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Improved Resolution of Tertiary Structure Elasticity in Muscle Protein
Jen Hsin and Klaus Schulten*
Department of Physics and Beckman Institute, University of Illinois at Urbana-Champaign, Urbana, Illinois
ABSTRACT Rearrangement of tertiary structure in response to mechanical force (termed tertiary structure elasticity) in the
tandem Ig chain is the first mode of elastic response for muscle protein titin. Tertiary structure elasticity occurs at low stretching
forces (few tens of pN), and was described at atomic resolution in a recent molecular dynamics study, in which an originally cres-
cent-shaped six-Ig chain was stretched into a linear chain. However, the force-extension profile that resulted from this explicit
solvent simulation was dominated by the hydrodynamic drag force, and effects of tertiary structure elasticity only manifested for
stretching forces above 20 pN. Here we report a slow pulling 100-ns simulation (along with other auxiliary simulations), in which
hydrodynamic drag force is seen to reduce to near 0 pN, such that tertiary structure elasticity could be characterized over
a 0–200 pN range. Statistical mechanical analysis showed that the stretching velocity was sufficiently low such that the protein
remained significantly relaxed during the major part of its extension.
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Titin is the largest (~38,000 amino acids) and longest
(>1 mm) protein known to date, and is responsible for the
elasticity and structural integrity of the muscle sarcomere
(1). Through two decades of experimental and theoretical
investigations, it has been shown that titin responds to
mechanical forces in different stages (2). At forces of a few
pN, titin transforms from a coiled and compact configuration
into a linear chain of connected domains, the mode of force
response termed ‘‘tertiary structure elasticity’’ (3,4). At
forces in the range of tens of pN, the disordered region of
titin, e.g., the PEVK segment, unravels (5). At physiologi-
cally extreme forces above 100 pN, some of the titin domains,
particularly the immunoglobulin-like (Ig) domains, lose their
b-sandwich secondary structure one-by-one, providing
further relief of tension (termed ‘‘secondary structure elas-
ticity’’) (4,6).

Secondary structure elasticity of the Ig domains is
perhaps the best understood force response of titin. Experi-
mental and theoretical studies have illustrated how a network
of hydrogen bonds within each Ig domain provides resis-
tance to force (7,8). In contrast, tertiary structure elasticity
is less understood. Given that tertiary structure elasticity is
physiologically relevant in muscle functioning (whereas
the role of secondary structure elasticity of the Ig domains
is still being debated (9)), more attention is needed for titin’s
tertiary structure elastic response.

The atomic structure of a segment of titin with multiple
(six) connected Ig domains became available in 2008 (10)
(Fig. 1 A; the segment is hereafter referred to as the six-Ig
chain), enabling probing of the domain-domain motions
that give rise to an overall elasticity (4). Tertiary structure
elasticity can be understood in a statistical mechanical
framework, in which many degrees of freedom within the
six-Ig chain contribute in a quasistationary manner to the
overall mechanical response (4). The most prominent
degrees of freedom in the six-Ig chain contributing to chain
extension are the bending degrees of freedom between
neighboring domain pairs. The bending motion is described
by a potential energy Vi(qi), with qi being the angle between
the particular domain pair. Vi(qi) can be expressed as a func-
tion of the end-to-end length of the domain pair, i.e., ~ViðxiÞ,
and can also be transformed into a length distribution, pi(xi),
via the Boltzmann relation (3,4).

Properties of the full chain, particularly the overall length
distribution, P(X), and the average overall chain length hXi
in response to application of force f, can be computed (4)
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with N being the number of degrees of freedom contributing
to extension, and the force as a function of extension is
f(hXi) ¼ g�1(hXi); this function defines the force-extension
profile of the six-Ig chain in thermodynamic equilibrium.
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FIGURE 1 (A) SMD simulation stretching a six-Ig chain. Each Ig

domain is colored differently for distinction; water box is shown

in transparent blue. (B) The force-extension profile measured in

SMD simulations. Raw data obtained using v ¼ 1 Å/ns is shown

in gray, with the average trace drawn in black. Theoretical calcu-

lation is shown in light blue. For comparison, result from Lee

et al. (4) employing v ¼ 10 Å/ns is displayed in red.
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During a steered molecular dynamics (SMD) (11) stretch-
ing simulation employing a constant pulling velocity, the
force-extension profile can bemonitored directly. To compute
this profile with f(hXi), i.e., assuming for the force-extension
relationship equilibrium values as will be justified below, one
employs the strong friction limit Langevin equation

g
�
_X
� ¼ f ðhXiÞ � ksðhXi � vtÞ þ shxðtÞi; (3)

whereg is the friction constant, ks the SMD spring constant, v
the pulling velocity, and hx(t)i describes noisewith its RMSD
denoted by s. At small extension while f(hXi) is negligible,
Eq. 3 can be solved exactly, yielding the force measured by
the SMD spring to be F0 ¼ vg. Assuming typical protein
diffusion, an SMD simulation employing a stretching
velocity of v ¼ 10 Å/ns results in F0 ~ 28 pN (4). For this
reason, the effect from tertiary structure elasticity of the
six-Ig chain reported in Lee et al. (4) was drowned by the
hydrodynamic drag force during much of the simulation,
namely when the force required to extend the six-Ig chain
was below 28 pN. Otherwise, the analysis based on Eq. 3
gave excellent agreement with the simulation data (4).

Here a 100-ns SMD simulation is performedwith a 10-fold
reduced pulling velocity. In this case, the hydrodynamic drag
force drops to F0 ~ 2.8 pN, such that nearly all of the force-
extension profile discerned in the simulation is a direct result
of the internal forces of the six-Ig chain, namely the tertiary
structure elasticity. Indeed, as shown in the force-extension
profile in Fig. 1 B, the stretching force measured in the v ¼
1 Å/ns simulation (black trace) is lower than that in the v ¼
10 Å/ns simulation (red trace), with the average stretching
forces (for extension <60 Å) measured to be 5 pN and 28
pN for pulling velocities v ¼ 1 and 10 Å/ns, respectively.
The statistical mechanical model (light-blue trace in Fig. 1
B), described in Lee et al. (4) and outlined in Eqs. 1–3,
captures also very well the pattern of the force-extension
curve for v¼ 1 Å/ns as expected, as the equilibrium condition
holds even better for slower stretching.

SMDsimulation at v¼ 1 Å/ns produces amolecular trajec-
tory that is visibly different from the v ¼ 10 Å/ns trajectory;
the trajectories are included as Movie S1 (v ¼ 1 Å/ns) and
Movie S2 (v ¼ 10 Å/ns) in the Supporting Material. One
prominent difference is the more extensive random motion
experienced by the atom being pulled by the SMD spring
in the case of the slower pulling (see Fig. S1in the Supporting
Material); this motion suggests that, for the case of slower
pulling, the six-Ig chain has more time to explore its confor-
mational space. A related point is illustrated in Fig. 2 A,
which tracks the angle between domains I68 and I69 during
chain extension in both SMD simulations. Although this
angle maintains, amid large amplitude rapid fluctuation,
a steady value near 155� until large extension for the case
of slow pulling (blue trace in Fig. 2 A), it fluctuates more
slowly, but erratically in the case of faster pulling (red trace
in Fig. 2A). This difference in behavior can be understood by
considering the potential of mean force for the associated
bending motion, computed in Lee et al. (4) and shown in
Fig. 2 B. The bending motion of I68-I69 exhibits an energy
minimum near 155�, which is also the angle maintained
during an equilibrium simulation containing only the
I68-I69 pair (4). It seems that the slower pulling simulation
reproduces certain equilibrium molecular features.

Fig. 2 C showcases the distribution of forces at several
extensions. For the case of v ¼ 10 Å/ns pulling velocity,
the force distribution appears to be irregular both for small
extension (Fig. 2 C i) and large extension (Fig. 2 C ii). For
the case of v¼ 1 Å/ns, the force distribution for small exten-
sion (Fig. 2 C iii) is nearly Gaussian, and coincides actually
with the force distributionmeasured in another SMD simula-
tion with v¼ 0 Å/ns (i.e., without pulling but with constraint
on the terminal atoms). At larger extension, the force distri-
bution loses its Gaussian form, but the average force is
seen to increase steadily (Fig. 2 C iv), a feature not seen in
the more erratic distributions in Fig. 2 C ii for v ¼ 10 Å/ns.
It appears that in the slower stretching simulation, for small
extension, the six-Ig chain acts as a quasiequilibrated system.
For larger extension, however, equilibrium dynamics is not
reproduced by either slow or fast stretching.

The observation that in the v¼ 1 Å/ns SMD simulation the
six-Ig chain remained in quasiequilibrium during early
stretching can be explained by considering the intrinsic relax-
ation time associated with the tertiary structure motion of the
chain. An extended equilibrium simulation was carried out
and is summarized in Fig. S2. The backbone root-mean
Biophysical Journal 100(4) L22–L24
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FIGURE 2 (A) Angle q between Ig domains I68 and I69 as a func-

tion of the six-Ig chain extension measured in two SMD simula-

tions (blue, v ¼ 1 Å/ns; red, v ¼ 10 Å/ns). A dashed line is drawn

at q ¼ 155� as a guide to the eye. (B) PMF as a function of q for

I68-I69 (4); the orange diamond denotes the angle observed in

an equilibrium simulation of I68-I69 (4). (C) Distribution of

stretching forces: simulation with v ¼ 10 Å/ns during (i) early

stage of stretching and (ii) later stage of stretching, and simula-

tion with v ¼ 1 Å/ns during (iii) early stage of stretching and (iv)

later stage of stretching.
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square deviation in reference to the initial structure of the
protein reached a plateau after ~10 ns (Fig. S2 A), indicating
that the protein is equilibrated at a local energy minimum.
Similarly, the end-to-end distance of the six-Ig chain attained
a stationary value after 7 ns (Fig. S2 B). The distribution of
the end-to-end distance (for t> 7 ns; Fig. S2C) is a Gaussian
with a mean of 184.1 Å and variance of 2.0 Å. The relaxation
of the protein motion is assessed by computing the autocor-
relation function of the end-to-end extension (for t > 7 ns;
Fig. S2 D), which can be fitted to a monoexponential
exp[�t/t0] with t0 ¼ 0.44 ns, i.e., for the 2.0 Å diffusive
motion of six-Ig chain extension, a relaxation time of
0.44 ns is required. For a stretching velocity v ¼ 10 Å/ns,
a displacement of 2.0 Å is covered within tv10 ¼ 0.2 ns,
which is less than the relaxation time of 0.44 ns. For the
slower stretching velocity of 1 Å/ns, 2.0 Å is covered within
tv1 ¼ 2 ns, which is longer than t0 and, therefore, allows
relaxation to a quasistationary state.

In summary, by reducing the pulling velocity at the cost of
a longerSMDsimulation, the tertiary structureelasticityofa ti-
tin Ig-chain, directly involved in the physiological functioning
of muscle, is observed in its totality as the hydrodynamic drag
force is sufficiently decreased. In addition, a lower pulling
velocity enables the stretched system to remain in quasiequili-
brium (for small extension); the precisevelocity needed can be
Biophysical Journal 100(4) L22–L24
estimated in an equilibrium simulation monitoring the exten-
sion autocorrelation function. It is also worth noting that the
noise term, x(t), in the Langevin equation (Eq. 3) is not pure
Gaussian white noise, i.e., hxðtÞxðt0Þisdðt � t0Þ. Rather,
x(t) represents colored noise, i.e.,hxðtÞxðt0Þizexp½�t=t�,that
depends on protein dynamics, as is evident from the nonzero
relaxation timeof the stretching force autocorrelation function
(t¼ 5.5 ps; see Fig. S3). Application of the Langevin equation
in describing protein processes should account for the actual
spectrum of the noise.
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