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ABSTRACT Titin (also known as connectin) is an intrasarcomeric muscle protein that functions as a molecular spring and
generates passive tension upon muscle stretch. The N2B element is a cardiac-specific spring element within titin’s extensible
region. Our goal was to study the contribution of the N2B element to the mechanical properties of titin, particularly its hypothe-
sized role in limiting energy loss during repeated stretch (diastole)-shortening (systole) cycles of the heart. We studied energy
loss by measuring hysteresis from the area between the stretch and release passive force-sarcomere length curves and used
both wild-type (WT) mice and N2B knockout (KO) mice in which the N2B element has been deleted. A range of protocols was
used, including those that mimic physiological loading conditions. KO mice showed significant increases in hysteresis. Most
prominently, in tissue that had been preconditioned with a physiological stretch-release protocol, hysteresis increased signifi-
cantly from 320 + 46 pJ/mm?/sarcomere in WT to 650 + 94 pJ/mm?/sarcomere in N2B KO myocardium. These results are
supported by experiments in which oxidative stress was used to mechanically inactivate portions of the N2B-Us of WT titin
through cysteine cross-linking. Studies on muscle from which the thin filaments had been extracted (using the actin severing
protein gelsolin) showed that the difference in hysteresis between WT and KO tissue cannot be explained by filament sliding-
based viscosity. Instead the results suggest that hysteresis arises from within titin and most likely involves unfolding of
immunoglobulin-like domains. These studies support that the mechanical function of the N2B element of titin includes reducing

hysteresis and increasing the efficiency of the heart.

INTRODUCTION

During each heart beat the sarcomeres (contractile units of
muscle) shorten during systole (the contraction phase of
the heart cycle) and elongate during diastole (the filling
phase). The cardiac sarcomere contains the giant protein
titin that maintains the structural integrity of the sarcomere
and that is responsible for the passive forces that determine
the filling characteristics of the ventricle during the cardiac
cycle (1-3). Single titin molecules span the half-sarcomeric
distance, from the Z-disk to the middle of the A-band (4).
The I-band region of titin is extensible and acts as an
entropic spring that extends and provides passive tension
to muscle (5,6). Titin’s extensible I-band region is composed
of two distinct elements that are found in all cardiac and
skeletal muscle types: the tandem Ig segments that contain
serially linked immunoglobulin-like (Ig-like) domains and
the PEVK element (rich in proline (P), glutamate (E), valine
(V), and lysine (K) residues) (7). In addition to these two
elements that are found in all striated muscles, cardiac
muscle expresses a specialized titin isoform, containing
the N2B element. This isoform is called the N2B cardiac
titin isoform (8) and corresponds to a splice isoform in
which titin’s exon 49 (also known as the N2B exon) is
included, whereas exon 49 is skipped in skeletal muscles
(8). This heart-specific exon 49 codes for 3 Ig domains

Submitted May 6, 2011, and accepted for publication June 15, 2011.
*Correspondence: granzier@email.arizona.edu
Editor: Shin’ichi Ishiwata.

© 2011 by the Biophysical Society
0006-3495/11/09/1385/8  $2.00

(I24 and 125 at the N-terminus; 126 at the C-terminus) that
flank a central large unique sequence (N2B-Us) that
contains 530 residues in the mouse (9). In stretched cardiac
muscle, the N2B-Us extends to a maximal length of
~215 nm (10). Thus, the I-band region of the cardiac titin
N2B isoform contains three spring elements: tandem Ig
segments, the PEVK element, and the N2B element (8). In
slack sarcomeres, titin’s extensible region is in a compact
and high conformational entropy state, and sarcomere
stretch initially extends the tandem Ig segment (10); such
stretch is thought to be due to straightening of the sequences
that link the Ig domains while the domains themselves are
thought to remain folded as @-barrel structures (10,11).
Next, the N2B-Us and the PEVK region extend, largely
due to straightening of random coil structures (12,13).
Each of titin’s three extensible regions has distinct proper-
ties and is thought to serve different functions during sarco-
meric stretch (13,14).

In addition to the roles already known for the N2B region
of titin, such as in protein kinase signaling (15,16) and
anchoring signaling molecules (17,18), the N2B element
has been hypothesized to limit energy loss during repeated
stretch (diastole)-shortening (systole) cycles of the heart
(12). Passive energy loss arises from differences in energy
required to stretch passive restoring force elements during
diastole and the energy retrieved from these elements
when sarcomeres shorten during systole. This difference
in loading and unloading energies is known as hysteresis.
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In this study we investigated the functional role of the N2B
element with respect to hysteresis. We hypothesized that
cardiac tissue has incorporated the N2B-Us to reduce
hysteresis. To test this we used the N2B knockout (N2B
KO) mouse model in which the N2B element has been
excised (19), while leaving the remainder of the molecule
intact. We used a variety of precision mechanical assays
to elucidate the possible changes in hysteresis caused by
the removal of the N2B element. We also incorporated
a thin filament extraction technique (using the F-actin
severing protein gelsolin (20)) to differentiate intrinsic titin
hysteresis from extrinsic hysteresis arising from thin fila-
ment-titin interactions and thin filament-thick filament inter-
actions. Finally, oxidative conditions were used to induce
intramolecular disulfide cross-links between cysteine groups
in the N2B-Us (21). It has been shown in single molecule
studies that these links mechanically hide the protein se-
quences between two linked cysteines, effectively reducing
the length of the N2B unique sequence (21), providing
a complementary approach to our genetic N2B KO model.

METHODS
Skinned muscle

Papillary muscles were harvested from male 5-month-old N2B KO and WT
mice on a C57BL/6 background. All experiments were performed in accor-
dance with the National Institutes of Health Guide for Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and
Use Committee of The University of Arizona. Muscle preparations were
dissected with details and solution compositions as previously described
(22). Briefly, skinned muscles were dissected into fiber bundles (0.026 +
0.001 mm? cross-sectional area) and secured to a servo-motor (308B,
Aurora Scientific, Aurora, Ontario, Canada) and force transducer (Sensor-
One AES801, Kronex Technologies, Oakland, CA) on either end with
aluminum T-clips. Tension and sarcomere length (SL) were recorded simul-
taneously with the force transducer and a calibrated laser diffraction
system. (The resolution of the laser diffraction system was measured by
using small amplitude sinusoidal oscillations in muscle length and was
found to be ~10 nm/sarcomere.) Muscles were set to slack SL, defined as
SL with zero passive stress. Active tension was used as a measure of tissue
health by activating the skinned fibers with pCa 4.0 activating solution (22).
Total passive tension was measured with a variety of mechanical protocols
used to probe the passive energetic differences between WT and KO
skinned tissue (described in detail below). After total passive tension had
been collected, high molar 0.6 M KCI and 1.0 M KI solutions were used
to depolymerize thick and thin filaments, respectively, thereby removing
anchoring sites for titin (23). With anchoring sites removed, titin no longer
contributes to passive tension within the sarcomere, the mechanical proto-
cols were then repeated and the remaining passive tensions were attributed
to the extracellular matrix (ECM). By subtracting the extraction insensitive
tensions from total tension, extraction sensitive tension was calculated,
which is attributed to titin (23). All reported passive tensions (except where
noted) represent titin tension.

The slack SL was determined by shortening the passive muscle until it
clearly buckled, holding it there for 10 min, and then stretching the muscle
to the minimal length at which the buckle was taken up and where no
detectable passive force was developed, at which point the SL was
measured by laser diffraction. After slack length had been determined
and the tissue had been activated and relaxed once, one of three different
mechanical protocols were run. The first protocol investigated peak tension
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and hysteresis in rested muscle and consisted of single triangle stretches
from slack to specified SLs (2.1, 2.2, and 2.3 um) at each of three different
strain rates (10%, 100%, and 1000% base length/s), for a total of nine
stretches. Between each stretch a period of rest was allotted (a minimum
of 5 min, with longer rest periods for larger stretches) to allow the tissue
to fully recover. A second mechanical protocol evaluated the time it takes
to fully recover from an initial stretch. This protocol consisted of a series
of stretch-release pairs, initially rested muscle was stretched from slack
to 2.2 um at 10%/s. After this stretch the tissue was returned to slack at
1000%/s and allowed to rest for a period between 0 and 120 s. After resting
a set amount of time a second triangle stretch-release from slack to 2.2 um
was performed to evaluate recovery progression. After each stretch pair the
tissue was allowed to rest for 20 min to ensure full recovery before evalu-
ating recovery again. A third protocol mimicked the cardiac cycle. In this
protocol a series of tandem triangle stretches from slack to an SL of
2.2 um at 300%»/s (this combination of stretch amplitude and stretch speed
provides a cyclical rate of ~600 beats/min) were repeated up to 12,000
cycles. The stretch speed and maximal SL approximate the physiological
range during diastole (3). The physiological SL range in the mouse heart
was recently estimated between 1.8 um at the end of the ejection phase
and 2.2 um at the end of diastole (3). The end-systolic SL value is likely
to be a lower-end estimate because it was based on studying barium
contractions of unloaded ventricles. Using a whole animal x-ray diffraction
technique Toh et al (24) deduced an end-systolic SL of 1.9 um for the in situ
beating mouse heart. Considering that in Toh et al (24) anesthetized mice
were studied, which depresses contractility, it seems likely that the SL range
was slightly underestimated in that study. Thus, the in vivo end-systolic SL
in the mouse is ~1.8-1.9 um, the end-diastolic SL is ~2.2 um, and the SL
range that we studied (1.86-2.2 um for N2B KO and 1.89-2.2 um for WT
muscle; see also Results) reflects well the physiological SL range.

Disulfide bond formation

To preclude cross-linking between actin and either myosin or titin, we
studied tissue from which the thin filaments had been extracted with gelso-
lin (for details, see (20)). Tandem triangle stretches, from slack to 2.2 um at
600 cycles/min, were imposed on the tissue as described previously.
Initially preparations were bathed in regular relaxing solution for the first
10 min of mechanical perturbations. Once fully preconditioned (i.e.,
stretch-released by >400 cycles and having a steady-state peak tension
and steady-state hysteresis), the solution was switched to relaxing solution
without the reducing agent DTT (dithiothreitol), after which the oxidant
H,0, (5 mM) was added to the relaxing solution. This concentration is
within values used to induce oxidative states in other studies (25,26). After
cross-linking, the solution was switched to a relaxing solution free of DTT
and H,0,. Finally, relaxing solution with 10 mM DTT was used to disso-
ciate cross-links.

Calculations

Hysteresis values were calculated in a custom program written in the open
source language Ruby with a link to MATLAB (The MathWorks, Natick,
MA), where area under the loading and unloading curves was totaled
with trapezoidal integration using the trapz subroutine.

Statistics

Data are presented as mean = SE. Significant differences were probed
using student’s 7-test. Probability values <0.05 were taken as significant.

RESULTS

The N2B KO expresses a mutant titin that migrates slightly
faster than WT titin on high-resolution sodium dodecyl
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sulfate-agarose gels (which is especially apparent in hetero-
zygous samples, see Fig. 1 A), consistent with the deletion
of the ~80 kDa N2B element from the ~3000 kDa WT
protein (19). We first measured the maximal active tension
(pCa 4.0) at an SL of 2.0 um (Fig. 1 B) and found that the
KO and WT myocardium generate similar active stress
levels: 48 = 4 mN/mm” (KO) vs. 42 + 3 mN/mm? (WT).
The slack SL was carefully established as explained in the
Methods. Consistent with previous work on N2B KO single
cardiac myocytes (19) the slack SL was significantly shorter
in KO than WT muscle (1.86 = 0.01 um (KO) vs.1.89 +=
0.01 um (WT), Fig. 1 C).

The passive tension-SL relation was characterized by
stretching rested muscle from its slack length to a final SL
of 2.3 um with a velocity of 10%/s in relaxing solution.
Total, KCI/KI ECM, and KCI/KI extraction sensitive (titin)
passive tensions were calculated (see Methods) and are
shown in Fig. 1 D. Although the ECM-based tension trended
higher at longer SL in N2B KO tissue, the difference was not
significant. Titin-based passive tension, on the other hand,
was significantly higher in KO tissue, and for example at
SL 2.3 um, developed 35 + 7 mN/mm? of passive tension
vs.9 = 1 mN/mm? in WT (Fig. 1 D). Dividing titin tension
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FIGURE 1 Basic characterization of N2B KO skinned myocardium. (A)

Gel electrophoresis of WT, N2B KO, and N2B heterozygous papillary
muscle. KO titin has a slightly higher mobility compared to WT titin. (B)
Active tension in KO and WT are not significantly different. (C) Slack
sarcomere length of KO is significantly less than in WT tissue. (D) Passive
tension—SL curves for ECM and titin. Although mean ECM-based tension
is slightly elevated in N2B KO mice, this increase is not significant. Titin
tension is significantly increased at SLs > 1.9 um. (Inset) Relative contri-
bution of titin to total passive tension in WT (gray) and KO (black).
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by total tension, the percent contribution of titin was
evaluated. Titin contribution to total passive tension was
significantly greater in KO compared to WT tissue at
SL < 2.2 um (Fig. 1 D, inset).

To evaluate the passive energetic changes due to removal
of the N2B region, we first stretched rested fiber bundles
from slack to three different SLs (2.1, 2.2, and 2.3 um) at
three different speeds (10%, 100%, and 1000%/s). We
measured peak passive tension and calculated hysteresis
by integrating the area between the tension-SL curves of
the loading and unloading portions of a stretch-release
triangle stretch protocol (Fig. 2 A). Peak tension was signif-
icantly larger in the KO compared to WT tissue in all nine
stretch patterns (Fig. 2 B). Hysteresis was also significantly
larger in KO muscles at all strain amplitudes and strain rate
combinations (Fig. 2 C). The result at SL 2.2 um is dis-
played in Fig. 2 D and reveals an ~5-fold higher hysteresis
in KO tissues.

To evaluate whether similar mechanisms underlie hyster-
esis in WT and KO muscle, we studied hysteresis recovery
and reasoned that if the recovery time constants were greatly
different the mechanisms would be different as well.
Muscles were stretched from slack length to 2.2 um at
10%l/s followed by a rapid release back to the original length
in 10 ms; following a rest period of variable duration
a second stretch was performed at 10%/s to an SL of
2.2 um (protocol further explained in Fig. 3 A). The force-
SL trace was similar between the initial stretch and the
stretch following rest in both the WT and KO for long rest
periods (>30 s) but differed substantially at short rest periods
(<~10s). The difference was quantified as percent recovery
by dividing the area under the loading curve of the second
stretch by that of the initial stretch (Fig. 3 B). Time constants
of 0.16 and 0.14 s~!, WT and KO, respectively, were derived
from a single exponential time relationship fit with a
nonlinear least squares method to the aggregate data
(Nelder-Mead simplex algorithm, R* > 0.8). No significant
differences were found between WT and KO muscles.

Results shown above were obtained on muscles that had
been rested at their slack length. This is very different
from in the living mouse where titin is continuously stretch-
released in rapid succession at a rate of ~600 beats/min. To
more accurately represent physiology, a repeated stretch-
release protocol was used from slack SL to 2.2 um at a
speed of 300%/s, approximating physiological conditions
(Fig. 4 A). During this protocol, the initial stretch had
tensions consistent with rested tissues. However, as these
triangle stretches were repeated the peak tension decreased
in an exponential manner to ~60% of its rested value.
Additionally, in both WT and KO tissue, hysteresis was
highest in the first stretch-release cycle, then rapidly
decreased during the subsequent five cycles, after which
the decrease was more slowly to reach a steady value after
~200 cycles (Fig. 4 B). A 20-min rest at slack fully recov-
ered both peak tension and hysteresis, indicating that the
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decay in hysteresis and passive tension during the repeated
stretches is a reversible process and is not due to permanent
damage. Hysteresis started off much higher in the KO
tissue and leveled off at a significantly higher level as
well. After 200 cycles hysteresis were 650 = 94 pJ/mm?/
sarcomere in KO and 320 + 46 pJ/mm?/sarcomere in WT
muscle (p-value <0.05).

We also studied hysteresis in skinned muscle in which the
N2B-Us contour length was reduced by using oxidative
cross-linking. The large unique sequence that comprises
the extensible region of the N2B element contains cysteine
residues that form disulfide cross-links under oxidative
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FIGURE 3 Hysteresis recovery in WT and N2B KO skinned myocar-
dium. (A) Protocol. After an initial stretch to SL 2.2 um at 300%!/s, the prep-
aration was returned within ~10 msec to slack length and allowed to rest for
a variable amount of time. A second stretch was then imposed with the same
characteristics as the first. (B) Recovery with respect to rest time did not
show a differentiation between KO and WT tissue. Line shows best fits
through the aggregate data.
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Strain rate (%/sec)

N2B-KO mice at every speed when stretched from
rest at slack length to every SL tested. (D) Bar
graphs showing hysteresis differences in WT and
KO tissue stretched at a variety of stretch speeds
to a final SL of 2.2um.

states (21). These cross-links functionally hide part of the
N2B-Us by removing the spring-like properties of the amino
acid chain between the two cysteines (see schematic of
Fig. 5 lefr). Oxidative states were induced in WT and KO
tissue while undergoing the physiological stretch-release
protocol, triangle stretches from slack to 2.2 um at 300%/s.
Before oxidative conditions were induced, thin filaments
were extracted with gelsolin to minimize cross-links other
than in the N2B-Us, for instance myosin cross-links to actin
or titin cross-links to the thin filament. H,O, increased
passive tension in WT muscle by 41 = 5%, which is signif-
icantly more than the 11 + 4% in KO tissue, p-value <0.01
(Fig. 5 A). Similarly, the percent increase in hysteresis
response was 32 *+ 5% in WT tissue, which is significantly
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FIGURE 4 Hysteresis in WT and N2B KO skinned myocardium under
physiological loading conditions. (A) Protocol. Triangle stretch patterns
were repeated in tandem to simulate the cyclical loading of the heart. These
stretches imposed a displacement from slack to 2.2 um (light gray) and
back to slack (dark gray) at a rate of 10Hz. (B) Titin hysteresis versus
stretch-release cycle count. Passive hysteresis is elevated significantly in
skinned muscle fibers of N2B-KO mice at all cycles. Main graph, every
10th cycle is shown up to 400 cycles. (Inset) The first 30 cycles are shown.
After the full stretch-release pattern, the tissue was allowed to rest at slack
for 20 min after which the stretch-release cycles were started again. Results
showed that hysteresis was fully recovered (last data point in main graph).
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FIGURE 5 Effectof oxidation on passive tension and hysteresis. Oxidative
stress response while using a physiological cyclical loading pattern. When
the tissue had been fully preconditioned, 5 mM hydrogen peroxide was
added to form cysteine disulfide cross-links (schematically shown above).
(A and B) Bar graphs showing the increases in peak passive tension (A) and
hysteresis (B) in response to oxidation. KO tissue has a significantly smaller
increase in passive tension and hysteresis compared to WT.

greater than 13 *= 2% increase seen in KO tissue, p-value
<0.05 (Fig. 5 B). Both peak tension and hysteresis returned
to pre-H,O, levels in WT and KO tissue after the addition of
DTT, showing the reversibility of this effect (Fig. S1 in the
Supporting Material).

To elucidate the contribution of interfilament viscosity to
hysteresis, a series of thin filament extraction experiments
using gelsolin were conducted to remove potential interac-
tions between the thin and thick filament as well as the
thin filament and titin. By removing these potential interac-
tions we isolated passive stress and hysteresis intrinsic to
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titin. We tested both gelsolin extracted WT and KO muscle
against their respective genotype matched nongelsolin
extracted controls with the triangle physiological stretch
described in Fig. 4 A. In both WT and KO tissues the
removal of the thin filaments reduced initial and steady-state
peak passive tensions equally by ~50% compared to nongel-
solin extracted control muscle. On the other hand, hysteresis
was significantly reduced in the initial rested triangle stretch
by 60% (Fig. 6, A and B), but was not significantly different
at steady state (Fig. 6 C); again, this was consistent in both
WT and KO tissue. Importantly, steady-state hysteresis in
thin-filament extracted KO muscle was significantly higher
compared to thin-filament extracted WT tissue (Fig. 6 A,
bottom right asterisks), indicating that the increased passive
hysteresis in N2B KO tissue is due to a mechanism that is
intrinsic to titin.

DISCUSSION

Deficiency in the N2B region of titin significantly increases
passive tension and energy loss in loading-unloading cycles.
Using repeated stretch-release cycles on rested myocar-
dium, hysteresis starts out large, but quickly decreases to
settle at a steady-state value where the KO has an ~2-fold
increase in hysteresis over WT tissue. Thin-filament extrac-
tion established that filament sliding viscosity greatly
contributes to the initial hysteresis of rested muscle but
cannot explain the increased steady-state hysteresis in phys-
iological stretch-release protocols of KO myocardium rela-
tive to WT. Below we discuss our results in detail.

The N2B element functions as an extensible spring within
titin that contributes up to ~215 nm to titin’s extensibility

A KO Gelsolin Extracted
O KO Control

FIGURE 6 Physiological hysteresis in thin fila-

ment extracted myocardium. (A) Hysteresis as

a function of cycle number. WT tissue is shown

in gray, KO tissue is shown in black. Gelsolin-
extracted tissue is indicated by solid triangles while

control (nongelsolin extracted) tissue is shown by

open square boxes. For the larger graph, every

j—.’i‘ 20th point is shown with the selected gelsolin
¥ extracted points offset from nonextracted points
by 10 cycles (for clarity reasons). The inset shows
an expanded version of the first 30 cycles. (B and
C) Hysteresis of the initial stretch-release cycle
(B) and the steady state after 400 cycles (C).
(Hysteresis is normalized to that of the unextracted
tissue.) Hysteresis is decreased by ~60% for the
initial triangle stretch in gelsolin-extracted rested
muscle compared to genotype-matched controls.
However, this difference quickly diminishes and
steady-state hysteresis values are not significantly
different in extracted versus nonextracted tissues.

350 400
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(10). Myocardium deficient in the N2B region of titin
develops increased passive tension. This finding can be
understood by the increase in strain that the remaining
elements (tandem Ig and PEVK) experience for the same
sarcomere deformation in KO compared to WT tissue.
Removing a large portion of titin’s extensible region is
also expected to reduce the slack SL in the KO model by
the distance contributed by the N2B element under no force.
This distance is approximated by the unloaded mean square
separation for a wormlike chain: (h*) =2 LpLc(27). (L¢ is
the contour length of the chain (215 nm) and Lp is the persis-
tence length (0.65 nm) (13)). This equates to ~17 nm/half
sarcomere, or ~34 nm/sarcomere. This value is close to the
measured difference in slack SL of 30 nm (1.89-1.86 um,
WT and KO, respectively). The measured SL reduction is
slightly smaller than previously reported for single cardiac
myocytes (19) and this may arise because myocytes experi-
ence a residual amount of active tension during diastole
(28), or, alternatively, it might indicate that the extracellular
matrix exerts a restoring force below SL 1.86 um.

Oxidative conditions were used to induce intramolecular
cross-links within the N2B-Us, creating disulfide bonds
between cysteine groups in the sequence. Single molecule
studies have shown that these links mechanically hide the
protein sequence demarcated by two linked cysteines,
effectively reducing the contour length, L¢, of the unique
sequence (21). Aligning the human N2B-Us used in the
Griitzner et al. (9) study with the mouse N2B-Us, 4 of the
6 predicted cysteine-bonding residues are conserved. On
average, 242 residues separate the conserved residues;
with a maximum residue spacing of 0.38 nm for an unfolded
polypeptide, this reduces the Lo of the N2B-Us by on
average 92 nm, a little under half of the 201 nm (530 resi-
dues x 0.38 nm) L of the N2B-Us in the mouse. (Note
that the PEVK region does not contain cysteines.) Thus,
the oxidative cross-linking of the N2B-Us provides a revers-
ible mechanism to complement the genetic N2B full length
KO model for the study of the mechanical role of the N2B-
Us. Oxidation increases both passive tension and hysteresis
(Fig. 5) and these results support that the removal of the
N2B is the cause of increased passive tension and energy
loss in the N2B KO.

Of the possible sources of passive hysteresis in muscle,
the two most relevant types are 1), viscosity that arises
from filament sliding and 2), structural transitions within
titin, particularly Ig domain unfolding. Filament sliding
viscosity occurs during the sarcomere stretch/release cycle
and might arise from thin and thick filament sliding and/or
thin and titin filament sliding. Viscosity opposes the sliding
motion on both the ascending and descending limbs of the
triangle stretch, increasing tension during the loading cycle
and decreasing it during the unloading cycle. To differen-
tiate between interfilament hysteresis and hysteresis arising
from within titin, thin filaments were extracted with gelso-
lin. Most notable from these experiments is the difference
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between thin filament extracted and nonthin filament ex-
tracted hysteresis of the initial stretch imposed on rested
tissue (Fig. 6 B). Hysteresis is greatly reduced initially in
gelsolin-extracted muscle, relative to unextracted controls,
but as it is preconditioned and the tissue enters steady state,
this difference decreases to nonsignificant levels (Fig. 6 C).
This suggests that the initial well-rested hysteresis has
a large interfilament interaction component. A likely source
is PEVK-actin interaction that is known to take place in
cardiac muscle (29,30). Our work suggests that this is
most prominent in rested muscle and that it weakens during
preconditioning. Because steady-state hysteresis is insensi-
tive to thin filament removal, its source is likely to reside
within titin.

In the case of the N2B KO, the source of hysteresis within
titin has to be the PEVK and/or the tandem Ig segment. The
PEVK consists of mostly random coil with interspersed
short polyproline type II (PPII) helices (31). During stress,
these secondary structures may unfold causing hysteresis.
For cardiac N2B titin a total of only 7 PEVK residues out
of 188 are predicted to participate in PPII helix folding
(13) and the contour length (L¢) gain from their unfolding,
estimated at 0.5 nm (13), would produce very little hyster-
esis. Indeed, stretch-release curves of single PEVK mole-
cules largely overlap with little evidence for hysteresis
(13). On the other hand, L gain from Ig domain unfolding
is ~30 nm/unfolding event (13), large enough to cause
significant amounts of hysteresis. Although it has been
argued that Ig unfolding is unlikely to take place in WT titin
(10,32,33), unfolding of a few domains during stretch
cannot be excluded and several studies have given support
to this idea (34,35). Additionally, considering that deletion
of the N2B element abolishes ~215 nm of extensibility
within titin, unfolding is more likely to occur in the N2B
deficient titin and, thus, Ig unfolding is a strong candidate
to account for the increase in hysteresis of N2B KO mice.
In fact, the maximum extension possible without Ig unfold-
ing in the N2B KO is ~2.26 um. In the KO the total contour
length (L) of titin’s extensible region is 70 nm (PEVK) plus
160 nm (36 Ig domains in the tandem Ig segment x 4.5 nm/
domain) = 230 nm; 1.8 um is the SL at which the extensible
region has an end-to-end length of ~0 nm (10). Thus, in the
KO, titin’s extensibility will be exhausted at SL 2.26 um
(1.8 um + 2 x 0.23 pum) and unfolding must occur at or
before this SL. Because passive tension approximates
a linear relationship to SL starting at ~2.15 um (Fig. 1 D),
and does not progressively increase in steepness as expected
if unfolding were to be absent, we consider it likely that
unfolding occurs at a wide SL range.

Another indication that Ig domain unfolding contributes
to hysteresis can be obtained from the ratio between hyster-
esis and tension determined at different strain rates. Ig
domain unfolding during stretch reduces peak tension (due
to the abrupt length increase of the domain from ~4.5
to ~35 nm (36) and this decreases tension) and it increases
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hysteresis of the stretch-release cycle. Thus, increased
unfolding during stretch will increase the hysteresis/tension
ratio. Another insight that is needed is the stretch-speed
dependence of unfolding. Because of the kinetic nature of
unfolding, when stretch speed is increased, less time is spent
at lower forces, reducing the probability that domains will
unfold at those forces and allowing greater passive tensions
to develop (13). Combined, this leads to the prediction that
if hysteresis is due to unfolding of Ig domains, the hyster-
esis/tension ratio will decrease with stretch speed. Note
that hysteresis based on interfilament sliding viscosity will
give rise to a hysteresis/tension ratio that increases in pro-
portion to stretch speed (this is because the viscous forces
acts on both the loading and unloading curves, increasing
hysteresis more than peak tension). Results shown in
Fig. 7 indicate that in both WT and KO muscle, at all three
strain amplitudes, as stretch speed increases the hysteresis/
tension is reduced. Knowing that in KO myocardium Ig
domain unfolding is required in triangle stretches to 2.3 um,
the relationship between the hysteresis/tension ratio and
stretch speed is used as a positive control for Ig domain
unfolding. The similarity between KO and WT tissue in
the strain-rate dependence against normalized hysteresis
(Fig. 7) suggests that Ig domain unfolding contributes to
hysteresis in both KO and WT muscle.

Additionally, hysteresis recovery experiments also indi-
cate that the mechanism behind hysteresis might be the
same in WT and KO tissue. Hysteresis recovery time
constants were similar in WT and KO tissue, 0.16 and
0.14 s™', respectively. These values are somewhat lower
than obtained in recovery experiments in single molecule
studies, ~1 s~ ! (37). This could arise from the differences
in stretch patterns. We used an asymmetric triangle stretch
with a very rapid release, whereas the single molecule
work used symmetrical triangles, and the refolding process
could have already begun during the slow release, short-
ening the rest time in between stretches required for full
recovery. Additionally, in single molecule experiments,
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FIGURE 7 Hysteresis peak tension ratio. Hysteresis normalized by peak
passive tension for each stretch. This ratio increases as tissue is stretched to
longer SLs and decreases with increasing strain rate. See Discussion for
details.
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one molecule is allowed to refold in a huge volume of space.
However, in the sarcomere molecular crowding may influ-
ence refolding of titin domains, possibly explaining why
the hysteresis recovery rates are slower in the tissue than
in the single molecule experiments.

The results of our studies indicate that both interfilament
viscous forces and Ig domain unfolding-refolding cause the
initial rested hysteresis. During subsequent stretch-release
cycles interfilament forces contribute less while the majority
of hysteresis is likely to be contributed by Ig domain unfold-
ing. It is interesting to highlight that our data suggest that
a limited degree of Ig domain unfolding occurs in WT
myocardium. We speculate that having domains that are
not fully resistant to unfolding might be advantageous under
some conditions, such as to accommodate an increase in
end-diastolic sarcomere length that occurs for example in
response to increased preload. The removal of the large
compliant N2B-Us from titin causes a significant increase
in hysteresis, most likely due to additional Ig unfolding.
To evaluate this increase in hysteresis on a physiological
scale, we calculated the percent of total energy consumption
saved by incorporating the N2B-Us into cardiac titin. Total
energy consumption by the left ventricle (LV) per beat was
calculated by multiplying stroke volume, 31 uL (38), by
mean arterial pressure, 112 mmHg (39), which after unit
conversion is 463 uJ (3.1 x 1072 m® x 14,900 N/m?) of
mechanical energy exerted per beat. This value is compared
against the increased hysteresis in KO over WT tissue. First,
measured hysteresis/mm?*/sarcomere was converted to
hysteresis/mm> of LV. LV wall muscle volume was approx-
imated from the known LV mass of WT and N2B KO mice
(19) divided by muscle density (1.06 g/cm?). This results in
an approximate energy loss due to hysteresis in precondi-
tioned tissue, of 18.8 uJ/beat and 26.2 uJ/beat for WT and
KO tissue, respectively. Thus, including the N2B element
in WT titin lowers the energy loss due to hysteresis by
7.9 wul/beat, which corresponds to ~2% of the 463 uJ
pump energy needed per beat. Considering that the mouse
heart rhythmically beats at 10Hz, this savings is likely to
be functionally advantageous.

In summary, mechanical studies that mimic the physio-
logical loading conditions of the heart reveal that the N2B
region of titin significantly lowers the energy loss through
hysteresis by shielding the tandem Ig domains from high
stress and reducing the probability of unfolding events.
Thus, the cardiac-specific N2B element minimizes energy
loss, and we propose that due to its thythmic activity pattern,
this is an important aspect of cardiac function. Our work
also supports that oxidative conditions result in increased
passive tension and hysteresis, most likely through cross-
linking of cysteine residues within the N2B region titin.
Considering the prevailing oxidative conditions in heart
failure patients (40), this might contribute to the increased
diastolic wall stress and reduced energetic efficiency of
these patients and warrants future investigation.
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SUPPORTING MATERIAL

A figure is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)00784-3.
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