nature [20,
83] that used single-particle 3D reconstructions (cryo-electron microscopy) and
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Fig. 6.7a Illustrates the possible functional energetic states of myosin filaments where the
crossbridges in: (1) actin-bound (green) state (grey, top); (2) a Disordered Relaxed (DRX) state
(orange) with both crossbridges unattached; and (3) the Super-Relaxed (SRX) state, where the
two myosin crossbridges either do not interact (non-IHM state) or where one crossbridge is
bound to the other head (IHM state). Fig. 6.7b plots the simulated myosin ATPase rates for: (1)
actin-bound myosin (3 s-1) (green); (2) relaxed crossbridges in the DRX state (0.03 s-1) (orange);
and (3) the SRX state (0.003/sec) (red). The black curve simulates the ATPase rate in actively
contracting cardiomyocytes assuming 45% of the crossbridges are in SRX, 45% are in DRX and
10% are bound to actin. This figure is reproduced from Nag and Trivedi [57] under the Creative
Commons licensing agreement.

achieved an unprecedented resolution of 4-6A using images of the C zone region of
native single myosin thick filaments isolated from frozen cardiomyocytes from human
donors [20] or from human and mouse hearts [83]. This achievement required the actin
filaments were removed by dissolving them with gelsolin. They reported that myosin
crossbridges exhibit three configurations where crossbridges interact with: (1) each
other; (2) specific domains on titin; and (3) with cMyBP-C. They also suggested a
mechanism to explain how mutations in cMyBP-C might disrupt crossbridge function.
In these preparations crossbridges were stabilised in the DRX and IHM-SRX states
using mavacampten, a drug that strongly inhibits ATP-hydrolysis (see Fig. 6.6a).
However, they found no evidence for the non-interactive (folded back) IHM head pro-
posed by Nag et al. [57]. Furthermore, their reconstructions supported a strong interac-
tion between titin on the surface of the thick filament and LMM and myosin heads, but
that titin was clearly separated from C-terminal cMyBP-C within the thick filaments, at
least when the of thin filaments were removed. It remains to be seen whether the lack
of titin-cMyBP-C interaction in relaxation changes during rapid force increase that
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characterizes the Frank-Starling Law since this change cannot be attributed increased
thick-thin filament overlap.

In Fig. 6.8 we propose that the Frank-Starling stretch-activation mechanism involves
both titin (blue) and cMyBP-C (green). In the relaxed state the N-terminus of cMyBP-C
binds to the actin thin filament and the C-terminal domains bind to LMM in the thick
filament, without contacting titin (consistent with [20, 83]). As the heart chamber is
filled during diastole, titin is stretched which tenses the thick filament, causing a con-
formational change in cMyBP-C in the C zone. This causes it to release its attachment
to the thin filament so its CO-C2 domains can now attach to a crossbridge at the point
where crossbridge rotations [17] (indicated by the dashed red line). These changes
allow the C-terminal domains (C8-C10) of cMyBP-C to attach more extensively to the
surface of the thick filament and possibly allow it to change its attachment to titin pro-
vided it is phosphorylated [4, 12, 29, 57, 80].

Tropomysin
- 1 e

> 7 CURER  THIN FILAMENT

Z disc

THICK FILAMENT

TITIN

Fig. 6.8 Schematic representation of the interactions of cMyBP-C (green) with the thick
(grey) and thin (pink) actin filaments in the C-zone of the sarcomere A band. Here cMyBP-C
is shown in two alternative locations. In the relaxed (DRX, see Fig. 6.7) state shown on the right,
its C-terminal domain (C10) binds to the LMM portion of myosin (grey). Historical evidence
suggests that C7-C8-C9 bind to titin but his was recently disputed by cyro-electron microscopy.
The middle domains (C3-C6) lie in the space between the thick and thin filaments, and the
N-terminal domains (CO, C1, C2) bind to the nearest thin filament. When the relaxed heart cham-
ber is stretched by increased filling, it is sensed by titin which binds cMyBP-C causing it to leave
its attachment to actin and attaches to the myosin crossbridge (via the RLC and S2), thereby
shifting it from the SRX state to the actin-bound state (Fig. 6.7). Note, for contraction to occur,
Ca* must be released from the sarcoplasmic reticulum causing a chain of events that expose the
myosin-binding sites on F-actin. Thus, crossbridge activity is regulated by cMyBP-C (green) and
titin (blue-grey line).
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Computational Analysis of the Frank-Starling Law and Length
Dependent Activation

The super-relaxed state provides significant insights into Length Dependent Activation
(LDA) and the Frank Starling Law [51]. Stretched mammalian cardiomyocytes exhibit
an increased Ca?*-sensitivity and maximum Ca?**-activated force. Stretch increases the
rate of diastolic ATP hydrolysis, and recruits reserve myosin heads from the SRX state.
X-ray diffraction studies of relaxed muscle have confirmed there is less helical order in
the thick filament when stretch is applied, concomitant with a displacement of myosin
heads towards actin, which facilitates crossbridge formation upon activation.
Mavacamten (a drug that shifts actin-bound myosin towards the SRX state) prevents
other structural changes associated with LDA in the sarcomere, such as decreased lat-
tice spacing or troponin-displacement. This strongly indicates LDA and its systolic
consequences are dependent on the population of myosin heads competent to form
crossbridges and involves the recruitment of myosin heads from the reserve pool of
SRX state during diastole [7, 39, 76].

The shorter I band in cardiac muscle (compared to skeletal muscle) means that at
normal working sarcomere lengths (cardiac curve in Fig. 6.1) the overlap of thick and
thin filaments does not need to change. Instead, LDA is achieved by progressively
recruiting myosin crossbridges from the pool of super relaxed crossbridges along the
thick filaments until greater force is required and SRX heads are progressively recruited.

LDA is required to observe both the Frank-Starling mechanism and a positive
response to high vascular fillings. Kosta and Dauby [41] pointed out that a dynamic
length dependent activation-driven response to changes in preload involves interactions
between the cellular, ventricular, and cardiovascular levels, and therefore fundamen-
tally involves multiscale behaviour. They concluded it is challenging to study multi-
scale phenomena experimentally, and that computational approach contributes to a
more comprehensive knowledge of the sophisticated length-dependent properties of
cardiac muscle.

Similarly, Campbell et al. [10] presented a mathematical model of muscle contrac-
tion that was developed to investigate this hypothesis. It included myosin heads that
transitioned between an off state that could not interact with actin (SRX), a DRX state
that could bind to actin (DRX), and a single actin-bound state (see Fig. 6.7). Simulations
were limited to experimental data using multidimensional parameter optimization.
Statistical analysis showed that a model in which the rate of the off-to-on transition
increased linearly with force reproduced the LDA behaviour using chemically permea-
bilized myocardium better than a model with a constant off-to-on transition rate (F-test,
p < 0.001). Their result suggests that the thick filament transitions are modulated by
force, and that a model incorporating a mechanosensitive thick filament also repro-
duced twitch responses measured in trabeculae stretched to different lengths. A final set
of simulations predicted how reducing passive stiffness impacts the length dependence
of Ca?* sensitivity of contractile force. These results suggest that force-dependent
recruitment of myosin heads from the thick-filament off state contributes to length-
dependent activation and the Frank-Starling relationship [10].
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A New Approach: Is PIEZO1 Is Involved
in the Frank-Starling Law?

Here we propose novel molecular pathways that may help to explain the Frank-Starling
Law. The discovery of the mechanosensitive receptors PIEZO1 and PIEZO2 was
recently recognised by the 2021 Nobel Prize [54]. However, since PIEZO2 is not
expressed in the cardiomyocytes, our focus is on PIEZO]1.

PIEZOL1 is a transmembrane homotrimer ion channel protein that non-specifically
conducts Ca?. It is expressed at relatively low levels in the healthy heart, but it is up
regulated in cardiomyopathies [37, 82]. It is expressed in the T tubules that invaginate
the sarcolemma and penetrate deep within the cell [95]. T tubules make close contact
with the lateral cisternae of the sarcoplasmic reticulum (SR), forming the triad junction
that controls the activation of cardiomyocytes [27, 37] and initiates hypertrophy [94].

PIEZO1 Is Expressed in the T Tubules

The Frank-Starling Law states that when a heart chamber is suddenly filled by an
increased volume of venous blood, the cardiomyocytes are stretched and quickly gener-
ate action potentials that travel along the sarcolemma and into the T tubules (Fig. 6.9,
yellow). There, the PIEZO1 channel (purple) senses the force but cannot itself generate
action potentials, which are produced in concert with the adjacent protein, Transient
Receptor Potential cation channel from subfamily M (TRPM4) shown in blue in
Fig. 6.9. Limited quantities of Ca** are conducted through the PIEZO1 channel
which may induce a larger release of Ca** from the lateral cisternae of the sarcoplasmic
reticulum (not shown in Fig. 6.9). This Ca*-induced Ca**-release binds to troponin C
on the thin filaments (see Fig. 6.8), activating the movement of tropomyosin thereby
allowing the myosin crossbridges to generate force. The whole process is then rapidly
reversed when the longitudinal tubules of the SR sequester Ca** and return it to the
lateral cisternae.

PIEZO1 Is Also Expressed in the Intercalated Discs

The desmosome-like intercalated discs (ICDs) structurally and functionally intercon-
nect cardiomyocytes (CMs). They not only allow the action potentials to travel between
CMs, they also provide strong mechanical connections and even the passage of small
molecules such as peptides [7]. Structurally, the Transitional Junction [6] component of
the ICD replaces the last Z disc of the sarcomere (Fig. 6.8). Like the Z disc, it therefore
provides attachment for both the actin (pink) and titin (blue) filaments (Fig. 6.10).
PIEZO1 channels are also expressed in the ICD [46, 82] but unlike the T tubules
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Fig. 6.9 A fluorescence micrograph of a rat ventricular cardiomyocyte showing that PIEZO1
(purple) is strongly associated with T tubules that invaginate the sarcolemma and travel deep
within the cardiomyocyte. PIEZO1 can sense an applied stretch and release Ca2+, which binds
and activates an adjacent TRPM4 receptor (blue), thereby initiating an action potential that acti-
vates the release of Ca2+ from the sarcoplasmic reticulum lateral cisternae. (Reproduced from Yu
et al. [95] under the Creative Commons Attribution License).

described above, they do not express TRPM4 and therefore cannot generate action
potentials [63]. We reported that forces arising from actin-mediated contractility as well
as within the membrane lipid bilayer act synergistically to regulate PIEZO1 activation
by stimuli applied at contacts between cells [5]. PIEZO1 channels in the ICD mem-
brane are tethered to actin filaments via cadherin and f-catenin [91] which are also
known components of the ICD [89]. Titin is known to bind to a-actinin in the Z disc
(discussed in Fig. 6.5) and is also a well-established component of the ICD [22]. These
observations are summarized in Fig. 6.10 showing PIEZO1 adjacent to both actin fila-
ments (pink) and the I band titin filament (blue curving line). Its expression is upregu-
lated in the ICDs in hypertrophic cardiomyopathy [95]. This increase would enhance its
physical connection with the sarcomeric proteins. In Fig. 6.10 we summarise the above
reports and propose that under Frank-Starling conditions stretch activates PIEZO1 in
the Transitional Junction and increases the strain on an attached titin (curving blue line)
which is then transmitted along the myosin thick filament to the C zone where it can
then bind to the C-terminal domains of cMyBP-C. This strain causes cMyBP-C to
release its attachment from the actin filament and so it can attach to the myosin cross-
bridge as illustrated in Fig. 6.8.
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Fig. 6.10 A schematic representation of the Transitional Junction membrane portion of the
intercalated discs. PIEZO1 is placed here because it is known to bind to actin and titin filaments.
Rapid filling of the heart stretches the cardiomyocytes, which is sensed by PIEZO1. Thus, apart
from its expression in the T tubules (Fig. 6.9), PIEZOL1 is also a known component of the ICDs
and is probably located in the Transitional Junction described in detail by Bennett et al. [6].
Stretch activates PIEZO1 causing a transient release of extracellular Ca2+ required for the activa-
tion of processes other than the activation of actomyosin. Stretch also tenses titins (pale blue-grey
lines) which are continuously linked through the cardiomyocyte. connection through successive
sarcomeres (myofibrils) to reach the ICD the surface of the thick filament the end of the thick fila-
ment (grey) to the Transitional Junction membrane and by cMyBP-C (Fig. 6.8).

Concluding Remarks

Role of Contractile Proteins in the Frank-Starling Law Although the Frank-Staring
Law remains to be fully explained, this review suggest how it might be achieved. Like
previous reviews we agree that titin is an important component of the Law as assessed
by the effects of mutations and other reports, and despite early proposals there were
only two types of filaments in muscle, there is now general acceptance that titin is an
essential component of the sarcomere in transmitting a stretch force to the contractile
proteins [2, 48, 75]. However, in fully relaxed cardiomyocytes while titin binds to the
surface of the myosin thick filaments, it is not directly connected to the myosin cross-
bridges. cMyBP- C is limited to the C zone of the A band but appears to have a major
influence on contraction. The historical literature [4, 93] suggest that cMyBP- C binds
to actin, the myosin cross-bridge and to titin, but recent cryo-electron microscopy
reveals that cMyBP-C is clearly separated from titin in the fully relaxed (mavacampten)
state. However, by cryo-EM imaging is difficult if not impossible to capture activated
thick filament structure under Frank-Starling Law dynamic and therefore unstable con-
ditions. We therefore raise the possibility that in the thick filament during force devel-
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opment, cMyBP-C comes to the rescue and makes direct contact with titin under
Frank-Starling Law conditions. Sequeira and van der Velden [75] suggest that Super
Relaxation plays an important reserve source of crossbridges in the Frank-Starling Law
[41] and that cMyBP-C plays a major role. Expression of PIEZO1 is emerging as a
major component of cardiomyocytes. In the mouse [37] deletion of this mechanorecep-
tor reduces Ca2+ release from cardiomyocyte T tubules by failing to activate adjacent
TRPM4, by reducing the generation of reactive oxygen species (ROS) and LV ejection
fraction. PIEZOI is also expressed in the ICDs and here we suggest a possible pathway
whereby increased expression might directly contribute to sarcomere contractility with-
out the involvement of the SR. It seems we are getting ever closer to a molecular under-
standing of the Frank-Starling Law.
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