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Abstract

Titin molecules of skeletal muscle actived muscle gene expression produce active force during
passive stiffness indirectly in spring properties. To that the titin activation determines on passive
sarcomeres role and active force during molecular lengthening in myofibrils. Titin directly of thick
(myosin) and thin (actin) filament localization to enable processes of myofibril elasticities promote
molecular energy in sarcomeres. These characteristic physiologic results determine muscle force
reactivation both as passive and active muscle. The induction of titin binding to Ca2+ reactivation
low and high energy accumulation as (%15), titin directly activated to mechanic force with
increasing of Ca2+ as (%85). This suggest noted that sarcomere’s PEVK region segmental myofibril
composition provides isometric force through elongation arranged on entropy low energy
whereas enthalpy high energy. In these direction produce force of connectin (titin) owing to a
spring role to slow-twitch fiber than fast-twitch fiber during isometric contraction. After activated
force recruit passive elements enable to isometric force. Outcomes of titin, molecular spring
properties accompany with active force with passive elements, thus this reported that titin
structural condition during force producing changes on active force along with passive stiffness.

Keywords: Titin molecule, spring role, active force, passive tension.

Ozet

iskelet kasinin aktif genindeki titin molekdlleri, pasif sertlik sirasinda dolayl olarak yay ézelliklerine
bagl aktif kuvvet Uretir. Bu nedenle titin aktivasyonu, pasif sarkomerlerin rolini ve
miyofibrillerdeki molekiler uzama sirasinda aktif kuvveti belirler. Titin, miyofibril elastikiyet
streglerini mdmkun kilmak icin kalin (miyozin) ve ince (aktin) filamentlerin lokalizasyonunu
dogrudan etkileyerek sarkomerlerde molekuler enerjiyi artirir. Bu karakteristik fizyolojik sonuglar,
kas kuvvetinin hem pasif hem de aktif kas olarak yeniden aktivasyonunu belirler. Titin
baglanmasinin Ca2+ ile indtklenmesi distk ve ylksek enerji birikimini (%15) yeniden aktive
ederken, titin Ca2+ artisiyla (%85) mekanik kuvvete dogrudan aktif olur. Kisacasl, sarkomerin PEVK
bolgesindeki segmental miyofibril bilesimi, distk enerjili entropi ve ylksek enerjili entalpiye gore
dizenlenmis uzama yoluyla izometrik kuvvet saglar. Bu yonde, izo-kosulda hizli kas liflerinden
ziyade yavas kas liflerinde yay rolt olusumunda konnektin (titin) kuvveti Uretilir. Aktif hale gelen
kuvvet, pasif elemanlari harekete gecirerek izometrik kuvveti mmkun kilar. Titin molekalindn yay
ozelliklerinin sonuclari, aktif kuvvet ve pasif unsurlarla birlikte ortaya ¢ikar; bu nedenle, aktif kuvvet
ve pasif sertlik ile birlikte kuvvet tretimi sirasinda titin yapisal olarak degismektedir.

Anahtar Kelimeler: Titin molekiilti, yay rolt, aktif kuvvet, pasif gerilim.
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INTRODUCTION

Titin is physiologic topic, the muscle molecular properties of active force generation
preceded as gaint sarcomer protein (Maruyama, 1976). Sarcomere working stage is
between thick and thin filaments, additional other filaments are intervening space, these
gap filaments contain mega-dalton (mD) sized protein as connectin (Horowits &
Podolsky, 1987). Titin has been described as a sarcomeric spring that contributes to
passive elasticity and may influence force production through its mechanical properties
(Bang et al,, 2001). It is known structural characteristic history of titin first described
“connectin” closely related giant sarcomere proteins which include in slow-twitch fiber
larger than fast-twitch fiber (Goto et al., 2003; Maruyama, 1976). It is noted on muscle
isometric condition, non-force as shaping of connectins a morphological adaptation
associated the slow-to-fast transformation of muscle fibers in account of local changes
of contractile proteins, such as myosin heavy chain (MHC) and troponin in slow-twitch
muscle progresively than fast-twicth on passive sarcomere (Goto et al., 2003). Titin has
also been proposed to function as a molecular spring capable of storing elastic energy
within sarcomeres (Nishikawa, 2020). These elastic properties of titin molecules
contribute to passive tension in cardiac muscle as modified roles (Bang et al., 2001). In
direction, biological achievements of titin sliding filament brought into useful to light
microscopy pretioning of biological tissues to electron microscopy (Hoyle, 1983). The
innovations ultimate as from (1950-1952) awarded as functional organization of cell in
1974 Nobel Prize in Physiology and Medicine

(http://www.nobelprize.org/nobel prizes/medicine/laureates/1974/). These techniques

are presented first organized description of striated muscle in sarcomeres from Hugh
Huxley and Jean Hanson (Hanson & Huxley, 1953). In experimental description called
filaments within myofibril as thick and thin filaments. Thick filaments composed of
myosin and thin filaments, thus, actin detected on sliding filament theory of muscle
contraction by early 1960s (Huxley, 1953). By Huxley & Hanson observed on sliding
filament elasticity after removal of the thick and thin filaments developing process
named hypotetical filament eventually accepted the existence of giant elastic filaments
in skeletal muscles, promoting localizated within sarcomeres using term of protein
connectin were same protein priority as largest titin (Hanson & Huxley, 1953).
Therefore, this narrative review aims to synthesize current evidence on the structural
and functional roles of titin in skeletal muscle, with particular emphasis on its
contribution to passive tension, active force modulation, sarcomere stability, and

contraction mechanics.

Titin

Titin is one of the most abundant proteins in skeletal muscle and spans half of the
sarcomere, extending from the Z-disc to the M-line, where it contributes to sarcomere
organization and mechanical stability (Freundt & Linke, 2019). One molecular titin
located at around A-I band interacts thick filaments along with six-titin but, three titin
filaments near to thick filaments (Nishikawa et al., 2012). In the A-band, which consists
of repeating fibronectin-associated myosin thick filaments, relatively inelastic distal Ig

segments connect the A-band to the I-band titin at the end of the thick filaments
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(Bennet, Hodkin & Hawkins, 1997). The elastic I-band region of titin is bound to the
isoform consisting of the proximal tandem Ig segment, the N2A sequence, and the PEVK
domain, which is rich in P (proline), E (glutamate), V (valine), and K (lysine) (Adewale &
Young-Hoon Ahn, 2021). The inelastic residues of titin in the Z-disc bind to actin
cytoskeleton, protein a-actinin, from the additional sarcomeres of polarity (Young &
Gautel, 2000). Additional titin molecules in the Z-disc and M-line occur along the entire
length of the myofibril, including actins are provide length with nebulin (Cooper, 2000)
(Fig 1). Two giant protein titin and nebulin contribute sarcomere stability, titin
extremely is large protein (3000 kD) (Cooper, 2000). Muscle sarcomere shortening is the
process by which the thick filaments move toward the Z disks during movement and the
extensible region of titin is stretched in the opposite direction into (I1 to 12) to the
sarcomere lengthening, thus producing a force that tends to separate the Z disks and is
a factor in determining the lower limit of physiological sarcomere length (Horowits &
Podolsky, 1987). Iso-conditioning occurs when titin and a-actinin determines the
distance of the thick filament from the Z disk, thereby length of bound PEVK controlling,
titin is generate length irregularities between hemisarcomeres and balancing the forces
between hemisarcomeres (Nishikawa et al., 2012). Therefore, the behavior of the PEVK
region during the transition from passive stretch to active contraction may help explain
titin’s potential contribution to active force modulation (Nishikawa et al., 2012). In force-
length results, A-band movement stretches the elastic filament (titin) in the other half of
the sarcomere between the half sarcomeres and transmits the force to the Z-disc
(Joumaa et al., 2018). The extent of primary structural sarcomeres during A-band
movement depends on the final sarcomere length reached after activation, suggesting
that A-band movement is dependent on passive force entiring generated by the elastic
filament (Joumaa et al., 2018; Horowits & Podolsky, 1987). At long sarcomere lengths,
the titin-based passive force exact the half sarcomere lengths uniform and centers the
A-bands in the middle of the sarcomeres (Joumaa et al., 2018).

Taken together, these findings indicate that titin contributes not only to the
structural alignment of sarcomeres but also to the regulation of passive mechanical

properties during muscle stretch.

myosin  actin
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N2A =z f prodimal tandem ky-domain region m PEVK I;-dmaln“u:“hn
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Figure 1. Schematic localization of titin within the sarcomere, extending from the Z-disc

to the M-line.

Passive tension role of titin: regional activity

Connectin (titin) role efforts skeletal muscle intracellular elastic protein account for
elastic function communication within sarcomeres (Maruyama, 1976). Protein
molecular titin activation Z disc along from M line overlap myofibrillar lengthening
complex tasks continuously included this topic (Nishikawa et al., 2012). The elastic
properties of titin are evident when single myofibrils are stretched, as changes in the I-
band region contribute to the development of passive tension (Maruyama, 1976).
Stretching beyond the overlap of thick and thin filaments highlights the role of titin in
maintaining sarcomere integrity and passive force transmission (Leonard & Herzog,
2010). In that resulted passive force behaviour of myofibrils is consistent straightens the
folded proximal tandem Ig domains as the strecth of sarcomeres with little increase in
passive tension due to activated sarcomere lenght of 2.4 ym to 5 um (Leonard & Herzog,
2010). As these indicated that, myo section of sarcomeres are length longer, proximal
tandem Ig domain straighten toward the stiffer PEVK domain (35 to 560 pm) about 0.18
nm at 15 pm elongates and passive tension increases titin functional role (Forbes et al.,
2005). Titin function of passive spring in muscles is that stiffer PEVK region not
elongates at physiologic lengths, during active contraction of muscles, titin shorter I-
band region located mechanical demands (Powers et al., 2014). In that is entropic PEVK
activation to spring low energy production, but as enthalpic reactivation produce higher
energy during elongation of myofibrils (Nishikawa et al., 2012; Forbes et al., 2005). Actual
lengths of proximal tandem Ig domain region determine the slack length of sarcomere
and stiffer occurs the length of PEVK sequences corraleted passive tension, thus anterior
muscles than posterior muscles may be important detection of isoform expression
(Nishikawa et al., 2012) (Fig 2).

Therefore, titin-based passive tension appears to depend primarily on sarcomere
length, titin isoform composition, and the mechanical behavior of the Ig and PEVK

regions.
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Fig 2. The role of titin as a molecular spring contributing to passive tension during

sarcomere stretch

Potential Contribution of Titin to Active Force Generation

The possibility that titin contributes to active force generation has been increasingly
discussed in relation to actin—titin interactions and calcium-dependent changes in titin
stiffness (Fig 3). Titin isoforms in skeletal and cardiac muscle play different roles (ie.,
titin genes) in passive and active force generation (Horowits, 1992). Active muscles
displace in purified I-band from localization of titin to obtain Ca®* in vitro, it condition
explains N2A region signal factor recruit force generation (Stronczek et al.,, 2021).
Active fibers (thick filaments) increase Ca** influx, increasing tension and stiffness in
the non-crossing bridge structure, probably titin (Stronczek et al., 2021). Thus, PEVK
fragments and single fibers show not only mechanically Ca* influx but also Ca®
increases, causing a change in the force-extension curve upon calcium activation and
active stretch through titin molecules (Monroy et al., 2012). During active stretches
were due to the activation as this removal of troponin C in active force, however, active
and passive viscoelastic structures, myofibrils increased by Ca* influx able to
sarcomere length about 6 pm (Monroy et al., 2012). In the stabilities, passive tension
condition determines active lengthening during calcium activation, after activated
force recruit passive elements enable to isometric force (Nishikawa et al., 2012).
Enhanced force and energy storage during active stretch of skeletal muscle experienced
by cross bridge including eccentric contraction, a role of titin in force generation acts
at N2A-actin binding providing calcium dependence associated with thid interaction
to high force, evidences suggested that proximal PEVK domains like stabilize N2A-
actin binding in active muscle (Gage & Nishikawa, 2026). The effect of Ca** on titin
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stiffness (three titin) is direct, it can bind to actin when Ca** is present during free length
and increase its stiffness, it condition promotes active force production (Herzog, 2014).
For example, a-actinin increasing along with radial PEVK increase indirectly during
active stretching based on titin and a-actinin, which is stabile supporting to filaments
generate isometric force (Nishikawa et al., 2012). During all of mechanic forces high or
low Ca?* activation it is knowing Ca** binding to titin may contribute as (15%), but all
titin activated Ca** interaction may contribute as (85%), directly to small force and
stiffness are expect from Ca®* binding to PEVK (Freundt and Linke, 2019). During
potential force generation, skeletal muscle working take in actomyosin cross bridges
identif as the partial molecule structures account for active muscle tension, and the
plateau as the isometric force-length relationship of skeletal muscles was determined
by predictions of the myofibril sliding filaments with the rate of actomyosin ATP
hydrolysis at different temperatures, in this condition that muscle energetics in account
of predicting force during isometric contraction (Nishikawa, 2020). Hill-type force—
length models suggest that the spring-like properties of titin may contribute to muscle
force regulation across different contraction velocities (Kloock et al., 2026). I-band titin
spans and determines the length sarcomres in muscle type specific to generate myosin
filament feedback mechanism modulated in myosin contractile forms (Loreau et al.,
2025).

Nishikawa (2020) was the future direction that when a muscle is active stretched,
the energy required to produce a given force is significantly reduced compared to
isometric contraction, energy economy is higher during active lengthening, however,
preceding stretch or shortening altered the muscle force observed at a length, resulting
of stretch of the active muscle was greater than the isometric force at the same final
length.

These findings suggest that titin may contribute to residual force enhancement and
energy efficiency during active lengthening contractions, although the exact molecular
mechanisms remain under investigation.

Importantly, the available evidence does not imply that titin independently
generates active force; rather, titin may modulate force production through its
interaction with actomyosin-based contraction, sarcomere length, calcium activation,

and passive elastic elements.
Limitations and Future Directions

This review has several limitations. First, it is a narrative review rather than a
systematic review; therefore, the literature was not selected through a predefined search
strategy, and some relevant studies may have been missed. Second, many mechanistic
findings on titin are derived from isolated muscle fibres, myofibrils, or animal models,
which may limit their direct translation to whole-muscle function in humans. Third, the
precise contribution of titin to active force generation remains debated because titin-
based stiffness interacts with calcium activation, actomyosin cross-bridge cycling,

sarcomere length, and muscle-specific titin isoforms. Future studies should combine
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molecular, single-fibre, and in vivo approaches to clarify how titin contributes to force

regulation during eccentric, concentric, and isometric contractions.
CONCLUSION

Titin is a giant sarcomeric protein that contributes to skeletal muscle mechanics
through its structural, elastic, and regulatory properties. Current evidence suggests that
titin plays an important role in passive tension development, sarcomere stability, and
force transmission during muscle lengthening. Beyond its classical function as a passive
molecular spring, titin may also contribute to active force modulation through calcium-
dependent changes in stiffness, titin—actin interactions, and alterations in the
mechanical behavior of the Ig and PEVK regions. However, the precise extent to which
titin contributes to active force generation remains under investigation and should not
be interpreted as a fully established causal mechanism. Overall, titin should be
considered a dynamic regulatory protein that links passive stiffness, active force
enhancement, sarcomere stability, and energy efficiency during skeletal muscle
contraction. A better understanding of titin mechanics may provide new insights into
skeletal muscle performance, fatigue resistance, eccentric contraction, and muscle

adaptation.

Kisaltmalar / Abbreviations

A-band : Anisotropic band

ATP : Adenosine triphosphate

Ca* : Calcium ion

I-band : Isotropic band

Ig : Immunoglobulin-like domain
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MHC : Myosin heavy chain

M-line : Middle line of the sarcomere
N2A : N2A region of titin
NH:-terminal : Amino-terminal region

PEVK : Proline, glutamate, valine, and lysine-rich domain
Z-disc : Z-line / Z-disc of the sarcomere
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