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Abstract

The thin and thick filaments of muscle sarcomeres are interconnected by the
giant protein titin, which is a scaffolding filament, signaling platform, and
provider of passive tension and elasticity in myocytes. This review summa-
rizes recent insight into the mechanisms behind how titin gene mutations
cause hereditary cardiomyopathy and how titin protein is mechanically ac-
tive in skeletal and cardiac myocytes. A main theme is the evolving role of
titin as a modulator of contraction. Topics include strain-sensing via titin
in the sarcomeric A-band as the basis for length-dependent activation, titin
elastic recoil and refolding of titin domains as an energy source, and Ca’*-
dependent stiffening of titin stretched during eccentric muscle contractions.
Findings suggest that titin stiffness is a principal regulator of the contrac-
tile behavior of striated muscle. Physiological or pathological changes to
titin stiffness therefore affect contractility. Taken together, titin emerges as
a linker element between passive and active myocyte properties.
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1. INTRODUCTION

Sarcomeres represent the basic contractile units of cardiac and skeletal muscles. Although the
biogenesis and turnover of sarcomeres are still poorly understood, much insight has been obtained
into the molecular mechanisms of force generation by sarcomeric thin (actin-containing) and
thick (myosin-containing) filaments. Elastic “third” or titin filaments run through one half of each
sarcomere and provide striated muscle with unique structural and functional properties. Whereas
the thick and thin filaments represent the active contractile element of muscle (1), the elastic
filament is widely considered a passive component. However, there is ample evidence that the
passive and active properties are tightly coupled to one another to determine the overall mechanical
properties of skeletal and heart muscle. One example is the Frank-Starling law of the heart, which
poses that increased filling of the cardiac ventricles immediately enhances the developed pressure.
The molecular mechanisms behind this length-dependent activation (LDA) involve the interplay
between passive and active sarcomere proteins upon stretching (2-5). Another example is the
stretch activation of insect indirect flight muscle (6), which is also seen, to a lesser degree, in
vertebrate striated muscles (7). When the muscle is rapidly stretched, active force develops with
a short time delay—but importantly, at low Ca** concentrations (6). The stretch signal might be
transmitted via titin-like elastic proteins (8, 9) to the overlap zone of the thick and thin filaments
as a prerequisite for their activation (10, 11). These examples demonstrate that “passive” muscle
proteins have the potential to affect active contraction in a more or less direct manner.

"This review aims to discuss recent evidence underscoring the functional link between passive
and active sarcomere components, with an emphasis on the role of titin in vertebrate heart and
skeletal muscle. The first part introduces fundamental structure—function relationships of the titin
gene and protein. Established passive functions are highlighted, and recent insight into titin’s role
in human disease is summarized. Thereafter, the review covers evolving mechanisms that indicate
a more active role of titin in contractile force generation.

2. TTTIN EXON AND PROTEIN DOMAIN COMPOSITION:
IMPLICATIONS FOR TITIN FUNCTION

2.1. Titin Exon Structure and Alternative Splicing

Titin is a massive protein of striated muscle encoded by one of the largest genes, 7TN. Human
TTN encompasses 364 exons (Figure 1a), of which exon 48 (Novex-3) contains a premature

Figure 1

Exon structure of the 7TN gene and titin domain composition. (#) Exon sizes and numbers for the 364-exon human TTN gene (top) and
exon usage in the different titin isoforms. The maximum possible number of exons spliced-in is indicated for each isoform; the
maximum possible number of amino acids (aa) per isoform is also listed. N2BA represents the principle cardiac long isoform/canonical
titin [NCBI: NM_001256850.1 (transcript), NP_001243779 (protein); UniProt: Q8WZ42-1]. Color codes refer to the type of protein
domain or sequence expressed: immunoglobulin (Ig) domains; Ig-like domains; Z repeats; titin motif structures in the Z-disc; PEVK
repeats (motifs rich in proline, glutamic acid, valine, and lysine); FN3 (fibronectin type 3) domains; and TK (titin kinase) domain.
Blue-colored sequence insertions have been classified as unique sequence elements in the UniProtKB database. Note that at least some
of the sequence insertions interspersed with the PEVK repeats may in fact be PEVK motifs but are not recognized as such in the
database. (b)) Domain structure of the canonical human titin protein (top). Exons larger than 1 kb are highlighted, along with exon 219
(beginning of constitutively expressed PEVK) and exon 363 (the last 77N exon in the meta-transcript). Shown is the distribution of
TTN truncating variants (T7Ntv; frameshift, nonsense, essential splice site) in human dilated cardiomyopathy (DCM) patients (54, 55)
and in a population of healthy humans according to the Exome Aggregation Consortium (ExAC) (56, 57); only truncations located in
exons with a percentage spliced-in (PSI) >15% are shown. Exon usage, visualized as PSI, describes the relative incorporation into
transcripts expressed in human heart tissue (55, 56).
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stop codon, resulting in the expression of a truncated titin protein, the Novex-3 isoform (12).
The TTN meta-transcript consists of 363 exons (NCBI: NM_001267550.1), which code for a
theoretical protein of 35,991 amino acids (NCBI: NP_001254479). From this transcript, many
real titin isoforms are generated via alternative splicing (Figure 14). Heart muscle expresses two
main titin variants: N2BA, which has up to 313 exons [NCBI: NM_001256850.1 (transcript),
NP_001243779 (protein); UniProt: Q8WZ42-1] but exists in many different-length isoforms,
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and N2B consisting of 191 exons. The isoforms Novex-1 (includes exon 45) and Novex-2 (in-
cludes exon 46) are present at low levels (12). Skeletal muscles express the N2A isoforms, which
have up to 312 exons and always lack exon 49 coding for the N2B element (Figure 1a,b). Alter-
native splicing generates many N2A isoforms of different length. The exact exon composition is
known for only a few of the numerous potential splice pathways of the cardiac N2BA and skeletal
muscle N2A isoforms. It is not currently clear why most exons in the range of 160-200 are not ex-
pressed in any of the sequenced isoforms. A novel C-terminal titin isoform is Cronos (13), which
is expressed under an alternative promoter located before exon 241 of the human 7TTN gene.
Most of the alternative splicing of titin exons occurs in a region that encodes the elastic spring
segment located in the sarcomeric I-band (14). However, I-band titin also contains constitutively
expressed segments at the proximal (near the Z-disc) and distal (near the A-band) ends. Almost all
titin exons that encode the sarcomeric Z-disc, A-band, and M-band segments are constitutively
expressed.

2.2. Role of Constitutive and Alternatively Spliced Titin Regions

The TTN exon expression pattern has important implications for the functional properties of the
different titin segments in myocytes.

2.2.1. Constitutive titin regions. The Z-disc, A-band, and M-band titin segments have primarily
structural roles by binding to other principal constituents of the sarcomere, including «-actinin and
actin (Z-disc), myosin heavy chain (MHC) protein and myosin-binding protein C (MyBPC) (A-
band), and myomesin (M-band) (15-17). In the myosin-bound portion of titin, individual domains
of the immunoglobulin (Ig)-like and fibronectin type 3 (FN3) fold are arranged in super-repeat
patterns, whose periodicity matches that of the myosin heads in the MyBPC-containing C-zone
of the A-band (18). The A-band part of titin could be a ruler for thick-filament assembly (19, 20)
and be involved in mechanosensing (21). Titin’s M-band part also has scaffolding functions and
probably conveys mechanosensitivity (22, 23).

2.2.2. I-band titin splicing and variability of sarcomere elasticity. The differentially spliced
I-band region provides titin with highly variable elastic properties. The titin springs consist of Ig
domain segments interspersed with unique regions (Figure 15), notably the cardiac-only N2B-
unique sequence (N2Bus) and the PEVK element [named after the high content of proline, glu-
tamic acid, valine, and lysine (24)], all of which are mechanically active (25, 26). By splicing in more
Ig domains and PEVK repeats, the titin springs become longer and are therefore more compliant
than those with fewer exons spliced in (25). For instance, fetal rodent hearts express long N2BA
titin and have compliant sarcomeres that easily extend under low stretch forces, whereas adult
rodent hearts express high proportions of N2B isoform and little N2BA; their sarcomeres thus
have relatively high tensile stiffness (27-29). In contrast, the N2BA isoform predominates in adult
myocardium of large mammals, such that titin-based passive tension is lower in cardiomyocytes
(CMs) of pig, goat, or cow than in those of mouse, rat, or rabbit (30, 31). Normal adult human
hearts have N2BA:N2B expression ratios of 30:70 to 40:60, and their cardiac titin stiffness ranges
in between that of rodents and large mammals (31, 32). In skeletal muscle, the titin-isoform diver-
sity is large among different adult muscle types of the same species (33), and titin—isoform size also
depends on developmental stage (34). All of this gives rise to substantial variability in titin-based
passive tension.

The titin-isoform pattern is under the control of splicing factors, notably RNA-binding motif
protein-20 (RBM20) (35, 36). It is also modified by thyroid hormone and insulin (37, 38), perhaps
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via effects on RBM20 (39). In-depth reviews of the relationship between titin-isoform expression
and titin-based passive tension, the mechanism of titin—spring extension in sarcomeres, and the
elastic properties of titin as an entropic spring can be found elsewhere (40, 41).

2.2.3. Titin as a signaling hub and target of posttranslational modification. Sarcomeric
titin provides binding sites for at least 30 other muscle proteins and is an important signaling
platform in CMs (16, 42). Specific I-band and M-band regions in titin are known to bind proteins
involved in pathways of protein quality control (42). Moreover, titin is a major substrate for
posttranslational modifications. Oxidation (43, 44) and phosphorylation (45-48) of the titin springs
are recognized as modifiers of titin-based passive stiffness, particularly in CMs. The main focus
of the phosphorylation studies has been on the cardiac N2B and PEVK elements, which can be
phosphorylated by select protein kinases (PKs). There is consensus that phosphorylation of the
N2Bus, for example, by PKA, PKG, or calcium/calmodulin—-dependent PKIIS, lowers titin stiffness
(45, 46, 48), whereas phosphorylation of the (constitutively expressed) PEVK region, for example,
by PKCu, increases it (47). However, in vivo quantitative phosphoproteomics has revealed many
more phosphorylation sites in titin (and in the globular domains of I-band and A-band titin) (48),
the functional relevance of which is unknown (49). Altered I-band titin phosphorylation is found
in failing hearts and thought to cause pathological myocardial stiffening in patients with systolic
or diastolic heart failure. These topics have been exhaustively reviewed recently (42, 49, 50) and
will not be further discussed here.

2.3. Titin Splicing, Heart Failure, and Hereditary Cardiomyopathy

Alternative splicing of titin exons plays several roles in the pathophysiology of human heart disease.

2.3.1. Titin isoform transitions in failing hearts. End-stage human hearts that are failing due
to ischemic or dilated cardiomyopathy (DCM) show a titin expression pattern that is shifted to-
ward higher proportions of N2BA isoforms, compared to the N2BA:N2B isoform composition in
healthy adult human hearts (32, 51, 52). The same is true for the hearts of patients with diastolic
heart failure (42, 53). Several rodent models of heart disease also show this isoform shift toward
N2BA (42). The higher percentage of more compliant N2 BA—titin springs (coexpressed with stiffer
N2B-titin springs) would lower sarcomeric stiffness, which could be a compensatory mechanism
counteracting the increased titin-based stiffness due to altered titin phosphorylation and/or the
increased extracellular matrix stiffness frequently present in failing hearts. Titin-isoform transi-
tions toward N2B have occasionally been observed in animal models of heart disease but almost
never in human heart failure (42).

2.3.2. Position-dependence of dilated cardiomyopathy-associated TTN truncating muta-
tions. 77TNisamajor human disease gene. Interestingly, titin splicing has important consequence
on the disease phenotype in hereditary cardiomyopathy caused by 77N mutations. Truncating
mutations in 77N have been identified in 20-25% of human patients with adult-onset DCM,
which frequently has a genetic etiology (54, 55). These heterozygous TTN truncating variants
(TTNtv) include frameshift, nonsense, and essential splice site mutations; they represent the sin-
gle most common genetic cause of DCM, with equivalent prevalence to variants in all other
known disease genes combined. However, the location of T7TNtv mutation within titin is im-
portant. 7TNtv in DCM cases are most abundant in A-band titin (54) and, with slightly lower
prevalence, in constitutive I-band exons, including the proximal and distal segments of the titin
spring (56) (Figure 1b). Notably, TTNtv are also present in approximately 1-3% of healthy
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individuals, but they are randomly distributed across the entire titin molecule in the general
population (54-57) (Figure 1b). The role of TTNtv mutations in apparently healthy humans
is poorly understood, but some 77TNtv may predispose to eccentric remodeling of the heart
(56).

Alternative splicing of I-band TTN exons appears to be the main reason why 77Ntv in DCM
patients are rarely found in the nonconstitutive parts of titin. These location-dependent effects
can be appreciated from a graphical representation of 77N exon usage in human cardiac tissue
(Figure 1b), which describes the relative incorporation into transcripts as percent spliced-in (PSI;
100% means constitutive expression) (55, 56). The map suggests that the low usage of many I-
band exons acts as a natural “exon skipping” mechanism in 77Ntv-related DCM. An alternative
explanation for the lower prevalence of I-band versus A-band 77Ntv has been proposed, stating
that upregulation of Cronos could rescue the effects of 7T Ntv that occur proximal, but not distal,
to its transcriptional start site (13). However, conclusive evidence for this scenario is lacking (56,
58).

2.3.3. Pathomechanism of TTNtv in dilated cardiomyopathy. The pathomechanism of
TTNtv is subject to ongoing research. Most 7TNtv are not detectable at the protein level (55, 56,
59), although truncated mRNA is still translated (56), suggesting rapid T7Ntv protein degrada-
tion. Thus, a “poisoned” polypeptide is probably not the predominant pathomechanism. In those
rare cases in which a truncated protein appeared, such as in a DCM patient-derived CM line
differentiated from induced pluripotent stem cells (IPSC-CMs), it was unlikely to be incorporated
into the sarcomeres (59). Independently of whether or not truncated protein was detected in hu-
man iPSC-CMs heterozygous for TTNtv, myofibers engineered from these cells showed a deficit
in active tension generation, and importantly, their contractile reserve was reduced (59). Collec-
tively, work on iPSC-CMs, rodent models of 77Ntv, and humans suggests that the pathomecha-
nism in DCM-causing heterozygous 7TNtv involves haploinsufficiency, as indicated by nonsense-
mediated degradation of mutantalleles, a modest perturbation of cardiac metabolism and signaling,
and heart physiology/mechanics that become impaired during cardiac stress but are almost normal
in the absence of this stress (56, 59). However, more research is needed to establish whether TTNtv
per se are pathogenic or whether the DCM phenotype appears only when a second or third stressor
“hits.”

2.4. Other Titinopathies

DCM is not the only disease phenotype of titinopathies. 77Ntv are also found in women with
peripartum cardiomyopathy, with a prevalence similar to that observed in DCM (60). Additionally,
TTN mutations have been reported in hypertrophic cardiomyopathy (HCM) (61), restrictive car-
diomyopathy (62), and arrhythmogenic right ventricular cardiomyopathy (63). However, TTNtv
have been shown by high-throughput DNA sequencing technology to be no more frequent in
patients with HCM than in the general population, suggesting a limited role or no role for them in
this cardiomyopathy type (54). Furthermore, hereditary skeletal muscle disorders with or without
cardiac involvement can be caused by 77N mutations. These include tibial muscular dystrophy
and limb girdle muscular dystrophy type 2], which are due to mutations at the extreme COOH-
terminus of titin (64), as well as hereditary myopathy with early respiratory failure (65, 66) and a
subtype of centronuclear myopathy (67). Collectively, research on 77N mutations has provided
important insight into titin-related structure—function relationships in heart and skeletal mus-
cle. Such studies are also a prerequisite for possible future targeted treatment strategies of these
hereditary diseases.
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3. ESTABLISHED ROLES OF TITIN IN ACTIVE CONTRACTION

The evidence for titin as a modulator of active contraction is still evolving. However, some mech-
anisms are already more established than others and are reviewed first. More controversial topics
are covered thereafter.

3.1. The A-Band Centering Function of Titin to Support High Active
Contractile Force

The earliest evidence for a role of titin in active contraction came from work on skeletal myofibers
exposed to low-dose ionizing radiation, which degraded titin but also affected additional proteins
(68). If such myofibers were prestretched and activated by Ca’** under isometric conditions, the
thick filaments in the sarcomeres moved off-center toward the Z-discs, whereas in normal intact
sarcomeres they were kept at a more central position due to the spring force developed by titin
(68, 69) (Figure 2a). The axial misalignment of the thick filaments following titin degradation
caused a large reduction in active tension. These results suggested that titin-based elastic forces
help maintain high Ca’*-dependent tension development and that this effect increases with the
stiffness of titin. It was concluded that a primary physiological function of titin may be to keep
the thick filaments centered during passive stretch and to recenter them every time the muscle is
relaxed after an active contraction.

3.2. Length-Dependent Activation and A-Band Mechanosensing via Titin

Another role for titin in contraction has been established in LDA (5). Although this phenomenon is
best known in conjunction with the Frank-Starling mechanism of the heart, italso occurs in skeletal
muscle (70). LDA is characterized by an immediate increase in the Ca’* sensitivity of the myofila-
ments during a stretch of the sarcomere (Figure 25). This change can be quantified experimentally
by determining the Ca’** concentration at which a (permeabilized) muscle fiber reaches 50% ofits
maximum contractile force (pCasg). Ca®* sensitization occurs when the pCasg on the force-pCa
curve is shifted leftward. Conversely, a rightward shift indicates Ca?* desensitization (Figure 2b).
Moreover, at a higher sarcomere length (SL), the maximum force is greater than at a lower SL, at
least when a near-optimal overlap of the thin and thick filaments is maintained. This active force
increase could have a different molecular origin than the increase in Ca’* sensitivity (71).

3.2.1. Sarcomeric proteins participating in length-dependent activation. The molecular
mechanism of LDA has been studied over many decades. Currently, there is good evidence for
the involvement of several different sarcomeric components, such as troponin subunits on the
thin filament (5, 71, 72) and the thick-filament proteins MHC (73-75), MyBPC (76, 77), and
regulatory myosin light chain (MLC) (71, 74, 78). Titin-based passive force plays a central role in
LDA by transmitting the stretch signal to the contractile apparatus (36, 79-81).

3.2.2. The myofilament lattice spacing hypothesis. The layout of titin springs in the sarcomere
is not fully in parallel with the long axis of the sarcomere. This is because titin binds to the actin
filament at the periphery of the Z-disc (82) and must run somewhat obliquely through the I-band
to attach to the thick filament (79) (Figure 3a). Therefore, tensile stretching of the sarcomere
increases titin’s elastic force in the longitudinal direction (F1,), but it also generates a radial force
component (Fr), which pulls the actin and myosin filaments closer to one another when the SL
increases (Figure 34). This titin-based radial force may underlie, at least in part, the well-known
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Figure 2

Established contributions of titin to the active contractile properties of sarcomeres. (#) Intact titin maintains
high contractile force in stretched sarcomeres as it centers the A-bands. Degraded titin cannot perform this
function, and the A-bands move uncontrolledly toward the Z-discs during and after contraction, which
reduces active force. () Titin is a main determinant of length-dependent activation, presumably via its
strain-sensing function. Sarcomere stretch increases activation, as quantified by the increased Ca>*+
sensitivity of the contractile apparatus (shown here in cardiomyocytes): The Ca>* concentration at
half-maximum activation (pCasp) on the active force-pCa curve is shifted leftward (pCa is the negative
decadal logarithm of the Ca’* concentration). The absolute force level at high Ca’>* concentration also
increases. These effects are reversible.

decrease in interfilament spacing (and A-band diameter) that occurs upon stretching (83). It was
thought that the reduction in interfilament spacing directly causes the increased Ca’* sensitivity, as
the myosin heads would more easily reach over to actin and thus generate higher forces at the same
Ca’* concentration (84-86). However, when the interfilament spacing was adjusted by osmotic
compression to match that induced by sarcomere stretching, it was found that myofilament Ca?*
sensitivity was affected by SL per se, rather than by decreased lattice spacing (87). Furthermore,
the relative reduction in myosin lattice spacing with SL was largely independent of the stiffness of
titin expressed in the sarcomeres, although the absolute values differed (70, 75, 88) (Figure 35).
Hence, there is no consistent (inverse) relationship between the stiffness of the titin springs and
the degree of lattice spacing reduction upon stretching. Collectively, these findings have called
into question the lattice spacing hypothesis as a main explanation for LDA.
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The role of titin stiffness in LDA and A-band strain sensing. (#) Sarcomeres at slack (/eff) and after a stretch
(right). Phase-contrast images show part of a rabbit skeletal myofibril, on which the passive force in the
longitudinal direction (F1,) can be measured with a force transducer, and the radial force component (Fr) is
measured via force mapping using AFM. The half-sarcomere schematics below highlight the slightly oblique
layout of the titin spring, which gives rise to both Fy, and Fr when titin is stretched in the sarcomere by a
force F. (b) Averaged interfilament lattice spacing as a function of sarcomere length for rat muscle fibers
expressing titin of different stiffness. Panel adapted with permission from Reference 70. Copyright 2002,
John Wiley and Sons. The relative decrease in lattice spacing with sarcomere stretch is similar in all muscle
types. (c) AFM force mapping reveals differences in radial stiffness of stretched sarcomeres expressing
compliant and stiff titin, respectively (88). (d) Proposed molecular model of titin strain sensing in the
sarcomeric A-band, which triggers structural rearrangements of thick and thin filament proteins as the
underlying mechanism of LDA. Abbreviations: AFM, atomic force microscopy; CM, cardiac muscle; FSM,
fast skeletal muscle; LDA, length-dependent activation; MHC, myosin heavy chain; MLC, myosin light
chain; MyBPC, myosin-binding protein C (the square indicates the M-domain); SSM, slow skeletal muscle;
XR, radial distance of cross-bridge (myosin head) from the thick-filament backbone.

3.2.3. Toward a molecular mechanism of length-dependent activation. Titin stiffness ap-
pears to be important for LDA-defining mechanosensory processes in the sarcomeric A-band.
A small-angle X-ray diffraction study on intact cardiac muscle fibers reported length-dependent
changes in the myosin head orientation as a potential factor in LDA (89). Subsequently, time-
resolved X-ray diffraction measurements revealed structural alterations in both myosin and tro-
ponin in response to stretch of normal wild-type rat cardiac muscle fibers, which mainly express
the stiff N2B—titin isoform (75). Notably, the increase in SL prompted the myosin heads to move
toward the myosin backbone. However, if a rat strain was used that expressed a giant, extremely
compliant, cardiac N2BA-titin isoform, LDA was greatly reduced, and the SL-dependent changes
in myosin and troponin structure were absent (75). These results suggested that the molecular
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basis of LDA involves stretch-induced simultaneous structural rearrangements within the thin and
thick filaments that correlate with titin strain, whereas altered interfilament spacing or movement
of myosin toward actin did not appear to be relevant factors.

In a methodologically different approach, rabbit skeletal myofibrils were isolated for measure-
ments of radial stiffness in the A-band region of nonactivated, osmotically compressed, individual
sarcomeres, both before (slack) and after a controlled stretch (88) (Figure 34). For these record-
ings, atomic force microscopy (AFM) was used in “force mapping” mode, in which cantilever
deflection is monitored in response to sample indentation. Importantly, these experiments were
performed on myofibrils expressing either long, compliant (soft) or short, stiff titin springs. Atslack
length, A-band radial stiffness was found to be the same in the two myofibril types, as indicated by
the identical slopes of the force-indentation curves (Figure 3¢). However, following the stretch,
A-band radial stiffness was significantly higher in the sarcomeres expressing stiff titin than in those
expressing soft titin, and this effect could not be explained by differences in the strain-induced
reduction in myofilament lattice spacing (88). Findings were interpreted in terms of structural
rearrangements in A-band proteins affecting radial stiffness, which depend on titin strain and pos-
sibly indicate titin stiffness sensing by these proteins. A shorter, stiffer titin isoform would induce
a larger effect than a longer, compliant titin isoform. These data added another aspect to the
overwhelming published evidence suggesting that decreased titin stiffness causes reduced LDA
(36, 75,79, 80, 90-92), and conversely, that increased titin stiffness enhances LDA (81).

A proposed working model of A-band strain sensing via titin attempts to incorporate crucial
findings about the involvement of sarcomeric proteins in LDA (Figure 3d). The model, which
specifically relates to cardiac LDA, considers that the C-terminus of MyBPC associates with the
myosin shaft and A-band titin (93). MyBPC can also interact via its N-terminus with the myosin
head and probably with the regulatory MLC, as well as via the so-called M-domain with the myosin
neck region (94). The N-terminus of MyBPC (including the M-domain) may also interact with the
thin filament, either directly with actin or with tropomyosin, thereby activating the thin filament
(95-97). Diastolic stretch induces titin strain thatis transmitted to MyBPC in the A-band. Evidence
does suggest that upon sarcomere stretch, there is a small movement of A-band titin relative to the
thick-filament backbone (21). In the most speculative part of the model, the transmission of titin
strain to MyBPC causes a redistribution of the N-terminus of MyBPC toward the thin filament,
away from the myosin head/neck region and MLC. This rearrangement could, in theory, stiffen
the A-band region in the radial direction (88), considering that MyBPC is a semiflexible molecule
made of a string of Ig/FN3 domains connected by short linkers. Furthermore, the rearrangement
of MyBPC would lead to a reduction in the radial distance of cross-bridge (Xg), positioning
the myosin head closer to the thick-filament backbone, as observed (75). Titin strain could also
trigger additional structural changes in myosin (21) and regulatory MLC, the latter of which might
increase the maximum active force (71). In the model, MyBPC is expected to affect the structural
state of the thin filament through alterations in the structure of troponin, which enhances thin-
filament activation. This modification promotes cross-bridge formation upon activation by Ca**,
manifests as Ca?* sensitization of troponin C, and leads to increased systolic force (pressure)
development. In short, this model suggests that titin mechanical strain is sensed by thick-filament
proteins and transmitted via MyBPC to the thin filament, thus resulting in cardiac myofilament
LDA. According to this scenario, the Frank-Starling mechanism may rest on the interplay between
various sarcomere proteins, with titin as a mechanical trigger.

4. NOVEL ASPECTS OF CONTRACTILITY MODULATION VIA TITIN

The mechanisms discussed below suggest additional effects of titin on the mechanical properties
of active muscle; however, their in vivo functional relevance is less certain.
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4.1. Storage and Release of Elastic Energy in the Titin Spring

Similar to any other spring that shortens against a weight, the titin spring has the potential to
perform when it contracts from stretched length at the cost of energy stored in the spring.

4.1.1. Role of elastic recoil. The mechanical energy released by the recoiling titin springs
was quantified in single rabbit skeletal and human cardiac myofibrils that were stretched in the
nonactivated state and then allowed to shorten freely, only against the internal load (98, 99).
In these passive “slack tests,” titin elastic recoil was fast initially but was dampened by viscous
drag, such that the passive shortening speed of the myofibrils slowed down greatly within tens
of milliseconds. Because single myofibrils were used, contributions from other elastic elements
present in myocytes, such as intermediate filaments (desmin), could be excluded. It was concluded
that titin elastic recoil may speed up the early phase of active shortening if it begins from a
stretched length, at which the elastic energy stored in titin is substantial. These findings were
consistent with previous work demonstrating that stretched passive elements can accelerate the
active unloaded shortening of cardiac and skeletal muscle (100-102), as well as the initial shortening
of submaximally activated CMs under load (103).

4.1.2. Are in vivo sarcomere lengths high enough to allow for elastic energy storage in
titin? A prerequisite for these effects to be relevant in vivo would be a working SL range, within
which titin-based passive forces are relatively high. However, information regarding the in vivo
SL range of living muscle is scarce. Conventional studies typically relied on SL measurements of
chemically fixed samples, which are prone to shrinkage. To avoid this problem, minimally invasive
optical microendoscopy was used to observe the second-harmonic frequencies of light generated
in the muscle fibers. This allowed the visualization of the SLs in moving skeletal muscles of live
mice and humans (104, 105). The in vivo SLs thus measured were highly variable and ranged
from ~2.5 um to well above 3.0 um in mouse muscles and between 3.0 um and 3.4 wm in human
muscles. A later study, which used the same technique on mouse muscles, found somewhat shorter
but still highly variable in vivo SLs (106). Within the SL range detected, the titin molecules are
predicted to generate elastic forces of several piconewtons up to a few tens of piconewtons (107,
108). These findings suggest that the in vivo SLs of working muscle are high enough to allow for
ample elastic energy storage in titin. In whole muscle, elastic elements apart from titin, such as
other cytoskeletal and springy extracellular matrix proteins, may provide additional elastic energy
storage. This energy could be used to support muscle contraction, especially in early phases of
active shortening (98, 99).

4.2. Reversible Titin Ig Domain Unfolding and Consequences
for Muscle Function

The elastic titin segment consists of up to ~100 Ig domains connected by shortlinker sequences and
interspersed with the long unique sequence elements N2Bus and PEVK (Figure 1). Pioneering
single-molecule mechanical studies demonstrated that these Ig domains can unfold under a stretch
force applied under AFM (109, 110) or by optical tweezers (111, 112). However, for many years,
the idea that titin Ig domain unfolding also occurs in normally working muscle (113, 114) had
been rejected. A main reason was that the unfolding forces measured in vitro in constant-velocity
AFM force-extension recordings (109, 110) and in silico (115) were 100 pN or higher, which is a
force level considered far above that reached physiologically (116).
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4.2.1. Titin domains unfold and refold at physiological forces and sarcomere lengths. Re-
cent work demonstrated unequivocally that unfolding and refolding of titin Ig domains do occur
at low force in vitro and also in skeletal myofibrils stretched by physiological amplitudes (117).
When recombinant Ig domain fragments from the proximal I-band titin region were held by
magnetic tweezers at constant forces between 4 and 10 pN over minutes or even hours, many
cycles of Ig domain unfolding-refolding were observed. Because force levels of 6-10 pN/titin
molecule may be reached in muscle fibers at higher physiological SLs (107, 108), nonactivated
single rabbit myofibrils were stretched to an SL of ~3 um, at which the force/titin is estimated
to be ~6 pN (117). Then, a pair of proximal titin Ig domains from the same sarcomeric I-band,
but separated by the Z-disc, which had been fluorescently labeled, was followed over time to
measure the dynamics of its separation distance. This analysis demonstrated regular steps in the
separation distance, which were ~10-15 nm in size and matched the unfolding-refolding step
sizes measured in the recombinant Ig domain constructs held at a force of 6 pN. The steps were
reproducibly detected in stretched myofibrils and absent in nonstretched sarcomeres. Because
entropic elasticity theory predicts lengthening steps on the order of 10-12 nm when titin Ig
domains unfold at a force level of 6 pN, the steps in the stretched myofibrils were interpreted
as dynamic unfolding and refolding events of Ig domains (117). In the magnetic tweezers ex-
periments, proximal Ig domains unfolded when the stretch force was at least 4 pN, and they
refolded against a force of 10 pN or less. At ~6 pN, 50% of the previously unfolded Ig do-
mains were folded, and at 4 pN, nearly all were folded. These unfolding—refolding transitions of
Ig domains under force were also seen when isolated native titin molecules were held by opti-
cal tweezers at forces below 10 pN (118, 119). Thus, reversible Ig domain unfolding is part of
titin’s normal elastic response to stretch under physiological conditions (Figure 44). By limit-
ing the stress sustained by stretched titin, this mechanism permits the sarcomere to cope with
deformations of hundreds of nanometers. Interestingly, the refolding of titin Ig domains is regu-
lated by oxidative stress (44), which introduces yet another level of titin elasticity modulation in
myocytes.

4.2.2. Titin Ig domain refolding against force produces work. If titin Ig domains shorten
(refold) against a force, they generate work, a process driven by the elastic energy stored in
stretched titin (117, 119). Although Ig domain unfolding-refolding is energetically costly (i.e.,
heat loss), domain folding does recover energy in excess of the work done by a titin spring that
undergoes purely elastic recoil (117). From experimental data and theoretical considerations, it
was deduced that the energy delivery by titin domain refolding is maximal at a force of ~6 pN, at
which it is similar to the energy delivered by the myosin power stroke (~60 z]) (117). To recruit
this titin work in an actively contracting sarcomere, the myosin motors were suggested to provide
the trigger: Engagement of the myosin motor on actin would shorten the previously stretched
sarcomere, thereby lowering the force on titin and inducing domain refolding (Figure 44). If the
refolding occurred at a force of 6 pN/titin, work production through the process would be optimal.
If a titin domain refolding event took place simultaneously in the ~2,000 parallel titin molecules
present in a typical sarcomere, and in many other sarcomeres of the Ca’*-activated muscle fiber,
the work produced by the fiber would measurably increase (117). This extra kick from titin thus
has the potential to boost active work production in muscle.

An important aspect of this scenario is that the SL range, at which the extra kick can provide
an energy boost, depends on the stiffness of the titin spring (Figure 4b). Due to alternative
splicing of I-band titin, cardiac and skeletal myocytes express titin springs of different length,
and the sarcomeric passive length—tension curves have a different steepness. From these curves,
one can deduce the force/titin at a given SL (108, 117). For instance, titin is relatively stff in
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Unfolding—refolding of titin Ig-like domains under force as a means of elastic energy storage and delivery.
(@) Oversimplified I-band segment of a single titin molecule in the half-sarcomere, which unfolds Ig domains
under a stretch force of 10 pN (top) and refolds the domains against a force of 6 pN (bottom). In situ, the
refolding may be triggered (and synchronized between different titin molecules) by the motor activity of
myosin during contraction, which shortens the sarcomere and thus unloads titin. The process is accompanied
by elastic recoil of the titin spring elements, including the PEVK domain. (§) Passive sarcomere length—force
curves (upper panel ) of three muscle types with very stiff titin springs (CM), intermediate-level titin stiffness
(FSM), or compliant titin springs (SSM), scaled down to the force of a single titin molecule (117). The force
range, within which previously unfolded Ig domains refold, is indicated. The lower panel shows the
probability of titin Ig domain refolding over a range of physiological sarcomere lengths for the three muscle
types. Panel adapted from Reference 117. (¢) Because the mechanical energy delivered by an Ig domain
folding contraction is positive for refolding against forces of 4-10 pN (a maximum of ~6 pN), the optimum
energy boost from such a refolding event occurs at different sarcomere length in muscles with different titin
stiffness. Abbreviations: CM, cardiac muscle; FSM, fast skeletal muscle; Ig, immunoglobulin; PEVK,
element rich in proline, glutamic acid, valine, and lysine; SSM, slow skeletal muscle.

human heart (120), more compliant in fast skeletal muscle [e.g., human vastus lateralis (121)], and
most compliant in slow skeletal muscle [e.g., human soleus (122)] (Figure 4b, top). Because the
force range within which previously unfolded titin Ig domains refold is 4-10 pN, the Ig domain
folding probability shows a characteristic dependence on SL, which is unique for each myofiber
type (117) (Figure 4b, bottom). Therefore, the energy boost from the titin kick also occurs in
a relatively narrow SL range that is specific for each muscle type (Figure 4c). Remarkably, the
extra kick appears to be largest within the respective physiological working ranges of myocardium
(which operates at shorter SLs) and skeletal muscles (which operate at longer SLs). Thus, a
principal effect of the titin-splicing diversity may be to “program” titin length and stiffness, such
that the titin folding contraction occurs at the optimal working SL range of a particular muscle
type.

For the titin kick to be physiologically relevant and aid active contraction, several prereq-
uisites must be met. First, the sarcomere in the muscle must be stretched high enough for the
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force/titin to reach at least 4 pN. Because of the long working SL range of rodent and human
skeletal muscles observed in vivo (see above), this criterion appears to be fulfilled, at least for
some muscles. Second, Ig domain refolding in myocytes must be fast enough to prevent titin
from going slack during contraction in light of the rapid actomyosin cycle activity (123). Although
this issue remains unsettled, the unfolding-refolding steps detected in myofibrils occurred on the
sub-100-ms timescale (117). Moreover, myocytes are crowded with molecular chaperones, some
of which target the titin springs (120, 124, 125) and could increase the Ig domain folding rate over
that measured in vitro. Another point is that the properties of titin as an entropic spring permit
it to equilibrate with any force in the sarcomere at a speed that is much faster than the fastest
muscle contraction (98, 99, 126). Hence, titin is unlikely to go slack during active contraction.
Third, titin Ig domain folding must occur in a synchronized manner in the myriad of paral-
lel titin molecules present in a myofiber. This point has not yet been addressed experimentally.
However, if myosin head engagement and the onset of muscle shortening are triggers for titin
domain refolding, the folding could by synchronized via the synchrony in actomyosin contraction
(117). This way, titin, actin, and myosin would work cooperatively in the sarcomere to maximize
work production. In conclusion, the novel concept of titin-based power output in muscle poses a
testable hypothesis that, if proven correct, would add significantly to our understanding of muscle
contraction.

4.3. The Hypothesis of Force Enhancement via Ca?*-Dependent

Titin Stiffening

A topic of considerable recent interest has been the potential role played by titin in eccentric
muscle contractions, i.e., when a muscle is stretched during activation (127-129). The classical
sliding-filament theory of muscle contraction fails to describe certain features of eccentric contrac-
tions, including residual force enhancement (RFE) (130). This occurs when an activated muscle is
stretched and then held at the stretched length until all transient force response has ceased; now
the isometric steady-state force at the stretched length is greater than the isometric steady-state
force at the same length for a purely isometric contraction (131) (Figure 54). Principal candi-
date mechanisms of RFE include increased SL inhomogeneity in actively stretched muscle and
altered stiffness of titin (127-129). The evidence for the latter is summarized below, and current
interpretations are critically discussed.

4.3.1. The role of Ca’>* binding in the titin PEVK element. Contraction of striated mus-
cle is initiated by Ca?* binding to troponin C. However, Ca’* also binds to the elastic I-band
region of titin (132), specifically the PEVK segment, which increases the stiffness of this spring
element (133) (Figure 5b,c). This effect occurs in the differentially spliced, but not the consti-
tutively expressed, subsegment of PEVK (134). Critical amino acid residues within the PEVK
element, which mediate the Ca’>* binding, appear to be negatively charged glutamates in so-called
E-rich motifs, as their presence was required for the calcium effect to occur (133). In human
titin, the differentially spliced PEVK region has an isoelectric point (P;) of 5.1 (negative net
charge), whereas the P; of the constitutively expressed bit of PEVK is 8.8 (positive net charge)
(Figure 5b). Thus, the binding of Ca?* might enhance intramolecular attraction and compact-
ness in the negatively charged PEVK subsegment, which would be expected to increase titin-based
stiffness. This mechanism could explain the increased tension and stiffness of a noncross-bridge
structure during Ca>* influx in active skeletal muscle (135-139). If titin indeed represents this
structure (which requires further validation), it is conceivable that a titin-based stiffening mecha-
nism plays a central role in RFE. However, the effect of Ca?* on titin stiffness is much too small
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Suggested contribution of titin to RFE in actively stretched muscle. (#) Isometric steady-state length—force
relationship of a representative muscle fiber stretched during Ca®* -triggered activation (dashed red curve),
which shows RFE compared to the isometric steady-state force at the same lengths for a purely isometric
contraction (solid blue line). (b) A proportion of RFE may be due to titin stiffening through Ca’* binding.

(¢) Schematic of a half-sarcomere, in which the constitutive part of titin’s PEVK element (thick yellow line) is
shown as binding more strongly than the differentially spliced PEVK part (thin yellow line) to the thin actin
filament. Ca’>* binds to the differentially spliced PEVK subsegment, which stiffens titin somewhat, but
weakens the PEVK-actin interaction. +/— symbols (yellow) indicate the net charge of the PEVK
subsegments. Abbreviations: PEVK| element rich in proline, glutamic acid, valine, and lysine; RFE, residual
force enhancement.

to account for the full magnitude of RFE (133, 140). Reports of large increases in the titin-based
stiffness of overstretched skeletal myofibrils when Ca’* is present (141, 142) have been criticized
for their lack of technical soundness (129). Notwithstanding this discussion, it seems clear that
Ca’*-dependent PEVK stiffening explains only a minor portion of the extra force in actively
stretched muscle.

4.3.2. The role of titin-actin interactions. Additional titin-related effects in RFE have been
tentatively proposed. A current idea considers that specific titin spring elements could interact
with actin during eccentric muscle activity when Ca’* is elevated. As a result, the effective titin
spring would be shorter, and titin could generate increased passive tension during and after eccen-
tric stretching (142-144). Moreover, a “winding filament” hypothesis has been put forth, which
suggests that titin, following activation by Ca’* influx, is wound upon the thin filaments due to the
cross-bridge activity (which twists the actin filaments somewhat) (128, 145). It was speculated that
a major site of interaction with actin might be the N2A region of titin. However, these proposals
are not backed by experimental findings.

Ample evidence indeed suggests that the mechanical properties of the myocytes are affected
by interaction between titin and the actin filaments (82, 146, 147-150). As regards the titin spring
region, in vitro binding assays showed that the PEVK segment, but not the Ig domains or N2Bus,
binds actin and that this interaction is much stronger for the constitutively expressed than the
differentially spliced PEVK subsegment (147-149, 151) (Figure 5b). Furthermore, recombinant
PEVK fragments tethered the actin filaments in the actin—myosin in vitro motility assay, which
slowed down actin—filament sliding (147-149). Again, the effect was larger for the constitutively
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expressed PEVK than for the differentially spliced subsegment (148, 149). The interaction was
found to impose a viscoelastic load on the passively stretched sarcomere and presumably also the
actively contracting sarcomere (147, 150).

Importantly, the PEVK-actin binding propensity was modest and further diminished by phys-
iological levels of Ca’* (147, 149). The presence of Ca** reduced the tethering of actin filaments
by PEVK in the in vitro motility assay and partially recovered the speed of actin—filament sliding
over myosin in some studies (147, 149), whereas it had no effect on the actin—titin interaction in
others (148, 150). These observations did not confirm an earlier finding of increased interaction
between actin filaments and isolated native titin in the presence of Ca’>* (146). Furthermore, two
reports suggested that the PEVK-actin interaction is weakened by Ca?*/S100A1 (148, 150), but
an independent study found it to be unaffected by Ca**/S100 and Ca?*/calmodulin (147). No
experimental data are available suggesting that the N2A element of titin binds actin or that the
titin filaments are wound around the actin filaments. In the absence of such evidence, the idea
of a Ca*"-mediated strengthening of the actin-titin interaction in RFE and eccentric contrac-
tion remains largely irreconcilable with published findings. In summary, titin stiffening via Ca?*
binding to the PEVK element is a possible contributor to RFE, whereas suggestions about other
contributions from titin that are triggered by Ca’* are highly speculative.

5. CONCLUSIONS AND FUTURE PERSPECTIVES

TTNis established beyond doubt as a major disease gene, and titin protein is critically important for
scaffolding functionsin the sarcomere, myocyte elasticity, stretch-dependent tension development,
and intracellular mechanosensitivity. The main theme of this review is that titin has also emerged
as a modulator of active muscle contraction. In all of the distinct active mechanisms discussed
above, titin stiffness plays a crucial role. Therefore, itis clear that alterations in titin stiffness affect
the active contractile properties of muscle. Some principles about how titin-based stiffness can
be tuned in (cardio)myocytes have been noted above. These include titin-isoform switching in
development and heart disease, alterations in the phosphorylation and oxidation state of I-band
titin in healthy and diseased hearts, and chaperone binding to the titin springs (42, 49, 50).

A direction of future research will be to investigate in more detail how titin modifications
affect the active contractile properties of cardiac and skeletal muscle cells under normal and
disease conditions. In past studies, increased titin stiffness has often been interpreted as being
detrimental to diastolic heart function (49), but much less is known about whether increased
or decreased titin stiffness benefits or impedes active contraction. To help approach these issues,
various experimental tools are available. Rodent models with reduced titin stiffness due to mutation
in the RBM?20 splicing factor have been generated (35, 36, 75, 90), and novel genome editing
technology has already been used to mutate titin (59, 152). Shortening/truncation of titin filaments
in animal models or stem cell-derived CMs is a path taken recently (21, 56, 59, 81, 152, 153), as
is the pharmacological manipulation of signaling networks involved in titin phosphorylation to
modify titin stiffness (154). One area worth exploring in more detail as a “handle” to alter titin
stiffness may be the redox state of the myocytes (43, 44) and the chaperone expression level or
activity (120). It would also be useful to develop a molecular tool that could be applied to specifically
cut the titin springs without affecting other myocyte proteins to study the effect of acute titin
stiffness elimination on active contraction. Finally, all approaches aimed at better understanding
titin’s role as a regulator of active contraction would require more atomic detail of the sarcomeric
ultrastructure, particularly in the A-band. Future studies on titin as a protein that links the passive
and active properties of the sarcomere are likely to provide significant physiological insight with
potential implications for novel therapeutic options in heart and muscle diseases.
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