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The highly oriented filamentous protein network of muscle con-
stantly experiences significant mechanical load during muscle
operation. The dimeric protein myomesin has been identified as
an important M-band component supporting the mechanical integ-
rity of the entire sarcomere. Recent structural studies have
revealed a long α-helical linker between the C-terminal immuno-
globulin (Ig) domains My12 and My13 of myomesin. In this paper,
we have used single-molecule force spectroscopy in combination
with molecular dynamics simulations to characterize the mechanics
of the myomesin dimer comprising immunoglobulin domains
My12–My13. We find that at forces of approximately 30 pN the
α-helical linker reversibly elongates allowing the molecule to
extend by more than the folded extension of a full domain. High-
resolution measurements directly reveal the equilibrium folding/
unfolding kinetics of the individual helix. We show that α-helix
unfolding mechanically protects the molecule homodimerization
from dissociation at physiologically relevant forces. As fast and
reversible molecular springs the myomesin α-helical linkers are
an essential component for the structural integrity of the M band.
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Filamentous modular proteins play a key role in the force-bear-
ing structures of the sarcomere (1, 2). The most prominent

example is the giant muscle protein titin. For titin, a detailed
mechanical hierarchy ranging from entropic stretching of un-
structured segments over mechanical kinase activation to unfold-
ing of individual domains has been described (3, 4). Whereas in
the sarcomeric I band titin provides the muscle with its passive
tension (5), the mechanical properties of the M-band section
are less well understood. Here, the 185 kDa protein myomesin (6)
as well as other filamentous proteins form a large network con-
stituting, together with metabolic enzymes and kinase domains, a
well-organized compartment that has both structural and meta-
bolic properties (7). Myomesin comprises 13 domains, with the
first one (My1) being unique and the others (My2–My13) either
of the immunoglobulin (Ig) or fibronectin type III fold (8). It is
part of a complex network that involves interactions with myosin,
titin, obscurin, and obscurin-like 1 (9, 10). Through its N-terminal
myosin binding domain (My1) and the ability to form antiparallel
homodimers via an interface residing in its C-terminal domain
(My13) (11), myomesin acts as a cross-linker of myosin in the M
band and its presence is crucial for proper M-band organization
(12). Ehler et al. have shown that, together with the C-terminal
part of titin, myomesin is a requirement for the integration of
myosin into the sarcomere; they further suggest that myomesin
in the M band, α-actinin in the Z disk, and titin in between form
the basic stabilizing structure of the sarcomere (13). This impli-
cates that myomesin is one of the key factors in maintaining the
structural integrity of the M band under load.

During normal muscle operation, the M band and conse-
quently myomesin will constantly be subjected to stress and strain

imposed by muscle contraction and relaxation (14, 15). Hence its
elastic properties are crucial (15). A special isoform of myomesin
predominantly expressed in embryonic heart muscle (EH iso-
form) contains a long unstructured repeat of amino acids. It
has been shown that this insert acts as an entropic spring provid-
ing significant elasticity to the EH isoform of myomesin (16, 17).
However, the most prevalent isoforms of myomesin lack the spe-
cific EH insert. The extensibility of a rigid rod structure consisting
of Ig and FnIII domain repeats is limited and therefore stress
would be directly transmitted to the dimerization bond of myo-
mesin possibly jeopardizing its structural integrity.

Recent structural studies have revealed a long freestanding
α-helical linker connecting the C-terminal Ig domains My12 and
My13 of myomesin (18). Such a linker motif is unique in Ig-repeat
proteins (18). However, secondary structure prediction suggests
that this motif is present between all five C-terminal Ig domains
My9–My13 (18). It has therefore been speculated that the
α-helical linker segments of myomesin may provide the necessary
elasticity for the C-terminal part of this molecule (18). In this
study we use high-resolution single-molecule force spectroscopy
with the atomic force microscope (AFM) to reveal the unique
mechanical characteristics of the My12–My13 linker and its con-
tributions to the elastic properties of the myomesin molecule.

Results
Mechanical Stability of My12 Homooctamers. AFM force spectro-
scopy was performed on a homooctameric construct ðMy12Þ8
consisting of a series of eight identical My12 domains, each in-
cluding the α-helical linker at its C terminus (compare to Fig. 1A).
Typical force-extension traces exhibit saw-tooth like patterns as
given in Fig. 1B. The contour length increase ΔL ¼ 29.2�
0.06 nm (n ¼ 583) is in good agreement with the expected un-
folding length of an Ig domain containing 87 residues (Fig. 1C).
The force distribution (average unfolding forces of 82.9�
0.7 pN, n ¼ 583) is broad and within a typical regime for the un-
folding of Ig domains, comparable to the unfolding of Dictyoste-
lium discoideum filamin and about a third of the forces needed to
unfold titin Ig domains (19, 20). At the beginning of the unfolding
traces, deviating from the typical observed force-extension beha-
vior due to entropic polymer elasticity (19) (black lines in force-
extension traces are worm-like chain fits), regions of apparently
constant force can be detected (see arrows in Fig. 1B). These pla-
teau regions occur within a relatively narrow force range around
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24.0� 0.5 pN (n ¼ 72; dashed line in black histogram in Fig. 1C).
In contrast to the typical mechanical unfolding of protein
domains far from equilibrium, this force plateau reappears be-
tween peaks if the force drops below the plateau value after
the unfolding of an Ig domain (second arrow in Fig. 1B). This
becomes especially clear in the rare cases when two Ig domains
unfold coincidentally (arrows in Fig. 1D). To test the reversibility
of the plateau behavior, we performed a series of subsequent
stretching and relaxation cycles on individual ðMy12Þ8 molecules.
The plateau exhibits no observable hysteresis between stretch and
relaxation cycles up to the highest velocity measured of 1 μm∕s
(Fig. 1E). From these observations we conclude that the elonga-
tion/shortening transitions underlying this force plateau occur
fast compared to the experimental time scale.

We next estimated the length contribution of an individual
unraveling α-helix to the total plateau length. It is important
to note that for this estimation only those traces were used where
the last peak (reflecting detachment of the protein from cantile-
ver or substrate) was significantly higher than all the preceding
peaks (unfolding events); only then it is safe to assume that every
single domain has been unfolded resulting in a measurable force
peak. Moreover, the length of the plateau can only be measured if
nonspecific interactions are absent at the onset of the curves,
which further reduces the numbers of usable traces. From the
traces fulfilling these requirements (n ¼ 19) the plateau length
contribution per domain could be estimated to be 6.1� 0.2 nm.
This value is in excellent agreement with the calculated contour
length increase for the detachment and unfolding of the My12
helix of 6.3 nm (SI Text).

The forces for unfolding the specific α-helical linker are sur-
prisingly high considering that even double-helical coiled-coil
structures, triple-helical spectrin repeats, and parallel-stacked
α-helical ankyrin repeats exhibit unfolding forces in a similar
range (21–23). To investigate the determinants for helix stability
in myomesin, we compared stretch-relax cycles at two different
extensions in additional experiments. We find that the plateau
only appears if the Ig domains are intact and disappears if the
Ig domains are unfolded (Fig. S1). This result shows that the abil-
ity of an individual helix to fold and unfold against forces as high
as 24 pN depends on the presence of its associated Ig-domain
interface.

The α-Helix Linker Is an Extensible Element.To understand the struc-
tural nature of the plateau in the force-extension traces, we
performed force-probe molecular dynamics (MD) simulations.
A force-extension curve of a myomesin My12–My13 dimer is
shown in Fig. 2 (red curve). Beyond extensions of 4 nm a plateau
region appears in which the molecule is extended at constant
force; beyond 13 nm the force again continues to rise. A series
of snapshots of the associated molecular conformations reveals
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Fig. 1. Force spectroscopy on My12 homooctamers. (A) Schematic representation of a My12 homooctamer in the AFM experimental setup (not to scale). The
blue squares and the black bars represent the My12 Ig domains and their linker helices, respectively (compare to Inset with cartoon representation of the
My12-My13 structure) (B) Typical force-extension trace of ðMy12Þ8 unfolding. The circle marks a single unfolding event; black traces represent worm-like chain
fits providing the contour length increases ΔL of a single unfolding. The arrows indicate the force plateau. (C) Scatter plot of unfolding forces and corresponding
contour length increaseswith respectivedistributions (red). Theblackhistogramgives theplateau forcedistributionandthedashed line itsmeanvalue. (D) ðMy12Þ8
trace with coincidental double Ig-domain unfolding. The force plateau (arrows) can be observed before and after this event. (E) Force-extension trace containing
stretch (red) and relax (blue) cycles to test the reversibility of the plateau. In the final stretching cycle unfoldings of the Ig domains can be observed.

Fig. 2. Force-probe molecular dynamics simulation of My12-My13 dimer
unfolding. The red force-extension trace clearly exhibits a plateau. Corre-
sponding structural snapshots at 2, 5, 10, and 16 nm are given below in
cartoon representation and show that the plateau corresponds to α-helix
unfolding. The individual conformational state of both helices is mapped
for each residue against extension (Top).

14140 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1105734108 Berkemeier et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105734108/-/DCSupplemental/pnas.1105734108_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105734108/-/DCSupplemental/pnas.1105734108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105734108/-/DCSupplemental/pnas.1105734108_SI.pdf?targetid=SF1


the nature of the force plateau: Whereas all four Ig domains
remain intact, the α-helical linkers start to unfold in the plateau
region. In our simulations α-helix unfolding starts at those seg-
ments of the helix that are solvent exposed (C-terminal part; com-
pare to Fig 2, Top). Part of this region has already unfolded when
the plateau force is reached. The other segment of the α-helix
forming a hydrophobic interface with the Ig domains is more
stable and unfolds later in the plateau. It is important to note that
the simulation timescales are much shorter than the experimental
timescale and hence, forces from these two methods cannot be
directly compared to each other. However, the mechanical hier-
archy within the molecule is likely conserved (4, 24), as also sug-
gested by the qualitative agreement between the experimental
and calculated force profiles, which both feature a plateau fol-
lowed by a steep increase in force.

Reversible Single Helix Unfolding Dynamics Under Load. To measure
the dynamics of folding and unfolding of individual helices we
designed a molecular construct that ensures that force is only
applied to the α-helical linker. In this construct the associated
Ig domain is not exposed to load and can continuously provide
the interface required for the folding/unfolding transition of the
helix. To this end we introduced a cysteine residue at the N-term-
inal end of the α-helix (G1548C), which, at the same time, marks
the C terminus of the associated Ig-domain My12. To provide
attachment sites to tip and substrate, we fused two immunoglo-
bulin-binding domains B1 of streptococcal protein G (GB1) next
to the C terminus of the helix. The mechanics of GB1 domains
have been characterized in detail (25). The respective construct
My12G1548CðGB1Þ2 can form a dimer through the cysteine at
position 1548. A schematic of the construct is shown in Fig. 3A.
Thus, by stretching the dimer, force is applied only to the two
α-helices and the GB1-handles, but not to My12 (see Fig 3A).

A typical force-extension trace is given in Fig. 3B. The major
unfolding peaks correspond to the GB1 domains with expected
values for unfolding force and contour length increase (25).
Because the stability of GB1 domains exceeds helix stability,
we expect unfolding of the two cross-linked helices to occur at
the onset of the pulling curve. Indeed, a region of fast transitions

at about 40 pN before the first unfolding peak can be observed
(see arrow in Fig. 3B). In this extension range, we performed
measurements at very low pulling velocities of 5–10 nm∕s to in-
crease the amount of data in the relevant force window. A zoom
into the plateau region of the force curve is provided in Fig. 3C.
For clarity, the data in this graph are plotted as force versus time
and show rapid equilibrium transitions between three states with
distinct contour lengths (blue lines). The different states can be
interpreted as both helices folded, one helix unfolded, or both
helices unfolded, respectively.

To visualize the transitions between the three states in a more
direct way, we chose to plot the time series data as contour length
vs. time (Fig. 3D; for additional traces, see Fig. S2). This proce-
dure has been suggested by Puchner et al. (26) and transforms
each force-extension data point into contour length space by sol-
ving the worm-like chain formula for the contour length. Instead
of the tilted blue levels in Fig. 3C, we now obtain vertical transi-
tions between strictly horizontal levels (Fig. 3D; note that an
unfolding event leads to a decrease in force, but to an increase
in contour length). During pulling, a slow force ramp is applied to
the myomesin chimera (compare to Fig. 3C) and hence the
population probability shifts over time from the fully folded initial
state to the fully unfolded final state. The three zooms at the
bottom show different regions of the transition zone (Fig. 3D,
Bottom). The contour lengths of the three states are well fit by
Gaussian distributions (Fig. 3D, Top Right); the mean contour
length increase for one unfolding transition is 3.05� 0.06 nm
(n ¼ 32). This number is significantly shorter than the expected
contour length increase for complete helix unfolding of 4.7 nm.
Note that the expected contour length increase is different from
the earlier value because of the change in the direction of force
application. Instead of pulling the helix off the folded Ig domain,
we now apply force along the axis of the helix. A contour length
change of 3.05 nm, however, would correspond to unfolding/
refolding transitions of only the N-terminal two thirds of the helix
(G1548–K1562), which is just the part of the helix that has a
hydrophobic interface with My12 and that is terminated by a
hydrogen bond between K1562 and E1520. The rest of the helix
protrudes from the domain and is entirely solvent exposed, which
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Fig. 3. Fast and reversible unfolding transitions of theMy12 α-helical linker. (A) Schematics of the construct. The cysteinemutation is colored yellow. (B) Typical
force-extension trace of My12G1548CðGB1Þ2 dimer unfolding. The light trace is the original data, the dark trace is filtered. In the red part the pulling velocity
was 5 nm∕s, in the orange part 100 nm∕s. The first four peaks correspond to GB1 unfolding, the last one to detachment of the sample. Black lines are worm-
like chain fits. The arrow marks the region of fast transitions. (C) Zoom into transitions region. In a representation where the data are plotted as force vs. time
rapid transitions between folded and unfolded states are clearly visible. Blue lines follow worm-like chain elasticity. (D) (Upper) The transitions region plotted
as (filtered) contour length against time. Blue dashed lines correspond to worm-like chain traces in C. The corresponding contour length histogram (Right)
is well described by three Gaussians (blue lines). (Lower) Three zooms into the indicated regions of the trace above. (E) Force-dependent folding (open circles)
and unfolding (filled circles) rates as obtained from the analysis of the transition traces (compare to SI Materials and Methods). The gray areas illustrate
the variability of meaningful extrapolations to zero-force following the model of Schlierf et al. (32, 33), the dashed lines are linear fits according to the Bell
model (30, 31).
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apparently results in a lower mechanical stability. This result is
in full agreement with our force-probe MD simulations (Fig. 2).
The difference in plateau force we observe between this construct
(approximately 40 pN) and the homooctameric protein (24 pN;
Fig. 1C) can also be explained by the differences in pulling geo-
metry in those two experiments. In equilibrium, the smaller
length gain in the pulling geometry along the helix axis requires
a higher average unfolding force, because the free energy differ-
ence between the folded and the unfolded state likely remains
the same.

To quantify the force-dependent helix dynamics, a Hidden
Markov Model (HMM) (27, 28) with force-dependent transition
rates was applied to the contour length traces (Fig. S2, top trace)
to objectively attribute every data point to a unique state. Using a
method described by Oberbarnscheidt et al. (29), the force-
dependent transition rates for unfolding and refolding of a single
helix in presence of its folded domain were extracted from the
HMM reconstructions. The rates are given in a Chevron plot like
graph in Fig. 3E, with the force acting as denaturant. The open
and closed circles are shifted with respect to each other because
unfolding and refolding proceed from different starting forces
determined by the cantilever spring constant. The force depen-
dency of the rates is linear to good approximation over the
experimentally accessible range. Several models can be used to
extrapolate this data over the whole range of forces. The roughest
approximation is the Bell model (30, 31), which is fully linear
(dashed lines in Fig. 3E). In addition (gray shaded regions),
we used a model introduced earlier (32, 33) that takes into
account the finite extension of the folded structure as well as
the energy contribution of the whole system including cantilever
bending and entropic polymer spacer elasticity. The outer bound-
aries of the shaded regions are fits requiring the zero force rates
to be consistent with the equilibrium free energy (16 kBT) as ob-
tained from integrating the area under force vs. distance curve.
The inner boundaries are a best fit with no additional thermody-
namic constraint.

Mechanical Stability of the My13 Dimer Interface. To assess the over-
all mechanical properties of myomesin, it is essential to evaluate
also the stability of the myomesin dimerization. A quantitative
measurement of the dissociation force of the dimer, however,
requires a special experimental approach, because dissociation
of the dimer is indistinguishable from the detachment of the pro-
tein from cantilever or substrate, with both appearing as the last
peak in a force trace (34). To overcome this problem, we fused an
unstructured linker consisting of nine residues (red in Fig. 4A,
Top) with an additional C-terminal cysteine (yellow) to the My13
C terminus of a ðUbiÞ3My11–My13 monomer (see schematics in
Fig. 4A; human ubiquitin domains (Ubi) serve as handles for
attachment to the cantilever and the substrate). The cysteines
at the termini of the linkers form a disulfide bridge that connects
the two polypeptide chains even after the My13 dimer has been
dissociated by force. Dissociation of the dimer stretches the flex-
ible polypeptide linker, which, together with the reorientation of
the separated My13 domains, will lead to an expected length
increase of 13.2 nm. A similar strategy has been successfully em-
ployed to measure unbinding forces of the titin-obscurin interac-
tion (35). This approach permits the clear distinction between
desorption and dimer dissociation events.

A typical force trace of the specific protein construct is shown
in Fig. 4A. Unfolding events of My11, My12, and ubiquitin could
be identified by their unfolding forces and by their contour length
increases (note that in the example trace in Fig. 4A detachment
from the cantilever occurs before ubiquitin could be unfolded;
for additional traces, see Fig. S3). A unique event (red circle),
characterized by a contour length increase of ca. 13 nm and a
short-lived subsequent dwell can be observed in the unfolding
traces (see zoom in Fig. 4B). The contour length increase

(13.1� 0.2 nm (n ¼ 97); see Fig. S4) is identical with the
expected increase upon dimer dissociation within resolution of
our instrument. Dimer dissociation is always followed by two un-
folding events of ca. 29 nm contour length increase that occur at
significantly lower force than the other domain unfolding forces
of similar length increase (see also Fig. S3). We attribute these
events to the unfolding of the separated My13 monomers. The
distribution of dissociation forces (red circles, Fig. 4B, to the
right) is well reproduced by a Monte Carlo simulation with a dis-
sociation rate of koff ¼ 0.01 s−1 and a barrier width of Δx ¼ 2.9 Å
(Fig. 4B, Right, black line). The mean dimer dissociation force of
137� 2 pN (n ¼ 97) is significantly higher than the most prob-
able unfolding force of My12 of 83 pN (see Fig. 1C).

Discussion
For its role as a cross-linker of myosin filaments, the elastic prop-
erties of myomesin as well as the stability of its dimerization inter-
face are important. In the absence of detailed structural insight,
early mechanical measurements of myomesin have naturally
focused on the stability of the fold of Ig and Fn domains within
the myomesin rod (16, 17). In those earlier studies, in addition to
the domain unfolding forces, the entropic elasticity of the EH
segment, a putatively unstructured element containing ca. 100
amino acid residues, was investigated. However this segment only
occurs in an isoform predominantly expressed in embryonic heart
muscle. The sources of elasticity for the most commonly ex-
pressed myomesin isoforms lacking the unstructured segment
have so far remained unclear. The recent discovery of a long

A

B

Fig. 4. Forced dissociation of linked My13 dimer domains. (A) Typical force-
extension trace of ðUbiÞ3My11-My13 linked dimers. A schematic representa-
tion of the construct is given on top. Each monomer consists of three ubiqui-
tins (orange) and the myomesin domains My11-My13 (purple, blue, and
cyan). The two monomers are linked via an unstructured amino acid se-
quence (red) with C-terminal cysteines (yellow) that form a covalent disulfide
bond. Dimer dissociation (red circle) is identified by a shorter contour length
increase than for domain unfolding. (B) Zoom into part of (A) where dimer
dissociation occurs. Insets show structure of the My13 domains (cyan) with
linker (red) and bonded cysteines (yellow) in the dimeric (Left) and disso-
ciated state (Right). The dissociation force distribution to the right (red
circles) is well reproduced by a Monte Carlo simulation (black trace).
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α-helical linker segment in between My12 and My13 and puta-
tively also in between the other C-terminal Ig domains as well
as the detailed structure of the dimerization complex have raised
the possibility of a unique elastic element within myomesin (18).

The data presented in this paper show that the C terminus of
myomesin comprises three distinct mechanical elements that gov-
ern the overall elastic behavior of the protein: At low stretching
forces, an interdomain α-helical linker unfolds and refolds rapidly
and reversibly. When the force increases, Ig domains of the myo-
mesin rod unfold followed by the dissociation of the dimerization
interface.

The reversibility of the α-helical linker as elastic segment
ensuring rapid contraction of the overstretched myomesin dimer
becomes directly apparent in Fig. 3C. Already at the midpoint
forces of 40 pN, folding/unfolding kinetics occurs at 100 s−1
(Fig. 3E). Extrapolating to zero force values, we arrive at refold-
ing rates of the α-helix in the order of 105–106 s−1. Even though
this extrapolation is not unambiguous due to the reasons men-
tioned in the results section, this number is consistent with values
determined for α-helix formation in solution (36, 37). It is inter-
esting to note that in the Ig domain I27 from titin, Marszalek et al.
reported a short β-strand segment that detaches from the domain
core in a close to equilibrium transition prior to its complete
unfolding (24). This equilibrium transition has been shown to
act as a force buffer minimizing the probability of titin Ig unfold-
ing at low loading rates (38). Whereas this β-strand interacts
with the rest of the Ig domain through hydrogen bonds, in
myomesin, the nature of the interactions between helix and do-
main core is a mixture between hydrophobic and hydrogen bond
interactions (18).

The equilibrium force-extension curves (Fig. 3 B–D) allow us
to determine the gain in free energy associated with the forma-
tion of the α-helix by integrating force vs. extension under the
curve. The obtained value of 16 kBT is substantial even compared
to values for folding of much larger domains. Typical folding free
energies for Ig domains are in range of 4–15 kBT (39, 40). Hence,
nature uses a substantial amount of interaction free energy to
design a rapidly folding element that can reversibly extend under
load.

Small force imbalances due to statistical variations in the num-
ber of force-generating actin-bindings on either half of a myosin
filament have been suggested to result in axial displacement of
myosin filaments (15, 41, 42). Imbalances of four to eight myosin
motor domains lead up to forces of a few tens of piconewtons and
displacements in the order of 10 nm (4). This results in axial shear
strain on the M band and its components like myomesin. Intrigu-
ingly, according to current models of the M-line structure, myo-
mesin is oriented along the longitudinal axis of the sarcomere
filaments only with its C-terminal part (My7–My13) (15). This
C-terminal portion of the myomesin dimer then spans the region
between the M4 and M4′ line being a constituent of the M fila-
ment as seen in EMmicrographs (43–45). Toward the N terminus,
myomesin is oriented rather perpendicular to the sarcomere long
axis and features binding sites for titin and/or obscurin (9, 10, 15).
Hence, longitudinal mechanical stress acting on the C-terminal
repeats of myomesin as well as on the dimer interface will likely
be distributed over a complex network of filament interactions
involving titin, obscurin, myosin, and the N-terminal part of myo-
mesin (9, 10, 46). Even though the details of the mechanical
interactions among those filaments are just emerging (35), they
likely provide an overall stable anchoring of the myomesin
filament also at its N terminus.

The dimer unbinding forces of 137 pN set a clear limit for the
force range a myomesin molecule can bear in vivo. It is important

to note that whereas this value lies in the upper range of My12 Ig
domain unfolding forces, the two force distributions still overlap
due to the stochastical nature of mechanical protein unfolding
(see Fig. 4B, in comparison with Fig. 1C). This can be observed
in the sample traces in Fig. S3 where dimer dissociation often
occurs before all Ig domains are unfolded. For the I-band part
of titin, unfolding of Ig domains under load has been postulated
as a mechanism to compensate extreme stresses in the I band
(47). Whereas the much higher anchoring forces of titin in the
Z disk are consistent with such a scenario (48), it appears highly
unlikely that a single myomesin molecule will routinely experi-
ence forces high enough for Ig-domain unfolding because the risk
of dimer breakage would be too large.

Generally, an elastic mechanism based on nonequilibrium pro-
cesses such as Ig-domain unfolding exhibits broad force distribu-
tions and can therefore not supply sharply defined force values.
Equilibrium unfolding/refolding of the α-helical linker combines
two essential features for a reliable elastic mechanism: the pos-
sibility for considerable elongation at force values far below di-
mer dissociation at the level of 30 pN whereas still providing
stability and rigidity at forces below 20 pN (from the parameters
obtained in the Monte Carlo simulation (Fig. 4B, Right) we esti-
mate a lifetime of 12 s for the dimer interface at the plateau
force). At first sight, the possible elongation upon single α-helix
unfolding may appear small. However, secondary structure
prediction suggests that α-helices are present between all five
C-terminal Ig domains My9–My13 (18). Hence, full extension of
the supposed eight helices in a dimer can elongate the molecule
by approximately 50 nm, which corresponds to 50% of the total
folded length of the myomesin dimer as roughly estimated by as-
suming a diameter of 4 nm per domain. This provides myomesin
with enough adaptability to react to misalignment or changes in
spacing of thick filaments (15). When tension subsides after mus-
cle contraction, in contrast to the titin PEVK or myomesin EH
segments, the fast reversibility of My12 α-helix unfolding main-
tains a restoring force at the plateau level until the helix has
refolded, thus actively contributing to the recovery of the highly
organized M-band alignment.

In summary, we show that the unique α-helical linker found
between the C-terminal Ig domains My12 and My13 in myomesin
has mechanical properties that make it ideally suited to act as a
strain absorber in the M band. The fast and reversible two-state-
folding kinetics protect the stability of the myomesin dimer under
load up to strains of presumably 150%. The mechanical proper-
ties of myomesin elasticity presented here form an important
building block for the emerging mechanical and structural under-
standing of the M band.

Materials and Methods
All constructs were cloned and expressed by standard molecular biology
techniques. Single-molecule force spectroscopy was performed on a custom-
built high-resolution AFM setup using procedures described before (49, 50).
For MD simulations the structure was solvated with water in a rectangular
box; force-probe MD simulations (51) were executed using GROMACS
3.3.1 and the OPLS-AA force field (52, 53). Analysis of the force-dependent
transition rate follows a protocol where the force-extension data are trans-
formed to contour length vs. time (26) and filtered using a customized HMM
(27, 28); the resulting conformational state sequence is then analyzed follow-
ing a method introduced by Oberbarnscheidt et al. (29).

Complete descriptions of the methods used are given in SI Materials and
Methods.
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