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Abstract

We studied the effect of titin-based passive force on the length-dependence of activation of cardiac
myocytes, in order to explore whether titin may play arole in the generation of systolic force. Force-
pCa relations were measured at sarcomere lengths (SLs) of 2.0 and 2.3 nm. Passivetension at 2.3 nm
SL was varied from ~1 to ~10 mN/mm? by adjusting the characteristics of the stretch imposed on the
passive cell prior to activation. Relative to 2.0 nm SL, the force-pCa curve at 2.3 nm SL and low
passive tension showed a leftward shift (DpCa,,) of 0.09 + 0.02 pCa units while at 2.3 mm SL and high
passive tension the shift was increased to 0.25 + 0.03 pCa units. Passive tension also increased DpCa,
at reduced interfilament lattice spacing achieved with dextran. We tested whether titin-based passive
tension influences the interfilament lattice spacing by measuring the width of the myocyte and by
using small-angle X-ray diffraction of mouse LV wall muscle. Cell width and interfilament lattice
spacing varied inversely with passive tension, in the presence and absence of dextran. The passive
tension effect on length-dependent activation may therefore result from a radial titin-based force that
modulates the interfilament lattice spacing..

Key words: X-ray diffraction, myofilament lattice, collagen, Frank-Starling.
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Introduction

The precise mechanisms by which the heart is able to enhance its contractile performance in
response to an increase in volume (Frank-Starling mechanism (FSM)) remain to be resolved. The
cellular basis of the FSM involves the sarcomere length (SL) dependence of the Ca* sensitivity of
tension®. Length-dependent Ca®* sensitivity is revealed by the leftward shift of the force-pCa (-
log[Ca?*]) relation as SL is increased. The mechanisms that underlie this shift may involve a length-
dependent increase in affinity of the regulatory site of troponin C for Ca*", as well as an increase
in the number of strong binding cross-bridges®®. The enhanced active force response when muscle is
stretched may be explained by the myofilaments moving closer together®, thereby increasing the
probability of cross-bridge binding to actin®®. Experiments in which the Ca* sensitivity was increased
by osmotically compressing the filament spacing >° support the idea that changes in myofilament
spacing contribute to length-dependent activation.

Recent studies identified titin (connectin) as a possible factor involved in length-dependent Ca?*
sengitivity”®.  The I-band segment of titin functions as a molecular spring that underlies the
passive force of cardiac myocytes®™. This force is the main contributor to overall passive force of
cardiac muscle, except towards the upper limit of the physiologica SL range where collagen
dominates™™. A passive force-based increase in the number of crossbridges bound to actin has
been suggested by earlier work on insect flight muscle”® and rabbit psoas muscle™. Here we
investigated the involvement of titin-based passive tension in the SL-dependence of Ca* activation of
skinned cardiac myocytes and in modulating the interfilament lattice spacing. Force—pCa curves were
measured at SL 2.0 nm and 2.3 nm and the pCa,, (pCa at half-maximal activation, an index of Ca®*
sensitivity) was determined at various levels of passive tension achieved by varying the stretch
characteristics imposed on the cell prior to activation. We found that passive tension significantly
influences both the length-dependence of activation and the myofilament lattice spacing in normal
and compressed muscle. Thus, titin is not just a passive spring that is independent of active
for ce development, as is the conventional view, but titin also influences actomyosin interaction,
possibly via modulating interfilament lattice spacing.
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Material and M ethods

Preparations and solutions. Myocytes and muscles were isolated from mice and skinned as
previously described ', Solution composition was as described 2 and all contained protease inhibitors’.
For osmotic compression, dextran (T500) was used. . For additional details see Methods on-line.

Experimental set-up. The set-up was as described™. SL was measured on-line at 15 Hz (1onoptix
Corp., Milton Ma). The system uses a pseudo 2-D FFT analysis of the digitized striation images of the
attached cell . SL could be controlled during activation via adjusting the motor input voltage so as to
keep SL at a constant value. Force was normalized by the cell’s cross-sectiona area (see °). The
force-pCarelationship of freshly isolated cells was measured at 2.0 um SL and then at 2.3 nm (15° C).
Passive force was varied as explained below. Active forces at sub-maximal activations were
normalized to that produced at pCa 4.5 at the same SL. (Force at pCa 4.5 slightly diminished with the
number of imposed contractions; the mean reduction during the measurement of two force-pCa curves
was 23 £ 2% (n=41)) The relationship between relative force and pCa was fitted to the equation:
force = [Ca®]™ / (K + [Ca?]™), where n, isthe Hill coefficient and pCas, is —(log K)/n,). Valuesin
Table 1 are the average values from all cells studied under a certain condition. All shown curves were
fitted to the average force produced at each pCa.

X-ray Diffraction. The BioCAT undulator based beamline, Argonne National Laboratory was used.
Muscles were mounted to aforce transducer and a motor in asmall trough with windows for collection
of X-ray patterns and viewing of striations (SL was determined as described above). X-ray patterns
were collected and spacings of the 1,0 and 1,1 equatorial reflections were measured and converted to
d,, values. For details see”.

Titin degradation. X-ray experiments were performed on skinned muscle preparations that had been
trypsinized (0.25 pg/ml; 25 min at 25 °C) to degrade titin'®*’. To determine the amount of intact titin,
preparations were solubilized after completion of the X-ray experiment and analyzed with SDS-
PAGE. For details, see %™

Statistics Resultsare shown as the mean £ SE (unless indicated otherwise). Significant difference were
assigned using the paired or unpaired Student's t test (as appropriate) or one way ANOVA and Tukey's
multiple comparison with P< 0.05.
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Methods On Line
Preparations and solutions. Myocytes and muscles were isolated from the left
ventricular wall of 10-12 week old mice (Balb/C) as previoudy described®>.  For
composition of relaxing (pCa 9) and maximal activating (pCa 4.5) solutions, see’.
Intermediate pCa values were obtained by mixing these solutions in ratios as
determined by the Fabiato program®. For osmotic compression, dextran (T500,
Amersham Pharmacia) was used. Solutions contained protease inhibitors’.

Experimental set-up. The set-up was as described?. Sarcomere length (SL) was
measured on-line at 15 Hz (lonoptix Corp., Milton, Ma). The system uses a pseudo 2-D
FFT analysis of the digitized striation images of a region (32 horizontal pixel lines
maximum) that encompasses most of the attached cell ®. SL could be controlled during
activation via manually adjusting the motor input voltage so asto keep SL (displayed on
a computer screen) at a constant value. Forces were normalized by the cross-sectional
area (measured from the imaged cross-section, see °). Cells were activated via a
perfusion pipette positioned near the cell. On occasion a dight drift occurred in
the position of the pipette during the cour se of an experiment and thisresulted in a
minor differencein the speed of force development during activation (as may have
occurred in Figure 2A; compare left and right panels). For each cell, the force-pCa
relationship was measured first at 2.0 and then at 2.3 nm SL (at 15° C). Passive force
was varied as explained in the Result section. Active forces at sub-maximal activations
were normalized to that produced at pCa 4.5 at the same SL. (The maximal active force
a pCa 4.5 dlightly diminished with the number of imposed contractions; the mean
reduction during the measurement of two force-pCa curves was 23 + 2% (n=41.) The
relationship between relative force and pCa was fitted to the equation: force = [Ca?*]™ /
(K + [Ca®]™), where n,, is the Hill coefficient and pCa, is —(log K)/n,). Valuesin
Table 1 are the average values from all cells studied under a certain condition. The
curvesin Fig 2B, 2D and 4B were fitted to the average force produced at each pCa.

In some experiments we measured the cell widths using a 250 X magnification
(100X objective (NA: 1.4) and a second optical magnification step of 2.5 X). Céll
widths were determined from digitized images (pixel resolution 0.15 pm).
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M easurements were made every 4 um along the cell length and results in the
central 1/3 of the cell were averaged.

X-ray Diffraction. The experimental arrangement was as described’. Briefly, the X-ray
source was the BioCAT undulator based beamline, Argonne National Laboratory.
Muscles were mounted to a force transducer and a motor in a small trough with
windows for collection of X-ray patterns and viewing of striations. SL was measured
immediately before and after the X-ray exposure by the multiple, pseudo 2-D FFT
analysis technique similar to that described above. During the experiment, relaxing
solution (at 15 °C) was pumped through the chamber. X-ray patterns were collected on
a CCD-based X-ray detector and spacings of the 1,0 and 1,1 equatorial reflections were
measured and converted to d, , values using Bragg's Law.

Titin degradation. X-ray experiments were performed on skinned muscle preparations
that had been trypsin treated to degrade titin (0.25 pg trypsin/ml at 25 °C for 25 min)?®,
Trypsin is a proteolytic enzyme that splits peptide bonds on the carboxyl side of lysine
and arginine. Within the extensible region, the PEVK segment appears most prone to
degradation, probably as a result of its disordered conformation (which promotes
accessibility for trypsin), and its high lysine content. To determine the amount of intact
titin, all preparations were solubilized after completion of the X-ray experiment and
analyzed with SDS-PAGE and silver staining. For technical details, see >°.

To more completely determine the effect of trypsin on thin and thick-filament based
proteins control and trypsin-treated muscle samples were pooled (~15 preparations
each) quick frozen and then solubilized. Protein samples were loaded on gels at arange
of volumes. Following electrophoresis and coommassie blue staining, gels were
analyzed. The integrated OD of the protein peaks was determined and plotted against
the loading volume. The linear part of the relations were fitted with a line and their
slope determined. The slope ratio of the protein of interest versus MHC was then
caculated. The analyzed proteins are shown in Fig. 5B (MyBP-C: myosin binding
protein C; TnT: troponin T, Tnl: troponin |; TnC: troponin C; LC1: myosin light chain
1; LC2: myosin light chain 2).
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To determine the effect of trypsin on passive force developed by titin, collagen and
intermediate filaments (1Fs) we used a KCI/KI extraction of skinned cardiac muscle and
myocytes (the preparations were perfused with 0.6 M KCl added to relaxing solution
and then with 1 M Kl in relaxing solution (cells: 10 min each; muscle: 45 min each).
This extraction removes thin and thick filaments and abolishes thereby titin as
passive for ce generator, while collagen’ s force is unaffected®. The KCI/K| sensitive
tension of muscle/cells is derived from titin and the KCI/KI insensitive tension
from intermediate filaments (IFs) plus collagen in muscle (Fig. 5C) and IFs in
myocytes (Fig. 5D) (The IF component is negligible at short SLs where collagen
was studied. |Fs were therefore ignored in the analysis of Fig. 5C). In some
experiments we dissected small collagen strips from the myocardium and
examined its force — length relation before and after trypsin treatment (Fig. 5E).
Passive tension in Figs. 5C-E was measured with a slow ramp-like stretch with
velocity 0.1 length/sec. In Fig. 5E the maximal SL was 2.25 ym for titin and
muscle collagen, 3.5 um for IFs. For collagen stripsthe maximal length was 120%

of their resting length at zero force.

We also measured the effect of trypsin-treatment on the force — pCa relation of
muscle strips dissected from the LV freewall. Measurementswere madeat SL 1.9
pm and only one force-pCa curve was measured per preparation. Results are
shown in Fig. 5F.

Calculation of repulsive and compressive force. The major repulsive force that
separates myofilaments in skinned muscle (under relaxing conditions) is the
electrostatic force (Fg) that arises from the net negative charge carried by the thin
and thick filaments (see Millman’). F.. at the measured lattice spacings of Fig. 6A
(control curve) were calculated based on numerical solutions to the Poisson-
Boltzman equation (Equations 6 and 7 of Millman, B., and Nickel, B.2 as
implemented in the program MINIC, a FORTRAN program available from Dr.
Irving) for a double hexagonal lattice of negatively charged rods. We assumed a
chargeradius of 13 nm for thethick filament and 4.5 nm for the thin filament with
charge densities of 10 and 12 electrons/nm for the thick and thin filaments,
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respectively (see). This calculation yields a pressure in torr, which must then be
converted to forceffilament. To do this we assumed that electrically the thick
filament can be represented as a cylinder of 13 nm in radius (the center of mass of
heads) and 1.6 microns long i.e. 1.3" m? surface area. This implies that 1 torr
electrostatic repulsive pressureisequivalent to 17 pN/filament.

Asfor the compressive force, in our model of Fig. 7A thisforce is derived from
titin. Near the Z-line titin bindsto the thin filament and at the A/l junction to the
thick filament tip. Thus, the extensible region of titin is not parallel with the
filaments but isunder an angle (o, in Fig. 7A) and as a result titin'sforce (F) hasa
longitudinal (F,) and radial component (F,). F,_ and F, can be calculated from
titin’s total force (F) as F times cosa and F times sina, respectively. The angle a
was calculated from (1) the measured d,, (Fig. 6A control) and converting this
value to the thin-thick filament spacing (d,,times 2/3. See also ), and (2) the end-
to-end length of titin's extensible region, obtained from our previous published
measurements'®. The obtained angles (in deg) ranged from 30 (SL 1.8 um) to 8
(SL 2.25 pm). Measured titin-based tensions of mouse myocardium? were
converted to force per half thick filament assuming that the fractional area of
myofibrilsis 0.7 * and calculating the number of thick filaments from the unit cell
area based on the measured (Fig. 6A control) 43 nm d,, value at the slack length
(area: dy, x dy, X 2/sgrt(3)= 2126 nm® Number of thick filaments per pm?* 10°/
2126=470 thick filament pm™). The obtained forceis the longitudinal force (F,) of
titin and thisfor ce was converted to (F,) as F, times sina/coso.
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Results
The Ca** sensitivity of active force was studied at various levels of passive force. To determine
active force we subtracted the passive force prior to activation from total force during activation.
However, this is only valid if during activation sarcomeres are isometric, since SL shortening
reduces passive force and stretching has the opposite effect. We measured SL on-line and
observed (as have others®®™) that athough cells were kept isometric during contraction,
sarcomeres typically changed length, especially when activation was maximal. The SL change
varied somewhat from cell to cell, and for each cell we first performed atest contraction at pCa 4.5
and only continued with those cells that were well attached with minimal (< 0.1 um) SL changes.
When required, cell length was varied during contraction so as to keep SL constant (see Fig. 1).
The differences in SL between the start and the peak of contraction of all cells used in this study
were small (0.03 £ 0.02 um). Thus, changes in passive force during contraction are negligible and

active force equals the activation-induced force increase.

Passive force was adjusted by varying the SL history prior to activation. High levels of
passive force were obtained by rapidly stretching the cell to 2.3 mm with activation following
immediately (Fig. 1). Low to intermediate levels of passive force were obtained by (1)
stretching sarcomeres to a length that exceeded 2.3 pm (typicaly to ~2.5 pm), (2) holding cell
length constant, (3) releasing to 2.3 mm SL, and (4) holding the cell at 2.3 um SL and then
activating. The central panel of Fig. 2A shows an example of this protocol. During the hold
phase at long SL (2), passive force rapidly decayed, most likely because of contour length gain
of sub-domains within titin's extensible region'’. Recovery takes place if the cell is completely
released to the slack length and held there for several minutes. A partial release is insufficient
for full refolding and passive force will therefore be lower'’. These protocols allowed us to vary
passive tension at SL 2.3 um between ~1 and ~10 mN/mm?,

When cells were sub-maximally activated at 2.3 mm SL, active force was significantly lower
if passive force was low (compare Fig. 2A middle and right panels). This reduction in active
force did not result from protocol-induced damage to either titin or the contractile apparatus as
both passive and active forces recovered following a ~10-min rest period at the slack length

(compare Fig 2A left and right panels). (To ensure that al contractions were induced at the same
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passive force level, between contractions cells were always released to their dack length
followed by a~10 min rest and then imposing the exact same stretch — activation protocol.)

Force-pCa relationships were determined at 2.0 mm and 2.3 nm SL at high (8.7 = 0.3
mN/mm?) and low (1.7 = 0.3 mN/mm?) passive tension. At both passive tension levels the force-
pCa curves at 2.3 um were shifted leftward relative to the curve at 2.0 um SL. The shift was
significantly larger at high passive tension (Fig. 2B and Table 1). The pCa for half-maximal
activation (pCay,) increased by 0.25 + 0.02 pCa units and 0.09 + 0.01 pCa units for high and low
passive tensions, respectively. Results were independent of the order in which the experiments
were performed (high vs. low passive tension) indicating that no permanent damage was done by
these protocols. We measur ed the maximal active tension (pCa 4.5) in experimentsin which
three contractions were induced (in random order): (1) 20 um SL, (2) 2.3 um SL (low
passive tension), and (3) 2.3 um SL (high passive tension). Maximal active tensions (in
mN/mm?) were 30.7 + 2.3 (n= 18), 31.6 = 1.7 (n=13), and 34.3 + 1.8 (n=18), respectively.
Only results at 2.3 um SL (high passive tension), wer e significantly higher than at SL 2.0
um (ANOVA, p<0.05).

Varying the amplitude and the duration of pre-stretch resulted in intermediate passive tension
levels. Results from 29 cells were pooled in passive tension bins of 2.0 mN/mm? and their
corresponding DpCa,, (pCas,at SL 2.3 minus pCag,at 2.0 um) values were averaged. Fig. 2C
shows that at passive tensions between 0-2 mN/mm?, DpCay, is 0.09 pCa units and that at higher
tensions DpCa,, increases until it reaches 0.25 pCa units at a passive tension of 10 mN/mm?.
Linear regression (broken line in 2C) shows that the length dependence of activation (DpCay,)
has a passive tension independent component (~0.08 pCa units in size) and a component that

varies with passive tension.

Considering that the large pre-stretch/partial release protocol requires stretch to non-
physiological SLs, we also measured the force — pCa relation of cells in which passive
tension was reduced with trypsin, as an independent method. Because of the high trypsin
sensitivity of titin's PEVK domain, a mild trypsin treatment can be used to specifically
degradetitin’s|-band region and to lower thereby passivetension at a given SL ** (see also
below and Methods on-line). Trypsin-treated cells were stretched to SL 2.3 um and then
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immediately activated. Due to degradation of titin, passive tension was now low (1.7 £ 0.6
mN/mm?; n=6). The force-pCa relation so obtained was shifted to the right compared to
the curve measured at high passive tension (2D). The pCay, (5.79 + 0.04) and maximal
active tension (33.1 + 2.8 mN/mm? are indistinguishable from that at low passive tension
obtained after the large prestretch/partial release protocol (5.78 + 0.03, and 31.6 + 1.7
mN/mm? respectively). Thus, reduction of passive tension via either trypsin treatment or a

lar ge stretch/partial release leadsto the same force-pCarelation.

We studied whether the passive-tension induced shift of the force-pCa relation involves a
passive tension effect on the myofilament lattice spacing as indicated by the cell width at 2.3 pm
SL. Cell width was significantly smaller at high passive tension than at low passive tension
(3C(a)). Furthermore, during stress recovery (Fig. 3C(b)) cells shrank significantly.

It is well known that the myofilament lattice spacing of striated muscles expands during
skinning due to the loss of the osmotic constraint to swelling imposed by the sarcolemma 3%,
It has been reported that the myofilament lattice upon skinning of cardiac muscle expands *° and
that this may be countered with ~2.5 % (w/v) dextran T-500. To test whether passive tension
affects the length-dependence of activation in conditions where skinning-induced swelling was
compensated, we measured the force-pCa relations at high and low passive tension in the
presence of 2.5% dextran.

In the presence of dextran, the cell width at SL 1.9 pm was reduced by ~8% (Fig 4A),
consistent with the 7-8% reduction reported by others ®*. The force-pCarelations at 2.0 um SL
in the presence of dextran were shifted to the left (relative to no dextran) to a position similar to
the one obtained without dextran at 2.3 um SL (Fig. 4B and Table 1). This is consistent with
results of others obtained on cardiac myocytes’ that showed that dextran sensitizes the cells at
short SL. To our knowledge, the effect of dextran on the force-pCarelation of cardiac myocytes
at 2.3 um SL has not been investigated before. Relative to the curve at 2.0 um SL (with dextran)
our experiments revealed a DpCay, of 0.08 pCa units at low passive tension and 0.15 pCa units at
high passive tension (Figs. 4B and C, Table 1).

We measured the maximal active tension in experiments in which three maximal active
contractions were induced: at SL 2.0 um, SL 2.3 pm (low passive tension), and SL 2.3 pm
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(high passive tension), in a randomized order. Maximal active tensions (in mN/mm?) were
32.4 £ 2.5 (n=10), 36.6 + 2.3 (n=10), and 34.9 = 2.0 (n=10), respectively. Results comparing
high vs. low passive tension at 2.3 um were not significantly different. The maximum
tensions at 2.3 um SL (low passive tension) and those at 2.3 um SL (high passive tension)
wer e both significantly higher than at 2.0 pm.

To further probe the mechanism underlying these findings we studied the effect of passive
tension on myofilament lattice spacing, by using low-angle X-ray diffraction. Since X-ray
diffraction on cells is currently not feasible, due to their low X-ray scattering mass, we used for
these studies mouse skinned myocardium dissected from the left ventricular freewall. Figure 5A
panel 1 shows a typical X-ray pattern from a skinned preparation in relaxing solution with
clearly resolved equatorial reflections. (SDS-PAGE showed that titin was unaffected by the X-
ray exposure.) The separation of these reflections allowed us to measure lattice spacing with
~0.1 nm resolution. Myofilament lattice spacing decreased significantly as SL was increased
(Fig. 6A), consistent with recent measurements on rat cardiac trabecul ag”.

To vary passive tension we were unable to use the ‘large pre-stretch protocol’ as collagen in
mouse myocardium limits the maximal SL with reversible mechanical characteristics to ~2.3
um*™. Again we varied passive tension by degrading titin with trypsin (0.25 pg trypsin/ml; 25
min at 25 °C). Treating mouse skinned myocardium with trypsin greatly degraded titin (T1)
without significantly affecting other proteins (5B). To test whether trypsin affects collagen-
based force we trypsin-treated collagen strips as well as myocardium that had been extracted
with high salt to abolish titin as a source of passive force™. Collagen’s force was unaffected by
trypsin (5C and E). We also tested whether trypsin affects intermediate filament (IF) based force
and found that also this force is not affected by trypsin (5D and E). Finally, we measured the
force-pCarelation at a SL of 1.9 um and found that the relation was unaffected by trypsin
(Fig. 5F). Neither pCas, (control: 5.71 +0.03 (n=12); trypsin treated: 5.73 + 0.04 (n=12))
nor maximal active tension (control: 25.7 + 2.0 mN/mm? trypsin treated: 23.3 + 1.7
mN/mm? (n=12)) were significantly affected by trypsin. Thus, under our experimental
conditionstrypsin specifically abolishes titin-based passive for ce.
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An example of an X-ray diffraction pattern following trypsin treatment is shown in 5A panel 2
and the SL-dependence of the d, o Spacing before and after trypsin-treatment in 6A. Degradation
of titin significantly increased the lattice spacing with an average increase of ~3 nm. Thelarge
increaseind,, at SL 1.9 pm and our finding that trypsin treatment does not affect calcium
sensitivity at SL 1.9 pym (Fig. 5F) suggests that calcium sensitivity is independent of d,,
spacing in the ~44-47 nm range. Although support for the idea that changes in
myofilament lattice spacing contribute to length-dependent activation >¢ is compelling, this
finding may be viewed as a cautionary note.

We aso studied whether degrading titin had an effect on the osmotically compressed lattice
achieved by adding dextran. Definitive studies of the amount of dextran required to restore the
in vivo lattice spacing in skinned cardiac muscle have not been reported, earlier studies used a
range from 2 to 4% dextran*'*%, and we chose 4% for these experiments. An example of a X-
ray pattern is shown in Fig. 5A panel 3 and the SL dependence of d, , in 6B. Results indicate that
at agiven SL, dextran greatly reduces the lattice spacing. For example, at SL 2.1 um dextran
reduced d, , from 42.4 nm to 35.4 nm. (Note that this spacing in dextran is close to that of intact
cardiac muscle at SL 2.1 pm: for rat reported values are 34.8 nm* and 35.6 nm*®). The effect of
degrading titin with trypsin in the presence of dextran was then studied. An example of a X-ray
pattern is shown in 5A panel 4 and measurements in 6B. Degrading titin significantly increased
the lattice spacing, this increase being largest at 1.9 um SL with a gradua decrease with SL.
These studies support the notion that titin modul ates the interfilament lattice spacing both in the

presence and absence of dextran.
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Discussion.

Numerous studies have shown that an important component of the Frank-Starling mechanism
is the length-dependence of the calcium-sensitivity of force. A now widely held explanation for
length-dependent activation is that the change in interfilament spacing that accompanies SL
change modulates the probability of actomyosin interaction at the same calcium concentration.
The mechanism by which interfilament spacing affects actomyosin interaction may involve an
interfilament-spacing effect on weakly bound crossbridges by affecting their number * or the
rate of transition from the weak to strong binding states™. Here we report that titin modulates

interfilament spacing and that titin-based passive tension influences length-dependent activation.

Effect of titin-based passive tension on calcium sensitivity. Due to stress relaxation, titin-
based passive tension at a given SL is not constant but decreases with time. We took advantage
of the high degree of passive stress relaxation at long SL and its slow recovery upon partially
releasing the cell, to vary passive tension at a SL of 2.3 um and study its effect of the force-pCa
relation. Results indicate that the length dependence of activation (DpCa,,) has a passive tension
independent component of 0.08 pCa units (intercept of line in Fig. 2C) that is likely to involve
thin and thick filament based processes independent of titin. The passive tension independent
component is somewhat less than the ~0.12 DpCa,, values reported by other laboratories studying

the mouse Z%,

Although passive tension was not reported in these previous studies, they
employed protocols generally consisting of a slow stretch followed by along wait period prior to
activation, and passive tensions are therefore likely to have been relatively low (our Fig. 2C
indicates that a DpCa, of 0.12 is accompanied by ~2.5 mN/mm? passive tension). Thus, the
DpCa,, values at low passive tension found here are in general agreement with those of others.
High passive tensions were achieved by rapidly stretching cells to SL 2.3 ym and then
immediately activating (Fig. 1). We found that passive tension significantly enhances the length-
dependence of activation with a DpCa,, of 0.25 pCa units at the highest passive tensions
employed. Thus, for maximal calcium sensitivity of skinned cardiac myocytes, a high level of

titin-based passive tension is required.

Effect of titin on interfilament spacing. For cardiac myocytes we used the cell width as an
indicator of interfilament spacing. Although cell width is an imperfect indicator, it nevertheless

10



#2191/R1

provides qualitative insights into myofilament lattice behavior®. We found that passive tension
correlates negatively with cell width (Fig. 3) suggesting that titin modulates myofilament lattice
spacing. In agreement with this are the low-angle X-ray diffraction studies on cardiac muscle
that showed that degradation of titin significantly increases d,,. These findings are consistent
with results on mechanically skinned skeletal muscle fibers where a close correlation is found
between titin-based passive tension and d,,*® and where following degradation of titin, d,, is
independent of SL#. Thus, titin is a modulator of interfilament lattice spacing in skeletal and
cardiac muscle.

Following titin degradation, the myofilament lattice was still responsive to SL (Fig. 6). This
suggests that in addition to titin other modulators of myofilament lattice spacing exist. A
possible candidate is collagen. By comparing d,, of chemically and mechanically skinned
skeletal muscle fibers, it has been shown that at long SL collagen compresses the myofilament
lattice in skeletal muscle®. In myocardium collagen is the main source of passive tension at long
SL while titin is the main source at short SL**. If collagen and titin both affect lattice spacing,
eliminating titin's force will have the largest effect on spacing at short SL and the smallest at
long SL, giving rise to steeper d, ,— SL relations following elimination of titin. This expectation
is in agreement with our findings (Fig. 6) and supports the idea that the myofilament lattice
spacing is under the influence of both collagen and titin.

The segment of titin near the Z-line binds strongly to the thin filament® and the A-band
segment of titin attaches to the thick filament®. Thus the elastic region of titin runs obliquely to
the thin and thick filaments, with an angle that depends on thin-thick filament spacing and on the
end-to-end length of titin's extensible region (see Fig. 7A). As a result, titin is expected to
develop a longitudinal force (F) and radia (F,) force, the latter of which compresses the lattice
(7TA, inset).

The major repulsive force that separates myofilaments in skinned muscle (under
relaxing conditions) is the electrostatic force (Fgs) that arises from the net negative charge
carried by the thin and thick filaments *. F. at the measured lattice spacings of Fig. 6A
(control curve) were calculated as described in Methods on-line. Results shown in Fig 7B
reveal that the repulsive force, Fzs, and the compressive component of titin-based passive

force, Fr, are of similar magnitude. Thus, titin develops a radial force that is sufficiently
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large for it to play a role in counteracting the repulsive Fes, supporting the concept that
titin can modulate the myofilament lattice spacing of passive muscle.

The proposal that titin givesriseto aradial force is consistent with the reduced effect of
titin on myofilament lattice spacing in the presence of dextran (Fig. 6). Compressing the
myofilament lattice increases the repulsive for ce between filaments® while the radial force
will be reduced. The latter results from the more shallow angle adopted by the titin
filament (o in Fig. 7A) when thin and thick filaments move closer together. Calculations
show that the 6 nm d,, reduction in dextran (control curves of Fig. 6) reduces F, by ~15%.
Thus, in the presence of dextran, titin’s effect on myofilament lattice spacing is expected to
be reduced, consistent with d,, measurements (Fig. 6B) and the reduced effect of passive
tension on ApCay, (Fig. 4).

Our work suggests that titin-based passive force modulates the myofilament lattice
spacing and it seems reasonable to propose that this underlies at least part of the effect of
titin’s passive for ce on the length dependence of calcium sensitivity. It isalso possible that
a role is played by an earlier proposed mechanism®* in which crossbridge disorder is
enhanced by passive force induced thick filament strain, which leads to an increased
likelihood of actomyosin interaction and an increase in calcium sensitivity. The notion that
the crossbridge order can vary in passive muscle is supported by studies that investigated
thick filament structure in response to changes in passive stretch®, temperature®,
phosphorylation of myosin light chains® and C-protein®. Thus, thick filament strain as
well as interfilament spacing may be involved in linking titin to calcium sensitivity, and
their relative importance and interrelationship remainsto be established.

In conclusion, titin influences the length-dependence of calcium sensitivity of active force
in cardiac myocytes and the underlying mechanism may involve an effect of titin on
myofilament lattice spacing. These findings challenge the conventional notion that titin is
independent of actomyosin-interaction and they suggest that titin has the potential to
enhance systolic performance asthe ventricular volumeisincreased.

12
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Table 1: Effects of passive tension and dextran on calcium sensitivity.

#2191/R1

SL 2.0 um SL 2.3 um
Passive tension passive tension
2
Dextran | n (mN/mm?) pCay, N, (mN/mm?) pCay, N, DPCay,
0% 10 05+£01 5.69 £ 0.02 31+£02 1.7+ 0.3* 5.78 £ 0.03* 3.0+£02 0.09 + 0.01*
0% 10 0601 5.64 + 0.02 28+0.2 87x0.3 5.89+0.02 34+03 0.25+0.02
2.5% 7 04+01 5.92+0.03 27+02 22+ 04 6.01 £ 0.03* 29+02 0.09 = 0.01*
2.5% 7 05+01 5.91+0.02 24+0.1 87+09 6.06 £ 0.03 27+0.2 0.15+0.01

Number of cells: n. Hill coefficient: n,. DpCagsy: pCas a SL 2.3 minus pCag, at 2.0 pm (each cell

functioned asits own control). * Significant difference between results at high vs. low passive tension.
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CAPTIONS
Figure 1. A) Myocyte glued to force transducer (left) and motor (right) at SL 2.3 um. Top: passive
(pCa 9.0); bottom: active (pCa 4.5). During activation SL was kept constant by slightly stretching
the cell. B) Force and SL of cell stretched from 2.0 to 2.3 mm in relaxing solution, held and
maximally activated (pCa 4.5). At the beginning of contraction, SL was controlled. Apart from
transients, SL changes are small.

Figure 2) Effect of passive force on activation. A) Top: schematic of SL change; bottom: force.
L eft and right panels: myocyte stretched from 2.0 to 2.3 nm SL and then Ca?* activated. Middle
panel: myocyte stretched to 2.5 um SL (1), held (2), released to 2.3 um SL (3), and held and
activated at 2.3 pm SL (4). In middle panel both passive force at the start of activation and
maximal active force were reduced. B) Average force-pCa relationship at 2.0 mm SL (W) and
2.3 nm with high passive tension (8.7 + 0.3 mN/mm’ ; ®) and low passive tension (1.7 + 0.3
mN/mm?, Q). Note that curves at 2.3 um SL are shifted leftwards and that this shift is largest at
high passive tension. C) Effect of passive tension on DpCa,,. The broken line is the linear
regression line fitted to the mean results. D) Force-pCa relationship at 2.0 nm SL and 2.3 nm
with high passive tension (results from 2B) and low passive tension achieved by trypsin
treatment of the cells.

Figure 3. Effect of passive force on cell width. A) Length change protocols. B) Examples of
passive force responses. C) Cell width measurements immediately after completion of
stretch/release and 5 min later. Pooled results at high (left panel) and those at low (right panel)
passive tensions were significantly different (a). Results following 5 min of stress recovery
(right panel) were significantly different (Paired t-test: P=0.05) from those immediately
following release (b). (Mean £ SE of 14 cellsfrom 7 animals.)

Figure 4. Effects of osmotic compression (2.5% dextran). A) Cell width is significantly
reduced by dextran (shown are results before the addition of dextran, in the presence of
dextran, and following dextran washout). B) Force-pCa curves in presence of dextran at
2.0 um SL (m) and 2.3 um SL at high (@) and low (Q) passive tension (8.7 = 0.9 mN/mm?
and 2.2 = 0.3 mN/mm?, respectively). (Right most curve is the relationship at SL 2.0 um
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from Fig. 2B). C) Relation between passive tension and ApCa,, (both measured in the
presence of dextran) (The broken lineisfrom Fig. 2C.)

Figure 5. A) X-ray patterns from skinned left ventricular wall muscle in relaxing solution (SL:
2.0 um) showing strong equatorial reflections. 3 and 4: in the presence 4% dextran. 2 and 4:
trypsin-treated. B) Relative content of titin (T,) and thin and thick-filament based proteins. Only
titin is significantly degraded by trypsin (n=6). C) Length-tension relation of collagen of
mouse muscle before (top) and after (bottom) trypsin treatment (n=5). D) Length-tension
relation of intermediate filaments of mouse cardiac myocytes before (bottom) and after
(top) trypsin treatment. E) Effect of trypsin on tensions of titin, muscle collagen, collagen
strips, and intermediate filaments. Absolute control tension levels (in mN/mm?) for titin
18.6 = 1.9 (n=5), muscle collagen 24.4+ 3.2 (n=5), collagen strips 18.2 + 4.3 (n=5), and
intermediate filaments 6.3 = 3.0 (n=5). F) ForcepCa relations of control mouse muscle
(closed circles and broken line) and trypsin-treated muscle (open circles and solid line).
*Denotes significant differences from control. (See Methods on-line for details on how
collagen, titin and | F forces were determined.)

Figure 6. Effect of dextran and trypsin on myofilament lattice spacing of skinned muscle.
Results of 10 preparations were binned in 0.05 um SL intervals and the mean = SE calculated.
A) Measurements in absence of dextran of control and trypsin-treated muscle. B) Results in the
presence of 4% dextran. Lines are linear regression lines. (Their slopes are indicated.)

Figure 7. Model of how titin modulates myofilament lattice spacing. A) Near the Z-line titin
binds to the thin filament and at the A/l junction to the thick filament tip. Thus, the extensible
region of titin is not paralel with the filaments, and titin's force (F) has a longitudinal and
radial component (F, and F,). B) Titin's radial force - SL relation and the inter-filament
electrostatic repulsive force (Fg) - SL relation. For details see text and Methods on-line.
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