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Actin-Titin Interaction in Cardiac Myofibrils: Probing a Physiological Role
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ABSTRACT The high stiffness of relaxed cardiac myofibrils is explainable mainly by the expression of a short-length titin
{connectin), the giant elastic protein of the vertebrate myofibrillar cytoskeleton. However, additional molecular features could
account for this high stiffness, such as interaction between titin and actin, which has previously been reported in vitro. To
probe this finding for a possible physiological significance, isolated myofibrils from rat heart were subjected to selective
removal of actin filaments by a calcium-independent gelsolin fragment, and the “passive” stiffness of the specimens was
recorded. Upon actin extraction, stiffness decreased by nearly 60%, and to a similar degree after high-salt extraction of thick
filaments. Thus actin-titin association indeed contributes to the stiffness of resting cardiac muscle. To identify possible sites
of association, we employed a combination of different techniques. Immunofluorescence microscopy revealed that actin
extraction increased the extensibility of the previously stiff Z-disc-flanking titin region. Actin-titin interaction within this region
was confirmed in in vitro cosedimentation assays, in which multimodule recombinant titin fragments were tested for their
ability to interact with F-actin. By contrast, such assays showed no actin-titin-binding propensity for sarcomeric regions
outside the Z-disc comb. Accordingly, the results of mechanical measurements demonstrated that competition with native
titin by recombinant titin fragments from Z-disc-remote, I-band or A-band regions did not affect passive myofibril stiffness.
These results indicate that it is actin-titin association near the Z-disc, but not along the remainder of the sarcomere, that helps

to anchor the titin molecule at its N-terminus and maintain a high stiffness of the relaxed cardiac myofibril.

INTRODUCTION

Nonactivated preparations of cardiac muscle have long been
known to be much stiffer than those of skeletal muscle.
Earlier it was thought that the stiff “passive” elements of
cardiac muscle are located outside the cell (e.g., Brady,
1968), but today it is clear that the high stiffness of cardiac
preparations arises, at least partially, from structures within
the myocyte (Fabiato and Fabiato, 1976; Brady, 1991;
Granzier and Irving, 1995). Moreover, it has been demon-
strated that already at the level of a single myofibril, cardiac
specimens differ significantly from skeletal specimens in
their passive mechanical properties, with the cardiac myo-
fibrils being approximately an order of magnitude stiffer
than the skeletal myofibrils (Bartoo et al., 1993; Linke et al.,
1994, 1996b). These stiffness differences have been pro-
posed to be due to the expression of different molecular size
variants of titin (also called connectin; Wang et al., 1991;
Horowits, 1992; Granzier and Wang, 1993), the giant elastic
protein primarily responsible for the passive mechanical
properties of vertebrate striated muscle (Maruyama et al.,
1977; Wang et al., 1979; Horowits et al., 1986). The titin
filaments, which span half-sarcomeres from the Z-disc to
the M-line, are functionally stiff along their A-band portion,
whereas they are elastic in the I-band (Fiirst et al., 1988;
Itoh et al., 1988; Trombitas and Pollack, 1993). It is within
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this I-band titin segment that most of the differential splic-
ing occurs, with the consequence of cardiac titin having a
much shorter elastic segment than skeletal titins (Labeit and
Kolmerer, 1995a).

Although the expression of different length variants of
I-band titin in various muscle types can potentially explain
the stiffness differences between cardiac and skeletal fibers
(for recent reviews, see Wang, 1996; Labeit et al., 1997),
other mechanisms may also contribute to the high stiffness
of cardiac myofibrils. Most notably, such mechanisms could
include association of titin molecules with one another or
with other sarcomeric proteins, particularly actin. Evidence
has been found that actin and titin can interact in vitro (e.g.,
Maruyama et al., 1987; Soteriou et al., 1993; Jin, 1995).
However, the physiological significance of this finding has
remained unknown.

The present study was initiated to probe the titin-actin
interaction reported in vitro for possible physiological rel-
evance. We used a multifaceted approach, combining myo-
fibril mechanics, immunofluorescence microscopy, and bio-
chemical methods, to test whether the mechanical properties
of cardiac muscle may be affected by actin binding to titin.
We found that in the Z-disc comb, titin indeed associates
with actin. Such an interaction will stiffen this region,
thereby preventing slippage of the Z-disc titin segment
during imposed stresses and hence contribute to a high
passive stiffness of the sarcomere in vivo. Along the re-
mainder of the sarcomere, we did not find evidence for
actin-titin association, in the I-bands or in the A-bands.
Thus the previously reported in vitro actin-titin interaction
appears to be a factor in determining the mechanical prop-
erties of relaxed cardiac myofibrils only near the Z-disc.
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MATERIALS AND METHODS
Myofibril preparation and solutions

To prepare single cardiac myofibrils and small bundles of myofibrils,
hearts from male Wistar rats were perfused at 4°C with rigor I solution
containing 132 mM NaCl, 5 mM KCl, 7 mM glucose, 1 mM MgCl,, 4 mM
N-tris-(hydroxymethyl)methyl-2-aminoethanesulfonic acid, 5 mM EGTA,
and 40 pg/ml leupeptin or one tablet of complete protease inhibitor
cocktail tablets (Boehringer Mannheim, no. 1697 498) per 50-ml solution,
pH 7.1 (adjusted with KOH), and right ventricles were dissected into thin
strips. These were tied to thin glass rods and, for immediate use, skinned
in rigor II solution (75 mM KClI, 10 mM Tris, 2 mM Mg Cl,, 2 mM EGTA,
protease inhibitors as above, pH 7.1, adjusted with KOH) containing
0.5-1% Triton X-100 for up to 4 h. Some muscle strips were also stored in
rigor Il/glycerol (50:50, v/v) solution at —20°C and were used within 2
weeks. To obtain single myofibrils, the skinned strips were minced and
homogenized in rigor II (blender, Ultra-Turrax) at 4°C. From the suspen-
sion of myofibrils, a drop was placed in the specimen chamber (capacity,
200-300 wl), and myofibrils were allowed to settle. Then a single myofi-
bril (or, when desired, a small myofibril bundle no wider than 6 um) was
selected for the experiment. All other solutions used, such as relaxing and
activating solutions, were composed according to a solution component
mixing protocol by Fabiato and Fabiato (1979) and had an ionic strength
of 200 mM in a 3-(N-morpholino)propanesulfonic acid buffer, pH 7.1.
Components included 4 mM Na,ATP, 6 mM total magnesium, 15 mM
EGTA, methane sulfonate as the major anion, and protease inhibitors as
described above (Linke et al., 1994). Experiments were performed at room
temperature.

Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970) was employed to investigate the protein composition of
cardiac myofibrils in suspension. For the detection of smaller-molecular-
weight proteins, we used 12% SDS gels, whereas for the dectection of titin,
we used agarose-strengthened 2% polyacrylamide gels with a Laemmli
buffer system (Tatsumi and Hattori, 1995). Care was taken to perform the
specimen preparation procedure (including centrifugation) before solubili-
zation in SDS buffer at 4°C, to avoid degradation of titin. Homogenized
and repeatedly centrifuged tissue was dissolved in a buffer containing 1%
SDS, 4 M urea, 15% glycerol, complete protease inhibitor cocktail tablets
(Boehringer Mannheim) (one tablet per 50-ml solution), and 50 mM
Tris-HCI, pH 6.8. The samples were then heated briefly to 95°C and
separated on a minigel system (Bio-Rad). Protein bands were visualized
with Coomassie brilliant blue R.

Preparation of gelsolin fragment

Gelsolin was prepared from pig stomach smooth muscle and purified as
described previousty (Hinssen et al., 1984). Purity of the preparations was
monitored by SDS-PAGE (Laemmli, 1970), and protein concentration was
determined by the microbiuret method (Goa, 1953). The calcium-indepen-
dent N-terminal half of gelsolin (TL-40, M, ~40 kDa) was prepared by
proteolytic digestion of gelsolin with thermolysin (1:200 w/w, 25°C, 60 s)
according to the method of Hellweg et al. (1993). The fragment was
purified by anion exchange chromatography on Mono Q (Pharmacia) and
stored in small units (concentration, 0.6—0.9 mg/ml) in a buffer containing
50 mM KCl, 1 mM MgCl,, 1 mM EGTA, 20 mM imidazole, pH 7.2 at
—80°C. Before an experiment, a unit was thawed and gelsolin was added
to the relaxing solution to obtain a final concentration of at least 0.1 mg/ml.

Force/stiffness measurements

The setup used for passive tension/stiffness recordings is centered around
a Zeiss Axiovert 135 inverted microscope equipped with phase-contrast
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optics (cf. Linke et al., 1993). The specimen is picked up with two glass
microneedles, which are coated at their tips with a water-curing silicone
adhesive in a 1:1 (v/v) mixture of Dow Corning 3145 RTV and 3140 RTV,
to firmly anchor the myofibril ends. Both needles can be controlled by
hydraulic micromanipulators (Narishige, Japan). One of the glass needles
is attached to a piezoelectric micromotor, the other to a sensitive force
transducer (both are home-built devices). The transducer, which operates
on the basis of optical fiber beams, has a sensitivity of ~10 nN, at a
resonant frequency of 700 Hz in water (Fearn et al., 1993). The myofibril
image can be recorded by using either a 512-element linear photodiode
array (Reticon Electronics) or a CCD video camera (FK440; Volker,
Maintal, Germany), a video recorder (Panasonic NV-SD45), and/or a frame
grabber board (Vision-EZ; Data Translation). Data collection is done with
a 586 PC, a National Instruments data aquisition board (AT-MIO-16-F5),
and LABVIEW software (National Instruments).

Steady-state passive force was measured as described previously by
performing stretch-release cycles, interrupted by 2-3-min-long hold peri-
ods to allow for stress relaxation (Linke et al., 1996a). Force was expressed
in units of mN/mm?, with an approximation of the myofibril’s cross-
sectional area as in Linke et al. (1994) (precision of specimen edge
detection, approximately 0.2 pm). Dynamic stiffness was estimated from
the amplitude of force response to 10-30 nm per half-sarcomere, peak-to-
peak, sinusoidal oscillations (10-20 Hz) imposed by the motor. The
oscillations were usually imposed for a duration of 2-4 s. The amplitude
of sinusoidal length change was measured at the motor needle end, using
either the CCD camera or the linear CCD array, and the average length
change per half-sarcomere was deduced by assuming a similar change in
each half-sarcomere. Obvious effects of possible myofibril end compliance
(Friedman and Goldman, 1996) on the magnitude of length change per
sarcomere were not detectable. Force values were recorded continuously in
the course of an experiment at intervals of 4 ms and were stored in
spreadsheet or binary format for later analysis. Before being considered for
the stiffness calculations, the raw data were filtered off-line with a Butter-
worth bandpass filter (cf. Fig. 3 A). From the filtered data, stiffness was
calculated by averaging the peak-to-peak amplitude of 20-30 force oscil-
lations and was normally expressed as relative stiffness (percentage of
control, relaxed, stiffness).

Because we used low-frequency sinusoids, we assumed that the entire
myofibril stiffness measured was due to the presence of “passive” elastic
filaments (principally titin) and excluded a possible contribution from
viscoelastic, weakly bound cross-bridges (Kraft et al., 1995) or viscous
elements within the actin-myosin overlap zone. This assumption was tested
in control experiments, in which we analyzed the frequency dependence of
relaxed myofibril stiffness, both before and after actin extraction by gel-
solin. As shown in Fig. 1, we generally detected no frequency dependence
of myofibril stiffness between 1 and 25 Hz. Above this frequency, how-
ever, we measured a steady stiffness increase in the control myofibrils.
After actin extraction, which decreased stiffness by nearly 60% (cf. Re-
sults), we observed a frequency-dependent stiffness increase only above
100 Hz. Thus, just as desired, the low-frequency sinusoids of 10-20 Hz
used in this study appear to be ineffective in detecting a possible stiffness
contribution from weak cross-bridges or purely viscous elements.

Fluorescence microscopy

Actin filaments were visualized in an inverted microscope (epifluorescence
modus, 100X oil immersion objective) with thodamine-labeled phalloidin
(no. P1951; Sigma) in a concentration of 0.5 pg/ml relaxing solution. For
documentation, the myofibril image was photographed from the camera
port of the microscope, using a Ricoh KR10M camera. The exposure time
was 3-5 s.

Anti-titin immunofluorescence measurements were made for both re-
laxed (control) and actin-extracted myofibrils. Two alternative experimen-
tal protocols were used. In the first, a single myofibril was stretched slowly
(~10% of its initial length per minute) from slack sarcomere length (SL)
to a desired SL and was then repeatedly subjected to 2-3-s-long bursts of
sinusoidal oscillations of the type imposed during stiffness measurements.
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FIGURE 1 Frequency dependence of relaxed cardiac myofibril stiffness.

Stiffness was measured from the force response of a 2.5-um-thick myofi-
bril bundle to small-magnitude sinusoidal oscillations at frequencies be-
tween | and 250 Hz. Stiffness was expressed in relative units, where 100%
means stiffness at 1 Hz. Although not apparent in the figure, actin extrac-
tion by gelsolin fragment induced a substantial stiffness decrease, also at
the lower frequencies (cf., Fig. 3). Note, therefore, that 100% stiffness
refers to the 1-Hz stiffness of either control preparations (@) or actin-
extracted myofibrils ((J).

The specimen was then labeled with the monoclonal titin antibody T12
(kindly provided by D. O. Fiirst; cf. Fiirst et al., 1988) and, after washout,
was secondary-labeled with tetramethylrhodamine isothiocyanate
(TRITC)-conjugated anti-mouse IgG (whole molecule, no. T-5393; Sig-
ma). The primary and secondary antibodies were normally used in dilutions
of 1:50 (in relaxing solution); the exposure time to myofibrils was 20-30
min. Antibody epitope position was recorded by using the CCD video
camera, frame grabber board, and image aquisition software (GlobalLab
Aquire, Data Translation). In a second experimental protocol, the myofibril
was first labeled with the T12 antibody and the fluorophore at slack SL and
then stretched to a series of SLs, while the specimen was repeatedly
exposed to brief bursts of sinusoidal oscillations, before an image was
recorded. Both measurement protocols gave comparable results. As a
contro], we labeled myofibrils with the secondary antibody only, and found
no fluorescence. Care was taken to expose the myofibril only briefly (<1
s) to the excitation light at any time of recording, to reduce the effect of
photobleaching. At a given SL, we recorded two or three fluorescence
images, which were then superimposed to increase resolution. With image
analysis software (GlobalLab Image, Data Translation), the distance be-
tween two fluorescent antibody epitopes could be measured with a preci-
sion of approximately *80 nm (cf. Fig. 6 B). Only regularly shaped
fluorescence bands, the maximum fluorescence intensities of which dif-
fered by less than 20% from one another, were considered for those
measurements.

Preparation of recombinant titin fragments

Recombinant cardiac titin fragments were cloned into a modified pET-
vector, expressed solubly in BL21[{DE3]pLysS, and purified as described
previously (Politou et al., 1994; Freiburg and Gautel, 1996). Domain
boundaries in the human cardiac titin peptide sequence (translated from
X90568) were 1791-2126 (for the Z10/I1 construct), 4241-4697 (for
118/120, harboring the whole cardiac PEVK segment), 5010-5507 (S53/
S56 from X90569, for the N2-titin construct), 5237-5591 (for 127/130),
5237-5959 (for 127/134), 7170-7869 (148/154, for the (FN3), construct),
and 14255-14644 (for A65/A68). The fragment, Z10/I1, was expressed in
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BI21[DE3] harboring the plasmid pUBS520 (Brinkmann et al., 1989).
Constructs containing fibronectin (FN3) domains were chosen to have Ig-I
domains at either end, because the N-terminal phasing of these domains is
well characterized and crucial for a folded and, thus, functional domain
(Politou et al., 1994). Proteins were dialyzed to F-buffer (see below)
without calcium or EGTA and stored in this buffer at 4°C.

A65/A68 was also labeled with TRITC essentially as described (Harlow
and Lane, 1988). Briefly, A65/A68 (1 mg/ml in 50 mM sodium phosphate,
pH 8) was incubated at a molar ratio of 1:2 with TRITC for 30 min on ice.
Unincorporated dye was separated by gel filtration on a NAP10 column
(Pharmacia), equilibrated in relaxing buffer (cf. Myofibril preparation and
solutions), and concentrated in a centricon ultrafiltration device (Filtron).
Protein concentration was determined using the BCA kit (Pierce).

Circular dichroism

CD spectra in the far ultraviolet were recorded from the titin construct,
127/130, in rigor II buffer. A Jasco J-710 spectropolarimeter was used,
fitted with a thermostatted cell holder connected to a Neslab RTE-110
water bath. For further details, see Politou et al. (1995).

Actin-titin binding assay

G-actin and the recombinant titin fragments were incubated in 100 ul
F-actin buffer (50 mM Tris/Cl, pH 8, 100 mM NaCl, 1 mM ATP, 1 mM
dithiothreitol, 1 mM NaNj,), with either 0.1 mM CaCl, or 1 mM EGTA at
4°C, and with 20 uM actin and 5-50 uM titin fragments. After incubation
for 30 min at 4°C, the F-actin was pelleted in a Beckman airfuge at 28 psi
for 25 min, the supernatant was separated, and the pellet was dissolved in
100 ul of 4 M urea. After the addition of 100 pl sample buffer (Laemmli,
1970), samples were heated to 95°C for 3 min. For analysis, 5-10 ul of the
sample was separated on 15% SDS-PAGE gels.

For visualization of the titin fragments Z10/11 and 127/130, Western blot
analysis using the anti-His tag monoclonal antibody 13/45/31 (Dianova)
was employed, because actin and some of the titin fragments studied were
of similar size. Detection of bound antibody was performed with the ECL
kit (Amersham).

Titin competition experiments

The effect of competitive titin binding to actin on myofibril stiffness was
investigated in “competition assays,” by using a variety of recombinant
titin fragments. These included the I-band tandem-Ig module fragments
127/130 and 127/134, a four-Ig-domain fragment from the N2-titin segment,
a six-domain FN3 construct from the edge of the A-band, and an A-band
construct comprising the Ig/FN3 modules A65/A68 (cf. Fig. 7).

In a typical experimental protocol, a myofibril bundle no more than 4
um thick (containing fewer than 10 myofibrils) was stretched in relaxing
solution to an SL of 2.3-2.6 um and was held at this SL for several minutes
to allow for stress relaxation, and the stiffness of the specimen was
measured from the force response to imposed sinusoidal oscillations as
described above (cf. Force/stiffness measurements). Then successively
increasing concentrations of recombinant titin fragments (0.04~15 mg/ml)
were applied in relaxing solution while the stiffness was recorded. At a
given fragment concentration, data from two to five stiffness measurements
were averaged to increase resolution. The maximum experimental error
was *5%.

RESULTS

Passive tension/stiffness-sarcomere
length curves

In an earlier study, it was shown that in relaxed, single
myofibrils from rabbit heart, the shape of the sarcomere
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length (SL)-passive tension curve is similar to that of the
SL-passive stiffness curve, recorded from the force response
to 500-Hz sinusoidal oscillations (Linke et al., 1996a). In
the present study, we confirmed the similarity of the two
curve types, also in relaxed, isolated myofibrils from rat
heart exposed to low-frequency sinusoids of 10-20 Hz. We
found that with a stretch from ~2.0 to ~3.0 wm SL, both
passive tension and stiffness increase steadily (Fig. 2). Such
a tension/stiffness increase has been suggested to result
from the straightening of I-band titin domains during small
stretches (up to an SL of 2.1-2.2 um) and from the exten-
sion of individual titin domains at moderate to large degrees
of stretch (up to an SL of ~3.0 um; cf. Granzier et al., 1996;
Linke et al., 1996a; Gautel et al., 1996b). Beginning at ~3.0
pwm SL, the slope of the passive tension curve becomes
greatly reduced, whereas the stiffness curve becomes flat
(strain limit or “yield point”; Wang et al., 1991). Such curve
flattening at extreme SLs is due to the release of previously
bound A-band titin into the I-band, which affects the stiff-
ness of the sarcomere (Wang et al., 1993; Linke et al,
1996a). In sum, the shape of both the SL-passive force and
the SL-stiffness curve of single myofibrils appears to reflect
the extension behavior of titin filaments during stretch.
With the two curve types exhibiting a similar shape, we
opted for measuring passive stiffness rather than steady-
state passive tension in most experiments, because repro-
ducibility of the stiffness data at comparable experimental
conditions was excellent and independent of a slight force
transducer baseline drift observed in some experiments.

passive tension
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Cardiac myofibril stiffness is reduced after
selective actin extraction

To search for possible titin-actin interactions in cardiac
muscle sarcomeres, we first tried to determine whether the
passive stiffness of cardiac myofibrils may be affected by
the removal of actin filaments. To depolymerize actin, we
used the N-terminal half of gelsolin (TL-40), prepared by
proteolytic digestion of purified gelsolin. TL-40 effectively
severs F-actin in the absence of calcium ions (Hellweg et
al., 1993; see also Granzier and Wang, 1993). The addition
of a 0.1 mg/ml gelsolin fragment to the relaxing solution
resulted in a marked decrease in myofibril stiffness (Fig. 3
A), usually within the first 1-3 min of application. Although
not shown in Fig. 3 A, actin extraction also decreased
steady-state passive tension in parallel with stiffness. This
stiffness decrease was SL-dependent, with an average of
57 *= 10% (mean = SD; n = 13) at SLs between 2.2 and 2.6
um, but with a progressively smaller magnitude at longer
lengths (Fig. 3 B). Above ~3.4 um SL (i.e., above the strain
limit in cardiac myofibrils; Trombitas et al., 1995; Linke et
al., 1996a) the stiffness change was almost zero.

To test whether the stiffness decrease could result from
the dissociation of residual actin-myosin cross-bridges
present even under relaxing conditions, we carried out con-
trol experiments (Fig. 4 A). Because the addition of BDM
(40-50 mM), a potent inhibitor of active force (e.g., Brotto
et al., 1995), to the relaxing solution did not significantly
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FIGURE 2 Passive tension-sarcomere length (SL) curve (lef) and stiffness-SL curve (right) of a relaxed specimen consisting of two cardiac myofibrils.
First the specimen was stretched in steps from slack SL to 2.6-um SL, and released again. Then the preparation was extended beyond the strain limit (i.e.,
above ~3 um SL), as indicated by a flattening of the curves. In this experiment, the stiffness values at a given SL (in units of nN per nm peak-to-peak
oscillation amplitude per half-sarcomere) are lower than those in Linke et al. (1996a), which is mainly a result of the frequency dependence of myofibril
stiffness (cf., Fig. 1); here we used low-frequency sinusoids to measure stiffness, whereas in the previous study, higher-frequency sinusoids of mostly 500
Hz were applied. For comparison, the approximate amount of stiffness decrease upon actin extraction at an SL of 2.6 um (as reported in Fig. 3 B) is
indicated by the dotted lines in the right panel. ——, Stretch; — — —, release; O, first stretch-release cycle; A, second stretch.
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FIGURE 3 Actin extraction by gelsolin fragment reduces relaxed myo-
fibril stiffness. (A) Representative force recordings (at 20-Hz sinusoidal
frequency) from a 3-um-thick myofibril bundle at SL = 2.4 um, before
(left) and after (right) actin extraction. The upper panels show original data;
the data in the lower panels were obtained after filtering with a Butterworth
bandpass filter. Sinusoidal force amplitude (representing stiffness) dropped
by 58% during the extraction procedure (the stiffness change was calcu-
lated from the filtered data). (B) Summary of results of all measurements
between 2.2 and 3.8 um SL. “control” refers to the reference stiffness for
each recording; the actual data points would be lined up along the dashed
line (100% stiffness), but are not shown, for clarity.

change the stiffness of cardiac myofibrils, we concluded
that residual force-generating interactions did not appear to
be a factor. Similarly, the possibility of weakly bound
cross-bridges contributing to myofibril stiffness (Brenner et
al., 1986) could be excluded, because caldesmon (concen-
tration 0.35 mg/ml), which has been shown to prevent
formation of weak cross-bridge states in striated muscle
(Chalovich et al., 1991), did not affect relaxed myofibril
stiffness (Fig. 4 A). The latter finding could be readily
expected, because we used low-frequency oscillations and
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FIGURE 4 Controls to study a possible contribution of actomyosin
cross-bridges to relaxed stiffness. (A) Effect of BDM (40 mM) and caldes-
mon (CDM, concentration, 0.35 mg/ml) in relaxing solution on myofibril
stiffness. No statistically significant (Student’s r-test) stiffness change was
found with both substances, although in some experiments, application of
BDM appeared to lower stiffness slightly. Treatment with gelsolin frag-
ment (0.1 mg/ml), on the other hand, decreased stiffness greatly. (B) Effect
of thick and thin filament removal on relaxed myofibril stiffness. In ~0.4
M KCI solution to extract thick filaments, stiffness decreased on average
by 77%, whereas subsequent actin extraction lowered the stiffness by an
additional 12%. Also shown, for comparison, is the effect of a 20-min-long
mild trypsin treatment (final concentration, 0.25 ug/ml) on myofibril
stiffness at the end of the extraction protocol. Stiffness approached zero,
likely because of degradation of the titin filaments.

not the high-speed stretches or fast oscillations employed to
detect possible weak bridge stiffness (cf. Fig. 1). In conclu-
sion, the inhibition of residual actin-myosin interactions did
not appear to be responsible for the gelsolin-induced stiff-
ness decrease.

In addition, we tried to determine whether the stiffness
decrease upon actin removal would still be evident after
high-salt extraction of thick filaments (Fig. 4 B). We found
that with the application of a drop of 400 mM KCl to the
relaxing solution, the regular sarcomeric striation pattern
was rapidly lost, and myofibril stiffness decreased within a



910 Biophysical Journal Volume 73 August 1997

few seconds to 23 * 7% (mean = SD; n = 5;SL = 2.4-2.6 Quality of actin extraction
pm) of the control value, in agreement with previous reports
by others (e.g., Roos and Brady, 1989). Such a stiffness
decrease apparently results from the dissociation of A-band
titin-thick filament bonds and hence, from an increase in the ~ Sk (¢f. Fig. 3 B). We therefore tested whether such vari-
contour length of the elastic titin segment (Higuchi et al.,  2bility might be caused by incomplete removal of actin in
1992). When actin filaments were now selectively extracted ~ SOme experiments. Actin extraction was investigated in the
by the application of a gelsolin fragment, stiffness decreased  fluorescence microscope after each mechanical experiment,
further to ~11% of the control value or by an additional by using rhodamine-phalloidin as an actin marker. We gen-
52 * 5% (mean * SD; n = 4; SL = 2.4-2.6 um). With erally found that in both single myofibrils and small bundles
such a substantial decrease occurring in the myosin-de-  of myofibrils, actin removal was complete, except for a
pleted sarcomere, we concluded that the stiffness change  narrow region corresponding to the Z-discs (Fig. 5 A). In
upon gelsolin treatment is unrelated to structural changes  addition, actin extraction was also examined by SDS-PAGE
within the A-bands. on suspensions of cardiac myofibrils. In 12% gels, we found

The amount of stiffness decrease upon gelsolin treatment
varied substantially between experiments, even at a given
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FIGURE 5 Testing myofibrils for quality of actin extraction and titin preservation. (4) Rhodamine-phalloidin staining on control (fop) and actin-extracted
(bottom) cardiac myofibrils. Actin appeared to be extracted by the gelsolin treatment, except for narrow regions localizing within the Z-discs. (B) 12% (lanes
a—c) and 2% (lanes d—k) SDS-polyacrylamide gels prepared from suspensions of myofibrils. (Lane a) Molecular weight standard for lanes b and c. (Lane
b) Control, relaxed, cardiac myofibrils. (Lane ¢) Cardiac myofibrils after 6-h gelsolin treatment (concentration, 0.2 mg/ml). (Lane d) Freshly prepared
cardiac myofibrils. (Lane e) Freshly prepared cardiac myofibrils after 6-h gelsolin treatment (concentration, 0.2 mg/ml). (Lane f) One-week-long
glycerinated cardiac myofibrils. (Lane g) One-week-long glycerinated cardiac myofibrils after 6-h gelsolin treatment (concentration, 0.2 mg/ml). (Lane h)
For comparison: 3-week-long glycerinated skeletal myofibrils from rat m. longissimus dorsi. (Lane i) Two-week-long glycerinated cardiac myofibrils
loaded in another 2% gel; more time was allowed for migration of proteins than in lanes d—h. (Lane k) Three-week-long glycerinated skeletal myofibrils
(m. longissimus dorsi). Act, actin; TnT, troponin T; Tm, tropomyosin; Neb, nebulin; T1, a band that likely corresponds to native titin; T2, lower-molecular-
weight titin band, which presumably appears because of proteolysis of native titin.
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that actin, together with tropomyosin and troponin T, was
largely extracted from myofibrils treated with 0.1-0.2
mg/ml gelsolin fragment (Fig. 5 B, lanes a—c). The residual
actin was likely to represent the nonextractable Z-disc actin
also seen in the fluorescence images. These results are in
agreement with previous reports, which showed that Z-disc
actin is resistent to severing by gelsolin fragment (Granzier
and Wang, 1993) or gelsolin (Gonsior and Hinssen, 1995).
In sum, fluorescence microscopy and SDS gels together
revealed a uniform and high degree of actin extraction.
Therefore it was unlikely that incomplete actin removal
could be a cause of the observed variability in the amount of
stiffness decrease.

Titin preservation

Another possible explanation for the variability in experi-
mental results could be a certain degree of titin degradation,
for instance, by gelsolin per se, which had been fragmented
with the protease thermolysin. We checked for this possi-
bility by analyzing 2% SDS-gels from both fresh and glyc-
erinated myofibril suspensions, treated with 0.2 mg/ml gel-
solin in relaxing solution for several hours. Fig. 5 B shows
that neither in fresh (lanes d and e) nor in glycerinated
(lanes f and g) cardiac specimens, was the appearance of the
titin bands affected by gelsolin treatment. Such treatment
thus does not impair titin preservation. Sometimes, how-
ever, a slight difference in the staining pattern of titin bands
was apparent upon comparison of fresh and glycerinated
myofibrils, such as widening of the titin band after glycer-
ination (Fig. 5, lanes f and g) or the appearence of a second,
lower titin band (T2; lane i), as has been found by others
(e.g., Granzier and Irving, 1995). Thus a small degree of
titin degradation during the glycerination process remains a
possibility, despite the high amounts of protease inhibitors
present in all solutions used. However, it seems clear that
the upper titin band represents the native molecule (T1),
because the T1 of skeletal myofibrils (Fig. 5 B, lines h and
k) migrated a shorter distance than that of cardiac prepara-
tions, as expected for the higher-molecular-weight skeletal
titins (Wang et al., 1991; Labeit and Kolmerer, 1995a). In
conclusion, although titin degradation appeared to be very
limited, it may have given rise to some variability in the
magnitude of stiffness decrease upon actin extraction. Fi-
nally, a remaining possibility to be analyzed in the future is
that some variability in experimental results may be caused
by the presence of variable length isoforms of cardiac titin
(Labeit and Kolmerer, 1995a) within a small myofibril
bundle.

Actin extraction increases the extensibility of
Z-disc-N1-line titin

We attempted to identify the sarcomeric elements respon-
sible for the stiffness decrease with actin extraction by
employing a number of different experimental techniques,
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such as biochemical assays, mechanical methods, and im-
munofluorescence microscopy. Previously it had been sug-
gested that a possible site of actin-titin association could be
the Z-disc-N1-line region, which is stiff under physiological
conditions (Sebestyen et al., 1995; Trombitas et al., 1995).
We therefore hypothesized that, if actin indeed associated
with titin in that region, actin extraction might increase the
compliance of the Z-disc-N1-line titin segment, thereby
decreasing the overall stiffness of the sarcomere. Because
such a stiffness change should go along with an increased
extensibility of the Z-disc-N1-line titin region, we analyzed
by fluorescence microscopy the stretch-dependent mobility
of the T12 titin antibody epitope, known to localize within
the sarcomere’s N1-line (Fiirst et al., 1988). To reproduce
the experimental conditions of the stiffness measurements,
we exposed the myofibrils to brief bursts of small-amplitude
sinusoids, before carrying out the antibody labeling proce-
dure. Fluorescence images were then recorded from both
control and actin-extracted myofibrils.

The T12 antibody labeled two closely spaced stripes, one
in each half-sarcomere near the Z-disc (Fig. 6 A). In control
myofibrils at the shorter SLs, the two labeling sites were
usually detected as a single, broad stripe, which was notice-
ably wider than the narrow stripe of residual actin that could
be observed in the Z-disc region after gelsolin treatment and
rhodamine-phalloidin labeling (cf. Fig. 5 A). In the control
specimens, the titin epitopes remained almost stationary
relative to the Z-disc over a SL range from 1.9 to 2.7 um
(Fig. 6, A and B, left panels; Fig. 6 C, lower curve). Only
above that length did the epitope spacing increase more
significantly. In contrast, the T12 epitope mobility was quite
different after gelsolin treatment. Now the titin epitopes
began to translate away from the Z-disc at much shorter SLs
than in the intact myofibrils: the T12 epitope spacing al-
ready increased noticeably at 2.2 um SL (Fig. 6, A and B,
right panels; Fig. 6 C, upper curve). Accordingly, a sum-
mary of results (Fig. 6 C) shows that up to SLs of 3.3-3.4
pum, the slope of the T12 extension curve was steeper in the
actin-depleted myofibrils than in the control specimens. It is
noteworthy that the increase in extensibility of Z-disc-N1-
line titin after actin removal was less obvious when we
omitted the step of exposing the preparation to brief bursts
of sinusoids before or during antibody labeling. In sum,
these data indicate that actin extraction increases the exten-
sibility of the Z-disc-N1-line titin region, which could then
be responsible for the stiffness decrease.

In vitro assays reveal differences in actin-titin
binding propensity along the sarcomere

To confirm the finding that sarcomere stiffness results in
part from actin-titin binding, we carried out in vitro cosedi-
mentation assays, in which multimodule recombinant titin
fragments were tested for their ability to interact with F-
actin. Fragment types from three distinctly different titin
regions along the half-sarcomere were selected for the assay
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FIGURE 6 TI2 titin antibody mobility before and after actin extraction. (A) Phase-contrast (bottom image) and fluorescence images of single cardiac
myofibrils, labeled with the fluorophore-marked T12 antibody, and stretched to four different SLs (2.3, 2.6, 2.9, 3.2 um, from bottom to top, respectively).
Three images were recorded at a given SL and then superimposed to increase resolution. Left images: Myofibril before actin extraction; right images: a
different myofibril after actin extraction. Scale bars, 5 um. (B) Profile plots from selected regions along the myofibril axis, taken from the respective
myofibrils shown in A. The intensities of four pixel lines were averaged. (C) Summary of SL-dependent T12 extension behavior before (O) and after ()
gelsolin treatment. For these experiments we used myofibrils prepared mostly from fresh muscle. In control myofibrils at the short SLs, at which the two
T12 epitopes near the Z-disc appeared as one broad stripe (see A), we plotted stripe width, rather than epitope-epitope distance, across the Z-disc. The curves

were obtained by third-order regression.

(Fig. 7): 1) the immunoglobulin (Ig)-like modules, Z10/11,
which are located just N-terminal from the T12 antibody
epitope within the physiologically stiff N1-line region; 2)
the whole cardiac PEVK segment and the tandem-Ig do-
main fragment, 127-130, both from the elastic I-band titin
section; and 3) the construct, A65/A68, which comprises
four Ig/FN3 modules from the functionally stiff A-band titin
portion (for titin domain designation, cf. Labeit and Kol-
merer, 1995a).

When the first construct, Z10/I1, was assayed for F-actin
binding, we detected the fragment in both the supernatant
and the pellet, indicating actin-titin interaction (Fig. 8 A).
The actin-binding propensity of the titin fragment was not
particularly strong, as judged from the fact that saturation
was not achieved up to the highest concentrations used (50
uM), but was considered significant. The almost identical
molecular weights of the construct and actin made a quan-
titation of the Western blot fluorograms (Fig. 8 A, bottom)
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FIGURE 7 Layout of titin in the half-sarcomere. The proposed site of actin-titin interaction near the Z-disc is shown. The recombinant cardiac titin
fragments used for the cosedimentation assays and the competition experiments, respectively, are indicated. Z10/I1: Two-Ig-domain fragment from the
N1-line (also containing a large interdomain insertion); N2: four-Ig-domain fragment from the N2-titin segment (cf. Labeit and Kolmerer, 1995a); PEVK:
recombinant segment comprising the whole cardiac titin sequence, rich in the amino acid residues proline (P), glutamate (E), valine (V), and lysine (K),
flanked by the Ig domains, 118 and 120; 127/130: four-domain fragment from the tandem-Ig region; 127/134: eight-domain fragment from the tandem-Ig
region; (FN3),: six-domain fragment consisting of a string of fibronectin-like domains at the distal end of the A-band (Bennett and Gautel, 1996); A65/A68:
four-domain fragment, which is from the “super repeat” region of A-band titin (Labeit et al., 1992) and thus covers the C-zone of the half-sarcomere. Note

that the half-sarcomere in this scheme is shown at a highly stretched length.

difficult. The apparent K; of the construct, therefore, could
not be assessed.

In contrast, neither fragment type from the elastic I-band
titin region (cardiac PEVK segment; 127/130) showed inter-
action with F-actin. Because of the similarity of results, only
the gel and Western blot for 127/130 are shown in Fig. 8 B.
The fragments could consistently be detected in the super-
natant, but were not detectable in the pellet, not even at
concentrations of up to 50 uM, i.e., in 2.5-fold molar excess
over actin. Similarly, the A-band titin fragment, A65/A68,
also showed no association with actin (Fig. 8 C, rop). This
indicates that an interaction between these three titin con-
structs and F-actin is either too weak to be detectable with
such small fragments or is completely absent. In summary,
the results of the cosedimentation assays support the hy-
pothesis that actin-titin association occurs in the Z-disc-N1-
line region, but not along the remainder of the half-sarcomere.

Calcium dependence of F-actin-titin binding

We extended the cosedimentation assays to test whether the
binding strength between actin and the titin fragments may
be enhanced in the presence of calcium (for a rationale, cf.
Kellermayer and Granzier, 1996). A representative result
with the construct A65/A68 is shown in Fig. 8 C (bottom).
Comparable amounts of fragment could be detected in the
supernatant in both the presence and absence of calcium,
whereas in the pellet, no fragment was detectable under
either condition. Because no effect of calcium was found in
any experiment, we conclude that the presence of calcium in
these in vitro assays does not enhance actin-titin interaction.

Does competitive titin binding affect
myofibril stiffness?

The issue of possible actin-titin interaction, apart from that
near the Z-disc, was also investigated in the intact sar-

comere in “titin competition” assays. In these assays, we
measured the stiffness of cardiac myofibril bundles in re-
laxing solution and then tested the effect of increasing
concentrations of recombinant titin fragments (size, 4—8
Ig/FN3 modules) on this stiffness. The fragment types used
are indicated in Fig. 7 and Table 1; they included Ig/FN3
domains from both I-band and A-band titin. To test whether
the recombinant fragments exhibit native structure, circular
dichroism (CD) spectra in the far ultraviolet were recorded
from one of the constructs (127/130) in physiological buffer
(Fig. 9 A). The general appearance of the spectrum com-
pares well with other spectra previously recorded from titin
Ig domains (e.g., Politou et al., 1995) and indicates typical
B-sheet structure. We took this result as indicative of a
structural fold of the domains likely resembling that of the
native modules. Finally, confirmation that the titin frag-
ments are able to diffuse into the myofibrillar lattice was
obtained from measurements with fluorescently labeled titin
fragment (for an example, see Fig. 9 B).

We hypothesized that if sarcomere stiffness was based in
part on interaction between titin and thin filaments outside
the Z-disc comb, the recombinant titin fragments would
compete with the respective segments on the native titin
molecules for this interaction, which should result in some
stiffness decrease. Such a decrease would be expected to be
relatively small, given that we used four to eight domain-
sized fragments, but it was considered to be detectable in the
case of significant actin-titin interaction. Thereby we aimed
to test whether the focal interaction between actin and titin
filaments previously observed in vitro at physiological ionic
strength (Kellermayer and Granzier, 1996) may translate
into an effect on sarcomere stiffness.

We found that within the resolution capability of the
system (maximum error +5%), none of the recombinant
titin fragments affected cardiac myofibril stiffness. Data
from a typical experiment are shown in Fig. 9 C, and a
summary of results from all types of constructs used is
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FIGURE 8 F-actin cosedimentation assays of recombinant multimodule
fragments of titin in the presence of | mM EGTA. Fragment concentrations
in uM are indicated above the panels. (A) F-actin cosedimentation assay of
the Z-disc comb fragment, Z10/11. Five microliters of the total reaction was
loaded and electrophoresed as described in Materials and Methods. Top:
Coomassie-stained SDS-gel; bottom: fluorograph of corresponding West-
ern blot. Moderately strong binding of the fragment to F-actin is detected
in the Western blot. (B) F-actin cosedimentation of the I-band fragment,
127/130. Five microliters of the reaction was loaded. Top: Coomassie-
stained SDS-gel; bottom: fluorograph of corresponding Western blot. The
Western blot detects no protein in the pellets, indicating that the fragment
does not bind to F-actin. (C) Cosedimentation assay of the C-zone frag-
ment, A65/A68. The total reaction mix (2.5 ul) was loaded. Coomassie-
stained SDS gels. Top: Assays in the presence of 1 mM EGTA; bottom: in
the presence of 0.1 mM Ca®*. The titin fragment is indicated by an
arrowhead. No F-actin cosedimentation is detected, either in the presence
or in the absence of Ca*. S, Supernatant; P, pellet; @, control of fragment
without actin; Actin: control with actin and no titin fragments.
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presented in Table 1. In some experiments, we also applied
a combination of two different recombinant fragment types,
but again, no stiffness change was detectable. Although the
possibility exists that the tendency of small titin fragments
to bind actin is smaller and less competitive than that of
titin, we found that even at high fragment concentrations of
10-15 mg/ml (I27/130 and 127/134), no stiffness change was
apparent. These results suggest that outside the Z-disc-N1-
line region, actin-titin interaction may not be a relevant
factor in determining the mechanical properties of relaxed
cardiac myofibrils.

DISCUSSION

Titin-actin interaction contributes to the elastic
properties of relaxed cardiac myofibrils

It is well established that relaxed myofibrils from cardiac
muscle are stiffer than those from skeletal muscle (Linke et
al., 1994; Granzier and Irving, 1995). These differences can
be largely explained by the expression of specific I-band
titin sequences in different length isoforms in the two mus-
cle types (Labeit and Kolmerer, 1995a; Linke et al., 1996b).
On the other hand, the tissue-specific structure of I-band
titin may not be a myofibril’s only determinant of stiffness:
researchers from several laboratories have recently pro-
posed that in cardiac muscle, titin may bind to thin filament
proteins (Funatsu et al., 1993; Jin, 1995; Li et al., 1995;
Sebestyen et al., 1995; Trombitas et al., 1995), which could
affect sarcomere stiffness. However, experimental proof in
intact sarcomeres had not been obtained before this study.
Therefore, the present work was initiated to investigate, in
isolated cardiac myofibril preparations, whether the postu-
lated titin-thin filament interaction may be of physiological
relevance.

In the first place, we chose to study the issue of titin-thin
filament association from a mechanical point of view, by
measuring the stiffness of relaxed, isolated cardiac myofi-
brils both before and after selective removal of actin fila-
ments. Previously the “passive” stiffness of cardiac myo-
cytes has been measured after thin-filament extraction with
high-salt solution (Brady and Farnsworth, 1986; Roos and
Brady, 1989). However, this extraction procedure has low
specificity and leaves plenty of room for ambiguity of
interpretation. In contrast, gelsolin has been shown to ef-
fectively sever thin filaments, at least in cardiac myofibrils,
with high specificity (Gonsior and Hinssen, 1995). In vivo,
gelsolin requires the presence of calcium ions for its actin-
severing activity. In this study we have used the purified
N-terminal half of the gelsolin molecule, which fragments
F-actin in the absence of calcium (Hellweg et al., 1993; cf.
also Granzier and Wang, 1993). This property facilitated
the investigation of actin-titin association under relaxing
conditions.

Selective actin extraction was found to decrease the stiff-
ness of relaxed cardiac myofibrils, on average by 57%, at
SLs between 2.2 and 2.6 wum (Fig. 3). Because we con-
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TABLE 1 Summary of results of competition experiments, in which the effect of application of recombinant titin fragments in

relaxing solution on cardiac myofibril stiffness was tested

Relative stiffness at maximum

Type of recombinant Range of titin fragment concentration (%};
titin fragment concentrations 100% = control, relaxed No. of
(no. of Ig/FN3 domains) applied (mg/ml) stiffness; (mean * SD) myofibrils
N2-titin segment (4) 0.04-1.0 101 =5 3
127/130 (4) 0.10-10.0 98 x5 7
127/134 (8) 0.50-15.0 97 +7 4
Fibronectin-like domains from A-band edge (6) 0.15-1.0 98 = 6 4
AG65/A68 (4),, 0.12-0.8 101 £ 6 4
Mixture of N2-titin segment and 127/130 Both fragment types: 0.07 -0.5 100 4 3
Mixture of (FN3), and A65/A68 Both fragment types: 0.05-0.6 102+5 2

SL, 2.3-2.6 um; sinusoidal oscillation frequency, 10-20 Hz.

firmed that this stiffness decrease was unrelated to the
dissociation of actin-myosin interactions (Fig. 4), we con-
cluded that it could hint at an interaction between actin and
titin, which under physiological conditions may stiffen the
sarcomere.

Comparison with skeletal muscle

The finding that cardiac myofibril stiffness decreases with
actin extraction warrants comparison with previous work on
skeletal muscle fibers, which has shown the effect of selec-
tive actin removal on passive force (Funatsu et al., 1990;
Granzier and Wang, 1993). Although in the present study
we mostly opted for measuring dynamic stiffness, rather
than passive force, our results can be compared with the
literature reports; we demonstrated that the force responses
to low-frequency sinusoids measured here are unlikely to be
related to elements other than the titin filaments and should
principally reflect the passive force of the preparations
(Figs. 1 and 2). Comparison of our results with the literature
data on skeletal muscle shows obvious differences: in car-
diac myofibrils, stiffness decreased greatly with actin re-
moval (Fig. 3), whereas in rabbit psoas fibers, passive force
remained almost constant (Funatsu et al., 1990) or even
increased significantly (Granzier and Wang, 1993) after
thin-filament extraction. These differences, although per-
haps surprising, can potentially be explained by structural
differences between skeletal and cardiac myofibrils.
Cardiac myofibrils do not contain nebulin, an ~800-kDa
skeletal muscle-specific protein that runs along the sarco-
meric thin filaments (Wang and Wright, 1988; Labeit and
Kolmerer, 1995b), although they do contain nebulette (M,
107 kDa), which flanks the Z-line in cardiac sarcomeres
(Moncman and Wang, 1995). As for the skeletal muscle
preparations, several studies have reported that thin fila-
ments can resist extraction by gelsolin (Sanger et al., 1987,
Huckriede et al., 1988; Gonsior and Hinssen, 1995). The

latter authors also showed that the F-actin resistance to
severing is conferred by nebulin. Clearly, the results of
these studies are in conflict with those of the above-men-
tioned reports (Funatsu et al., 1990; Granzier and Wang,
1993), which had demonstrated actin removal by gelsolin or
gelsolin fragment, also in skeletal muscle. In an attempt to
explain this discrepancy, Gonsior and Hinssen (1995) sug-
gested that actin extraction by gelsolin might become more
effective after prolonged glycerination of the preparation, as
in the study of Funatsu et al. (1990). Glycerination could
destabilize the thin filaments (e.g., by the action of endog-
enous proteases or by weakening of hydrophobic protein
interactions), so that they become more sensitive to gelsolin.
Although this proposal does not sufficiently explain the
results of Granzier and Wang (1993), who used fibers from
freshly prepared skeletal muscle, it seems that actin is
indeed more resistant to gelsolin in skeletal fibers than in
cardiac myocytes. Whether nebulette (Moncman and Wang,
1995) could act to prevent the actin near the Z-disc from
extraction by gelsolin in cardiac muscle is unclear at
present. However, this study’s results would indirectly ar-
gue against this possibility.

In addition, because of the close proximity of actin,
nebulin, and titin filaments in skeletal muscle sarcomeres, it
is possible that actin extraction promotes interaction be-
tween the stiff nebulin and titin. Consequently, the titin
filaments may become less compliant than in the intact
sarcomere, so that at a given SL, myofibril stiffness after
actin removal is enhanced (cf. Granzier and Wang, 1993). In
contrast, actin extraction in cardiac myofibrils should leave
titin as the sole determinant of myofibril stiffness, perhaps
with the exception of some intrasarcomeric intermediate
filaments, whose stiffness contribution, however, is very
small (Granzier and Irving, 1995). In conclusion, the pres-
ence of nebulin in skeletal, but not in cardiac, muscle might
explain why gelsolin treatment has different effects on
stiffness in the two muscle types.
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FIGURE 9 Titin competition experiments. (A) Normalized far-UV CD
spectrum to test the folding of the four-module titin construct, 127/130, in
buffer. The spectrum was obtained at pH 7.1 and 25°C in rigor II buffer
(see Myofibril preparation and solutions), which was used instead of
relaxing buffer to reduce background noise due to the presence of ATP.
Concentration of the construct was 4 uM, and the path length was 1 mm
(cf. Politou et al., 1995). The single minimum around 214 nm is typical of
a B-sheet structure. The general appearance compares well with other
spectra of titin immunoglobulin domains (e.g., Politou et al., 1995). (B)
Phase-contrast (top) and fluorescence (bottom) images of ~4-um-thick
myofibril bundle in relaxing buffer after a 20-min-long exposure to 0.8
mg/ml TRITC-labeled recombinant titin fragment, A65/A68 (for prepara-
tion, see Materials and Methods). The fluorescence image was recorded
from a focal plane in the interior of the myofibril, shortly after quick
washout of the titin fragment-containing solution. A65/A68 fragment is
diffused both into I-bands and A-bands. Slight heterogeneity of fragment
distribution is probably due to the presence of strong diffusion barriers
such as Z-discs and M-lines. Horizontal scale bar: 5 um; vertical bar: pixel
line at which the profile plot shown to the right (representing fragment
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Actin-titin interaction may not occur in the elastic
I-band section or in the A-band

It had previously been suggested from the study of deep-
etch replica electron micrographs of rabbit papillary muscle
fibers that actin filaments may laterally associate with titin
in the elastic I-band region (Funatsu et al., 1993). Because
it is difficult to imagine, at the same time, both actin-titin
association along major portions of the sarcomere and rel-
ative sliding of thin and thick filaments past one another
during sarcomere shortening, the authors proposed that the
interaction between actin and titin might occur transiently or
weakly, such that myofibril shortening is not grossly
impaired.

However, the present study does not (except for the
Z-disc flanking regions) report evidence for actin-titin in-
teraction along the cardiac muscle sarcomere. We demon-
strated by in vitro cosedimentation assays that recombinant
titin domains from the elastic I-band section (I27/130;
PEVK segment in 118/120) and from the functionally stiff
A-band region (A65/A68) do not associate with actin (Fig.
8, B and C). Likewise, in titin competition experiments, we
found no mechanical evidence for actin-titin interaction in
relaxed sarcomeres, either along the elastic I-band titin
portion or in the A-band (Fig. 9 and Table 1). For obvious
practical reasons, selected recombinant titin fragments were
studied that do not cover the entire titin molecule. Therefore
we cannot exclude the possibility that titin-thin filament
interactions occur in regions not tested by us. Indeed, Jin
(1995) has found that cloned rat cardiac titin fragments of
one or two Ig/FN3 motifs can interact with actin in in vitro
cosedimentation assays. Moreover, it was also shown that
this two-domain-sized titin fragment slows down the veloc-
ity of actin filaments in an in vitro motility assay (Li et al.,
1995). Although this finding has not yet been tested for its
physiological relevance, it was suggested that actin-titin
interaction might occur at some sites along the cardiac
sarcomere, and that FN3 domains were making an important
contribution to this interaction. Clearly, these results war-
rant comparison with those of the present study.

Sequence comparison of the fragment studied by Jin
(1995) and Li et al. (1995) with the human cardiac titin
sequence (Labeit and Kolmerer, 1995a) reveals that the
construct is localized immediately N-terminal to the con-
struct 148/154 (six fibronectin domains) studied by us
(94.2% identity to human cardiac titin peptide sequence
from residues 7068 to 7274); it is localized within the
characteristic Ig-FN3-FN3-Ig motif correlating with the my-
osin headgroup arrangement (Bennett and Gautel, 1996).

distribution perpendicular to the myofibril axis within the A-band) was
recorded. (C) Stiffness of a ~4-um-thick myofibril bundle in relaxing
solution, to which the recombinant titin fragment, 127/134 (cf. Fig. 7), was
added in progressively increasing concentrations. Stiffness remained un-
changed throughout the experiment. SL, 2.4 um; sinusoidal oscillation
frequency, 20 Hz. 100% stiffness refers to the stiffness during the first
(control) measurement in relaxing solution.
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Moreover, it is also represented in the fragment A65/A68
investigated in this study. Because the binding of proteins
via exposed hydrophobic patches is a common cause of
nonspecific actin binding, the domain phasing of constructs
used for cosedimentation assays must be chosen with great
care. Our experiments were carried out with fragments
whose boundaries were chosen based on the structural
knowledge of titin domains (Politou et al., 1994; Improta et
al., 1996). Furthermore, by analyzing CD spectra from
constructs in physiological buffer, we showed evidence that
tandem-Ig fragments used by us exhibit the expected
B-sheet structural fold (Fig. 9 A). With those fragments—
including the (FN3) construct, located near the previously
proposed site of actin-titin binding (Jin, 1995)—we found
no effect on stiffness (Table 1) and no actin-binding pro-
pensity (Fig. 8, B and C, and unpublished observations).
These data clearly demonstrate that neither for Ig-like titin
domains nor for FN3 modules does interaction with actin
appear to be a general feature.

In summary, if actin-titin interactions were present at all
in the elastic I-band section and/or in the A-band of cardiac
muscle sarcomeres, these interactions should be restricted to
a few distinct sites. The recombinant titin fragments used in
this study are representative of the main, characteristic,
motif types of the titin molecule (i.e., tandem-Ig domains
and PEVK-segment from the I-band, Ig/FN3-modules from
the A-band). Considering that with these fragments, we
found no evidence for actin-titin interaction outside the
Z-disc comb, we favor the hypothesis that such an interac-
tion does not occur in the intact sarcomere.

Actin-titin association stiffens the Z-disc-flanking
regions of the sarcomere

Recent reports have discussed the possibility that titin-thin
filament interaction may occur near the Z-disc (e.g., Sebe-
styen et al., 1995). An indication had been that the T12 titin
antibody epitope, which is localized ~100 nm from the
center of the Z-disc (at the N1-line), does not change its
sarcomeric position during physiological amounts of stretch
(Fiirst et al., 1988; Trombitas et al., 1995). This could
indicate either that titin has great intrinsic stiffness or that it
associates with other proteins in the Z-disc-N1-line region.
Evidence for actin-titin binding in that region is now pre-
sented in this study.

Moderately strong actin-titin binding propensity near the
N1-line region was found in cosedimentation assays with
F-actin and the recombinant titin fragment Z10/11 (Fig. 8
A). This result is consistent with previous reports, which
have shown interactions between native titin and actin in in
vitro assays (Maruyama et al., 1987; Soteriou et al., 1993).
Our result is then, to our knowledge, the first to show the
potential of N-terminal titin domains to interact with actin.
It should be remembered, however, that the actin binding to
Z10/11 is of rather low affinity (Fig. 8 A), which may imply
that further molecular contacts exist between F-actin and

Actin-Titin Interaction 917

other Z-disc-comb titin regions and/or that both proteins are
involved in ternary complexes with other, unidentified li-
gands. Potential ligands could be, for example, tropomyosin
and/or nebulette.

We also demonstrated that the in vitro actin-titin associ-
ation is of functional relevance; in immunofluorescence
measurements we found that the mobility of the T12 titin
epitope upon sarcomere stretch is significantly increased
after gelsolin treatment (Fig. 6). This indicates that actin
extraction enhances the extensibility of the previously stiff
Z-disc-N1-line titin region. Although this result does not
necessarily imply actin-titin binding along the entire Z-disc-
comb region, it clearly shows that interactions between the
two filament systems contribute significantly to the func-
tional stiffness of the Z-disc flanking titin segments in the
intact sarcomere. Thus, just as the intrinsically elastic A-
band region of titin is stiffened by its association with the
myosin filament (Higuchi et al., 1992), titin is stiffened
along its N-terminal region by association with the actin
filament.

Can mobilization of Z-disc-flanking titin regions
explain the magnitude of stiffness decrease?

To answer this question, one could argue as follows. If the
nearly 60% stiffness decrease during actin extraction was
brought about entirely by an increase in the contour length
(AL,) of the elastic titin segment (by mobilization of the
Z-disc-N1-line titin region), one would expect AL_ to be
equivalent to half the SL change, 0.5ASL (i.e., release),
necessary to decrease the stiffness of the intact sarcomere
by ~60%. Of course, this scenario requires that the elastic
properties of both the physiologically extensible and the
mobilized titin segment be similar.

Based on such reasoning, we can estimate from Figs. 2, 3
B, and 6 C of this study whether the amount of titin
mobilization with gelsolin treatment is sufficient to explain
a 60% stiffness decrease. We find that at an SL of ~2.6 um,
the Z-disc-N1-line titin regions of two half-sarcomeres
combined lengthen by ~0.2 um (2AL, = 0.2 um; Fig. 6 C),
whereas stiffness decreases by almost 60% (Fig. 3 B).
Likewise, during a 0.2-um release of nonextracted myofi-
brils from an initial SL of 2.6 wm (ASL = 0.2 pm), stiffness
also drops by ~60% (Fig. 2; also compare with figure 7 in
Linke et al., 1996a). Hence the two above values for the
stiffness change are the same within experimental error.
In other words, AL, is indeed equivalent to 0.5ASL. There-
fore, mobilization of the Z-disc-flanking titin regions can
explain the full magnitude of stiffness decrease with actin
extraction.

The results obtained from measurements at both ends of
the SL range studied warrant some comments. At SLs
shortly above slack, we could not reliably determine the
extent of titin segment length increase by immunofluores-
cence microscopy, because of the microscope’s resolution
limitations (Fig. 6 C). This issue should be reinvestigated in
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the future, by using electron microscopy to increase reso-
lution. In extremely stretched sarcomeres, the stiffness de-
crease during gelsolin treatment approached zero (Fig. 3 B),
and the slope differences between the T12 extension curves
disappeared (Fig. 6 C). It is clear from previous work that at
SLs beyond the strain limit of cardiac myofibrils (~3 wm),
both the previously stiff A-band titin portion and the Z-disc-
N1-line titin segment become recruited into the elastic titin
section (Trombitas et al., 1995; Linke et al., 1996a). Thus
disintegration of the sarcomeric cytoskeleton at those ex-
treme lengths may explain the lack of significant stiffness
decrease with actin extraction above the “yield point.”

An important issue is whether the molecular architecture
of the Z-disc-Nl-line titin region can potentially allow
extensions on the order of those observed. Rhodamine-
phalloidin fluorescence measurements have revealed that
gelsolin treatment leaves a narrow strip of residual actin in
the Z-disc (Fig. 5 A). Therefore, it is likely that not all titin
domains between the center of the Z-disc and the N1-line
become mobilized. In agreement with this proposal, a recent
study of the N-terminal titin region of chicken breast muscle
has shown that only approximately half the titin sequence
previously assigned to the Z-disc (Labeit and Kolmerer,
1995a) is actually involved in Z-disc binding (Yajima et al.,
1996). Also in cardiac muscle, the Z-disc titin region ends
with domain Z4, as judged by immunoelectron microscopy
(Gautel et al., 1996a). Thus N-terminal to the T12 epitope,
there are approximately nine Ig domains and six unique
sequence insertions (together comprising ~ 1100 amino acid
residues), which do not yet enter the Z-disc but are stiff in
the intact sarcomere. We suggest that these sequences make
up the titin segment that becomes elastic upon actin extrac-
tion (see Fig. 7). Thus, with the assumption that this seg-
ment’s maximum extension capacity is similar to that of
cardiac I-band titin (maximum extension factor 8-10;
Trombitas et al., 1995; Linke et al., 1996a), the observed
amount of Z-disc-N1-line titin lengthening during actin
extraction can readily be explained by mobilization of the
previously stiff, Z-disc-flanking titin sequences.

CONCLUSION

In this study we have investigated in detail the issue of
actin-titin interaction in relaxed cardiac myofibrils. Two
conclusions seem especially noteworthy. First we could
demonstrate that actin-titin interaction occurs in the Z-disc-
comb region of the sarcomere, thereby providing a stiff
anchorage for the elastic titin segment and making an im-
portant contribution to sarcomeric integrity at the high rest-
ing tension in cardiac muscle. Second, by screening for
actin-titin interactions from the Z-disc to the A-band, we
could exclude the possibility that binding to actin is a
general feature of the titin molecule. Thus titin may not
impair the relative sliding of thick and thin filaments past
one another when the sarcomere changes length.
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