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The Frank–Starling mechanism of the heart is due, in part, to
modulation of myofilament Ca2+ sensitivity by sarcomere length (SL)
[length-dependent activation (LDA)]. The molecular mechanism(s)
that underlie LDA are unknown. Recent evidence has implicated the
giant protein titin in this cellular process, possibly by positioning the
myosin head closer to actin. To clarify the role of titin strain in LDA,
we isolated myocardium from either WT or homozygous mutant
(HM) rats that express a giant splice isoform of titin, and subjected
the muscles to stretch from 2.0 to 2.4 μm of SL. Upon stretch, HM
compared with WT muscles displayed reduced passive force, twitch
force, and myofilament LDA. Time-resolved small-angle X-ray diffrac-
tion measurements of WT twitching muscles during diastole revealed
stretch-induced increases in the intensity of myosin (M2 and M6) and
troponin (Tn3) reflections, as well as a reduction in cross-bridge radial
spacing. Independent fluorescent probe analyses in relaxed permea-
bilized myocytes corroborated these findings. X-ray electron density
reconstruction revealed increased mass/ordering in both thick and
thin filaments. The SL-dependent changes in structure observed in
WT myocardium were absent in HM myocardium. Overall, our re-
sults reveal a correlation between titin strain and the Frank–Star-
ling mechanism. The molecular basis underlying this phenomenon
appears not to involve interfilament spacing or movement of myo-
sin toward actin but, rather, sarcomere stretch-induced simulta-
neous structural rearrangements within both thin and thick
filaments that correlate with titin strain and myofilament LDA.
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The Frank–Starling law of the heart describes a cardiac reg-
ulatory control mechanism that operates on a beat-to-beat

basis (1). There is a unique relationship between ventricular end-
systolic volume and end-systolic pressure that is determined by
cardiac contractility. As a result, ventricular stroke volume is di-
rectly proportional to the extent of diastolic filling. In conjunction
with heart rate and contractility, the Frank–Starling mechanism
constitutes a major determinant of cardiac output. Although the
Frank–Starling mechanism has been well established for well over
a century, the molecular mechanisms underlying this phenomenon
are not resolved (1). At the cellular level, an increase in sarcomere
length (SL) results in an immediate increase in twitch force devel-
opment. Existing data, mostly derived from permeabilized isolated
myocardium, strongly support the notion that this phenomenon is
due to an increase in the Ca2+ responsiveness of the cardiac con-
tractile apparatus, a phenomenon termed “myofilament length-
dependent activation” (LDA) (1).
The mechanism by which the mechanical strain signal is trans-

duced by the cardiac sarcomere is not known. We have recently
demonstrated that LDA develops within a few milliseconds fol-
lowing a change in SL (2), a finding suggestive of a molecular
mechanism caused by strain-dependent mechanical rearrange-
ment of contractile proteins. Moreover, although LDA is a

general property of striated muscle, it manifests itself to a much
greater extent in cardiac muscle compared with slow-twitch
skeletal muscle (3). Cardiac LDA has been shown to be modu-
lated by contractile protein phosphorylation (4–7), as well as by
cardiac disease-associated mutations within various contractile
proteins (6). In addition, evidence has emerged that the passive
force originating from the giant elastic sarcomeric protein titin
directly acts to modulate myofilament Ca2+ responsiveness (8,
9). Of note, the titin molecule spans the entire half-sarcomere
from the Z-disk to the center of the thick filament, and is thus
well positioned within the contractile apparatus to relay the
mechanical SL input signal (8). The mechanisms underlying
the impact of titin strain on myofilament LDA, however, are
incompletely understood.
A unifying theory has been advanced whereby the distance

between the thin and thick filaments constituting the muscle’s
sarcomeres is proposed to modulate myofilament Ca2+ respon-
siveness by affecting the probability of cross-bridge formation.

Significance

The Frank–Starling law of the heart represents a fundamental
regulatory mechanism whereby cardiac pump performance is
directly modulated by the extent of diastolic ventricular filling
on a beat-to-beat basis. It is now well established that sarco-
mere length (SL)-induced changes in cardiac contractile protein
responsiveness to activating calcium ions play a major role in
this phenomenon. However, the molecular mechanisms that
underlie this SL-sensing property are not known. Here, we show
by small-angle X-ray diffraction and fluorescent probe techniques
that the giant protein titin likely transmits the length signal to
induce structural alterations in both thin- and thick-filament con-
tractile proteins. These findings provide insights into the molecular
basis of the Frank–Starling regulatory mechanism.
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Consistent with this notion, analyses of X-ray diffraction patterns
obtained from both isolated cardiac and skeletal muscle reveal
an inverse relationship between myofilament lattice spacing
and SL (10). However, in a multitude of experimental models,
we could not find a consistent correlation between myofila-
ment lattice spacing and myofilament Ca2+ responsiveness, ren-
dering interfilament spacing a less likely candidate for the
molecular mechanism underlying LDA (1). Instead, we obtained
experimental evidence suggesting a direct impact of SL on the
spread of cooperative activation along the thin filament (11),
potentially by modulation of the ordering of myosin heads in re-
laxed muscle, that is, before electrical activation (12). However,
the primary molecular mechanism by which the strain signal is
transmitted to the contractile apparatus could not be determined
by those studies.
Here, we use a rat model in which a naturally occurring mu-

tation within the splicing factor RBM20 disrupts titin mRNA
splicing. One result of this mutation is the cardiac expression of a
giant titin isoform in homozygous mutant (HM) animals at all
ages (13). The presence of the giant titin isoform in HM myo-
cardium was associated with reduced cardiac passive force upon
stretch, as well as a blunted Frank–Starling response and re-
duced myofilament LDA. Time-resolved small-angle X-ray dif-
fraction revealed stretch-induced conformational structural changes
in both thin- and thick-filament contractile proteins during di-
astole in WT, but not HM, muscles. Our results suggest a prom-
inent contribution of titin strain to the cardiac Frank–Starling
mechanism. The mechanism underlying this phenomenon appears
not to involve interfilament spacing or movement of myosin heads
toward actin in the relaxed muscle but, rather, stretch-induced
structural rearrangements in both the thin and thick filaments
that is likely directly mediated by titin strain.

Results
Impact on Muscle Function. Fig. 1A shows original recordings of
twitch force obtained in WT and HM rat myocardium. Muscles
were electrically stimulated (Fig. 1A, arrowheads) at either short
SL (2.0 μm, red) or following stretch to long SL (2.4 μm, green).
Just before electrical stimulation, muscles were exposed to a
brief X-ray pulse as indicated by the blue bar (Fig. 1A). This
protocol was repeated 30 times every 10th twitch while a CCD-
based X-ray detector recorded the 2D X-ray diffraction pattern
(Fig. 2). In both WT and HM rat myocardium, stretch induced
an increase in both passive and active twitch force, but the in-
crease was significantly blunted in HM muscles. Fig. 1B sum-
marizes the average normalized twitch force increase upon
sarcomere stretch. Stretch induced ∼320% of baseline twitch
force in WT muscles (Fig. 1B, open bar), compared with ∼134%

in HM muscles (Fig. 1B, solid bar), demonstrating that reduced
titin strain is associated with a significant blunting of the myo-
cardial Frank–Starling mechanism.

Impact on 2D X-Ray Meridional Reflections. Fig. 2A shows typical
2D X-ray diffraction patterns recorded at short (Top) and long
(Bottom) SL in WT myocardium. The meridional reflections,
which run horizontal in Fig. 2A, arise from both thin- and thick-
filament proteins, notably myosin (M1–M6), troponin (Tn1–Tn3),
and reflections arising from myosin-binding protein C (Fig. S1).
The myosin-binding protein C reflections appear as a series of
doublets, possibly the result of interference between the two
half-sarcomeres, with each pair (C1, C2, and C4 are visible in
our patterns) indexing on an ∼44-nm repeat. Stretch induced an
apparent increase in some, but not all, meridional reflections, as
indicated by the arrows in Fig. 2A (Bottom). Fig. 2B shows the
average meridional projections recorded in WT (Top, n = 11)
and HM (Bottom, n = 10) muscles at short (red) and long (green)
SL. Although significant changes in sarcomere structure, as
reported by the meridional reflections, were observed in WT
muscles, no changes were recorded in HM muscles upon stretch.
All measured meridional intensities and periodicities obtained
from both groups are summarized in Table S1. On average, the
intensity of the second order of myosin-binding protein C (C2,2),
the second and sixth orders of myosin (M2 and M6), and the third
order of troponin (Tn3) increased significantly in intensity upon
stretch in WT, but not HM, muscles. Moreover, upon stretch, the
periodicity of the M2 and M6 myosin reflection, as well as the Tn3
reflection, significantly increased in WT muscles, but notably not
in HM muscles.

Impact on 2D X-Ray Myosin Layer Lines. Fig. 3A shows represen-
tative first-order myosin layer line projections recorded at
short (red) and long (green) SL in WT (Top) and HM (Bottom)
muscles. Fig. 3A (Inset) also shows a typical 2D X-ray pattern in
which the first myosin layer line is delineated by the rectangle
(yellow arrow). The radial position of the center of mass of
myosin heads can be estimated directly from the position of first-
intensity maxima along the layer line; that is, assuming a three-
stranded thick filament with helical symmetry, the peak position
of the first myosin layer line should correspond to the first maxi-
mum of a J3 Bessel function with the argument 2 • π • r • R,
where r is a radial reciprocal lattice coordinate and R is the radius
to the center of mass of the myosin heads around the thick fila-
ment backbone (14). The radial distances of the myosin head to

Fig. 1. Impact of titin length on cardiac muscle function. Cardiac muscles
were isolated from WT or HM rats and electrically stimulated (arrowheads).
(A) Force and SL recordings; SL in the diastolic phase was either maintained
at SL = 2.0 μm (red) or increased transiently to SL = 2.4 μm (green). (B) Average
percentage increase of twitch force upon stretch (*P < 0.05 WT vs. HM).

Fig. 2. Two-dimensional X-ray diffraction and meridional analysis.
(A) Representative 2D X-ray diffraction patterns in WT at short and long
SL. Stretch-induced distinct alterations in the meridional reflections (yellow
arrows) are shown. (B) Average meridional projections at short (red) and long
(green) SL. Average intensities and periodicities are summarized in Table S1.
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the thick-filament backbone calculated from these data are sum-
marized in Fig. 3B. Overall, the average radial cross-bridge position
was ∼19% further away from the thick filament in WT compared
with HM muscles. Moreover, sarcomere stretch in WT muscles
positioned the myosin head ∼8% closer to the thick filament,
whereas no such movement was recorded in the HM muscles.

Impact on Equatorial Reflections. Fig. 4A shows average first-order
equatorial projections recorded at short (red) and long (green)
SL in WT (Top) and HM (Bottom) muscles. Fig. 4B summarizes
the average lattice spacing calculated from these reflections
(Top) and the intensity ratio between the 1,1 and 1,0 planes of
symmetry (Bottom). Stretch resulted in a reduction in lattice
spacing, as reported previously (1), in both groups. Moreover,
the average lattice spacing was slightly (∼2%), but significantly,
compressed in the HM compared with WT muscles. Likewise, as
reported previously (1), the I1,1/I1,0 intensity ratio decreased
upon stretch in both muscle groups. Moreover, this ratio was
significantly (∼12%) smaller in HM compared with WT muscles.
Traditionally, the intensity ratio has been interpreted to indicate
mass movement of myosin toward actin (12). However, the current
data suggest that interpretation may need to be revisited (see Dis-
cussion). Finally, although the functional contractile responses and
myofilament length-dependent properties of WT and HM myo-
cardium are very different (see Fig. 1, Fig. S2, and Table S2), the
responses of both lattice spacing and intensity ratio upon stretch are
quite similar overall, indicating that neither parameter correlates
with cardiac LDA, as we have reported previously (1, 12). The
average equatorial intensities, normalized to the 1,1 intensity (see
Materials and Methods) recorded in both muscle groups are sum-
marized in Table S3.

Impact on Electron Density Maps. By using phase information esti-
mated from sarcomere structural models (15, 16), we recon-
structed radial projection electron density (ED) maps from the
first five equatorial reflections of the 2D X-ray diffraction pattern
(Table S3; note, a typical 2D X-ray pattern obtained from a
WTmuscle is shown in Fig. 5, Bottom Left). The average EDmaps
for short (red) and long (green) SL and the difference map be-
tween the short and long SL (heat maps; Fig. 5, Right), calculated
for the WT and HM muscles, are shown in Fig. 5. In WT muscle,
stretch induced a significant (P < 0.01) increase in the ED of both
the thick (7%) and thin (6%) filaments, presumably due to an
increase in ordering of both thin and thick filaments around their

lattice positions, whereas no significant changes were observed in
HM muscles. Moreover, upon stretch, an unidentified ED (peak
excess density ∼25% of the peak excess thick-filament backbone
density) was observed between the thin (A) and thick (M) fila-
ments in WT muscles, as highlighted by the yellow arrow in the
magnified difference map in Fig. 5 (Bottom Right). Of note, cal-
culations based on alternative phase assumptions yielded similar
relative changes in thick- and thin-filament densities upon stretch:
8% and 6% for thick and thin filaments, respectively, in WT; no
significant change in HM; and the appearance of a linking density
in WT muscles at long SL that is absent in HM muscle (Fig. S3).

Impact on Recombinant Troponin C Fluorescence. To obtain inde-
pendent information regarding the structural rearrangement of
troponin upon stretch, we used fluorescent probe analysis in
chemically permeabilized single myocytes isolated from WT and
HM myocardium. Recombinant rat troponin C (TnC) was labeled
with the fluorescent probe 5-iodoacetamido-fluorescein (IAF) and
partially exchanged for endogenous TnC. In addition, actin was
labeled with Alexa-680 phalloidin (Life Technologies, Thermo
Scientific) to control for motion artifacts. Fig. 6A shows a
typical confocal recording of a mechanically attached myocyte;
images are shown for the transmission channel (Top), red
phalloidin (Middle), and green TnC (Bottom); magnified false
red/green color images are shown (Right), together with the red/
green overlay demonstrating colocalization of the labeled TnC
with actin. Fig. 6B shows total myocyte TnC fluorescence nor-
malized to the short SL condition as a function of [Ca2+]. These
data were obtained in the presence of a high concentration of
2,3-butanedione monoxime (50 mM), an agent that blocks
strongly bound, force-generating actin–myosin interactions (17).
In WT, but not HM, myocytes, stretch induced a significant in-
crease in TnC fluorescence at all [Ca2+]. In contrast, increasing
[Ca2+] induced a sigmoidal decrease in TnC fluorescence, as has
been reported previously for fluorescent probes conjugated to
this residue on TnC (18). Of note, the apparent Ca2+ sensitivity,
as indexed by the EC50 parameter, was not affected by sarcomere
stretch (Fig. S4); the apparent level of cooperativity, as indexed
by the Hill coefficient (19), which was ∼1.0, consistent with
biochemical results obtained from isolated TnC or troponin (20),
was also not affected. A similar sigmoidal relationship, albeit
with a slightly higher Ca2+ sensitivity, was observed in the HM
myocytes, despite the absence of an impact of stretch in this group.
Thus, stretch in WT myocytes induced a conformational

Fig. 3. Myosin layer line analysis. (A) Myosin layer line projections in WT
and HM muscle at short and long SL scaled to radial spacing r (in nm−1); the
black arrow highlights the smaller radial spacing in the WT upon stretch.
(Inset) Myosin layer line position (yellow arrow). (B) Average calculated
cross-bridge radial spacing (#P < 0.05 long vs. short; *P < 0.05 WT vs. HM).

Fig. 4. Equatorial analysis. (A) Average equatorial projections scaled to
lattice spacing S (in nm−1). (B) Average calculated lattice spacings and first-
order intensity ratios (#P < 0.05 long vs. short; *P < 0.05 WT vs. HM).
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rearrangement of troponin, as measured by a florescent probe
positioned on TnC, that was distinct from rearrangement of
troponin induced by Ca2+ ions and that was absent in the
HM myocytes.

Discussion
Myofilament Ca2+ sensitivity is modulated by SL via an unknown
molecular mechanism. Recent evidence has implicated mechanical
strain of the giant protein titin in this cellular process (8, 9). Here,
we studied isolated cardiac muscle from WT and HM rats
expressing a giant titin isoform associated with reduced passive
tension, blunted myofilament LDA properties (21), and blunted
Frank–Starling responses (9). In WT, X-ray diffraction mea-
surements showed stretch-induced increases in intensity and
periodicity of several myosin and troponin reflections, as well as
a reduced cross-bridge radius. Moreover, ED reconstruction
revealed stretch-induced increased ED at both the thick- and
thin-filament positions, and the appearance of an unidentified
ED spanning the space between these filaments. The length-
dependent changes in structure and function were absent in
HM myocardium.
The goal of these studies was to use small-angle X-ray dif-

fraction of intact twitching myocardium from WT and titin mu-
tant rats to investigate the role of changes in sarcomere structure
in modulating myofilament LDA. When we initiated these studies,
our hypothesis was that analysis of the equator and layer lines
would reveal a radially outward movement of myosin heads
at longer length indicative of a higher degree of actomyosin

interaction in diastole in twitching muscle that we could invoke
as part of the molecular explanation for LDA. Our current data
conclusively rule out this possibility.
The ratio of the intensities of the 1,1 equatorial reflection to

the intensities of the 1,0 reflection, I11/I10, is often used as a
measure of the degree of association of cross-bridge mass with
the thin filament, usually assumed to be due to a radial shift of
mass away from the thick-filament backbone toward the thin
filament. Here, we show that the I11/I10 ratio is reduced upon
sarcomere stretch in both WT and HM myocardium, contrary to
our expectation. Interestingly, the I11/I10 ratio was lower at both
SL in HM compared with WT muscles (Fig. 4B), even though,
upon stretch, it shows a similar relative change as the change in
the WT muscles. Various authors (15, 22) have noted that a
decrease in the I1,1/I1,0 ratio can be due to a reduced radial or-
dering of the thin filament relative to the thick filament, such
that a decrease in the I1,1/I1,0 does not necessarily require radial
movement of the cross-bridges, or, alternatively, that it could be
due merely to the removal of actin out of the bare zone in the
center of the thick filament upon stretch (23). The 2D ED maps
calculated from the higher order equatorial data (Fig. 5) indeed
show lower density in the thin- and thick-filament positions in HM
compared with WT muscles, supporting this notion. The first my-
osin layer line data can be used to inform on this issue, because
they can be more directly interpreted in terms of the radial position
of the center of mass of the myosin heads relative to the thick
filament. Fig. 3B shows that the radius to the center of the my-
osin heads at the long SL in WT muscles is smaller than at the
short SL, consistent with the I1,1/I1,0 ratio data shown in Fig. 4. In
HM myocardium, however, although the I1,1/I1,0 ratio is reduced
upon stretch, the centroids of the layer line maxima are un-
changed. Moreover, the calculated cross-bridge radius in the HM
myocardium is smaller at both short SL and long SL compared
with the cross-bridge radius observed in WT myocardium. One
should use caution, therefore, in interpreting the I11/I10 ratio pa-
rameter solely in terms of radial motion of myosin heads. These
results, along with the evidence from ED maps, suggest that a
large part of the lower I11/I10 ratio at short SL in both WT and
HM myocardium is due to a higher “temperature factor”-type
lattice disorder (where the myofilaments occupy a distribution of
positions around the expected lattice points), and not to radial
movements of myosin heads per se (14). It may also be that the
presence of the larger HM titin isoform, and its consequent lower
amount of titin-based passive force, reduces the ability of the sar-
comere to maintain the myofilaments in the expected lattice po-
sitions. Such a phenomenon, by itself, may reduce the probability
of productive actomyosin interaction. This hypothesis would be
consistent with reported data obtained in animal models, where the
presence of a longer than normal isoform of titin in the sarcomere
is associated with reduced calcium saturated maximummyofilament
force (9, 13, 21, 24), an observation that we confirmed in the present

""]

Fig. 6. TnC fluorescence in permeabilized myocytes.
(A, Left) Attached rat permeabilized cardiac myocyte.
Transmitted light image (Top), Alexa-680 phalloidin
image (Middle), and TnC-5-iodoacetamido-fluorescein
(IAF) image (Bottom) are shown. (A, Right) Expanded
scale images also show the red/green merged image.
(B) TnC fluorescence-[Ca2+] relationships; average EC50

parameters are summarized in Fig. S4.

Fig. 5. ED maps. Average radial projection ED calculated from the first five
equatorial reflections. A, thin filament;M, thick filament. (Calibration bar, 50 nm.)
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study (Fig. S2 and Table S2). In any case, it is clear that myofilament
LDA is not a result of a radial outward movement of myosin heads
toward the thin filament upon stretch of the sarcomere in diastole, as
we suggested earlier (12).
The M2 meridional reflection is one of the so-called “forbidden”

reflections from the myosin-containing thick filament, because
it should not be observed if the thick filament exhibited strict
threefold helical symmetry. The existence of forbidden reflections
has been attributed to the existence of localized regions on the
thick filament with helical tracks containing myosin heads that are
distorted from their helical positions. It is premature to attempt
a detailed modeling of the structural change upon stretch (and
higher titin-based passive tension), but an increase in the M2 re-
flection intensity clearly reflects a greater distortion of the helical
arrangement of myosin heads, due directly to increased thick-
filament strain, or possibly due to interactions between myosin
and titin or involvement of myosin-binding protein C.
Stretch induced a significant reduction in the myosin radial

spacing in WT, but not HM, muscles. Moreover, in the HM
muscles, this parameter was significantly smaller and not affected
by stretch (Fig. 3). These results imply that cross-bridges move
toward the thick-filament backbone upon diastolic stretch in WT
muscles, whereas in HM muscles, cross-bridges are already closer
to the thick-filament backbone and, moreover, do not relocate
upon stretch. These findings are inconsistent with the notion that
myofilament Ca2+ sensitivity is regulated by a closer approach of
myosin toward actin. The reason why myosin radial spacing is
reduced in HM muscles cannot be determined from our study. It
is unlikely related to interfilament spacing, because the relative
changes in this parameter with changes in SL were similar
between the WT and HM muscles (Fig. 4) and, moreover, not
correlated to myofilament Ca2+ sensitivity at either SL in the
HM muscles (Fig. S2 and Table S2).
Stretch of the sarcomere in WT myocardium induced a signif-

icant increase in the periodicities of several of the myosin reflec-
tions (∼0.1–0.3%), and an even larger increase in the apparent
periodicity of the Tn3 reflection (∼1.0%). Selective and variable
stretch-induced lengthening of the periodicity of some, but not all,
X-ray reflections may be an indication that this increase in peri-
odicity is not due to a simple elongation of the underlying sarco-
mere structure. Rather, it is more likely that this phenomenon is
the result of a stretch-induced change in the distribution between
various structural states sampled in time by myosin and troponin;
that is, stretch may cause a reduction in the mobility of these two
protein domains. Such a narrowing of the structural substrate
distributions could result in both an increase in the reflection in-
tensity and, simultaneously, a change in its apparent periodicity
(Table S1). Of note, a recent X-ray diffraction structural study on
tetanized frog skeletal muscle (25) revealed a stress-dependent
alteration in myosin periodicity, which was interpreted by those
investigators to indicate a redistribution of myosin heads from a
folded “OFF” conformation toward an extended “ON” conformation.
The structural rearrangement in troponin upon stretch as re-

ported by the fluorescent probe was distinct from and indepen-
dent of the structural rearrangement induced by Ca2+ activation.
It is known that Ca2+ binding induces an opening of a hydrophobic
patch on TnC with affinity toward the switch peptide domain of
TnI, ultimately resulting in release of TnI from the actin-binding
site, freeing up the myosin site so as to initiate muscle con-
traction (26). Hence, it appears that the structural rearrangement
of troponin upon stretch is different from the structural re-
arrangement of troponin induced by Ca2+ binding to TnC. Of
interest, the apparent binding affinity of TnC for Ca2+ was not
affected by SL, and there was no indication of cooperativity
(19) in this process (Fig. 6 and Fig. S4), in contrast to the re-
lationship between active force development and [Ca2+] (Fig. S2
and Table S2). The implication of this result is that myofilament
LDA and the steep cooperativity of myofilament Ca2+ activation
for force development must be the result of molecular pro-
cesses downstream of Ca2+ binding to TnC. Of interest, stretch of
isolated HM permeabilized myocytes to a far greater SL (2.9 μm),

where passive force is comparable to passive force seen in WT
myocytes at SL = 2.4 μm, induced increased myofilament calcium
sensitivity (Fig. S2 and Table S2). These data support the notion
that titin mechanical strain contributes to myofilament LDA; fur-
thermore, they demonstrate that myofilament LDA is indeed op-
erational in HM myocardium, albeit only at an extremely long SL,
where passive force starts to develop in these myocytes. It should be
noted that such an experiment is not feasible in the intact multi-
cellular preparations used here for X-ray diffraction; presence of
extracellular elastic structures in those preparations, such as colla-
gen, would resist stretch to such an extreme SL. Moreover, those
extracellular structures would likely bear most of the passive
force at such extreme SL, placing most of the mechanical strain
external to the cardiac sarcomere (8, 9).
In the present study, we compared WT to HM myocardium

that was isolated from a rat strain with a spontaneous mutation
in the splicing factor RBM20. Although this mutation promi-
nently affects the splicing of titin, it should be noted that this
mutation is also known to regulate the splicing of >50 different
cardiac muscle proteins (13), including proteins involved in cardiac
calcium homeostasis. However, for the purpose of the present
study, which focused on diastolic intact multicellular muscles and
permeabilized single myocytes, we assumed that the RBM20 mu-
tation only affects titin length within the cardiac sarcomere.
Changes in troponin structure with changes in SL, as suggested

by the X-ray results here, point to a mechanism whereby the
titin-based strain transmitted by the putative thick/thin-filament
bridging structures directly affects the regulatory apparatus pro-
moting productive actomyosin interaction, and hence more force at
longer SL. Such a mechanism is also supported by our fluorescent
probe findings (Fig. 6), whereby stretch in WT myocytes induced
a conformational rearrangement within troponin that was dis-
tinct from the conformational rearrangement induced by Ca2+

ions and that was, moreover, absent in HM myocytes. In addi-
tion, extensive stretch of HM myocytes to an SL, where passive
force matched the passive force recorded in the WT myocyte,
induced increased myofilament Ca2+ sensitivity (Fig. S2 and
Table S2), supporting the notion that myofilament LDA is
caused by titin-mediated strain and subsequent structural rear-
rangements within the relaxed thin and thick filaments. What
may constitute the molecular mechanism(s) underlying this
phenomenon? Our study clearly eliminates closer positioning of
myosin heads toward the thin filament (Fig. 3) and decreased
interfilament spacing (Fig. 4). Instead, titin strain may be trans-
mitted directly to the thick filament via interactions within the
A-band (8, 27) or, alternatively, via interactions between titin and
the thin filament within the I-band (28). However, because we
found that the troponin and myosin structures are both strain-
dependent, our results require that both molecular mechanisms
would have to operate simultaneously upon stretch.
An alternative mechanism may be related to the ED we ob-

served bridging the thick and thin filaments upon stretch in WT
myocardium (Fig. 5). Because of the low resolution of the re-
construction (∼13 nm), it is not possible to determine the
chemical identity of this bridging structure directly from our
data, and caution should be exercised to not overinterpret this
density. The bridging density could simply be due to some of the
small number of cycling cross-bridges, known to exist even in
diastole (29), special “troponin bridges” linking the thick fila-
ment directly to the troponin complex (30, 31), or perhaps to
myosin-binding protein C. Myosin-binding protein C is emerging
as an important regulator of muscle contraction (27, 32–34).
Recent evidence indicates that myosin-binding protein C may
activate the thin filament via a direct interaction between its N′
domain and actin and/or tropomyosin (35, 36) that may be strain-
dependent. Such a mechanism would explain, in part, the prom-
inent myofilament LDA property of the WT cardiac sarcomere,
and the blunting of this property in case of low titin strain (8, 9, 37),
the absence of myosin-binding protein C (38, 39), or phosphorylation
by protein kinase A (4–7). Although it is not possible, at this
time, to identify conclusively the conduits for titin-based strain to
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the myofilaments, it is clear that such conduits are necessary to
explain the simultaneous thick- and thin-filament structural
rearrangements we observed upon stretch, rearrangements that
are clearly correlated with increased myofilament calcium sen-
sitivity. It is also clear from our current results that we can
conclusively rule out altered interfilament lattice spacing as well
as a closer approach of myosin heads toward actin at longer SL
as being responsible for myofilament LDA.

Materials and Methods
Right ventricular trabeculae or small papillary muscles were dissected fromWT
or HM titin mutant rats and mounted in an experimental chamber equipped
with a length controller, force transducer, and real-time SL detector. X-ray
diffraction experiments were conducted at the BioCAT beamline 18 ID at the

Advanced Photon Source, Argonne National Laboratory. Myocytes were pre-
pared from frozen tissue by mechanical homogenization and attached to
microneedles situated on an inverted confocal laser-scanning microscope.
Detailed methods are provided in SI Materials and Methods.

All experimental procedures involving live rats were performed according
to institutional guidelines concerning the care and use of experimental ani-
mals, and the Institutional Animal Care and Use Committee of the Loyola
University Stritch School of Medicine approved all protocols.
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