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ABSTRACT Titin (also known as connectin) is the main determinant of physiological levels of passive muscle force. This force
is generated by the extensible |-band region of the molecule, which is constructed of the PEVK domain and tandem-
immunoglobulin segments comprising serially linked immunoglobulin (Ig)-like domains. It is unresolved whether under
physiological conditions Ig domains remain folded and act as “spacers” that set the sarcomere length at which the PEVK
extends or whether they contribute to titin’s extensibility by unfolding. Here we focused on whether Ig unfolding plays
a prominent role in stress relaxation (decay of force at constant length after stretch) using mechanical and immunolabeling
studies on relaxed human soleus muscle fibers and Monte Carlo simulations. Simulation experiments using Ig-domain unfolding
parameters obtained in earlier single-molecule atomic force microscopy experiments recover the phenomenology of stress
relaxation and predict large-scale unfolding in titin during an extended period (>~20 min) of relaxation. By contrast,
immunolabeling experiments failed to demonstrate large-scale unfolding. Thus, under physiological conditions in relaxed
human soleus fibers, |g domains are more stable than predicted by atomic force microscopy experiments. Ig-domain unfolding
did not become more pronounced after gelsolin treatment, suggesting that the thin filament is unlikely to significantly contribute
to the mechanical stability of the domains. We conclude that in human soleus fibers, Ig unfolding cannot solely explain stress

relaxation.

INTRODUCTION

When nonactivated striated muscle is stretched, passive force
ensues. Passive force is derived from the intracellular titin
filaments and intermediate filaments (IFs), and the extracel-
lular protein collagen (Wang et al., 1993). Within the physio-
logical sarcomere length range (in skeletal muscle ~2.0-4.0
pm), titin is the main source of passive force, with IFs and
collagen contributing mainly toward the upper end of the
physiological length range and beyond it. Passive force
prevents the overstretch of muscle, restores muscle length
after release, and prevents sarcomere-length inhomogeneity
and A-band translocation (away from its central position
within the sarcomere), all of which are critical for efficient
muscle contraction (Granzier et al., 1991; Horowits and
Podolsky, 1987). Evidence obtained earlier in insect flight
muscle (Granzier and Wang, 1993b), and more recently in
cardiac muscle (Cazorla et al., 1999, 2001; Fukuda et al.,
2001), suggests that passive force may also enhance acto-
myosin interaction, possibly via an effect of passive force on
interfilament lattice spacing and/or thick filament structure
(Cazorla et al., 2001; Fukuda et al., 2001). Thus, study of the
molecular mechanisms that underlie passive force develop-
ment and its adjustments (such as stress relaxation) is required
for understanding both passive and active muscle function.
Titin, the main determinant of physiological levels of
passive muscle force, is a filamentous protein that spans the

Submitted May 12, 2003, and accepted for publication July 25, 2003.

Address reprint requests to Henk L. Granzier, PhD, Dept. VCAPP,
Washington State University, Pullman, WA 99164-6520. Tel.: 509-335-
3390; Fax: 509-335-4650; E-mail: granzier@ wsunix.wsu.edu.

© 2003 by the Biophysical Society
0006-3495/03/11/3142/12  $2.00

half sarcomere (for recent reviews, see Granzier and Labeit,
2002; Gregorio et al., 1999; Horowits, 1999; Linke, 2000;
Tskhovrebova and Trinick, 2002). Titin is anchored to the
Z-line and M-line regions of the sarcomere and is attached
to the thick filaments of the A-band. Passive force is gener-
ated by extension of the I-band region of titin, which is a seri-
ally connected chain of proximal (near the Z-line) and distal
(near the A-band) tandem-Ig segments (tandem array of Ig-
like domains) separated by the proline (P), glutamate (E)-,
valine (V)-, and lysine (K)-rich PEVK sequence (Labeit and
Kolmerer, 1995; Linke et al., 1996). When slack sarcomeres
(Iengths ~2.0 um) are stretched, initially the extension of
tandem-Ig segments dominates, followed by PEVK exten-
sion at nearly constant tandem-Ig segment length (Linke
et al., 1998b; Trombitas et al., 1998b). This constant length
can be accommodated by Ig domains that maintain their
native conformation (a seven-stranded [B-barrel) (Improta
et al., 1996), suggesting that lengthening of tandem-Ig seg-
ments in short sarcomeres results from segment straightening
(due to unbending of sequences that link the Ig domains),
whereas individual domains do not unfold (Trombitas et al.,
1998a,b). Initially it was thought that this mechanism applied
only to skeletal muscle. Cardiac muscle expresses short
length variants of titin, with tandem-Ig and PEVK segments
that are too short to accommodate titin’s necessary length
change in the physiological sarcomere length range, unless
Ig domain unfolding takes place (Granzier et al., 1997).
However, the subsequent discovery of an additional source
of extensibility in cardiac titins (Helmes et al., 1999; Linke
et al., 1999; Trombitas et al., 1999) alleviated the need for
unfolding and resulted in the notion that under physiological
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conditions, in skeletal as well as cardiac muscles, [g domains
are stable and do not unfold (Linke and Granzier, 1998).
Definitive evidence, however, has not been obtained.

The mechanical properties of titin have been explored
in single-molecule manipulation experiments, revealing that
the molecule behaves as a wormlike-chain entropic spring
in which unfolding of the globular domains occurs at high
force during stretch (Kellermayer et al., 1997; Rief et al.,
1997; Tskhovrebova et al., 1997) and refolding at low force
during release (Kellermayer et al., 1997). Subsequent studies
(Carrion-Vazquez et al., 2000, 1999; Watanabe et al., 2002a)
focused on characterizing the unfolding of Ig domains, us-
ing engineered protein fragments and atomic force micros-
copy (AFM). It was shown that if tandem-Ig segments are
stretched, Ig domains unfold with a probability that in-
creases with increasing force and passing time. A recent
study (Minajeva et al., 2001) conducted a simulation of Ig
domain unfolding, using kinetic parameters obtained from
single-molecule AFM experiments, and predicted that
unfolding of a few Ig domains may take place in myofibrils
that are stretched and then held for 4 s at a fixed length. Our
goal was to experimentally test for Ig domain unfolding by
stretching and holding relaxed muscle for extended durations.
Human soleus muscle was selected for this work because it is
the only skeletal muscle type that expresses a titin isoform that
has been completely sequenced (Labeit and Kolmerer, 1995).
We studied stress relaxation in relaxed human soleus fibers
and used immunoelectron microscopy (IEM), mechanics, and
Monte Carlo simulations that take into account unfolding/
refolding kinetics of Ig domains. Simulations confirm that
AFM-based unfolding characteristics predict the unfolding of
afew (~4) domains during short-term (~ 10 s) hold protocols,
and that this can account for the measured stress relaxation.
The same unfolding characteristics predict that, when the hold
period is extended to 20 min or more, large-scale unfolding
takes place (~70 domains in 1 h) and that, as a result, tandem-
Ig segments should greatly lengthen (at the expense of the
PEVK segment). However, the results of our IEM studies are
inconsistent with this prediction and failed to reveal evidence
for large-scale Ig unfolding. We conclude that in relaxed
human soleus fibers, Ig unfolding is an unlikely event that
cannot solely explain physiological levels of stress relaxation.
We propose an alternative model with a prominent role for the
PEVK region of titin.

MATERIALS AND METHODS
Mechanics

Single muscle fibers dissected from human soleus muscle (biopsies obtained
in accordance with protocol “Role of Titin in Human Muscle Tissue 2,”
Washington State University) were mechanically and chemically skinned.
The fibers were kept in relaxing solution containing high concentrations of
protease inhibitors and were used within 48 h of harvest (for technical details
and solution composition, see Granzier et al., 1996; Granzier and Irving,
1995). Passive tension was measured with a strain gauge force transducer,
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and fiber length was controlled by a high-speed motor. Preparations were
attached to the motor arm and the force transducer via aluminum clips. The
width and the height of the fiber were measured and the cross-sectional area
(CSA) was calculated assuming the cross section is elliptical in shape (Wu
et al., 2000). The area (5400 = 800 ,u,mz) was used to convert the measured
force per fiber to tension (force/cross-sectional area). To obtain the passive
tension versus sarcomere length (SL) relation, relaxed fibers (lengths 1.55 *
0.15 mm) were slowly stretched (100 nm/s/half-sarcomere) from their slack
SL (~2.0 wm) to predetermined amplitude, followed by hold of various
durations (10 s to 60 min) and a release back to the slack length. SL was
measured online by using laser diffraction (Granzier and Irving, 1995). The
first-order diffraction line was projected onto a photodiode array, and the
array was scanned 1000 times per second. Both the peak position and the
width of the diffraction peak at the half-maximal height did not change
during the long hold periods, suggesting that there were no significant
redistributions of sarcomere lengths during this time. After a 20-min rest at
slack, the protocol was repeated. Provided this rest period was included and
the maximal SL amplitude was less than ~4.25 um, results were highly
reproducible. Experiments were performed at 20° to 22°C.

In addition to titin, intermediate filaments (IFs) also develop tension in
passive muscle fibers, especially at long SLs (Granzier and Wang, 1993c;
Wang et al., 1993). (Note that fibers had been mechanically skinned (as well
as chemically skinned), which eliminates collagen as a source of passive
tension.) To determine the force produced by IFs, skinned muscle fibers
were incubated for 30 min with relaxing solution containing 0.6 M KCl
followed by a 30-min incubation in relaxing solution containing 1.0 M KI.
These solutions extract thick and thin filaments from the sarcomere,
respectively, resulting in a loss of titin anchorage and hence titin-dependent
passive force (Granzier and Wang, 1993c; Wang et al, 1993). Considering
the extraction-resistant nature of IFs (Price, 1984), the remaining passive
force after KCI/KI extraction (‘‘KCIl/KI-insensitive force’’) may be assumed
to derive from IFs, and the KCI/KI-sensitive force from titin (Granzier and
Wang, 1993c; Wang et al,. 1993). Measured titin-based tension (in mN/
mm?) was converted to force per titin molecule assuming 1), that 80% of the
cross-sectional fiber area is myofibril; 2), 470 thick filaments per wm?
myofibril (based on the myofilament lattice spacing measured by x-ray
diffraction on skinned muscle fibers at their slack length); and 3), six titin
molecules per half thick filament. (For details and original citations see
Cazorla et al., 2000; Granzier and Irving, 1995; Liversage et al., 2001). The
same conversion factors were used in Fig. 3 A to extrapolate simulated
single-titin force (in pN) to titin-based passive tension of single fibers (in
mN/mm?).

Immunoelectron microscopy

IEM methods have been published earlier (Granzier et al., 1996; Trombitas
et al., 1991, 1998a, 1998b). Briefly, skinned fibers were stretched, held at
fixed length (protocol as explained above; temperature ~4°C), then, after
a predetermined hold period, they were fixed for 45 min by replacing the
relaxing solution with freshly prepared 3% paraformaldehyde in phosphate-
buffered saline (PBS). Fibers were then washed, blocked with bovine serum
albumin (BSA), washed, and incubated for ~24 h with anti-titin antibodies
in PBS/BSA. The following antibodies were used (see also Fig. 4 A): anti-12/
13 (T12), anti-I80/I81 (N2A), anti-C-terminal PEVK residues (45964606 of
human cardiac titin) (514), anti-I84/I85/186 (formerly known as 120/121/
122), anti-I109/1110/111 (MIR epitope), anti-I111/1112 (Ti-102). For
additional information on T12, see Furst et al., 1988, and Sebestyen et al.,
1995; on 514, see Trombitas et al., 1998a; on Ti-102, see Jin, 1995, and
Trombitas et al., 1998a; and for all other antibodies, see Bang et al., 2001.
Fibers were then washed, labeled with secondary antibody, washed, fixed
with glutaraldehyde/tannic acid, osmicated, and embedded in araldite.
(Further details can be found in our publications cited above.) Ultrathin
sections were stained with potassium permanganate and lead citrate and
observed with a JEOL 1200 electron microscope. Mid-Z-line to mid-epitope
distances were measured from electron micrographs following high-
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resolution scanning and digital image processing using custom-written
macros for the image analysis program NIH Image (v. 1.61,Wayne Rasband,
National Institutes of Health). For spatial calibration, the electron micro-
scope’s magnification was used.

Thin filament extraction

The gelsolin clone FX-45 (Yu et al., 1991) containing the N-terminal half
of human gelsolin constructed in a pET3D expression vector was used.
Expression and purification were as described (Trombitas and Granzier,
1997). Fibers were incubated in gelsolin (~0.4 mg/ml) in relaxing solution
for ~24 h, with continuous vigorous shaking (Granzier and Wang, 1993c).
Actin extraction was verified by 1), activating the fibers, and 2), solubilizing
the fibers and performing gel electrophoresis. Gel electrophoresis was
performed as explained earlier (Cazorla et al., 2000); gels were silver-stained
(Granzier and Wang, 1993a).

Analysis of force data
Force (F) data were compared with the wormlike chain (WLC) Eq. 1:

FP_z, 1 1
kT C  4(1-z/C) 4

(Bustamante et al., 1994). The WLC model describes the molecule as
a deformable continuum of persistence length P (measure of bending
rigidity) and contour length C. The end-to-end length of the molecule is z
and the fractional extension is z/C. The elastic region of titin in the sarcomere
was modeled as three serially linked WLCs with different contour and
persistence lengths: 1), native tandem-Ig segment, 2), unfolded tandem-Ig
segment, and 3), PEVK segment. The contour length of the native tandem-Ig
segments was calculated (Trombitas et al., 1998b) from the combined
number of folded Ig domains times the maximal domain spacing (5 nm). The
persistence length of the native tandem-Ig segment was set as 15 nm, based
on several earlier studies (Higuchi et al., 1993; Tskhovrebova and Trinick,
2001). The contour length of the PEVK and unfolded Ig domains were
obtained from the number of the component amino acid residues (2174 for
PEVK and 95 for Ig domains) times the maximal residue spacing in an
unfolded polypeptide (0.38 nm). The persistence length of the PEVK and
unfolded Ig domains were set at 1.4 nm and 0.6 nm, respectively (Watanabe
et al., 2002a, 2002b). (For details regarding composition of tandem Igs and
PEVK of human soleus muscle see (Labeit and Kolmerer,1995).

Because the various segments that make up titin’s extensible region are
connected in series, they bear equal forces. Therefore, for a given force, the
extension of each segment (zIg(folded), zIg(unfolded), and zPEVK) can be
calculated. We may then calculate, for that force, the total extension of titin’s
elastic segment. By adding the total length of nonextensible sarcomeric
components (1800 nm; see Trombitas et al., 1998b), the SL can be calculated
as Eq. 2:

SL = ((zIg(folded + zIg(unfolded) + z(PEVK))X2 + 1800 nm)
(@)

(D

and the predicted force-sarcomere length relation constructed.

Persistence length of PEVK containing
polyproline (PP) helices

The above calculations assume that the PEVK comprises solely random coil
structure. However, some of the residues may form PP helices, and, to assess
the possible role of PP helix to random coil conversion in stress relaxation
(see Discussion), we calculated the PEVK persistence length assuming that
the PP residues are either of type II, type I, or random coil. A search for
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PxPP, PxxPP, and xPxxPP motifs (cf. Ma et al., 2001) suggests that 181 out
of the total 2174 PEVK residues (or 8.3%) may participate in the formation
of polyproline helices. The 0.31-nm translation per residue for PPII and 0.19
nm for PPI helices (Rabanal et al., 1993) allows the contour length of a 181-
residue PPII and PPI helix to be calculated. We assumed that the persistence
lengths of PPII and PPI helices ranged from 0.1 nm to 100 nm. The
persistence length of the 1993 PEVK residues that form random coil was set
at 1.4 nm (Watanabe et al., 2002b) and the contour length at 757 nm (1993 X
0.38 nm). We then calculated the force-extension curve of the 1993-residue
random coil region linked with either 181-residue PPII or 181-residue PPI
and compared it to the force extension curve of 2174-residue unfolded
PEVK (following the methods explained above). An apparent persistence
length was obtained by fitting the force versus extension curve with the
WLC model, and these values were used in a serially linked WLC model
with tandem-Ig and PEVK segments (above) to asses the difference in
passive force-SL relation when the PEVK is completely random coil or
a combination of random coil and PP helices.

Ig domain unfolding

We calculated the probability of domain unfolding under mechanical force
by superimposing on the WLC force-extension curve (see above) a two-state
domain unfolding/refolding kinetic model. To model domain unfolding/
refolding, Monte Carlo simulations were carried out based on previously
used simulation algorithms (Kellermayer et al., 2000, 2001, 1997). Briefly,
for a given force (F), the number of unfolded domains were calculated
according to Eq. 3:

dN = Nawydte” "7 ©)

where dN is the change in the number of folded domains during the dt
polling interval, N is the number of available folded domains, and X, is the
distance along the unfolding reaction coordinate between the native and
main transition state. @, attempt frequency, was 10% s™', and kgT 4.14 pN
nm. Unfolding events decremented the number of remaining folded domains
and the length of the folded segment and increased the length of the unfolded
segment, and the ensuing force was calculated according to the serially
linked WLC model (see above). The activation energies (E,) for unfolding,
and X, were user-adjustable. In all simulations we used X, 0.28 nm and
calculated activation energies from published unfolding rate constants at
zero force (ap). Our simulation also took into account refolding and assumed
for refolding £, 82 pN nm (or zero force refolding rate, 2.5 s Hand X, 8 nm
(for justification and further details, see Kellermayer et al., 2001). Refolding
events incremented the number of folded domains, increased the length of
the folded segment, and decreased the length of the unfolded segment.
Calculations were carried out using a stretch-release protocol with a constant
velocity of 100 nm/s (to match the velocity used during force measurements
in muscle fibers (100 nm/s/half sarcomere), a stretch amplitude determined
by the preset maximal allowable force, and a subsequent hold of a preset
duration. Simulation results shown in Fig. 1 are mean * SD values of 20
simulation runs. For additional details, see Kellermayer et al., 2000, 2001,
1997).

Rupture of bonds in PEVK

Monte Carlo simulations were also carried out assuming the presence of
labile bonds that cross-link the PEVK (see Discussion), and we modeled
bond rupture/formation and Ig unfolding/refolding under force, based on
previously used simulation algorithms (Kellermayer et al., 2001). In this
case the model molecule contained a PEVK segment whose apparent
contour length is shortened by the presence of cross-links between sites
along the segment (1400 sites corresponding to the approximate number of
charged residues in PEVK (Labeit and Kolmerer, 1995)). As the chain was
extended, force was generated according to the WLC equation. At each step,
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for the given force, the number of bonds ruptured was calculated according
to Eq. 4:

dN () = Nyw dt ¢~ Euv 0BT @)

where dN,, is the number of bonds broken during the df polling interval, and

Ny is the number of available bonds. Details for Ig unfolding/refolding are
given above. For the bonds, the transition length (AX,,) and the enclosed loop
perimeter (see Discussion) were randomly generated between 0.3 and 0.8
nm and between 1 and 3 nm (up to two persistence-length distances),
respectively. Bond rupture events incremented the chain length with the
randomly selected loop perimeter. Bond re-formation was allowed to
proceed only at forces below 2 pN according to the number of available
counterbinding sites (for details, see Kellermayer et al., 2001). Each bond
formation event decremented the chain length with a randomly generated
loop perimeter. The ensuing force was then calculated according to the
serially linked WLC model (see above). The simulation results of Fig. 10
assumed a bond rupture energy E,y, of 32.5 pN nm and for Ig unfolding
ap of 5 X 107° 5! (note that this is 100-fold lower than the 5 X 10™* ™!
used in Fig. 3 A). The other parameters were as indicated in the Ig Domain
Unfolding section above. As the chain was extended, force was generated
according to a WLC equation that represents serially linked folded and
unfolded subsegments, and we calculated the number of PEVK bonds
ruptured, the number of unfolded Ig domains, and the WLC force. All
simulations were carried out by using Object Pascal (Metrowerks
CodeWarrior v.10) on an Apple PowerMacintosh G3 computer. For
additional details, see Kellermayer et al., 2001).

RESULTS

Mechanical experiments were performed in which fibers
were stretched with a constant velocity to a predetermined
sarcomere length, held for 1 h, followed by a release back to
the slack length (Fig. 1 A). Because IFs also contribute to
passive stress, especially in long sarcomeres, experiments
were conducted on fibers that had been extracted with KCI/
KI. We assume that the stress after extraction was derived
from IFs and stress before extraction from IFs and titin (for
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details, see Materials and Methods). By subtracting the
passive tension after extraction (Fig. 1 C) from that before
extraction, titin-based tension is obtained (Fig. 1 B), and by
converting this tension to the single molecule level (see
Materials and Methods) we determined the force per titin
molecule as a function of time and sarcomere length. The
results in Fig. 2 show that although titin-based stress
relaxation is most prominent immediately after stretch, force
continues to decay during the 1-h hold period, albeit very
slowly at the end, with an ~50% reduction in force between
1 and 60 min (see inset of Fig. 2).

To assess whether unfolding of Ig domains explains stress
relaxation, we performed a Monte Carlo simulation of
unfolding/refolding superimposed on the force-extension
curve of serially linked WLCs, representing tandem-Ig
segments and the PEVK sequence of human soleus titin (see
Materials and Methods). Using unfolding parameters of 191
(formerly 127), measured by AFM (ap: 5 X 1074 57 X,
0.28 nm (Carrion-Vazquez et al., 1999)), and simulating an
~10-s hold, reveals unfolding of several Ig domains and
a degree of stress relaxation that simulates well the measured
stress relaxation (Fig. 3 A). Similar conclusions were drawn
by Minajeva et al. (2001), who used a Monte Carlo simula-
tion with the same unfolding parameters as used here, and
who were able to effectively simulate stress relaxation dis-
played by myofibrils during a 4-s hold. Consistent with
Minajeva et al. (2001), varying « results in simulated stress
relaxation that fits the data best when «gis 5 X 1045 L. The
broken lines in Fig. 1 A indicate, for example, that when «, is
1 X 1077 s™", unfolding is absent during the 10-s hold (see
Discussion for why this low «( was selected for display).

Expanding the hold period to an hour and using the same
unfolding kinetics that successfully explain short-term stress
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FIGURE 2 Measured titin-based force versus time at a range of SLs.
Titin-based tension was assumed to be equal to the KCI/KI-sensitive tension
(same data as in Fig. 1 B), and measured tensions (in mN/mm?) were
converted to force per titin molecule (see Materials and Methods). (Inset)
Data converted to force-SL relations 1, 4, 16, and 60 min after completion of
stretch. (Mean results from six fibers are shown. Numbers at bottom right
correspond to sarcomere lengths in wm.)

relaxation (Fig. 3 A) reveals that unfolding and stress relaxa-
tion proceed until the majority of the domains are unfolded
(70 in the example shown in Fig. 3 B) and force is very low
(~5 pN in Fig. 3 B). (Not all domains will unfold because
when stress relaxation reaches low forces, refolding takes
place (the refolding process is also included in our simula-
tion; see Materials and Methods), and eventually an equilib-
rium is reached in which the number of unfolding and
refolding events are in balance). Thus, simulation results
predict a large number of unfolded Ig domains during ex-
tensive time periods of stress relaxation, the consequence of
which on tandem-Ig segment lengths can be tested by using
immunoelectron microscopic methods.

Immunoelectron microscopy

Large-scale Ig unfolding is expected to result in lengthening
of the tandem-Ig segments (at the expense of shortening of
the PEVK segment). To test whether this indeed occurs, we
used IEM and measured the end-to-end lengths of the
tandem-Ig segments in fibers that had been stretched, held,
fixed, and immunolabeled (for details, see Materials and
Methods). The antibodies that were used in this work are
shown in Fig. 4 A, and typical labeling results in Fig. 4 A
(bottom) and Fig. 4, B-D. Some fibers were fixed
immediately after stretch (stretch was performed as in me-
chanical experiments, see above, and fixative was added
within ~1 s after stretch was completed), others after a long
hold phase (up to 64 h). Based on our simulations (Fig. 3 B)
we anticipated much-elongated tandem-Ig segments in fibers
held for several tens of minutes, but because preliminary
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FIGURE 3 (A) Measured passive tension (black), simulated passive
tension (gray), and simulated Ig domain unfolding (gray, bottom) during
stretch-hold protocol. During 10-s hold, simulation reveals unfolding of four
Ig domains and a predicted decay of passive tension that approximates well
the measured tension (measured after stretch from sarcomere length 2.1 um
to 4.0 um). Simulation assumes ay 5 X 10~*s™". The broken lines indicate
predicted force (fop ) and predicted unfolding (bottom) for ag of 1 X 1077
s, (B) Simulated passive force of single titin molecule in sarcomere during
1-h hold period. The molecule was stretched to a peak force of 56 pN
(chosen because this is the measured peak force when stretched to SL 4.0
pm, see Fig. 2). During the hold, unfolding of Ig domains is predicted to
continue until a maximum of 70 domains are unfolded. Passive force is
predicted to decay until a steady value of ~5 pN is reached. (Simulations
assume for unfolding X, 0.28 nm; ap 5 X 107 s’l; polling interval 0.01 s;
stretch velocity 100 nm/s. For refolding characteristics and additional
details, see Materials and Methods. Upper black traces in each figure
represent the sarcomere length changes during the protocol.)

findings (not shown) failed to reveal the expected results, we
decided to extend the hold period to 64 h (the longest
possible hold period that was practical). Results shown in
Fig. 5 A reveal only minimal differences between fibers fixed
immediately after stretch and those held for 64 h. At
intermediate sarcomere lengths, the distal tandem-Ig seg-
ment was ~20 nm longer after the long hold period (Fig.
5 B), but no other clear differences were found for this or any
of the other segment types (Fig. 5, B—D). The expected
behavior of tandem-Ig and PEVK segments assuming
unfolding of 70 domains (see Materials and Methods) was
superimposed on the measured segment lengths (see Fig. 6).
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FIGURE 4 Immunoelectron microscopy of titin. (A) Top, sequence of
I-band region of soleus titin (Labeit and Kolmerer, 1995). Indicated are the
binding sites of T12, N2A, 514, 184-86, MIR, and Ti102 antibodies. Bottom,
sarcomeres simultaneously labeled with four antibodies. Fibers were
stretched and then held for 0 min (fop) or 64 h (bottom) followed by fixing
and labeling. (B—D) Additional examples of electron micrographs of fibers
labeled with anti-titin antibodies used in this work. (Sarcomere lengths: A,
4.1 pm; B, 3.6 um; C, 3.5 um; and D, 4.2 um.)

This comparison reveals that our results are inconsistent with
the presence of large-scale unfolding (although they do not
exclude unfolding of a few domains, see Discussion). To
ascertain whether unfolding of domains may have been
missed in the ‘“‘zero min hold dataset’” due to slowness of the
speed of chemical fixation (see Materials and Methods), we
measured passive stiffness using small amplitude (~0.1%)
stretch-release protocols and used stiffness increase as
a measurement of degree of fixation. Adding fixative
resulted in a rapid increase of passive stiffness with a 7y, of
9.8 = 3.3 s (n = 4). Thus, although a small degree of Ig un-
folding may take place between applying the fixative and the
ensuing chemical fixation, it is unlikely that large-scale
unfolding had taken place in the ‘‘zero min hold dataset’’, and
that this explains why segment lengths after long-term hold
overlap with those after a hold of zero min. Instead, our data
suggest that large-scale unfolding is absent.

To determine whether there are some conditions in which
Ig domains can be forced to unfold, we performed a set of
experiments in which the stretch amplitude was extended
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beyond the sarcomere length range with reversible pas-
sive mechanics. Irreversible behavior at extreme sarcomere
lengths is likely to result from structural damage to the thick
filaments and release of titin from the A-band region (Wang
et al., 1993) and may have other sources as well. Overstretch
resulted in absence of labeling with the MIR and Ti-102
antibodies, which normally label at the edge of the A-band
(absence of labeling precluded study of the distal tandem-Ig
segment). Results shown in Fig. 7 reveal that when sar-
comere length exceeded ~4.5 um, the proximal tandem-Ig
segment greatly extended (PEVK extension was absent; see
inset of Fig. 7, bottom), suggesting that at extreme sarcomere
lengths Ig unfolding can indeed be induced.

Effect of thin filament extraction
on Ig domain unfolding

An important distinction between Ig domain unfolding
assessed by AFM experiments and fiber experiments is that
in the sarcomere, thin filaments are present in the vicinity of
titin. To determine whether the presence of thin filaments
slows Ig unfolding (for example, due to weak binding of Ig
domains to the thin filament), experiments were performed
on fibers that had been treated with gelsolin. Fig. 8 A shows
that this largely removed thin-filament proteins (the small
amount of remaining actin is likely to reflect extraction-
resistant actin in the Z-line region of the sarcomere (Granzier
and Wang, 1993c)) and nebulin, without influencing thick-
filament—based proteins and titin. As shown in Fig. 8 B,
passive tension after extraction was slightly elevated (such
increase has been reported earlier and was ascribed to the
recruitment of near Z-line titin to the extensible titin pool
(Granzier et al., 1997)). The time course of stress relaxation
was not affected by thin-filament extraction. IEM experi-
ments were focused on the proximal tandem-Ig segment, and
results are shown in Fig. 9. Although results were relatively
scattered, they do allow for the conclusion that thin filament
extraction with gelsolin had no major effect on extension of
the proximal tandem-Ig segment. All together, our observa-
tions indicate that the unfolding of Ig domains is not
facilitated by removal of the thin filament.

DISCUSSION

Immunoglobulin type I and fibronectin type III domains
were the first sequence elements discovered in titin (Labeit
et al., 1990). Early models of titin elasticity (Erickson, 1994)
were based on the reversible unfolding and refolding of these
domains. The subsequent discovery of the PEVK segment in
titin (Labeit and Kolmerer, 1995) suggested that the
molecule might extend without the unfolding of globular
domains. Indeed, IEM revealed that in skeletal muscle, the
PEVK provides the majority of extensibility in intermediate
to long sarcomeres (Linke et al., 1998a; Trombitas et al.,
1998a,b). Tandem-Ig segments were shown to extend mainly
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FIGURE 5 (A) Mid-epitope to mid-Z-line distance of T12, N2A, 514, and Ti102 epitopes in fibers stretched and held for 0 min (green symbols) and 64 h (red

symbols). Length of proximal and distal tandem-Ig segment: distance from T12 to N2A and from 514 to Ti102, respectively. Length of PEVK: distance from
N2A to 514 eptiopes. (B—D) Lengths of tandem-Ig and PEVK segments versus sarcomere length of fibers stretched and held for 0 min and 64 h. Insets show
mean and SD of results binned in 0.1 um SL bins. Asterisks denote statistically significant differences (P < 0.05 ).

before PEVK extension and then attain a nearly constant
length that can be accommodated by folded domains. Thus,
the notion emerged that the Ig domains form stable structures
that function as ‘“‘spacers’’ that set the minimal sarcomere
length at which PEVK segment extension dominates (Linke
and Granzier, 1998). This view was recently challenged,
however, by Minajeva et al. (2001) who sought to explain
stress relaxation in myofibrils and utilized Ig unfolding
characteristics that had been measured at the single molecule
level by AFM. When tandem-Ig segments are forcibly
elongated by AFM (Carrion-Vazquez et al., 2000; Rief et al.,
1997), unfolding of Ig domains can be observed (typically at
forces >200 pN), and by measuring the stretch-rate depen-
dence of the unfolding force, the unfolding rate constant at
zero force (a) and the distance along the unfolding reaction
coordinate between the native and main transition state (X,)
can be deduced. A Monte Carlo simulation of Ig domain
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behavior in stretch-hold protocols revealed that unfolding of
several domains effectively simulated stress relaxation during
a4-s hold period (Minajeva et al., 2001). Our short-term hold
simulation experiments (Fig. 3 A) confirm this result.
However, allowing the simulation to proceed further in time
results in continuing, progressive unfolding until the major-
ity of the domains are unfolded (Fig. 3 B). Thus, unfolding
characteristics of Ig domains that well explain stress relax-
ation during short-term hold protocols give rise to large-scale
unfolding in long-term hold protocols.

Measurement of tandem-lg segment length
during long-term stress relaxation

Because unfolding of a single domain results in contour
length gain of ~30 nm, large-scale unfolding during stress
relaxation is predicted to greatly increase the length of the
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FIGURE 6 Measured and predicted lengths of tandem-Ig (A) and PEVK
(B) segments. Measured: green symbols, fibers stretched and then held for
0 min; red symbols held for 64 h. Broken lines are predicted extensions
assuming that Ig unfolding is absent and solid lines assuming that a total of
70 domains are unfolded. We assumed that of the 70 unfolded domains, 50
are in the proximal and 20 in the distal segment (the difference reflects the
proportion of the total number of domains contained in the segments).
(Prediction based on serially linked wormlike chains model in which folded
and unfolded tandem-Ig subsegments as well as the PEVK are represented.
For details, see Materials and Methods.)

tandem-Ig segments (see arrows in Fig. 6 A), and our aim was
to test this prediction by studying fibers that had been held at
a constant length for various durations. Results of our [IEM
study, however, failed to reveal the predicted length increase
of tandem-Ig segments, even when the stress-relaxation
period was extended to 64 h. To determine whether this failure
is due to technical inadequacies, we performed experiments
on overstretched fibers with sarcomere lengths as long as 6.0
pm. Although this results in irreversible structural damage to
the sarcomeres (Wang et al., 1993), we were able to label the
ends of the proximal tandem-Ig segment (Fig. 7, fop) and
show that this segment was greatly elongated when long-term
stress relaxation was induced at sarcomere lengths >4.5 um
(Fig. 7, bottom). Thus, the constant segment length observed
during stress relaxation in sarcomeres shorter than ~4.25 um
(Fig. 6 A), which includes the physiological length range, is
unlikely due to our inability to detect length changes, but
instead to absence of large-scale unfolding.

Our findings indicate that under physiological force
conditions and in the context of the structural arrangement
of the sarcomere, Ig domains are more stable than expected
from single molecule measurements made in vitro with
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FIGURE 7 Behavior of N2A and TI2 epitopes in extremely long
sarcomeres. (Top) Examples of labeled sarcomeres (only I-band regions
are shown). (Bottom) Scattergram of results. At SLs > ~4.5 um the
proximal tandem-Ig segment greatly extends. Inset in bottom graph shows
length of PEVK (distance between N2A and 184-86 epitopes). Note that
extension of proximal tandem-Ig segment at long SLs coincides with a near
constant PEVK segment length.

AFM. Monte Carlo simulation indicates that an unfolding
rate constant (eg) of ~1 X 107 7s7'is required to explain the
near-constant tandem-Ig segment lengths at the measured
passive force levels. It is unlikely that thin filaments stabilize
Ig domains in the sarcomere, because their removal from the
sarcomere has no effect on the length of the tandem-Ig seg-
ment (Fig. 9). Instead, we consider it likely that the AFM
measurements, all of which are made using loading condi-
tions that far exceed physiological levels, do not extrapolate
to the conditions that exist in the sarcomere and that they
underestimate Ig domain stability under physiological condi-
tions. This notion is consistent with the recent work of
Williams et al. (2003) who performed AFM-based mechan-
ical unfolding studies on wild-type and various mutants of
a domain from the distal tandem-Ig segment (191, formerly
127). Their study provides evidence that « varies with the
loading range used to deduce this parameter, supporting that
domains may be able to withstand higher force under phy-
siological conditions than predicted from AFM experiments
conducted at high load. Thus, to understand the contribution
of titin’s subsegments to muscle mechanics, titin must be
studied under physiological conditions. When the role of

Biophysical Journal 85(5) 3142-3153



3150

Gelsolin
treated Control

TITIN &5

Trombitas et al.

A) ~= nebulin B)
3.77 pm
Sarcomere
length )
FIGURE 8 Effect of thin filament
removal with gelsolin on protein com-
2.14 um position (A) and passive tension (B).
MHC - oue B The gel of single fibers in A reveals that
gelsolin largely removed actin and
nebulin without major effect on titin
) and myosin heavy chain (MHC); me-
Tosi | chanical measurements in B revealed
ens:on R 100 ] that thin filament extraction slightly
— (mN/mm-) elevated passive tension.
80 1
60 extracted
40 A
: ; control
- O = g T T . T
0 100 200 300
-
Time (sec)

tandem-Ig segments in stress relaxation is examined in mus-
cle fibers, appreciable domain unfolding is absent.

Molecular basis of stress relaxation

Because of the serial linkage of the various segments that
make up titin’s extensible region (proximal and distal
tandem-Ig segments and PEVK), all segments will experi-
ence the same external force, i.e., a force that during long-
term hold protocols progressively decreases with time (as in
Fig. 3). This decreasing force will result in a reduction in the
length of those segments with mechanical characteristics that
remain unaltered during stress relaxation. Our finding that
neither tandem-Ig nor PEVK segments shorten during long-
term stress relaxation (Figs. 5 and 6) implies that mechanical
alterations in both segment types must take place. Although
large-scale Ig domain unfolding is made unlikely by our
measurements, as discussed above, the measurement of
tandem-Ig segment length (Fig. 6) in conjunction with
passive stress relaxation (Fig. 3) suggests that structural
transitions must occur in the segment that modify its overall
mechanical characteristics. A possible candidate is length-
ening of domains without complete unfolding. The presence
of unfolding intermediates has been deduced from a ““hump”’
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on the force-extension curve seen when domains are
stretched (Marszalek et al., 1999), and if these intermediate
states were to become progressively populated during long-
term hold protocols, stress relaxation could ensue. However
these unfolding intermediates seem to occur only in domains
from the distal tandem-Ig segment (Li et al., 2002), and
they cannot explain the observed behavior of the proxi-
mal tandem-Ig segment. An alternative explanation is that a
few Ig domains contained within the segment completely un-
fold. Unfolding of each domain will increase the contour
length of the tandem-Ig segment by ~30 nm and decrease its
overall persistence length (from ~ 15 nm for the fully folded
chain to ~0.6 nm for the fully unfolded chain). By modeling
the tandem-Ig segment as a serially linked chain of folded
and unfolded subsegments, one may calculate (see Materials
and Methods for details) that unfolding of a single domain
during the first 1 min of stress relaxation and 2 domains dur-
ing the subsequent 59 min of stress relaxation allows the proxi-
mal tandem-Ig segment to remain at near constant length
while experiencing the forces shown in Fig. 2. Calculations
reveal that a similar degree of unfolding in the distal tandem-
Ig segment can explain its measured length (Fig. 5 B) and
force as a function of time (Fig. 2). Thus a very limited de-
gree of Ig unfolding may occur during the long-term hold.
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Whether unfolding events occur randomly within the Ig
domain population or whether certain domains are specialized
for unfolding remains to be established. Unfolding increases
the contour length (C) of the tandem-Ig segment, and the
ensuing reduction in fractional extension (z/C) allows the
segment to remain at constant length (z) while experiencing
a reduction in force.

As for the PEVK segment, its length also remains virtually
constant during long-term stress relaxation (Fig. 5 C),
indicating that the PEVK also must undergo structural
changes. Although the PEVK was originally assumed to
consist of largely random coil, evidence has been obtained
recently (Ma et al., 2001) that some of the PEVK residues
may form polyproline (PP) helix structure. In the soleus
PEVK, 181 out of the total 2174 PEVK residues (or 8.3%)
may be part of polyproline helices (see Materials and
Methods). If during stress relaxation these PP helices were to
gradually unfold and convert to random coil, the ensuing
contour length gain could give rise to a reduction in force.
Estimating how much this may contribute to stress relaxation
is hampered by the unknown persistence length of PP
helices. Calculations that assume a wide range of values (see
Materials and Methods) reveal that at most they can account
for ~40% of the observed stress relaxation, and that this
requires assuming an unrealistically low PP helix persistence
length (0.1 nm). Thus unfolding of PP helices can, at most,
account for part of the stress relaxation observed in PEVK.

Another possible explanation for PEVK-based stress
relaxation is a mechanism that we recently proposed for ex-
plaining molecular fatigue in single titin molecules stretched
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by laser-tweezers, a mechanism in which labile bonds that
cross-link various sites along the PEVK rupture upon stretch
(Kellermayer et al., 2001). Although the exact nature of these
intrachain bonds remains to be established, considering that
the PEVK segment carries a preponderance of charged
residues (Labeit and Kolmerer, 1995), they may be electro-
static. The positively charged PPAK and negatively charged
polyglutamic acid domains might be involved in these inter-
actions (Greaser, 2001). Evidence for such bonds has recently
been obtained from circular dichroism measurements on
PPAK and polyE peptide mixtures (M. Greaser, personal
communication). The presence of cross-links between
sites along the PEVK segment shortens the effective contour
length of the segment, and external force may rupture these
bonds and increase the apparent contour length according to
the length of the molecule segment (perimeter) each bond
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FIGURE 10 Model in which unfolding of Ig domains and breakage of
random bonds in titin’s PEVK region give rise to stress relaxation. Results of
Monte Carlo simulation (for details see Materials and Methods) in which
molecule was stretched to a maximal force of 56 pN and the number of
broken bonds and unfolded domains was calculated during a 1-h hold
period. Top left shows a schematic of a bond, Bi. The bond shields part of
the chain from external force and removes it from contributing to the contour
length. Upon bond breakage, the contour length increases, fractional
extension is reduced, and force falls. (A) After stretching to high force and
then holding the molecule at constant length, the predicted number of broken
bonds increases initially fast and then more gradually. The number of
unfolded Ig domains (right scale) gradually increases to ~4 domains at the
end of the 1-h hold phase. (B) Simulated and measured force (SL 4.0 um;
same data as in Fig. 3). Note that simulated forces closely follow measured
forces. (Shown are the mean *= SD values of 20 simulation runs. For
simulation parameters and other details, see Materials and Methods.)
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encloses (schematic in Fig. 10 A, left). If such rupture occurs
at a constant end-to-end length of the PEVK, fractional
extension will be reduced, and so will be force.

Monte Carlo simulations were carried out to model bond
rupture/formation in the PEVK and domain unfolding/re-
folding in tandem-Ig segments, based on previously pub-
lished simulation algorithms (Kellermayer et al., 2001). The
Monte Carlo simulation of stretching the molecule to high
force and then holding it for an extended period (see
Materials and Methods for details) results initially in
breakage of a large number of PEVK bonds that rapidly
decreases force, and subsequently in a slow increase in the
number of broken bonds, accompanied by a more gradual
reduction of force and the appearance of gradual unfolding of
a few Ig domains (Fig. 10). The simulation results are overall
consistent with the measurements (Fig. 10 B) and lend
support for a stress-relaxation mechanism based on rupture
of intrachain cross-links. This hypothesized mechanism
requires experimental testing, as do other possible mecha-
nisms, including cross-links between adjacent molecules.

CONCLUSION

Immunolabeling studies on relaxed human soleus muscle
fibers show that under physiological loading conditions Ig
domains are more stable than predicted by AFM experiments
and that Ig domain unfolding cannot solely explain passive
stress relaxation. Functions of Ig domains include a “‘spacer
function’’ that sets the minimal sarcomere length at which
PEVK segment extension dominates and a ligand binding
function (Granzier and Labeit, 2002); our work suggests that
these functions require that Ig domains maintain their folded
state.
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