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Abstract: In muscle, titin proteins connect myofilaments together and are thought to be critical 

for contraction, especially during residual force enhancement (RFE) when force is elevated after 

an active stretch. We investigated titin’s function during contraction using small-angle X-ray 

diffraction to track structural changes before and after 50% titin cleavage and in the RFE-

deficient, mdm titin mutant. We report that the RFE state is structurally distinct from pure 20 

isometric contractions, with increased thick filament strain and decreased lattice spacing, most 

likely caused by elevated titin-based forces. Furthermore, no RFE structural state was detected in 

mdm muscle. We posit that decreased lattice spacing, increased thick filament stiffness, and 

increased non-crossbridge forces are the major contributors to RFE. We conclude that titin 

directly contributes to RFE. 25 

One-Sentence Summary: Titin contributes to active force production and residual force 

enhancement in skeletal muscles. 
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Main Text  

Animal movement through complex environments requires unique mechanical features of not 

only isometric or shortening (concentric) muscle contractions, but also lengthening (eccentric) 

contractions (1). Eccentric contraction produces immediate and rapid force enhancement at the 

level of the sarcomere that is greater than that possible during isometric or concentric 5 

contractions and is poorly described by current muscle models (2, 3). Force enhancement 

improves functional tasks such as counter-movement jumps (4), downhill braking (5), and joint 

stabilization when negotiating complex terrain (6). Clinically, eccentric-focused training 

accelerates muscle hypertrophy above conventional training, and is widely used for athletes and 

also for restoring mobility independence to older adults (7, 8).  10 

During eccentric contraction, both crossbridge and non-crossbridge structures are stretched and 

produce viscoelastic forces that contribute to force enhancement (9). It has been suggested that 

crossbridge-based force enhancement plateaus after a short stretch of ~28 nm per sarcomere (9, 

10), while further stretch increases force via non-crossbridge, viscoelastic “spring” elements that 

increase stiffness upon activation (9, 11, 12). After stretch, force enhancement from crossbridges 15 

dissipates quickly while the non-crossbridge elastic component remains, leaving a long-lasting 

enhancement of force above that of pure isometric contractions at the same final length, the so-

called residual force enhancement (RFE)(13). The mechanisms underlying RFE are unclear but 

mounting evidence suggests that the titin protein plays a key role (Fig. 1A). Titin, the largest 

known protein, extends from the Z-disk to the M-line, where it runs along the thick filament in 20 

the A-band, and is extensible in the I-band. Titin extends during sarcomere stretch and becomes 

4-6 times stiffer upon Ca2+ activation (14–18) via as yet unresolved mechanisms (19). Increasing 

titin-based forces during passive stretch (20) and submaximal activation (21, 22) also increases 

the Ca2+ sensitivity of force with increasing sarcomere length, implying that increased 

crossbridge recruitment may also contribute to RFE.  25 

 

We investigated titin’s function during skeletal muscle contraction using small-angle X-ray fiber 

diffraction to track structural changes before and after cleavage of 50% of I-band titin in mouse 

fast-twitch muscle fibers, and in fibers from ‘muscular dystrophy with myositis’ (mdm) mice 

which lack force enhancement (23). Specific cleavage of I-band titin was achieved by using 30 

heterozygotes of a transgenic ‘titin cleavage’ (TC) mouse model (Fig. S1), in which titin is 

controllably cleaved via an embedded tobacco etch virus protease (TEVP) cleavage site (17, 24). 

Mdm carries a complex titin mutation that manifests as a small deletion in the titin gene (25, 26). 

Our results demonstrate that, during RFE, in addition to increased tension, there are structural-

based X-ray diffraction signatures that are distinct from those of pure isometric contraction. Titin 35 

cleavage attenuates RFE tension, blunts RFE-associated diffraction signatures, and increases 

disorder in the myofilament lattice. We further report that when RFE is absent, as in mdm mice, 

the structural signature of RFE is also absent. Collectively, we posit that RFE is caused, in part, 

by decreased lattice spacing, stretched inter-myofilament bridge elements (e.g., titin, myosin-

binding protein C [MyBPc]), and increased thick filament stiffness, with titin a major regulator 40 

of each.  

Results and Discussion 

Titin cleavage reduces mechanical stability 
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We conducted RFE experiments on permeabilized heterozygote TC psoas fibers before and after 

50% titin cleavage via TEVP incubation. X-ray diffraction patterns and force traces were 

obtained under three conditions: isometric contraction at 2.7 μm sarcomere length (SL) (short 

isometric contraction; IsoS), isometric contraction at 3.0 μm SL (long isometric contraction; 

IsoL), and stretch-hold contraction from 2.7 to 3.0 μm SL (isometric contraction after an active 5 

stretch [RFE]; IsoR). Compared to pre-titin cleavage, post-cleavage fibers produced less tension, 

but the shape of the tension traces was similar (Fig. 1B-C). For IsoS and IsoL, 50% titin cleavage 

reduced passive stiffness (measured here by sinusoidal oscillations; Fig. 1D), passive tension, 

active tension, and total tension (P < 0.01, Fig. 1E; Table S1), but the relative difference after 

treatment was always greater for IsoS vs. IsoL (Fig. S2A). Titin-based force and stiffness are 10 

known to be critical for thick filament centering in the A-band, with greater stability at longer 

SLs where titin-based forces are higher (17, 27). Indeed, at a near-slack SL of 2.4 μm, the A-

bands of titin-cleaved fibers fell apart during maximal activation (pCa 4) (17), but were 

maintained here at longer SLs and at submaximal activation (pCa 6; Fig. 1F). Furthermore, RFE 

(increase in total force from IsoL to IsoR) was reduced after titin cleavage (P < 0.01; Fig. 1G, 15 

S2B) from 30.69 ± 3.35% to 17.44 ± 2.24% of reference force (IsoL). We converted RFE to force 

per thick filament (fTF), assuming that all forces are transmitted to the thick filament, and that in 

samples with a d1,0 = 37.69 nm ~80% of the cross-sectional area is occupied by myofibrils, 

resulting in a thick filament density of ~488x106 thick filaments/mm2. The active tension 

increased from 48.26 kPa in IsoL to 68.53 kPa in IsoR, resulting in fTF values of 98.95 pN and 20 

140.51 pN for IsoL and IsoR, respectively. Therefore, compared to IsoL, IsoR increased by 41.56 

pN. These results are consistent with numerous previous studies that provided indirect evidence 

for titin’s involvement in RFE (28–30), and with the absence of RFE in the mdm titin mutant (31, 

32). These results demonstrate a direct relationship between I-band titin and RFE.  

 25 

Lattice structure and order during IsoR are structurally distinct 

We assessed structural changes using small-angle X-ray diffraction (Fig. 1H), which provides 

information concerning the underlying structural arrangements of sarcomeric proteins (Fig. 1A). 

We compared diffraction patterns from pure isometric contractions at two different sarcomere 

lengths (IsoS vs. IsoL) and contractions with ramp stretch- hold from the short to the longer 30 

length (IsoL vs IsoR). Lattice spacing (LS) was calculated as the separation of the 1,0 equatorial 

reflections from thick filaments (D1,0 plane; Fig 1H). Computational modeling studies suggest 

that increasing LS decreases force production and blunts length-dependent activation (LDA) by 

affecting crossbridge kinetics (33). LS is controlled in part by radial forces imposed on the 

myofilament lattice by titin (34, 35) and expands in relaxed fibers after titin cleavage (22). 35 

Furthermore, myopathic human fibers with abnormally stiff titins have smaller LS than controls 

(36). We report that LS decreased from IsoS to IsoL, as expected, but decreased further in IsoR (P 

< 0.0001; Fig. 2A, S3; Table S2). The “excess” lattice shrinkage in IsoR, noted previously (37), 

suggests that radial forces acting on the myofilament lattice are enhanced after active stretch, 

suggesting increased titin-based forces in IsoR with respect to IsoL. LS is an important regulator 40 

of crossbridge kinetics and therefore cross-bridge based force production (33), especially in 

permeabilized preparations, where the lattice is generally expanded compared to intact, and 

shrinks more rapidly upon stretch. Compared to IsoL, the IsoR lattice was smaller by 1.08% (0.41 

nm). Based on previous assessments (33), we estimated a small but significant RFE contribution 

of ~5.2% force, or fTF  ~ 5.14 pN. 45 
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Structural evidence of crossbridges suggest no differences between IsoR and IsoL 

We next considered whether more crossbridges are present during IsoR vs. IsoL. Previous reports 

using structural, mechanical or ATP consumption assays suggested no differences in crossbridge 

recruitment between IsoL and IsoR (9, 37–42). The equatorial intensity ratio (I1,1/I1,0) is widely 

used as a measure of the transfer of mass (i.e., myosin heads) from the thick to thin filaments, 5 

with increasing I1,1/I1,0 indicating more myosin heads associated with the thin filaments (43). We 

found that before titin cleavage, I1,1/I1,0 remained consistent across contraction conditions (P = 

0.18; Fig. 2B, S3;Table S2). At longer SLs, I1,1/I1,0  decreased as filament overlap decreased (44). 

IsoL has less thick and thin filament overlap compared to IsoS, so I1,1/I1,0 would be expected to 

decrease if nothing else changed. Therefore, the finding that I1,1/I1,0 is not significantly different 10 

between short and long SL contraction conditions suggests a relatively larger degree of 

crossbridge recruitment at longer SLs (i.e., IsoL and IsoR), as expected via myofilament LDA 

(45). These findings also imply that there is no further crossbridge recruitment in IsoR vs. IsoL, a 

finding that corroborates other studies using different methodologies (9, 38–40). 

Titin cleavage by 50% led to an overall increase in I1,1/I1,0 across contraction conditions, with a 15 

large increase in the spread of the values including some with unrealistically large values greater 

than the rigor state (2-3; 43) (P < 0.0001; Fig. 2B; Table S2), which was initially puzzling. These 

results are likely due to increased lattice disorder after titin cleavage as evidenced by increased 

σA, an indicator of thick filament disorder across adjacent myofibrils (46), and σD, a measure of 

LS heterogeneity, after titin cleavage (P < 0.001; Fig. 2C-D; Table S2). Because we cannot 20 

easily uncouple the effects of lattice disorder (44, 47) and mass shift due to myosin head 

movement on I1,1/I1,0, it would be unwise to interpret increased I1,1/I1,0 after titin cleavage as 

indicating more transfer of myosin heads towards actin. However, in contrast to the equatorial 

reflections, meridional patterns are less affected by lattice disorder. Myosin head configuration 

can be evaluated via the spacing (SM3) and intensity (IM3) of the M3 myosin meridional 25 

reflection. Increases in SM3 are typically associated with increasing crossbridge recruitment, or 

the reorientation of myosin heads in a position that increases the chance of attachment (48). 

Before titin cleavage, SM3 varied among conditions as follows: IsoS < IsoL = IsoR (P < 0.0001; 

Fig. 2E, S3; Table S2), similar to I1,1/I1,0 before titin cleavage, both suggesting increased 

crossbridge recruitment at longer SL, but unaffected by previous active stretch. In comparison, 30 

titin cleavage reduced SM3 across all conditions (P < 0.0001; Fig. 2E, S3; Table S2). Decreased 

SM3 across conditions after 50% titin cleavage suggests that titin is important in modulating 

myosin head action not only in passive muscle, but also during contraction—a point suggested in 

muscles from mice with titin mutations but never before shown by cutting of titin springs within 

a sample. Additional support for this notion comes from IM3, which provides additional details 35 

about variation in myosin head orientation. Before titin cleavage, IM3 decreased from IsoS to IsoL 

(P < 0.001; Fig. 2F; Table S3) as expected due to decreased filament overlap (48, 49). However, 

IM3 for IsoR > IsoL = IsoS (P < 0.001; Fig. 2F), even though they are at the same SL, suggesting 

that the orientation of heads is more ordered in IsoR. Of note, after titin cleavage, IM3 was reduced 

in all conditions to similar values, suggesting that titin-based forces are partially responsible for 40 

myosin head order, and the conditional effect with passive or active stretch.  
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The thin filaments also provide structural information indicative of crossbridge recruitment (50). 

In passive cardiac and skeletal muscle, thin filaments extend and troponin complexes reorient 

with sarcomere stretch in a way that has been linked to increasing Ca2+ sensitivity (20, 22). The 

A6 (SA6) and A7 (SA7) spacings report on the left- and right-handed actin helical structures 

within the thin filament (Fig. S4;Table S3) and are used here to calculate the axial spacing of the 5 

actin monomers (SgActin) (51, 52), where SgActin can be used as a measure of thin filament 

extension (53, 54). Also relevant for this discussion are structural changes in the troponin 

complex, indicated by changes in the spacing (ST3) of the third troponin meridional reflection T3 

arising from the troponin complexes spaced every ~37 nm along the thin filaments. We found 

that before titin cleavage, both SgActin and ST3 are IsoS < IsoL = IsoR (P < 0.01; Fig. 2G-H; Table 10 

S3). IsoL = IsoR is noteworthy because in purely isometric or passive conditions, the thin filament 

acts as a stiff Hookean spring so that changes in thin filament strain can be directly interpreted as 

changes in the total (passive + active) force exerted on the filament (22, 50), as observed from 

IsoS to IsoL; Fig. 1E). However, while IsoR forces are larger than IsoL, the thin filament strains 

are equal. This suggests that something distinct is occurring during eccentric contraction that 15 

decouples force and thin filament strain and may suggest that crossbridge-based force is 

decreased while non-crossbridge based force is increased. Another interesting result is that the 

ST3 is altered by thin filament length, as expected for a thin filament associated protein. 

However, ANCOVA showed that ST3 decreases independently of SgActin (P < 0.001; Fig. 2H; 

Table S3), although the physiological relevance of this independent ST3 action is unknown. 20 

Increased titin-based forces may not necessarily result in increased thin filament strain because 

titin’s tether points are far away from the tip of the thin filament; titin’s permanent interaction 

with the thin filament is close to the Z-disk (55, 56), and other potential alternative interaction 

sites are at or around the N2A region in the I-band (57, 58). Although a definitive mechanism 

remains elusive, another possibility is disruption of MyBPc thick-thin bridges during the 25 

eccentric phase of the IsoR condition. MyBPc bridges are purported to be important for 

contraction (22, 59–61) and seem to be forcibly ruptured by a quick passive stretch (22). 

Therefore, a role for MyBPc to explain the IsoR seems plausible and could be directly studied 

using an inducible “cut and paste” MyBPc mouse line (62).  

Thick filament strain suggests titin-based forces are enhanced in IsoR vs. IsoL 30 

Arguably the most contentious debate in the RFE field is whether titin contributes to RFE by 

producing more force during IsoR vs. IsoL. The hypothesis is as follows: upon activation, titin 

stiffness increases by 4-6 times (15, 17, 18, 39), which would imply that during and after 

eccentric contractions, titin-based forces would be greater than if just activated at the longer SL. 

Mechanically, titin-based force pulls on and stretches the thick filament, with increasing titin 35 

force extending the thick filament (21, 22, 34, 63). We found that thick filament strain, 

quantified via the spacing of the M6 meridional reflection (SM6), increased progressively as 

follows: IsoS < IsoL < IsoR (P < 0.0001; Fig. 2I, Table S2), suggesting higher titin-based force in 

IsoR vs. IsoL. Additionally, 50% titin cleavage slightly reduced SM6 across all conditions (P < 

0.0001 for both; Fig. 2I; Table S2) but the general relationship among conditions was preserved. 40 

These data indicate titin as a key contributor to thick filament strain.  
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In addition to titin, MyBPc can also apply a pulling force to strain the thick filament. To date, 

MyBPc plays an unclear role during contraction, but can also function like a spring and store 

some level of force (61), so storing force during an eccentric stretch seems plausible. On the 

other hand, MyBPc is relatively short and so would most likely rupture and reattach to the thin 

filament during the ~150 nm per half thick filament eccentric stretch conducted here, minimizing 5 

its contribution to force exerted on the thick filament during IsoR, although some contribution 

cannot be discounted. Apart from MyBPc, crossbridge forces during contraction also strain the 

thick filament (63). However, our analysis above, along with other mechanical and biochemical 

studies (9, 38–40), suggest no differences in the degree of crossbridge recruitment between IsoL 

and IsoR so that the contribution of crossbridge-based thick filament strain should be similar 10 

between IsoL and IsoR. Based on our analysis, we postulate that the thick filament strain in IsoR 

relative to IsoL is primarily due to increased titin-based force after active stretch. 

We next used the thick filament strain data to provide estimates of fTF during IsoR, which also 

includes the LS-dependent effects described above. Compared to IsoL, the thick filament in IsoR 

is strained 0.0694% more, with 41.56 pN more fTF. The excess fTF is a product of both the forces 15 

acting to strain the thick filament, such as parallel elastic elements (e.g., titin and possibly 

MyBPc), and the changes in force that arise primarily from stiffening of the thick filaments when 

they are stretched (64, 65). Approximating changes to thick filament stiffness (StiffTF) is a non-

trivial task, as thick filament stiffness is nonlinear (21). To accomplish this, we derived fTF as a 

function of percent thick filament elongation (ep) using active tension-thin filament strain data 20 

from fast twitch mouse muscle (21), and converted to fTF - thick filament strain. The data were 

described well by a third-order polynomial: fTF = 2.98*10-8ep + 709ep
3, simplified to fTF = 709ep

3, 

with the StiffTF-strain relationship equal to the derivative of fTF, StiffTF = 2127ep
2. We next 

calculated the ep values for IsoL and IsoR from SM6 values as follows: passive SM6 at 3.0 μm SL is 

7.205 nm (21, 22, 34, 63), and the IsoL and IsoR SM6 = 7.247 and 7.252 nm, respectively. 25 

Therefore, from the passive state, the thick filaments are strained 0.586% and 0.655% during 

IsoL and IsoR, respectively. Plugging the eP values into the StiffTF-strain equation produces 729.7 

and 912.9 pN/ep for IsoL and IsoR, respectively. Therefore, the thick filament stiffness increases 

by 25.1% from IsoL to IsoR, which also reflects an up to ~25.1% increase in fTF (66). However, 

the exact relationship between StiffTF and fTF is somewhat less than linear, depending on the 30 

properties of thick filament compliance. Because the relationship is not yet well defined (64, 65), 

we used a conservative lower bound of ~0.5 StiffTF to fTF ratio. Said another way, ~12.4 pN up to 

a maximum of ~24.8 pN of the measured RFE per thick filament (fTF ~ 41.6 pN) can be 

associated with mechanical stiffening of the thick filament. 

 35 

A loss of RFE also leads to a loss of distinctive diffraction signatures during IsoR 

As described above, we characterized distinctive diffraction signatures during IsoR, but an open 

question was whether this structural state is required for RFE. To assess this point, we utilized 

the muscular dystrophy with myositis (mdm) mouse, which to our knowledge is the only skeletal 

mouse model in which RFE can be induced in wild-type but not in HOM mdm (23, 32). We 40 

assessed whether the structural indicators of the RFE state were also missing in HOM skeletal 

muscles. Experiments were run similarly to the TC experiments, but at different SLs for the three 

contraction types: isometric 2.4 μm SL (mdm IsoS), isometric 3.2 μm SL (mdm IsoL), and RFE 

(mdm IsoR; stretch-hold from 2.4 to 3.2 μm SL). Compared to TC fibers before titin cleavage, 

WT mdm fibers showed similar diffraction signatures of RFE for LS, SM6, I1,1/I1,0, σA, SM3, and 45 
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SA6 (Fig. 3A-F; Table S4). In contrast, mdm fibers showed no statistical difference in any of these 

parameters between IsoR and IsoL except for I1,1/I1,0. Here, as in the TC experiments after titin 

cleavage, HOM mdm produced unusually large I1,1/I1,0, with associated increases in σA, 

suggesting reduced thick filament stability in HOM mdm fibers, and so inflated I1,1/I1,0 

independent of myosin head mass movement (see discussion above). Based on these data, it is 5 

reasonable to propose that there is a causative relationship between the distinctive diffraction 

signature during IsoR and the presence of RFE.  

A stiffer titin in IsoR vs. IsoL contributes to RFE 

The underlying mechanism(s) of RFE, here fTF = 41.6 pN above IsoL tension, have long been 

unresolved. With this X-ray diffraction dataset, we thus far estimated two mechanisms that 10 

contribute to RFE: shrinking LS and increased thick filament stiffness (fTF ~ 12.4-24.8 pN). This 

implies that there is still ~16.8-29.2 pN of fTF unaccounted for. This most likely comes from the 

stretch of non-crossbridge myofilament bridge proteins. Titin is thought to become stiffer upon 

activation, and we can calculate how much stiffer it would become if it did indeed account for 

the missing component. On this approximation, we assume that titin contributes all forces 15 

imposed on the thick filament and that there are 12 titins per thick filament (6 titins per half-thick 

filament), equating to ~2.8-4.9 pN per titin. Based on previous data (67), passive titin-based 

forces are ~2.5 and ~5 pN per titin at 2.7 and 3.0 μm SL, respectively, equating to a 2.7 to 3.0 

μm SL stretch stiffness (~150 nm stretch per titin) of ~0.016 pN/nm. If we add the excess titin-

based forces to the 3.0 μm SL values assuming it is all the unaccounted for fTF, then the titin-20 

based stiffness after the stretch would be ~0.035-0.049 pN/nm, suggesting that upon activation, 

titin stiffness increased ~2.2-3.1 times compared to the passive state. This value will be 

somewhat lower if MyBPc or other parallel elastic components are involved. Presently, no 

molecular mechanism for this activation-dependent increase in titin stiffness is agreed upon, 

although studies are ongoing (19, 58). One idea (11, 19, 57, thoroughly discussed in 68) relies on 25 

evidence of relatively weak titin-thin filament interaction at the N2A and nearby PEVK region in 

passive muscle and that this binding is stronger in the presence of Ca2+. This attachment 

functionally shortens the titin free-length and allows only the stiffer PEVK region to extend with 

increasing SL. Fig. 4 presents hypothetical configurations that can explain our data, where titin 

free-lengths are extended more during active vs. passive stretch, and deserves further empirical 30 

study. At present and under an as-yet unclear mechanism, we provide strong evidence that titin-

based forces are greater after an active stretch as compared to an isometric contraction at the 

longer length, leading to structural and mechanical changes that enhance force, which answers 

the decades-old question as to why RFE exists. 

 35 

Conclusions 

Our data demonstrate that titin is a critical regulator of sarcomeric tension, and as such, an 

essential determinant of RFE. Furthermore, the presence of RFE seems to align with a distinctive 

structural state that is affected by titin cleavage and the mdm mutation. Finally, our analysis 

provides evidence that the generation of RFE is predominately caused by not only increases to 40 

titin-based forces, but also via titin’s pull on sarcomeric structures that decrease lattice spacing 

and increase thick filament stiffness. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.19.529125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529125
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 

8 

 

References 

1.  M. H. Dickinson et al., How animals move: an integrative view. Science. 288, 100–106 

(2000). 

2.  T. J. M. Dick, A. A. Biewener, J. M. Wakeling, Comparison of human gastrocnemius 

forces predicted by Hill-type muscle models and estimated from ultrasound images. J. Exp. 5 

Biol. 220, 1643–1653 (2017). 

3.  K. C. Nishikawa, Muscle function from oraganisms to molecules. Integr. Comp. Biol. 

(2018). 

4.  W. Seiberl, G. A. Power, W. Herzog, D. Hahn, The stretch-shortening cycle (SSC) 

revisited: residual force enhancement contributes to increased performance during fast 10 

SSCs of human m. adductor pollicis. Physiol. Rep. 3 (2015), doi:10.14814/phy2.12401. 

5.  S. L. Lindstedt, Skeletal muscle tissue in movement and health: positives and negatives. J. 

Exp. Biol. 219, 183–188 (2016). 

6.  M. A. Daley, A. A. Biewener, Leg muscles that mediate stability: mechanics and control of 

two distal extensor muscles during obstacle negotiation in the guinea fowl. Philos. Trans. 15 

R. Soc. Lond. B, Biol. Sci. 366, 1580–1591 (2011). 

7.  P. LaStayo et al., Elderly patients and high force resistance exercise--a descriptive report: 

can an anabolic, muscle growth response occur without muscle damage or inflammation? J 

Geriatr Phys Ther. 30, 128–134 (2007). 

8.  P. LaStayo, R. Marcus, L. Dibble, F. Frajacomo, S. Lindstedt, Eccentric exercise in 20 

rehabilitation: safety, feasibility, and application. J. Appl. Physiol. 116, 1426–1434 (2014). 

9.  G. J. Pinniger, K. W. Ranatunga, G. W. Offer, Crossbridge and non-crossbridge 

contributions to tension in lengthening rat muscle: force-induced reversal of the power 

stroke. J. Physiol. (Lond.). 573, 627–643 (2006). 

10.  V. Lombardi, G. Piazzesi, The contractile response during steady lengthening of stimulated 25 

frog muscle fibres. J. Physiol. (Lond.). 431, 141–171 (1990). 

11.  M. Contini, D. Altman, A. Cornachione, D. E. Rassier, M. A. Bagni, An increase in force 

after stretch of diaphragm fibers and myofibrils is accompanied by an increase in 

sarcomere length nonuniformities and Ca2+ sensitivity. Am. J. Physiol. Cell Physiol. 323, 

C14–C28 (2022). 30 

12.  K. C. Nishikawa et al., Is titin a “winding filament”? A new twist on muscle contraction. 

Proc. Biol. Sci. 279, 981–990 (2012). 

13.  K. A. Edman, G. Elzinga, M. I. Noble, Residual force enhancement after stretch of 

contracting frog single muscle fibers. J. Gen. Physiol. 80, 769–784 (1982). 

14.  A. L. Hessel, J. A. Monroy, K. C. Nishikawa, Non-cross Bridge Viscoelastic Elements 35 

Contribute to Muscle Force and Work During Stretch-Shortening Cycles: Evidence From 

Whole Muscles and Permeabilized Fibers. Front. Physiol. 12 (2021), 

doi:10.3389/fphys.2021.648019. 

15.  J. A. Monroy, K. L. Powers, C. M. Pace, T. Uyeno, K. C. Nishikawa, Effects of activation 

on the elastic properties of intact soleus muscles with a deletion in titin. J. Exp. Biol. 220, 40 

828–836 (2017). 

16.  T. R. Leonard, M. DuVall, W. Herzog, Force enhancement following stretch in a single 

sarcomere. Am. J. Physiol. Cell Physiol. 299, C1398–401 (2010). 

17.  Y. Li et al., Graded titin cleavage progressively reduces tension and uncovers the source of 

A-band stability in contracting muscle. Elife. 9 (2020), doi:10.7554/eLife.64107. 45 

18.  B. Colombini, M. Nocella, M. A. Bagni, Non-crossbridge stiffness in active muscle fibres. 

J. Exp. Biol. 219, 153–160 (2016). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.19.529125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529125
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 

9 

 

19.  W. A. Linke, Titin gene and protein functions in passive and active muscle. Annu. Rev. 

Physiol. 80, 389–411 (2018). 

20.  Y. Ait-Mou et al., Titin strain contributes to the Frank-Starling law of the heart by 

structural rearrangements of both thin- and thick-filament proteins. Proc. Natl. Acad. Sci. 

USA. 113, 2306–2311 (2016). 5 

21.  W. Ma et al., Thick-Filament Extensibility in Intact Skeletal Muscle. Biophys. J. 115, 

1580–1588 (2018). 

22.  A. L. Hessel et al., Titin force in muscle cells alters lattice order, thick and thin filament 

protein formation. Proc. Natl. Acad. Sci. USA. 119, e2209441119 (2022). 

23.  U. Tahir, J. A. Monroy, N. A. Rice, K. C. Nishikawa, Effects of a titin mutation on force 10 

enhancement and force depression in mouse soleus muscles. J. Exp. Biol. 223 (2020), 

doi:10.1242/jeb.197038. 

24.  J. A. Rivas-Pardo et al., A HaloTag-TEV genetic cassette for mechanical phenotyping of 

proteins from tissues. Nat. Commun. 11, 2060 (2020). 

25.  P. Hettige, D. Mishra, H. Granzier, K. Nishikawa, M. J. Gage, Contributions of Titin and 15 

Collagen to Passive Stress in Muscles from mdm Mice with a Small Deletion in Titin’s 

Molecular Spring. Int. J. Mol. Sci. 23 (2022), doi:10.3390/ijms23168858. 

26.  P. Hettige, U. Tahir, K. C. Nishikawa, M. J. Gage, Transcriptomic profiles of muscular 

dystrophy with myositis (mdm) in extensor digitorum longus, psoas, and soleus muscles 

from mice. BMC Genomics. 23, 657 (2022). 20 

27.  R. Horowits, R. J. Podolsky, Thick filament movement and isometric tension in activated 

skeletal muscle. Biophys. J. 54, 165–171 (1988). 

28.  K. Powers et al., Titin force is enhanced in actively stretched skeletal muscle. J. Exp. Biol. 

217, 3629–3636 (2014). 

29.  D. E. Rassier, W. Herzog, Force enhancement and relaxation rates after stretch of activated 25 

muscle fibres. Proc. Biol. Sci. 272, 475–480 (2005). 

30.  T. R. Leonard, W. Herzog, Regulation of muscle force in the absence of actin-myosin-

based cross-bridge interaction. Am. J. Physiol. Cell Physiol. 299, C14–20 (2010). 

31.  K. Powers, K. Nishikawa, V. Joumaa, W. Herzog, Decreased force enhancement in skeletal 

muscle sarcomeres with a deletion in titin. J. Exp. Biol. 219, 1311–1316 (2016). 30 

32.  D. Mishra, K. C. Nishikawa, Residual force enhancement is reduced in permeabilized fiber 

bundles from mdm muscles. J. Exp. Biol. 225 (2022), doi:10.1242/jeb.243732. 

33.  C. D. Williams, M. K. Salcedo, T. C. Irving, M. Regnier, T. L. Daniel, The length-tension 

curve in muscle depends on lattice spacing. Proc. Biol. Sci. 280, 20130697 (2013). 

34.  T. Irving et al., Thick-filament strain and interfilament spacing in passive muscle: effect of 35 

titin-based passive tension. Biophys. J. 100, 1499–1508 (2011). 

35.  N. Fukuda, Y. Wu, G. Farman, T. C. Irving, H. Granzier, Titin-based modulation of active 

tension and interfilament lattice spacing in skinned rat cardiac muscle. Pflugers Arch. 449, 

449–457 (2005). 

36.  C. A. C. Ottenheijm et al., Titin-based stiffening of muscle fibers in Ehlers-Danlos 40 

Syndrome. J. Appl. Physiol. 112, 1157–1165 (2012). 

37.  V. Joumaa et al., Effect of Active Lengthening and Shortening on Small-Angle X-ray 

Reflections in Skinned Skeletal Muscle Fibres. Int. J. Mol. Sci. 22 (2021), 

doi:10.3390/ijms22168526. 

38.  G. J. Pinniger, A. G. Cresswell, Residual force enhancement after lengthening is present 45 

during submaximal plantar flexion and dorsiflexion actions in humans. J. Appl. Physiol. 

102, 18–25 (2007). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.19.529125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529125
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 

10 

 

39.  M. Nocella, G. Cecchi, M. A. Bagni, B. Colombini, Force enhancement after stretch in 

mammalian muscle fiber: no evidence of cross-bridge involvement. Am. J. Physiol. Cell 

Physiol. 307, C1123–9 (2014). 

40.  V. Joumaa, W. Herzog, Energy cost of force production is reduced after active stretch in 

skinned muscle fibres. J. Biomech. 46, 1135–1139 (2013). 5 

41.  A. Mehta, W. Herzog, Cross-bridge induced force enhancement? J. Biomech. 41, 1611–

1615 (2008). 

42.  S. G. Campbell, K. S. Campbell, Mechanisms Of Residual Force Enhancement In Skeletal 

Muscle: Insights From Experiments And Mathematical Models. Biophys. Rev. 3, 199–207 

(2011). 10 

43.  W. Ma, H. Gong, T. Irving, Myosin head configurations in resting and contracting murine 

skeletal muscle. Int. J. Mol. Sci. 19 (2018), doi:10.3390/ijms19092643. 

44.  S. Malinchik, L. C. Yu, Analysis of equatorial x-ray diffraction patterns from muscle 

fibers: factors that affect the intensities. Biophys. J. 68, 2023–2031 (1995). 

45.  W. Ma, T. C. Irving, Small Angle X-ray Diffraction as a Tool for Structural 15 

Characterization of Muscle Disease. ijms. 23, 3052 (2022). 

46.  W. Ma et al., Myofibril orientation as a metric for characterizing heart disease. Biophys. J. 

121, 565–574 (2022). 

47.  T. C. Irving, B. M. Millman, Changes in thick filament structure during compression of the 

filament lattice in relaxed frog sartorius muscle. J. Muscle Res. Cell Motil. 10, 385–394 20 

(1989). 

48.  P. J. Griffiths et al., Effects of the number of actin-bound S1 and axial force on X-ray 

patterns of intact skeletal muscle. Biophys. J. 90, 975–984 (2006). 

49.  J. M. Squire, C. Knupp, The muscle M3 x-ray diffraction peak and sarcomere length: No 

evidence for disordered myosin heads out of actin overlap. J. Gen. Physiol. 153 (2021), 25 

doi:10.1085/jgp.202012859. 

50.  B. Kiss et al., Nebulin stiffens the thin filament and augments cross-bridge interaction in 

skeletal muscle. Proc. Natl. Acad. Sci. USA. 115, 10369–10374 (2018). 

51.  E. H. Egelman, N. Francis, D. J. DeRosier, F-actin is a helix with a random variable twist. 

Nature. 298, 131–135 (1982). 30 

52.  E. H. Egelman, The iterative helical real space reconstruction method: surmounting the 

problems posed by real polymers. J. Struct. Biol. 157, 83–94 (2007). 

53.  H. E. Huxley, A. Stewart, H. Sosa, T. Irving, X-ray diffraction measurements of the 

extensibility of actin and myosin filaments in contracting muscle. Biophys. J. 67, 2411–

2421 (1994). 35 

54.  K. Wakabayashi et al., X-ray diffraction evidence for the extensibility of actin and myosin 

filaments during muscle contraction. Biophys. J. 67, 2422–2435 (1994). 

55.  K. Trombitás, H. Granzier, Actin removal from cardiac myocytes shows that near Z line 

titin attaches to actin while under tension. Am. J. Physiol. 273, C662–70 (1997). 

56.  W. A. Linke et al., Actin-titin interaction in cardiac myofibrils: probing a physiological 40 

role. Biophys. J. 73, 905–919 (1997). 

57.  A. L. Hessel, W. A. Linke, Unraveling the mysteries of the titin-N2A signalosome. J. Gen. 

Physiol. 153 (2021), doi:10.1085/jgp.202112967. 

58.  S. Dutta et al., Calcium increases titin N2A binding to F-actin and regulated thin filaments. 

Sci. Rep. 8, 14575 (2018). 45 

59.  P. K. Luther et al., Direct visualization of myosin-binding protein C bridging myosin and 

actin filaments in intact muscle. Proc. Natl. Acad. Sci. USA. 108, 11423–11428 (2011). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.19.529125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529125
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 

11 

 

60.  R. Craig, K. H. Lee, J. Y. Mun, I. Torre, P. K. Luther, Structure, sarcomeric organization, 

and thin filament binding of cardiac myosin-binding protein-C. Pflugers Arch. 466, 425–

431 (2014). 

61.  S. P. Harris, Making waves: A proposed new role for myosin-binding protein C in 

regulating oscillatory contractions in vertebrate striated muscle. J. Gen. Physiol. 153 5 

(2021), doi:10.1085/jgp.202012729. 

62.  N. C. Napierski et al., A Novel “Cut and Paste” Method for In Situ Replacement of 

cMyBP-C Reveals a New Role for cMyBP-C in the Regulation of Contractile Oscillations. 

Circ. Res. 126, 737–749 (2020). 

63.  L. Fusi, E. Brunello, Z. Yan, M. Irving, Thick filament mechano-sensing is a calcium-10 

independent regulatory mechanism in skeletal muscle. Nat. Commun. 7, 13281 (2016). 

64.  T. L. Daniel, A. C. Trimble, P. B. Chase, Compliant realignment of binding sites in 

muscle: transient behavior and mechanical tuning. Biophys. J. 74, 1611–1621 (1998). 

65.  S. M. Mijailovich, J. J. Fredberg, J. P. Butler, On the theory of muscle contraction: 

filament extensibility and the development of isometric force and stiffness. Biophys. J. 71, 15 

1475–1484 (1996). 

66.  R. F. Kirsch, D. Boskov, W. Z. Rymer, Muscle stiffness during transient and continuous 

movements of cat muscle: perturbation characteristics and physiological relevance. IEEE 

Trans. Biomed. Eng. 41, 758–770 (1994). 

67.  W. A. Linke, M. Ivemeyer, P. Mundel, M. R. Stockmeier, B. Kolmerer, Nature of PEVK-20 

titin elasticity in skeletal muscle. Proc. Natl. Acad. Sci. USA. 95, 8052–8057 (1998). 

68.  K. Nishikawa et al., Calcium-dependent titin-thin filament interactions in muscle: 

observations and theory. J. Muscle Res. Cell Motil. 41, 125–139 (2020). 

69.  C. H. Hakim, N. B. Wasala, D. Duan, Evaluation of muscle function of the extensor 

digitorum longus muscle ex vivo and tibialis anterior muscle in situ in mice. J. Vis. Exp. 25 

(2013), doi:10.3791/50183. 

70.  W. Ma, T. C. Irving, X-ray Diffraction of Intact Murine Skeletal Muscle as a Tool for 

Studying the Structural Basis of Muscle Disease. J. Vis. Exp. (2019), doi:10.3791/59559. 

71.  J. Jiratrakanvong et al., MuscleX: software suite for diffraction X-ray imaging (BioCAT, 

Argonne National Labs, 2018). 30 

72.  J. Bordas et al., Extensibility and symmetry of actin filaments in contracting muscles. 

Biophys. J. 77, 3197–3207 (1999). 

 

Acknowledgments:  

We thank the BioCAT beamline support staff at the APS for their steadfast commitment to our 35 

project, Andreas Unger for TEM imaging assistance, Beth Dennison for elite technical 

assistance, and Anna Good for critical text and artistic editing. This research used resources of 

the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science User 

Facility operated for the DOE Office of Science by Argonne National Laboratory under Contract 

No. DE - AC02 - 06CH11357, and further NIH support. The content is solely the responsibility 40 

of the authors and does not necessarily reflect the official views of the National Institute of 

General Medical Sciences or the National Institutes of Health. 

Funding:  

German Research Foundation grant 454867250 (ALH)  

German Research Foundation grant SFB1002A08 (WAL) 45 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.19.529125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529125
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 

12 

 

IZKF Münster Li1/029/20 (WAL) 

National Institutes of Health P41 GM103622 (TI) 

National Institute of Health P30 GM138395 (TI) 

US National Science Foundation IOS-2016049 (KN) 

 5 

Author contributions:  

Conceptualization: ALH, WAL, KN 

Methodology: ALH, WM, BP, BD, VJ, KN 

Investigation: ALH, MK, WM, DN, BD, JF, DM, VJ, KN, BP  

Visualization: ALH, MK, DN, BP 10 

Funding acquisition: ALH, WAL, TI, KN 

Project administration: ALH 

Supervision: ALH, WAL 

Writing – original draft: ALH 

Writing – review & editing: All authors 15 

 

Competing interests: Authors declare that they have no competing interests. 

Data and materials availability: All data are available in the main text or the supplementary 

materials, or available upon reasonable request. 

Supplementary Materials 20 

Materials and Methods 

Supplementary Text 

Figs. S1 to S4 

Tables S1 to S4 

References (69–72) 25 

Data S1 (Separate file: Source_Data) 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 21, 2023. ; https://doi.org/10.1101/2023.02.19.529125doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529125
http://creativecommons.org/licenses/by-nc-nd/4.0/


Submitted Manuscript: Confidential 

13 

 

Figures 

 

Fig. 1. X-ray diffraction of TC fiber bundles before and 50% titin cleavage during IsoS, 

IsoL, and IsoR conditions. (A) Schematic of skeletal half-sarcomere with relevant structural 

periodicities, I-band titin segments, and TEVP cleavage site indicated. (B-C) Tension traces of 5 

fibers during mechanical experiments before (B) and after (C) 50% titin cleavage. Active tension 

is total tension during contractions, minus the passive tension at those lengths. (D) Passive 

stiffness after titin cleavage, normalized to its paired pre-stiffness value at IsoS. (E) Tension 

before (blue) and after (red) titin cleavage for passive, active, and total conditions. (F) 

transmission electron micrographs of TC sarcomeres after full mechanical protocols with sham (-10 

TEVP) or treatment (+TEVP) conditions. (G) RFE in fibers before and after titin treatment. (H) 

Representative X-ray diffraction pattern of skeletal psoas fibers, with labeled reflections 

indicating relevant periodic structures that are referenced in (A). Connecting letters: different 

letters are significantly different (post hoc analysis P < 0.05). Data throughout reported as mean 

± s.e.m. Full statistical details in Table S1. letters are significantly different (post hoc analysis P 15 

< 0.05). Data throughout reported as mean ± s.e.m. Full statistical details in Table S1. 
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Fig. 2. Sarcomeric structural parameters of TC fibers before and after 50% titin cleavage.  

D1,0 (A), I1,1/I1,0 (B), σA (C), σD (D) SM3 (E), IM3 (F), SgActin (G), ST3 (H), and SM6 (I) were 

recorded before (blue) and after (red) 50% titin cleavage, at three conditions: IsoS, IsoL, and IsoR. 

Connecting letters: different letters are significantly different (Tukey HSD P < 0.05). Full 5 

statistical details in Table S2 and Table S3. Intra-sample pre-post differences in Fig. S3.  
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Fig. 3. Titinopathic mdm fibers produce no distinctive RFE condition. D1,0 (A), SM6 (B), 

I1,1/I1,0 (C), σA (D), SM3 (E), and SA6 (F) were recorded for WT (blue) and mdm (red) EDL fiber 

bundles at three conditions: IsoS, IsoL, and IsoR. Connecting letters: different letters are 

significantly different (Tukey HSD P < 0.05). Full statistical details in Table S4.  5 
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Fig. 4. Mechanism of RFE.  Configuration of sarcomeric proteins during (A) IsoS, (B) IsoL, and 

(C) IsoR that can account for their distinctive mechanical and structural signatures.  In passive 

muscle, low-level titin-thin filament interactions occur in such a way that passive stretch is 

enough to detach-reattach and/or drag titin along the thin filament so that titin-based free length 5 

and extension are still similar to if they were not attached at all. During contraction, the titin-thin 

filament interaction becomes stronger, so that during an eccentric contraction, titin extension 

occurs above that in passive, producing elevated titin-based force and explaining the mechanical 

and structural signatures in IsoR. Increased titin-based force contributes to RFE, which also leads 

to smaller lattice spacing and increased thick filament stiffness, improving force production and 10 

force transmission, respectively.  
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