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Abstract Perturbation of a protein away from its native state
by mechanical stress is a physiological process immanent to
many cells. The mechanical stability and conformational
diversity of proteins under force therefore are important
parameters in nature. Molecular-level investigations of “me-
chanical proteins” have enjoyed major breakthroughs over the
last decade, a development to which atomic force microscopy
(AFM) force spectroscopy has been instrumental. The giant
muscle protein titin continues to be a paradigm model in this
field. In this paper, we review how single-molecule mechan-
ical measurements of titin using AFM have served to elucidate
key aspects of protein unfolding–refolding and mechanisms
by which biomolecular elasticity is attained.We outline recent
work combining protein engineering and AFM force spec-
troscopy to establish the mechanical behavior of titin domains
using molecular “fingerprinting.” Furthermore, we summa-
rize AFM force–extension data demonstrating different
mechanical stabilities of distinct molecular-spring elements
in titin, compare AFM force–extension to novel force-ramp/
force-clamp studies, and elaborate on exciting new results
showing that AFM force clamp captures the unfolding and
refolding trajectory of single mechanical proteins. Along the
way, we discuss the physiological implications of the
findings, not least with respect to muscle mechanics. These
studies help us understand how proteins respond to forces in
cells and how mechanosensing and mechanosignaling events
may proceed in vivo.
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Introduction

Mechanical forces are centrally involved in basic physiolog-
ical processes, during both development and maintenance of
normal function of differentiated cells and tissues. For
example, estimates suggest that a newly synthesized poly-
peptide chain is exposed to an equilibrium force of ~10 pN as
it exits the ribosomal tunnel [55]. Physical stresses also play a
role in various pathological states. A well-known example is
the heart, which responds to mechanical (pressure or
volume) overload with alterations in myocardial gene
expression causing dysregulation of mechanical function
and, eventually, cardiac failure. For an increasing number of
researchers, it has become a major goal to understand the
molecular and cellular basis of mechanotransduction in
tissues. Along the same line, the growing field of mechano-
signaling deals with elucidating the molecular mechanisms
by which cells/tissues sense physical loads and transduce
them into biochemical signals to alter gene expression and
modify cellular structure and function.

The complex mechanotransduction network typically
contains “mechanical proteins,” a term applicable to
polypeptides designed to respond to force application under
physiological conditions [123]. To study the mechanical
behavior of a mechanical protein, techniques are required
that detect forces in the piconewton range and distances on
the order of nanometers. Because of its versatility and
relative ease of handling, the atomic force microscope has
become the device of choice for many. A common method
of mechanical manipulation by atomic force microscopy
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(AFM) is to pull a single molecule by a tip attached to a
cantilever and probe the effect of stretch forces on protein
stability. Mechanical forces are a natural protein denaturant,
so the method reveals information that is likely to be of
physiological relevance.

Apart from the study of how elastic proteins behave
under stretch forces (covered in this review), AFM force
spectroscopy has also been applied to measure adhesion
forces [108], including those of individual proteins an-
chored in a membrane, like bacteriorhodopsin [47, 53,
100], analyze the binding forces between biotin and
streptavidin [26] and the rupture forces of an antibody–
antigen complex (termed “single-molecule recognition
imaging microscopy”) [20, 43, 107, 125], or infer the
strength of a covalent bond [36]. Similarly, the so-called
force–volume mode of the AFM can detect the presence of
specific marker proteins on the surface of a cell by their
binding strength to an antibody-coated AFM cantilever tip
[124], a technique that distinguishes, for instance, red blood
cells of group A from those of group B [37]. Single
molecules other than proteins have been deformed by
pulling on them using the AFM; prominent examples
include polysaccharides [84, 86, 111] and double-stranded
deoxyribonucleic acid (DNA) [13, 18, 65, 113].

Arguably, the best-known molecule studied by AFM
force spectroscopy is titin, a giant elastic protein in the
sarcomeres of cardiac and skeletal muscles (Fig. 1a). Since
the landmark publication on titin some 10 years ago [110],
many other mechanical proteins have been probed by
mechanical force in a similar manner, such as tenascin/
fibronectin [14, 95, 96], alpha-spectrin [114], ubiquitin [9,
118], ankyrin [64], or fibrinogen [7], to name but a few of
the more than 50 different proteins analyzed to date [126].
These studies have shown a characteristic, often multi-
peaked, force–displacement pattern for each mechanical
protein, demonstrating the resistance to unraveling. What
we have learned from these contributions is that many
mechanical proteins have evolved to withstand repeated
cycles of stretching and force release. In this review, we
will focus on titin as a prime example of a mechanical
protein studied by single-molecule AFM, compare the
“classical” AFM force–extension mode to the novel force-
ramp and force-clamp modes, and discuss physiological
implications of recent results obtained using these methods.

The “stretchy” titin segment: an adjustable molecular
spring in muscle sarcomeres

Titin (also known as connectin [30]) is the largest known
protein in nature. In humans, there is a single titin gene (on
chromosome 2q31) coding for a total of 38,138 amino acid
residues or a polypeptide with a maximum molecular mass

of 4,200 kDa [1]. Approximately 90% of titin’s mass is made
up of globular domains of the immunoglobulin (Ig) or
fibronectin-type-III (FN3)-like folds; the remainder is unique
sequence insertions [59]. An entire titin filament spans from
the Z-disk to the center of the sarcomere, but the “stretchy
bit” of titin is in the so-called I-band segment and varies
greatly in length in different muscle types (Fig. 1b). Three
main titin isoform classes with different I-band compositions
are distinguished: N2B (~3.0 MDa) and N2BA (3.2–
3.7 MDa) in the heart and N2A (~3.3–3.7 MDa) in skeletal
muscles (Fig. 1b).

All isoforms express a “proximal” (I1–I15) and a “distal”
(I84–I105) region composed of tandemly arranged Ig
domains, as well as a “PEVK”-domain, named so for its high
content in proline (P), glutamic acid (E), valine (V), and lysine
(K) residues. Whereas an Ig domain comprises ~90–100
amino acids built inβ-sandwich architecture [105], the PEVK
domain contains coiled conformations that are elongated
when the muscle is stretched [39, 40, 66, 72, 76, 92, 127].
Characteristic for the cardiac titin isoforms is a so-called N2-
B region encompassing a long unique sequence (N2Bus)
flanked by Ig domains. Cardiac N2BA and skeletal N2A
isoforms additionally contain an “N2-A” domain and a
central (“middle” or “variable-length”) Ig-domain region
(I28–I79). Extensive alternative splicing occurring in this Ig
domain region and in the PEVK domain (Fig. 1b) adjusts the
contour length of the I-band titin [29] and is responsible for
the great elastic diversity of the titin springs [94, 106]. The
multiple functions of the titin proteins in muscle have been
more extensively reviewed elsewhere [38, 78].

AFM stretching of engineered titin proteins: detecting
single molecules by “fingerprinting”

Single-molecule AFM stretch experiments have been
performed with isolated native titin [51, 110] or titin-like
protein from invertebrate muscles [11]. However, a great
many studies have taken advantage of molecular engineer-
ing techniques to create recombinant constructs of various
titin regions for examination by AFM [10, 15, 27, 35, 58,
63, 66–68, 85, 92, 97, 110, 112, 134–136]. Figure 1b
(bottom of panel) lists all the parts of I-band titin that have,
to our knowledge, so far been analyzed by AFM force
spectroscopy using engineered fragments. Some of the
constructs are multidomain proteins in which the modules
are serially linked according to their natural sequence in the
native molecule, e.g., (I24–I25-N2Bus-I26–I27) or (I91–
I98) (Fig. 1c, upper two panels). Various other constructs
are so-called polyproteins [16, 21] consisting of repeats of
identical domains, e.g., (I4)8 or (I91-PEVKc)3 (Fig. 1c,
lower two panels), which show unique mechanical features
when stretched in AFM experiments [25].
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In the actual AFM force–extension experiment, a drop of
a protein suspension in physiological salt buffer is
deposited onto a flat surface (a cleaned cover glass or
mica, or a gold-coated glass surface), which can be moved
with Angstrom accuracy by a piezoelectric actuator. When
the tip of a flexible silicone nitride cantilever is brought in
contact with the surface, sporadic binding can occur
between the protein molecule and the tip atoms. If the
other end of the molecule is immobilized to the surface, the
protein can be stretched by increasing the distance between
cantilever and surface (Fig. 1d). Forces in the range of a
few tens of piconewtons up to several nanonewtons are

measurable by detecting the deflection of the cantilever
onto which the beam of a laser diode is focused. The
reflected beam illuminates a two-segment photodiode,
which records a differential signal that is fed into a
feedback circuit (Fig. 1d). Because the spring constant of
the cantilever can be precisely calculated using the
equipartition theorem [44], the cantilever deflection is
commensurable to the force applied to the protein.

The likelihood that a single protein attaches to the
cantilever tip is very low. With usually many molecules
being tethered, the number of which cannot be controlled, a
critical step in the analysis is to find a way of detecting

Fig. 1 Titin isoforms in muscle sarcomeres and engineered titin
constructs used for AFM force spectroscopy. a Sarcomere model
highlighting the titin springs. b Domain structures of I-band titin
regions in the main titin isoform classes, N2B and N2BA in cardiac
muscle, and N2A in skeletal muscles. Blue bars and text indicate the

position of those domains in titin, for which recombinant constructs
have been engineered. c Schematics of four different types of
engineered titin constructs. d Scheme of AFM setup for force
spectroscopy
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those rare events when truly a single protein is stretched.
Therefore, an ingenious approach has been developed to
“find the needle in the haystack” by using the mechanical
fingerprint of an engineered polyprotein [6, 15, 16, 21, 25,
67]. Stretching a polyprotein of the kind shown in Fig. 2a—
(I91)8 according to the nomenclature by Bang et al. [1] but
also known as (I27)8 according to the old nomenclature by
Labeit and Kolmerer [59]—results in a characteristic
sawtooth pattern, where each peak corresponds to the
unfolding of an Ig domain (Fig. 2a–e). Because all Ig
domains are structurally identical in this homopolyprotein,
the unfolding forces are similar (although not identical),
and the peaks are equally spaced—which is the fingerprint.
In contrast, multiple or nonspecific tethers result in irregular
peak spacing and no fingerprint (example in Fig. 2d, inset).
Thus, the use of concatemers (proteins encoded by long
continuous DNA molecules containing multiple copies of
the same sequences linked in series) unambiguously
distinguishes between multiple or nonspecific surface–
cantilever interactions and trajectories resulting from
stretching a single polyprotein.

The mechanical fingerprint of the titin constructs can be
parameterized using models of the polymer elasticity
theory. For instance, the increase in the end-to-end length
(x) of the polyprotein when one Ig domain unfolds can be

estimated with the wormlike chain (WLC) model of
entropic elasticity [12, 83]. This model predicts that the
stretch force (F) is related to the fractional extension (x/L)
of the chain by

F xð Þ ¼ kBT
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where A is the persistence length, a measure of the chain’s
bending rigidity, kB is the Boltzmann constant, T is absolute
temperature, x is extension, and L is the contour length.
Fitting this model to successive sawtooth peaks in the
measured force trace reveals that each unfolding event
increases the contour length of the homopolyprotein by a
constant value, ΔL, thus providing a precise fingerprint
(Fig. 2e). In the case of (I91)8, ΔL is 28.1 nm; the value
measured for other Ig domains depends on the number of
constituent amino acids but is typically 27–31 nm [67, 68].
Considering the size of a folded Ig domain of about 4.5 nm
[45], these titin modules increase their contour length upon
unfolding by a factor of ~7, which explains why the force
drops dramatically after each unfolding event. In conclu-
sion, by combining protein engineering and AFM force
spectroscopy, it is possible to establish, with high confi-
dence, the mechanical behavior of a single molecule. The

Fig. 2 Single-molecule AFM force–extension measurements on a titin
homopolyprotein. a–d Series of images demonstrating the sawtooth
pattern obtained by stretching a single modular titin polyprotein of the
type (I91)8 in the force–extension mode at a constant velocity. Each
peak indicates unfolding of an Ig domain. Note the regular peak
spacing which suggests a single protein was pulled (“fingerprint”). d
(inset) Irregular peak spacing observed with multimolecule tethers or

nonspecific interactions. e Peak spacing (contour-length increment,
ΔL) measured by applying wormlike chain (WLC) model fits (see
Eq. 1) to individual peaks. f Pulling-speed dependence for unfolding
forces observed for titin Ig domains I91 and I1. Open circles
connected by lines correspond to Monte Carlo simulations (graph
reproduced, with permission, from Li and Fernandez [68])
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fingerprinting technique has been successfully applied to
study many different titin domains.

Mechanical unfolding and refolding of titin Ig domains
by force–extension

In the AFM force–extension mode, a molecule is stretched
at a constant velocity, while the force varies dynamically
throughout the experiment. This mode, used in most AFM
force spectroscopy studies so far, detects the unfolding
forces of the individual domains in a modular protein. As
for titin pulled at a physiological stretch speed of ~1 μm/s,
the maximum force at which Ig domain unfolding occurs,
Fmax (the unfolding force), ranges from ~130 pN in the
proximal Ig domain I1 [68] to 300 pN in the distal Ig

domain I96 (Fig. 3a) [67], while many other titin Ig
domains, including I91, show a value near 200 pN (Fig. 2f).
This compares to a range of 50–200 pN for FN3-like
domains [14, 99, 112], 35 pN for alpha-spectrin [114],
~40 pN for a single ankyrin repeat [64], and up to 200 pN
for ubiquitin [17]. A survey of the Fmax values for more
than 7,500 mechanical proteins predicted using a coarse-
grained molecular dynamics model revealed that the
domain-unfolding forces vary between 0 and ~350 pN, in
good agreement with the available experimental data [126].

The unfolding forces increase with the pulling speed
(Fig. 2f). This observation is expected, because force-induced
unfolding is a process in which the increasing external force
lowers the activation barrier between the folded and unfolded
state so that within the time span of the experiment, thermal
fluctuations succeed in overcoming the unfolding barrier

Fig. 3 Different mechanical stabilities of the molecular spring
elements in titin revealed by force–extension experiments on
engineered polyproteins. a Force–length trajectory for a homopoly-
protein containing identical Ig domains, (I96)8. Parameters Aunfold.

(persistence length after unfolding of at least one module) and ΔL
were calculated from WLC model fits (red curves) according to Eq. 1.
b Trajectory for a heteropolyprotein containing the titin N2B-unique
sequence (N2Bus) flanked by three I91 Ig domains on either side. This
tether contained the whole N2Bus of 572 amino acid residues and four
Ig domains providing a clear fingerprint for a single molecule (regular
spacing of unfolding peaks). WLC fit to first unfolding peak (blue
curve) parameterizes the mechanical properties of the N2Bus. c

Trajectory for a heteropolyprotein consisting of three in-series-linked
identical motifs containing I91 and the 186-residue PEVK domain of
the cardiac N2B-titin isoform (PEVKc). This tether contained two Ig
domains and at least one full PEVK domain. WLC fit to first
unfolding peak (yellow curve) parameterizes the mechanical properties
of PEVKc. d Titin as a three-element entropic spring in cardiac (half-)
sarcomeres. The model illustrates the sequence of unraveling events
during the coextension of short N2B and long N2BA isoforms in a
cardiac half-sarcomere, in the physiological sarcomere-length (SL)
range from slack to 2.4 μm. For clarity, schemes do not show the real
number of Ig domains in the I-band titin region (compare with Fig. 1b)
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[3, 23, 110]. From the speed dependence of unfolding forces,
one can estimate the unfolding rate constant, α, using the
Bell model [3, 23] according to

α Fð Þ ¼ α0 exp FΔx=kBTð Þ; ð2Þ

where α0 is the unfolding rate in the absence of external
force, F is the applied force, and Δx is the distance to the
unfolding transition state (0.25–0.35 nm for titin Ig domains
[68]). Estimates for α0 range from 5×10−3 to 3×10−5 s-1 for
different Ig domains [15, 68, 110, 136], suggesting that the
mechanically weakest domains, like I1, unfold on average
every few minutes even when the stretch force is 0. The
probability of unfolding, Pu, of the protein pulled at constant
velocity can be calculated as Pu=αΔt using Monte Carlo
simulations (where Δt is the polling interval), which use a
simple algorithm computing at any given extension and force
whether a domain has unfolded but also predict how the
unfolding force shifts with the pulling velocity [15, 68, 110].
Within a pulling-speed range covering three orders of
magnitude, the force at which 100% of titin Ig domains are
predicted to be unfolded (=Fmax) varies by approximately a
factor of 2 (Fig. 2f).

These data showed that Ig domain unfolding does not
simply occur above a certain “threshold” force. Instead, it
must be viewed as a stochastic process in which the unfolding
probability is low (but above 0) in the absence of external
force and increases with the applied force level to reach 100%
at a force (Fmax) whose magnitude depends on the pulling
speed. Results also suggested that most or all distal Ig
domains in titin have high resistance to forced unfolding,
whereas the proximal Ig domains are mechanically weaker
[67], and their unfolding in response to elevated stretch
forces is therefore more likely [75, 89]. However, the
relatively high mechanical stability of these Ig modules
rules out Ig domain unfolding as the principal mechanism by
which titin springs respond to stretch forces in vivo.

What causes the resistance to unfolding in titin Ig-
domains? An invaluable contribution to understanding the
critical events leading to mechanical unfolding has come
from steered molecular dynamics (SMD) simulations and
other modeling approaches [4, 28, 31, 32, 54, 80, 81, 85,
103, 104, 137], which have used the available atomic
structures of the titin Ig domains I1 [88] and I91 [45]. For
I91, SMD simulations showed that mechanical force
application first breaks two backbone hydrogen bonds
between the beta-strands A and B—an event that is
sometimes projected in AFM recordings as a small “hump”
during the force rise (see Figs. 2b and 3a) [41, 48, 67, 85].
This unfolding intermediate state is followed by the
breakage of additional hydrogen bonds between the beta-
strands A′ and G to cause complete unfolding. In
comparison to I91, the Ig domain I1 shows a simpler two-

state transition during unfolding [32, 67, 68]: The backbone
hydrogen bonds between beta-strands A–B and A′–G
rupture simultaneously, and the unfolding of I1 occurs in
an all-or-none fashion. A twist in the story is that the I1
domain can form a disulfide bridge between beta-strands C
and E, which could stabilize this domain under oxidative
stress conditions in muscle cells [68, 88]. In sum,
comparisons of AFM data with SMD simulation studies
have provided us with atomic-level insights into the events
taking place during force-induced unfolding of a titin Ig
domain. Titin has served as an important model for
understanding key issues of protein unfolding.

The Ig domains unfold reversibly. Refolding occurs
spontaneously in physiological salt buffer upon lowering
the stretch force level; misfolding is a rare event [97]
despite the absence of chaperones. Reversible unfolding of
titin has been studied by AFM force–extension using a
double-pulse protocol, where the protein is first completely
unfolded but not allowed to detach from the cantilever, so
that it can be relaxed again and—after a variable waiting
period—stretched a second time [11, 15, 97, 110]. The rate
of refolding is calculated based on the percentage of
domains that have folded during the waiting time, which
can be determined by counting the unfolding peaks in the
second stretch pulse. For titin I91, refolding rates of ~1 s−1

at room temperature were found [15], whereas faster rates
up to 15 s−1 at 25°C were recently reported for titin-like Ig/
FN3 domains from invertebrate muscle [11]. The observa-
tion that titin Ig domains can be unfolded in a reversible
manner raises the possibility that this mechanism is of
importance in vivo. This issue will be discussed in more
detail below in the context of refolding studies using AFM
force clamp. Reversible unfolding of Ig domains may in
part explain the hysteresis appearing in stretch–release
cycles of nonactivated sarcomeres [50, 70, 89, 129].

Force–extension studies demonstrate different
mechanical stabilities of the molecular spring elements
in titin

AFM force–extension experiments on engineered polypro-
teins have been extremely useful for understanding the
molecular mechanisms of titin elasticity in vivo. To this
end, the generation of heteropolyproteins (Fig. 1c) has been
instrumental [66, 67]. Concatemers of the type (I91)3-
N2Bus-(I91)3 [67, 75] or (I91-PEVKc)3 [66, 67, 76]
essentially represent synthetic “mini-titins” exhibiting me-
chanical features (Fig. 3b,c), which one also expects in the
full-length titin. In these heteropolyproteins, the I91 Ig
domains again serve as the mechanical fingerprint to detect
a single-molecule tether. A typical force–extension curve of
(I91)3-N2Bus-(I91)3 shows a long low-force region before

106 Pflugers Arch - Eur J Physiol (2008) 456:101–115



the first unfolding peak, corresponding to the extension of
the N2B-unique sequence (Fig. 3b). In this example, the
tether contained four I91 Ig modules (four unfolding peaks
spaced at 28 nm) plus the whole intervening N2Bus, which
according to WLC fits (blue curve in Fig. 3b) had a
persistence length, A, of 0.7 nm and a contour length, L, of
~200 nm. The latter value matches the contour length
expected for a fully extended N2Bus of 572 residues [67,
75]. A representative force trace for (I91-PEVKc)3 also
shows an initial low-force region during which PEVK
extension occurs, followed by two Ig-unfolding peaks
spaced at 28 nm (Fig. 3c). Thus, the tether contained two
I91 Ig modules and at least one full PEVK segment of 186
residues (this PEVK domain is from the cardiac N2B
isoform). In this example, the persistence length for the
PEVK region was 1.0 nm, and the contour length was
~80 nm. One conclusion drawn from these experiments is
that the unique sequences in titin generate elastic forces
mainly according to an entropic-spring mechanism, al-
though evidence abounds suggesting that additional factors
determine the elasticity of the PEVK domain [27, 58, 72,
76, 92, 132, 137]. In any case, these and related studies [27,
58, 62, 66, 67, 92, 135] clearly demonstrated that the
PEVK domain and the N2Bus extend at forces at which the
Ig domain unfolding probability is still very low.

If one compares the WLC parameters for the distinct
molecular-spring elements in titin, it becomes immediately
obvious that these elements have different mechanical stabil-
ities. TheWLCmodel (Eq. 1) predicts that the force needed to
extend a polymer chain critically depends on the persistence
length, A: The smaller the persistence length, the higher is the
force. Therefore, upon stretching titin, the PEVK domain (A~
1 nm) will begin to unravel before the N2Bus (A~0.7 nm)
does [67]. However, even before these unique sequences
extend, there will be a straightening out of titin’s Ig domain
regions because those regions have a much longer persistence
length of greater than or equal to 10 nm [67, 73, 75, 130].
Taken together, the AFM data have allowed for a prediction
of how the different titin segments extend in the sarcomere
(Fig. 3d). Beginning from slack sarcomere length, low stretch
forces will first straighten out titin’s proximal and distal
tandem Ig regions. Once the extensibility of the (folded) Ig
domain regions is largely exhausted, the unique sequences
will begin to extend, first the PEVK domain and second
(only in heart muscle) the N2Bus [67, 135]. This model
essentially confirmed previous ideas about titin segment
extension in vivo proposed on the basis of in situ measure-
ments of titin extensibility using immunolabeling techniques
[34, 71, 72, 74, 127].

Notably, owing to the coexpression of N2B and N2BA
isoforms in the half-sarcomeres of cardiac muscle (Fig. 3d),
the fractional extension (x/L) in situ is much higher for the
short N2B than for the longer N2BA I-band segment.

Within the physiological sarcomere-length range in the
heart (~1.8–2.4 μm), the longer N2BA springs will only
straighten out their Ig regions but not unravel the unique
sequence insertions (Fig. 3d). Therefore, at a given
sarcomere stretch state, the N2B isoform will be stiffer
than the N2BA isoforms. Nature in fact uses alterations in
the composition of stiff vs compliant titin isoforms to adjust
the passive stiffness of the cardiac myocytes both during
fetal/perinatal development [57, 60, 102, 133] and in
chronic human heart disease [82, 91, 93]. The AFM studies
have greatly helped us understand the molecular basis for
these stiffness adjustments.

Novel approaches to studying unfolding–refolding
by AFM: force ramp and force clamp

In force-clamp spectroscopy, a protein molecule is held at a
constant (or ramped) stretching force, which allows
observing the unfolding and refolding processes as a
function of time. Force clamp at the single-molecule level
has previously been used to characterize the function of
molecular motors by optical tweezers [115, 131]. Using the
force-clamp mode with the AFM [11, 24, 98] has several
advantages over using the force–extension mode, because
force-dependent parameters can be accurately measured
with the applied force being controlled throughout the
experiment. In the example shown in Fig. 4, a recombinant
construct containing five Ig domains of a titin-like protein
(kettin from insect muscle) was pulled by rapidly sweeping
over a wide force range, from 0 to 200 pN within ~1 s [11];
this mode has been termed “force ramp” [87, 98]. For
comparison, the sawtooth pattern of this construct in the
force–extension mode is shown in Fig. 4 (inset), revealing
an average Ig domain unfolding force of ~200 pN. In the
force-ramp or force-clamp mode, the main readout is
protein length (distance between cantilever and surface),
and unfolding events are therefore detected in the length-
vs-time trace as a staircase (Fig. 4, left panel), where each
step corresponds to the unfolding of one module. In this
mode, five steps indicate unfolding of all Ig domains in the
construct. The force-vs-time trace shows a small indenta-
tion associated with each step, caused by the reaction of the
force feedback. A strength of this AFM mode is the
effective way of obtaining the unfolding probability, Pu, of
the Ig domains at different forces from a relatively small
number of trajectories; measurements of speed dependence
are not necessary [11, 98]. The data in Fig. 4 (right panel)
demonstrate that Pu changes from 0.2 to 1.0 over a force
range of 100–200 pN. An unfolding probability of 1.0 at
greater than or equal to 200 pN is consistent with the
average unfolding force of these Ig domains in the force–
extension mode being ~200 pN. In summary, the force-
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ramp technique directly measures the force dependence of
the unfolding probability of a modular protein.

The force-clamp mode has been crucial in obtaining a
wealth of new information on the mechanical unfolding of
modular proteins and gaining real insight into the folding
process of these proteins [8, 24, 98, 118]. As the name “force
clamp” suggests, in this mode, a single molecule is held at a
constant pulling force over time. In case the molecule is a
polyprotein, e.g., (I91)8 (Fig. 5), the length-vs-time trace
exhibits a staircase in which the step height, Δl, is constant
at a given force and serves as the fingerprint for the
unfolding of an Ig domain (Fig. 5b–e). For the same
homopolyprotein, the value for Δl is always below that for
the contour-length increment, ΔL, calculated by fitting the
WLC model (Eq. 1) to the unfolding peaks in force–
extension traces (see Fig. 2; ΔLI91=28.1 nm) because the
unfolded domain recoils somewhat. In the example of Fig. 5,
where the clamp force was 175 pN, ΔlI91 is 25 nm, which is
very similar to the value predictable using the WLC model
(Eq. 1) with A=0.38 nm, ΔL=28.1 nm, and F=175 pN. One
advantage of force clamp over force–extension is apparent
by comparing Figs. 2 and 5: In force clamp, unfolding is
readily measured as a function of time, and altering the
clamp-force level also allows determining the force depen-
dency of unfolding in a direct manner (see below).

In the unfolding staircase during force clamp, each step
marks the unfolding dwell time, t, which is defined as the
time it takes for each module in the chain to unfold,

measured from the time point the force is applied (Fig. 5e).
Recording the dwell times for a large number of individual
unfolding events allowed for a statistical analysis of the
system’s kinetics [9, 33, 98]. Measurements showed that for
a polyprotein of titin I91, the dwell-time distribution
follows a single exponential (although significant devia-
tions exist hinting at a more complex energy landscape
during unfolding [8, 9, 98]), suggesting that the mechanical
unfolding events in the polyprotein are independent of the
unfolding history [98]. These data implied that there is no
mechanical coupling between unfolding Ig domains. Recent
work comparing the unfolding of polyproteins and mono-
mers of I91 under force clamp [33] has confirmed this
view: The modules unfold independently of one another.

The usefulness of the force-clamp mode is further
illustrated by the fact that one can straightforwardly deduce
the unfolding probability, Pu, of the Ig domains (without
requiring Monte Carlo simulations as in the case of force–
extension data) by fitting a single exponential to the length-
vs-time trajectories, as done in Fig. 5f; a few averaged
trajectories are sufficient to obtain Pu. This analysis has been
done for (I91)8 unfolding under different clamp forces from
80 to 200 pN [33]. The rate constant for unfolding, α,
obtained from exponential fits like the one shown in Fig. 5f,
was found to be exponentially dependent on the applied
force. Plotting the logarithm of α against the clamp force and
fitting a straight line to the data using Eq. 2 (the Bell model;
Fig. 5f, inset) yielded an unfolding rate at zero force, α0, of

Fig. 4 AFM force-ramp mode. Left panel, a recombinant construct
containing five Ig domains from a titin-like protein (kettin) of
Drosophila muscle was force-ramped in a sweep from 0 to 200 pN
at a pulling speed of 150 pN/s. Right panel, plot of the unfolding
probability, Pu (calculated as shown in the graph, using Δxu=0.17 nm

and α0=9×10
−3 s−1) as a function of the applied force, obtained from

force-ramp measurements on the same construct. Inset, shown, for
comparison, are a sawtooth pattern and the histogram of Ig domain-
unfolding forces for this construct. The figure was reassembled from
Figs. 3b,c and 4c,d in Bullard et al. [11]
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7.2×10−4 s−1 [33], close to the value found in force–
extension studies on I91. The results were similar for the
polyprotein (I91)8 and monomers of I91 suggesting that
nonspecific interdomain or domain–surface interactions
potentially influencing the unfolding are likely to be absent.
A general conclusion drawn from these studies is that
unfolding at a given force is stochastic and may follow a
simple two-state (Markovian) kinetic process, whereas the
rate of unfolding increases exponentially with the force level.

Taken together, the unfolding measurements under force
clamp have provided a faithful description of the mechan-
ical stability of modular proteins and deepened our
knowledge about how mechanical proteins like titin behave
under external force. It is not unreasonable to expect that
these experiments will eventually turn out to be extremely
useful for understanding how proteins respond to mechan-
ical forces in the cell and how mechanosensing or
mechanical signaling are accomplished in vivo.

Refolding of titin Ig domains under force

An exciting new finding is that the force-clamp studies
capture the folding trajectory of single modular polypep-
tides like ubiquitin [9, 24], titin-like protein [11], or titin
(I91)8 [33]. In these experiments, the modular protein was
first unfolded at a high force and then quenched at a lower
force to trigger refolding (Fig. 6). For all protein types
studied, the folding trajectories revealed three distinct
stages (marked in Fig. 6a) during the low-force quench:
(I) a fast phase corresponding to the initial elastic recoil of
the unfolded polypeptide chain, (II) a slow phase charac-
terized by large fluctuations in end-to-end length frequently
associated with an overall decrease in length (Fig. 6a,b,d),
and (sometimes) (III) another fast phase corresponding to
the final collapse of the polypeptide chain (under force) to
its folded length (Fig. 6a). Refolding of the domains during
force quench was confirmed in a second pulse back to high

Fig. 5 Single-molecule AFM force-clamp measurements on a titin
homopolyprotein. a–e Series of images demonstrating the staircase
pattern obtained by stepwise unfolding a single modular polyprotein of
the type (I91)8 under a constant force of 175 pN. Each step indicates
unfolding of an Ig domain, also marked in the force trace as a small
indentation resulting from the system’s feedback. Note the regular step
size, Δli, of 25 nm (arrowheads in e), which suggests a single protein
was pulled (“fingerprint”). In e, ti indicates the dwell time a module

remains in the folded state, measured from the moment of force
application. f Example of how the unfolding probability, Pu, is
calculated by fitting a single exponential to the staircase pattern. Inset,
plot of the logarithm of the rate of unfolding, α, vs clamp force, for
titin I91 constructs; the linear fit was redrawn from Fig. 5c in Garcia-
Manyes et al. [33]. The fit, based on Eq. 2 in the text, yielded αo=
7.2×10−4 s−1 and Δx=0.19 nm
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force, which showed the characteristic steps indicating
unfolding (Fig. 6a,b,d), unless the protein had been held
before at a force too high to allow refolding (Fig. 6c). It can
be seen that the titin domains collapse and refold in a
complex folding trajectory and not stepwise like in the
unfolding trajectory.

The original conclusion that the folding may be
cooperative between the modules in the polymer chain
[24]—unlike the stochastic, two-stage process observed for
the unfolding—triggered discussions on how to interpret
the force-clamp data. It was suggested that the apparent
cooperativity could be due to aggregation between the
neighboring domains within the polyprotein [121] or to a
masking of refolding steps by large thermal fluctuations of
the unfolded polyprotein [5]. However, these interpretations
did not hold up in light of the fact that monomers of
ubiquitin or titin I91 show a collapse/refolding behavior,
which is very similar to that of the multimodule proteins,
demonstrating that the folding pathways are not affected by
the presence of neighboring domains [33]. Modeling
studies on I91 also suggested that the refolding pathways
are genuinely heterogeneous [69], a proposition confirmed
by experiment [132]. One can conclude that a mechanically
unfolded protein is likely to first collapse from an extended
state to a “molten globule,” a state in which it dwells for a
variable lifetime, before it actually refolds. These findings
and conclusions are remarkable because they imply that the
energy landscape explored during refolding of a protein that
has been mechanically denatured is different from that
explored during refolding of a thermally or chemically
denatured protein [69, 132], which until recently was the
only way to study protein folding (usually done in bulk
biochemistry experiments). AFM force clamp has thus
offered unprecedented glimpses into physiologically rele-
vant mechanisms driving protein folding.

Perturbing a protein away from its native state by
mechanical force is a natural process, as many cells live
in an environment that is under mechanical stress [46].
Therefore, the mechanical stability and conformational
diversity of a protein under force are important parameters
in nature [9]. These parameters are readily determinable by
single-molecule force clamp. Just like the statistical
analysis of single-molecule kinetics of biological reactions
has revealed the mechanisms of important processes—e.g.,
the function of ion channels in cell membranes [19, 42], the
evoked synaptic transmission in neurons [2], or the
contraction of muscle cells [90]—the results obtained in
AFM force-clamp measurements are likely to have a great
impact on how we will view the function of mechanical
proteins in vivo.

Titin Ig domain refolding: implications
for understanding titin mechanics in muscle

The force-clamp experiments directly proved that Ig
domains can refold within seconds against significant
stretching forces (Fig. 6) of less than or equal to 30 pN
(titin-like proteins from insect muscle) [11, 61] or less than

Fig. 6 Collapse and refolding of Ig domains under force. a–c AFM
force-clamp on a titin-like protein from insect muscle (projectin)
studied for domain refolding at quench forces of a 15, b 30, and c
48 pN. Molecules were first unfolded and extended at a high force,
then relaxed to study refolding, and finally pulled again to high force
to test whether refolding had occurred. Actual force levels are
indicated in the panels. Note the three phases of collapse/refolding
during force quench, marked (I)–(III) in a. d Length–time trajectory
for a single titin polyprotein, (I91)8, under force clamp. The Ig
domains refold against a force of 25 pN. For further details, see text.
a–c are taken from Fig. 6 in Bullard et al. [11]; d was reproduced,
with permission, from Fig. 10C in Garcia-Manyes et al. [33]
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or equal to 25 pN (titin I91) [33]. These findings confirmed
and extended previous reports demonstrating that refolding
can occur even when the protein is not fully relaxed [49,
110]. Some time ago, it was proposed that individual titin
Ig domains unfold reversibly in vivo to provide the
necessary extension during stretch of muscle sarcomeres
[22, 122]. However, the issue of whether unfolding and
refolding take place in muscle is still unresolved. Based on
experimental and modeling studies on isolated myofibrils, it
was concluded that massive Ig domain unfolding cannot
happen in sarcomeres, whereas a few Ig domains per titin
molecule could nevertheless unfold in response to rapid
stretching [89]. Ig domain unfolding was suggested to
contribute to the phenomenon of stress relaxation in
stretched nonactivated muscle fibers, i.e., force decay at
constant length. Single molecules of titin did indeed show
stepwise force relaxation when mechanically manipulated
by optical tweezers [129]. Recent evidence also suggested
that FN3 domains in fibronectin, which readily unfold in
AFM force spectroscopy measurements, unfold in native
extracellular matrix fibrils, as well [120].

In contrast, when a skeletal muscle fiber was stretched
and the position of a titin antibody to the N2-A segment—
at the C-terminal end of a long titin section including the
proximal and variable-length Ig domain regions (Figs. 1b
and 7)—determined by immunoelectron microscopy, no
time-dependent rearrangements were found relative to the
Z-disk, suggesting a lack of Ig domain unfolding [128].
This and a related study on cardiac myofibrils [77]
concluded that the Ig domains may be more stable in situ
than predicted from single-molecule mechanical measure-
ments. To support this conclusion, one can consider the

confined environment [130] and abundance of viscous
forces [101] in the sarcomere, which may affect the
conformation and dynamics of the titin springs in situ.
Further, the in vivo rates of unfolding and refolding could
be different than those measured in vitro because of
multiple inter- and intramolecular interactions involving
titin [130]. However, in single-molecule mechanical experi-
ments using multidomain proteins, the local effective
protein concentration is always high, owing to the very
nature of the polyprotein construct. This notwithstanding,
the individual unfolding and folding pathways for a
polyprotein are similar to those obtained for the respective
monomer over a wide range of forces [33]. Furthermore,
the elastic properties of relaxed muscle fibers are not
affected by the presence of 4% dextran in the bathing
medium [109]. As dextran shrinks the myofilament lattice
spacing [56], an effect on the elasticity would have been
expected if steric hindrance influenced the titin mechanics.
Clearly, the question of whether molecular crowding alters
titin’s mechanical properties, including the Ig domain
unfolding/refolding rates, requires further experimental
testing.

In this paper, we offer a simple explanation why under
physiological conditions in relaxed human soleus muscle
fibers Ig domain unfolding was not detectable [128]. If titin
Ig domains unfold in the sarcomere but also refold rapidly
under relatively high forces, a model of the kind shown in
Fig. 7 can be proposed: Upon stretch, a few Ig domains per
titin strand may unravel, but even during extended waiting
times in the stretched state, an antibody to the N2-A epitope
would remain stationary relative to the Z-disk because the
initially unfolded domains will refold (arrowheads in Fig. 7,

Fig. 7 Model incorporating the unfolding and refolding of titin Ig domains in stretched sarcomeres of skeletal muscle expressing the N2A titin
isoforms. For further details, see text
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bottom panel), while other modules unfold. Eventually,
there will be a dynamic equilibrium between unfolding and
refolding. This testable model could be used as a working
hypothesis to further examine the possibility of Ig domain
unfolding in vivo. If Ig unfolding–refolding did occur in
sarcomeres, it could act as a shock absorber mechanism to
help prevent irreversible damage to the muscle cells during
application of elevated stretch forces.

Future perspectives

What started a decade ago as a brilliant idea to mechani-
cally manipulate titin filaments and engineered titin
constructs using the AFM [110] has developed into a full-
fledged field investigating important issues of force-
induced protein unfolding and refolding in many different
mechanical proteins or other mechanically active mole-
cules. This field has long matured beyond the phenomeno-
logical and now addresses a variety of important biological
questions, including, e.g., the relationship between protein
structure and response to external force or the relevance of
single-molecule data to physiological mechanisms. Titin
remains a focus of attention, as well. Studies on the
reversible unfolding of titin Ig domains continue to teach
us important lessons about the response of mechanical
proteins to stretching forces and the mechanisms by which
biomolecular elasticity is accomplished.

An important issue in future work will be how
conditions in AFM force spectroscopy experiments could
be adapted to better mimic the physiological setting. This
might include: realizing single-molecule force measure-
ments in a protein’s natural environment [47, 53], optimiz-
ing ambient conditions (be aware, for example, of the
viscosity and the reducing environment in cells [63]),
engineering and investigating multimodular proteins in
parallel [117] to obtain well-oriented homotypic aggregates,
which are frequently found in vivo [79], or studying
alterations in single-molecule mechanical properties in-
duced by interaction with a ligand (e.g., a chaperone) [10]
or phosphorylation by a protein kinase. The latter could
turn out to be extremely useful for understanding mecha-
nosensing and mechanosignaling events, which are of
special importance not only in muscle cells, at the
submolecular level. To this end, single-molecule AFM
force spectroscopy may be combined with single-molecule
fluorescence imaging techniques (e.g., total internal reflec-
tion fluorescence microscopy or fluorescence resonance
energy transfer) to detect mechanical and biochemical
signaling events at the same time. This technically
challenging task has already revealed promising results
[52, 116] but requires further refinement. A different line of
research will be directed at employing AFM force spec-

troscopy in combination with protein engineering tech-
niques to create protein-based advanced materials with
novel mechanical properties [119]. Finally, by combining
experimental and theoretical (simulation) approaches [123],
the exciting and expanding field of mechanotransduction
will be on a faster track to reach its ultimate goal: a better
understanding of the mechanisms by which cells sense and
process mechanical information.
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