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Titin, a giant filamentous polypeptide, is believed to play a fundamental role in main-
taining sarcomeric structural integrity and developing what is known as passive force in
muscle. Measurements of the force required to stretch a single molecule revealed that
titin behaves as a highly nonlinear entropic spring. The molecule unfolds in a high-force
transition beginning at 20 to 30 piconewtons and refolds in a low-force transition at ~2.5
piconewtons. A fraction of the molecule (5 to 40 percent) remains permanently unfolded,
behaving as a wormlike chain with a persistence length (a measure of the chain’s bending
rigidity) of 20 angstroms. Force hysteresis arises from a difference between the unfolding
and refolding kinetics of the molecule relative to the stretch and release rates in the
experiments, respectively. Scaling the molecular data up to sarcomeric dimensions
reproduced many features of the passive force versus extension curve of muscle fibers.

Poassive force develops when a relaxed mus-
cle is stretched; this force is responsible for
restoring muscle length after release, and it
is required for maintaining the structural
integrity of the sarcomere in actively con-
tracting muscle (1). Titin (2), a giant 3.5-
MD protein, spans the half-sarcomere, from
the Z line to the M line (3) (Fig. 1A).
Because titin is anchored both to the Z line
and to the thick filaments of the A band,
passive force while the sarcomere is
stretched is probably generated by exten-
sion of the I-band segment of the molecule
(4, 5). It has been suggested (6, 7) that the
elasticity of titin derives from the reversible
unfolding of the linear array of ~300 im-
munoglobulin C2 (Ig) and fibronectin type
III (FNIII) domains (8) that make up the
molecule. In addition, a unique proline
(P)-, glutamate (E)-, valine (V)-, and lysine
(K)-rich (PEVK) domain recently identi-
fied in titin (9) has been hypothesized to
form a semistable region that operates as a
low-stiffness spring (9).

Here, we stretched titin by attaching
each of its ends to a different latex bead
(10), one of which was held by a movable

micropipette and the other was trapped in
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force-measuring laser tweezers (11) (Fig.
1B). The micropipette was then moved at a
constant rate while the force generated in
the molecule was continuously monitored.
When a maximum predetermined force
(f..ax) was reached, the process was reversed
to obtain the release half-cycle. The force
versus extension (f versus z) curves from
these experiments (Fig. 2) illustrate several
characteristics of the data. (i) The end-to-
end distance (z) at which the common f__
is reached varies considerably, probably as a
result of a variation in the location of the
bead attachments in titin. (ii) Many mole-
cules were extended far beyond the ~1-pum
contour length of native titin (12). (iii)
Normalizing the curves to the same length
scale reveals that the force generated for a
given fractional extension (the ratio of 2 to
the contour length, L) also varies from ex-
periment to experiment, probably reflecting
different numbers of titin molecules within
the tethers. (iv) All curves show hysteresis.

To identify single-molecule tethers and
determine their length, we segregated the
data into classes by comparing them with
the predictions of two entropic elasticity
models: the freely jointed chain [FJC (13)]
and the wormlike chain [WLC (14)] mod-
els. The FJC model did not describe the
data, but the WLC model fit the stretch
data at low to moderate forces and the
release data at moderate to high forces (15).
The WLC model describes the chain as a
deformable continuum (rod) of persistence
length A, which is a measure of the chain’s
bending rigidity. For a WLC, z is related to
the external force (f) by fA/kgT = /L +
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Fig. 1. (A) Diagram of the location

of titin and the binding sites of the Half | band Half A band N
antibodies to titin (T12 and T51) Thin filament M
and myomesin in the half-sarco- - i
mere. (B) Titin molecules were Titin Thick filament
stretched between two beads by ~o—~C—C—C-PEVK

moving the micropipette away from
the optical trap. The bead in the op-
tical trap (bead at left) was coated

T2
T1 (full-length titin)

with antibody T12, and the other T12 7511
bead was held by a micropipette i Myomesin
and bound to the M line end of titin, ~ B Laser light

The end-to-end length (z) was mea-
sured as previously described (77),
and the force on the trapped bead
was measured by detecting the
change in the light momentum (de-
flection) as it left the trap (7 7). Use of
a coaxial dual-beam optical trap
permitted high-force manipulation
(~70 pN) far from cover glass sur-
faces (100 wm) with minimal light
power input {100 mW).

1/4(1 — z/L)* — 1/4, where k; is the Boltz-
mann constant and T is absolute tempera-
ture (16). The end-to-end length (z) of a
WLC approaches its contour length (L) as
f'2. The contour lengths of the tethers
were thus estimated by plotting the data as
F 12 versus z and extrapolating to infinite
force (16) (Fig. 3A). A histogram of the
release contour lengths obtained in this way
showed a bimodal distribution with peaks at
~1.5 and ~4 um (15), reflecting the pres-
ence of two titin sizes in our preparations
[T1 and the difference fragment (Fig. LA)].
However, there is a discrepancy between
the calculated 10-pwm contour length for a
fully unfolded titin molecule (17) and the
observed contour-length peak at ~4 pm.
Possibly the molecules were never fully un-
folded and extended under the forces used
(18).

In the f~ 2 versus z plot, the extrapolat-
ed force-axis intercept of a curve at high
extension indicates the persistence length

Laser light

of a molecule by the relation A = k,T/4F
[where F is force at the intercept (Fig. 3A)].
When multiple molecules are present in a
tether, this intercept (the apparent persis-
tence length of the tether) is divided pro-
portionately. The frequency of apparent
persistence lengths for 302 releases of 45
tethers is shown in Fig. 3B. The distribution
is multimodal with peaks corresponding to
single, double, and triple parallel strands of
the molecule. Accordingly, the persistence
length of the single, unfolded molecule is
~20 A. For a given extension, proportion-
ally greater amounts of force were generated
when multiple strands of titin were subject-
ed to the stretch-release cycle than when
only a single molecule was present (Fig. 3B,
inset).

The f~'72 versus z plots revealed that
titin does not behave as a WLC throughout
the entire stretch-release cycle: [ts behavior
deviates from that of a WLC at high force
during stretch and at low force during re-

70
60 i .
; .
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s 301 y /
w B
. E

Z(pm)
Fig. 2. Ensemble of f versus z curves for three titin
tethers. The directions of data acquisition are in-
dicated by arrows. Stretch and release rates were
~90 nm/s.

lease, indicating the onset of structural
transitions (Fig. 3A). Because in most ex-
periments the stretch and the release tran-
sitions occurred at extensions larger than
the contour length of the extended but
native titin, these transitions must involve
force-induced unfolding and refolding in
the molecule. Accordingly, we propose the
following model to rationalize these obser-
vations: (i) At the beginning of stretch, a
variable fraction of the molecule, 5 to 40%,
is already unfolded (19). In this early part of
the stretch curve (WLC region 1 in Fig. 3A,
and from points a to ¢ in Fig. 4A), the
molecule behaves as a WLC whose proper-
ties are dominated by this pre-unfolded
fraction. Consistent with this model, L_, ...,
(Fig. 3A) is more than twice as long as the
contour length of the native molecule, and
the persistence length associated with this
part of the curve (20 A) is about one-
seventh that estimated for native titin (20).
The pre-unfolded fraction may contain the
PEVK domain, although in most cases it
exceeds the length attributable to this do-
main (19). (ii) As titin is stretched to high

Fig.3.(A) Thef 2 versusz plots for the
stretch (red) and release (blue) of a triple-
titin tether at a rate of 64 nm/s. A linear fit
to the force data at high extension is
extrapolated to the z axis to obtain the
contour length (L) and to the force to
obtain the effective persistence length
{A). Dotted lines from left to right are
WLC curvesfor A = 4,6, 8,and 10 Afor
the stretch data, and A = 6, 8, 10, and
12 A for the release data. (B) Histogram

of effective persistence lengths showing
a multimodal distribution where peaks
correspond to various numbers of par-

allel titin molecules o(indicated as numbers above the peaks). The peak at the largest persis-
i tence length (~20 A) was assigned to the single titin molecule. (Inset) The f versus z curves
(release data) for a triple-titin tether and a single titin molecule. Contour lengths for the two
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2(AlkgT) 72 2 - 40
40 3 [|&%
08 1182
"1 Release WLC 1 s 10 Single
transition region 2 £ 30 oy //‘mm
3 o 1 2 3 4
§ 0 20 2(pm)
3
g 104 1
w044 i }_D .
0 T . L rUHT,,,,”,}
0 5 10 15 20 5 30
0.2+ rzlease A (A)
0 WLC region 1
0 T ; a '2 g tethers were comparable (4.2 um for the triple titin and 4 um for the single).
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z(pm)

www.sciencemag.org ¢ SCIENCE « VOL. 276 * 16 MAY 1997

1113




force (20 to 30 pN), transitions begin to
occur in the molecule (onset of stretch
transition in Fig. 3A, and point ¢ in Fig.
4A) that convert part of the folded fraction
into unfolded protein. As titin is further
stretched, mechanical denaturation (un-
folding) of additional lg- and FNIII-type
domains in the molecule takes place, a pro-
cess that may not be completed when the
maximum force allowed by the instrument,
fine is reached (stretch transition in Fig.
3A, and points ¢ to d in Fig. 4A). Thus, the
contour length of the fully denatured titin
was never observed in our experiments. (iii)
Upon release of the unfolded titin, the mol-
ecule does not refold in the initial ~15 s of
the release part of the cycle but behaves
instead as a WLC (points d to e in Fig. 4A)
with the properties of an unfolded polypep-
ride (persistence length ~20 A). (iv) Only
when the molecule is allowed to shorten
down to about one-half of its release con-
tour length (L ,....) does refolding begin to
take place, which is seen as a transition in
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both the f versus 7 curve (from points e to b
in Fig. 4A) and in the ' versus z plots
(release transition, Fig. 3A). In this region,
much of the shortening occurs around 2.5
pN as the data cross various WLC curves
corresponding to  different persistence
lengths. The release transition marks the
refolding of the Ig and FNIII domains. (v)
As titin shortens below ~40% of its release
contour length, the refolding ceases and the
force drops (points b to a in Fig. 4), and the
molecule again behaves as a WLC with a
shortened contour length (L., Fig. 3A).

In this model, the f versus 7 curves dis-
play hysteresis because the rate at which the
molecule is stretched or released exceeds
the rate of unfolding and refolding of the
molecule at equilibrium at that extension. If
our stretch-release experiment had been
done more slowly, the stretch and release
portions of the force curve would have con-
verged toward a single intermediate curve
representing the true equilibrium denatur-
ation-renaturation force. The unfolding and

Force (pN)

2 3
z (um)

Fig. 4. (A) The f versus extension curve normalized to a single titin molecule (from a double-molecule
tether), highlighting the points at the beginning and at the end of the transitions. Both stretch (red) and
release (blue) had a rate of ~60 nm/s. (Inset) Curves of f versus z for experiments where the stretch or
the release of titin was stopped short of entering the stretch or release transition (points ¢ and e,
respectively). (B) Effect of repetitive cycles of stretch and release in the absence of chemical denaturant.
Shown here are the second (A, red), third (B, green), and fifth (C, blue) cycles in a series taken at a rate

of 85 nm/s.

Fig. 5. Calculated passive force per cross-
sectional area of skeletal muscle as a func-
tion of sarcomere length, scaled up from
single-titin data (stretch rate, 65 nm/s,
open circles). The scaled-up curve is com-
pared with one obtained for a rabbit m.
psoas fiber (estimated stretch rate, 3.3
nm/s, filled squares). Titin density per mus-
cle cross-sectional area was assumed to
be 2.8 X 10'5/m? {4, 20). Sarcomere
lengths for the scaled-up data were ob-
tained from lengths associated with the
fractional extension of the elastic | band
segment of titin (26), thereby disregarding
any difference between the contour length

Passive force per cross-sectional
area of muscle (kN/m?2)

—
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of the | band segment and that of the titin molecules used in the experiments. (Inset) Curves of f /2
versus sarcomere length for the psoas muscle fiber data, showing similar features to those of single titin

molecules (Fig. 3A).
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refolding rates under force are much lower
than those rates in the presence of strong
chemical denaturants (21), suggesting that
titin’s domains must pass through kinetic
folding intermediates with high activation
energies (E,), and that pulling a domain
does relatively little to lower those energics.
During unfolding, such intermediate states
might not increase the axial end-to-end
length of a domain significantly and there-
fore might be accessible only through the
generation of force perpendicular to the
pulling direction {by thermal fluctuations).
Thus, an axial force would do little to speed
up the denaturation. Tension in the chain
must be increased above its folding-unfold-
ing equilibrium value to access these states
at the experimental rate. During renatur-
ation under external force, intermediate
states are required that would shorten the
unfolded domains axially. Tension in the
denatured chain will raise the energy of
these states, which now stand as barriers
(activation states) to renaturation. There-
fore, to access these states at the experimen-
tal rate, the tension in the chain must be
lowered below its equilibrium value. A sim-
ulation based on this model reproduces the
hysteresis and other features seen in the f
versus z curves of Fig. 4 (22).

In support of our model, stopping short
of the transition in either direction abol-
ished hysteresis. Thus, it was possible to
stretch and release the molecule reversibly
between points b and ¢, and also between
points d and e in Fig. 4 (Fig. 4A, inset). By
comparison, hysteresis was reestablished
when either transition was allowed to oc-
cur, either in part or to completion. As a
further test of this model, titin was
stretched in the presence of the chemical
denaturant guanidinium-HCl (GuCl) at a
concentration of 1.6 M (6). Upon addition
of GuCl, the molecule exhibited one nor-
mal stretch half-cycle but failed to refold on
the release half-cycle, so the first stretch-
release cycle showed force hysteresis. In the
next cycle, hysteresis almost completely dis-
appeared, and the stretch curve approached
the release curve, indicating that the release
data indeed represents the elastic behavior
of an unfolded polypeptide.

Repetitive cycles of stretch and release
alone also led to the progressive denatur-
ation of titin. During this process the
stretch and release transitions shortened,
and the stretch curve moved progressively
toward the release curve (Fig. 4B). Thus, it
appears that after each stretch-release cycle
an increasing fraction of the unfolded titin
failed to refold. Such a “wearing out” of
titin may be caused by the randomization of
proline isomer forms in the Ig and FNIII
domains (23).

The force measured for a single titin
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molecule can be scaled up by the number of
titin molecules in the sarcomere to test the
hypothesis that titin is solely responsible for
the passive clastic response of muscle. As-
suming six titins per thick filament per
half-sarcomere (4), the calculated curves of
passive force per muscle cross-sectional area
as a function of sarcomere length can be
obtained. The calculated curve is very sim-
ilar in shape and magnitude to that ob-
tained experimentally for a single skeletal
muscle fiber in which caldesmon had been
used to block the weak acto-myosin inter-
action (24) (Fig. 5). This agrcement vali-
dates the previous conclusion (24) that
titin is the main determinant of the passive
force response of muscle. In addition, this
analysis indicates that the hysteresis ob-
served in stretch-release experiments in re-
laxed muscle results from the combined
folding-unfolding kinetics of many inde-
pendent titin molecules (Fig. 5, inset).

It has been argued (6, 7) that domain
unfolding-refolding is likely to be involved
in the role of titin as an elastic element in
muscle physiology. However, if parts of the
molecule unfold and refold each time a
muscle is stretched and released, an amount
of energy equal to the area inside the hys-
teresis curve would be wasted as heat. We
suggest, rather, that the pre-unfolded frac-
tion of titin functions as an efficient (re-
versible) entropic spring in muscle. Then
the purpose of the slow “wearing out” of
titin with recent folding-refolding transi-
tions (Fig. 4B) might be to increase the
length of the molecule’s pre-unfolded re-
gion; the longer the pre-unfolded region,
the longer also is the range of motion over
which the force curve is reversible (regions
a to ¢ in Fig. 4A), thereby minimizing sub-
sequent hysteresis and keeping efficiency
high. By pre-unfolding just as much titin as
necessary, the maximum of the range of
efficient elastic response in muscle may be
adjusted. Regulating the range of the effi-
cient elastic response in muscle through
titin unfolding and refolding may serve as
an adaptive mechanism during the repeti-
tive mechanical loading of skeletal or car-
diac muscle.
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slower than FNIII chemical-refolding for several rea-
sons: (i) no residual chemical denaturant helps pre-
vent kinetic traps during refolding, (i) pulled prolines
may preferentially adopt the incorrect cis configura-
tion, (iii) a variety of proline-rich FNIIl and Ig domains
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are present in titin, and (iv) titin domains are connect-
ed axially, limiting their accessible conformations
during refolding. Thus, “wearing-out” could still re-
flect the systematic increase in the number of pro-
lines in the cis state and the consequent increased
fraction of slow-to-renature domains in the molecule.
Such wearing out may explain why the pre-unfolded
fraction of titin was longer than that attributable to the
PEVK region. Because all tethers were fully stretched
one or more times before data was taken, the pre-
unfolded titin could also contain unfolded Ig or FNIIl
domains that needed more time to renature. Indeed,

24.

25.

26.

27.

single molecules recover if left relaxed for several
minutes and regain some of their hysteresis behav-
ior. Notably, wearing out and recovery has also been
seen in muscle fibers (24).
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