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Through the study of single molecules it has become possible to
explain the function of many of the complex molecular assem-
blies found in cells1–5. The protein titin provides muscle with its
passive elasticity. Each titin molecule extends over half a sarco-
mere, and its extensibility has been studied both in situ6–10 and at
the level of single molecules11–14. These studies suggested that
titin is not a simple entropic spring but has a complex structure-
dependent elasticity. Here we use protein engineering and single-
molecule atomic force microscopy15 to examine the mechanical
components that form the elastic region of human cardiac
titin16,17. We show that when these mechanical elements are
combined, they explain the macroscopic behaviour of titin in
intact muscle6. Our studies show the functional reconstitution of
a protein from the sum of its parts.

Individual titin molecules span both the A-band and I-band
regions of muscle sarcomeres. The I-band part of titin has been
identified as the region that is functionally elastic. We study the
shortest titin isoform, the N2B isoform found in cardiac-muscle
sarcomeres. The elastic I-band region of N2B-titin can be subdi-
vided into four structurally distinct regions (Fig. 1): a proximal
immunoglobulin region containing 15 tandem immunoglobulin-
like (Ig) domains; a middle N2B segment that contains a 572-
residue amino-acid sequence of unknown structure; a 186-amino-
acid-long segment rich in proline (P), glutamate (E), valine (V) and
lysine (K) residues, named the PEVK region; and a distal Ig region
that contains 22 tandem Ig modules17. We use polyprotein engin-
eering18,19 and single-molecule force spectroscopy to dissect the
individual mechanical elements of the I-band of cardiac titin and
reconstruct the elasticity of cardiac muscle. Polyproteins, when
mechanically stretched by single-molecule atomic force microscopy
(AFM) give distinctive mechanical fingerprints as their modules
unfold sequentially (sawtooth patterns in the force–extension
curve)18, and can be used to positively identify the mechanical
features of a single molecule19–21 (Supplementary Information).

The top trace in Fig. 1a shows a typical sawtooth pattern
measured by stretching a protein composed of eight modules
from the proximal tandem Ig region, I4 to I11. The sawtooth
pattern shows that all modules unfold in the range of 150–
200 pN. However, there is a slight tendency for the first unfolding
event to occur at a lower force than later unfolding events. In order

to examine this tendency, we plot the average value of all first
unfolding peaks, second peaks, and so on (Fig. 1b, filled circles). A
linear fit to the data (Fig. 1b, thin line through filled circles) showed
only a weak hierarchy of 12 pN per force peak. Polyproteins
constructed using modules I4 (I48) and I5 (I58) showed similar
unfolding forces of 150–200 pN (Fig. 1b, open circles). Hence, it
seems that the proximal tandem Ig region has modules of similar
mechanical stability. We studied the I4 polyprotein in more detail
following the AFM protocols of ref. 18, and measured an unfolding
rate of 3 £ 1023 s21 and a folding rate of 0.33 s21.

Similar experiments done with polyproteins from the distal Ig
region revealed a very different picture. Stretching a protein com-
posed of eight modules from the distal tandem Ig region, I27 to I34,
showed a much broader range of unfolding forces, from ,150 pN
up to 330 pN (Fig. 1a, bottom trace). As before, we plot the average
value of all first unfolding peaks, second peaks, and so on (Fig. 1b,
filled squares). A linear fit to the data (Fig. 1b, thin line through

Figure 1 The proximal and distal tandem Ig regions of cardiac titin have different

mechanical properties. Inset, the structurally distinct elements of I-band titin. The arrows

point to the tandem Ig regions. a, Top trace: force–extension curve obtained from an

engineered protein comprising domains I4 to I11 of the proximal tandem Ig region. Bottom

trace: force–extension curve obtained from a protein comprising domains I27 to I34 of the

distal tandem Ig region. b, Unfolding forces (F u) measured for consecutive unfolding

peaks (1–6) in AFM recordings of the I4–I11 protein (filled circles) and the I27–I34 protein

(filled squares). Recordings obtained from polyproteins containing only I27, I28, I32, or

I34 Ig domains (open squares; I278: 204 ^ 26 pN, n ¼ 266; I288: 257 ^ 27 pN,

n ¼ 245; I348: 281 ^ 44 pN, n ¼ 32; I328: 298 ^ 24 pN, n ¼ 132) show a strong

hierarchy. The stability of I4 and I5 polyproteins (open circles, I48 and I58; I4:

171 ^ 26 pN, n ¼ 136; I5: 155 ^ 33 pN, n ¼ 196) confirms the weak hierarchy of the

proximal region. c, Top trace: force–extension relationship of an I4 polyprotein (I48). The

initial part of the force trace, before the first unfolding peak, is well described by the WLC

model (thin line). Bottom trace: force–extension relationship for an I32 polyprotein (I328)

from the distal tandem Ig region of titin. In the initial rising phase of the force–extension

curve, a prominent ‘hump’ appears, indicating the presence of an unfolding

intermediate24. d, Plot of the steady-state unfolding probability of the I4 and I32 modules

as a function of force. I4 is calculated as a simple two-state unfolding system (solid red

line). The I32 module is calculated both in the presence (solid blue line) and in the absence

(dashed blue line) of the unfolding intermediate.
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filled squares) gave a slope of 31.5 pN per force peak. These results
indicate a mechanical hierarchy among these modules. In order to
determine the mechanical stability of the individual modules and
their ordering in the hierarchical unfolding, we constructed several
polyproteins: I278, I288, I328 and I348. The average unfolding forces
were found to be 204 pN for I27 (ref. 18), 257 pN for I28 (ref. 19),
298 ^ 24 pN (n ¼ 132) for I32 and 281 ^ 44 pN (n ¼ 32) for I34
(Fig. 1b, open squares). These results contrast with those for the
proximal region where no obvious mechanical hierarchy was
observed.

Several models of polymer elasticity have been developed to
predict the mechanical behaviour of a polymer. As before, we use
the worm-like chain (WLC)22 model to fit the force–extension
curves of a polyprotein18. A close examination of the force–exten-
sion curve obtained from a proximal Ig module (I48, Fig. 1c) shows
that the WLC model fits well the force–extension curve preceding
each unfolding event (thin red line in Fig. 1c). The unfolding event
that occurs is an all-or-none process that can be easily described by a
two-state model of the type F, U with rate constants for unfold-
ing, au(F), and folding, bf (F), that are force dependent23. Under a
constant force F, the probability of unfolding is given by PuðFÞ ¼
a=ðaþ bÞ; which has a sigmoidal shape when plotted against the
stretching force (Fig. 1d). The plot shows that for I4, Pu(F) ¼ 0.5 at
a force of 7.7 pN. This result is similar for I5, and is likely to be
similar for the other modules of the proximal Ig region.

The WLC model does not fit the force–extension curve of the I32
polyprotein (Fig. 1c, bottom trace) because of a pronounced ‘hump’
that corresponds to an unfolding intermediate before full unfold-
ing24. We have observed a similar intermediate in all of the distal Ig
modules tested, whereas we have not observed such an intermediate
in the proximal domains. This unfolding intermediate may serve as
a kinetic trap to stabilize the distal domains and protect them
against unfolding. To illustrate this point, we first ignore the
unfolding intermediate, and consider a simple two-state unfolding
reaction with PuðFÞ ¼ a=ðaþ bÞ: The rate constants, a and b, are
calculated from the peak unfolding forces and their dependence on
the rate of stretching18, ignoring the unfolding intermediate. Figure
1d (dashed line) shows that Pu(F) ¼ 0.5 at 21.6 pN for I32 in the
absence of an unfolding intermediate. When the intermediate is
considered, we use a simplified three-state model like F, I,U:
Two sets of rate constants describe this model: au and bu corre-
sponding to the main unfolding reaction taken to occur between the
intermediate and the unfolded state, and a I and b I describing the
forward and backward rates of transition to the intermediate state.
These last two rate constants were estimated from the data obtained
for the intermediate unfolding state of the I27 module24. The
unfolding probability for the three-state model is given by:

PI
uðFÞ ¼

aIau

aIauþ bIbuþaIbu
ð1Þ

The three-state unfolding probability is a sigmoidal function that
is shifted to the right of that calculated without the unfolding
intermediate. In this case, PI

u ¼ 0:5 at 29.2 pN. As the on-rate of the
unfolding intermediate b I ¼ 100 s21 is much faster than the off-
rate of the main unfolding event au ¼ 0.01 s21, the module under
force will not go directly to the unfolded state but rather go back to
the folded state. Thus, this unfolding intermediate acts as an
absorbing state (or buffering state) that kinetically prevents the
module from unfolding. This difference in mechanical stability
between distal and proximal Ig domains reflects the mechanical
topology of these two classes of Ig modules (Supplementary
Information).

In order to study the mechanical properties of the N2B segment,
we constructed a polyprotein composed of a single N2B module

Figure 2 Single-molecule AFM measurements of the mechanical properties of the N2B

and PEVK regions of titin. a, Top inset: the arrow points to the location of the N213 region

in the I-band. Force–extension curve of a protein chimaera containing the cardiac N2B

unique sequence flanked on either side by three I27 domains (I273-N2B-I273), bottom

insert. A Levenberg–Marquardt fit of the WLC equation (thin line) to the force–extension

curve before the first I27 unfolding event measured the contour length, L c, and

persistence length, p, of N2B. b, Frequency histogram of persistence-length values. A

narrow distribution is found, centred at 0.66 nm. c, Top inset: the arrow points to the

location of the PEVK region in the I-band. Force–extension curve of a protein chimaera

containing human cardiac PEVK domains alternating with Ig I27 domains, (I27-PEVK)3,

bottom insert. As in a, we used Levenberg–Marquardt fits of the WLC equation to

measure L c and p of the PEVK region (thin line). d, Frequency histogram of persistence-

length values measured for the PEVK domain. A relatively broad distribution is seen

( p ¼ 0.4–2.5 nm; average value, 0.91 nm).

Figure 3 Single-molecule data explain the extensibility of the individual titin segments

measured in situ. a, Schematic diagram showing the four main segments that contribute

to the elasticity of titin in the half-sarcomere of cardiac muscle (horizontal arrows).

Numbers 1–5 indicate the epitope positions of titin antibodies used to measure the

extension of these segments in situ 6. The epitopes move relative to one another when the

muscle fibres are stretched. b, c, Extension of the individual titin segments plotted as a

function of the end-to-end extension of I-band titin (symbols). The solid lines were

calculated using equations (3)–(5), and the single-molecule data from Table 1. The

numbers label the extension of the corresponding epitopes marking the proximal (1–2)

and distal (4–5) Ig-domain regions, the N2B unique sequence (2–3) and the PEVK domain

(3–4).
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flanked on either side by three tandem I27 domains (I273-N2B-I273;
Fig. 2a), where the I27 modules are used to create a mechanical
fingerprint. We used single-molecule AFM to obtain force–exten-
sion curves from this polyprotein. We collected 48 recordings like
the one in Fig. 2a showing a long initial region, without any
unfolding peaks, followed by a sawtooth pattern with four to six
consecutive unfolding events. The observed unfolding peaks of
,200 pN spaced by ,28 nm correspond to the characteristic
fingerprint of the I27 module18–21. If we observe at least four I27
unfolding events, then N2B must have been stretched when pulling
this protein. Given that the extension of the segments of the protein
will be hierarchical, from least stable to most stable19,20, the long but
featureless part of the trace preceding the sawtooth pattern must
correspond to the extension of N2B. Then, extension of N2B occurs
at low force and without significant energy barriers limiting its
extensibility. This result suggests that the N2B segment has the
mechanical properties of a random coil.

The WLC model (thin line, Fig. 2a) fits the force–extension curve
of N2B and measures a contour length of 209 nm and a persistence
length of p ¼ 0.74 nm. Similar measurements made in 48 different
recordings gave a distribution of persistence lengths that averaged
p N2B ¼ 0.66 nm (Fig. 2b). We also measured an average contour
length of 232 nm, which agrees well with the expected length of a
572-amino-acid-long polypeptide. We also constructed a polypro-
tein made of three repeats of the dimer PEVK-I27 (Fig. 2c, ref. 20).
WLC fits to the force–extension curve of PEVK (thin line, Fig. 2c)
measured an average contour length of 68 nm per PEVK segment20.
The persistence length of PEVK varied from 0.4 nm up to 2.5 nm
with an average value of p PEVK ¼ 0.91 nm (Fig. 2d, ref. 20),
suggesting that PEVK could show mechanical conformations that,
while still corresponding to a random coil, had different flexibility.

The extensibility of each elastic segment of cardiac I-band titin
has been measured in intact cardiac muscle fibres6,25, by following
the relative position of several sequence-specific titin antibodies
(Fig. 3a). We reconstituted the extensibility of I-band titin by
calculating the extension of each segment (proximal Ig, N2B,
PEVK, distal Ig) at a given force, and repeating this calculation
for a range of forces from 0 up to 40 pN. As all segments experience
the same force at all times, the segments extend independently of
each other and thus their contributions to the overall length are
additive. The total end-to-end length of I-band titin, x(F)I-band, is
then calculated as the sum of the extension of all segments. The
extensibility of a segment has two components: the entropic spring
behaviour and module unfolding, if any11–13.

The N2B and PEVK segments are entropic springs that do not
show any unfolding events. These segments are simply modelled by
the WLC approach, although with different persistence lengths (we
use the average persistence length in each case; p N2B ¼ 0.66 nm and
p PEVK ¼ 0.91 nm). However, the use of the WLC model in this
reconstruction is inconvenient, because it gives the force that results
from a given extension, F(x), whereas we want to calculate the
extension that results from an applied force. The freely jointed chain

model of polymer elasticity26 is described by equation (2).

xFJCðFÞ ¼ Lcu
Flk
kBT

� �
ð2Þ

where L c is the contour length, u(Flk/kBT) is the Langevin function
(where K B is the Boltzmann constant) and where the Kuhn length
l k ¼ 2p (ref. 22). We can now calculate the extension of these
segments for a given force: x(F)N2B and x(F)PEVK.

The extensibility of the proximal and distal tandem Ig domain
segments, x(F)proximal and x(F)distal, is also described by equation
(2). However, in this case, L c and l k depend on module unfolding
(Supplementary Information). Thus, the extension of the proximal
Ig region under an applied force, x(F)proximal, is fully described by
the following three equations:

xðFÞproximal ¼ Lfolded
c ðFÞu

Flfolded
k

kBT

 !

þ Lunfolded
c ðFÞu

Flunfolded
k

kBT

 !
ð3Þ

Lfolded
c ðFÞ ¼Nð1 2 PuðFÞÞ4:4 ð4Þ

Lunfolded
c ðFÞ ¼NPuðFÞ32:5 ð5Þ

where N is the total number of Ig modules in the segment and Pu(F)
is the probability of unfolding at a given force; equations (4) and (5)
give lengths in units of nm. The extension of x(F)distal is calculated
similarly but including a term for the contribution of the unfolding
intermediate. We now calculate the total extension of I-band titin as:

xðFÞI-band ¼ xðFÞproximalþ xðFÞN2Bþ xðFÞPEVKþ xðFÞdistal ð6Þ

for forces ranging from 0 to 40 pN. This calculation creates a table of
values relating x(F)I-band with x(F)proximal, x(F)N2B, x(F)PEVK and
x(F)distal. We can now compare the extensibility of each I-band titin
segment with the extensibility measured in situ. The parameters
used such as the values of persistence length and the unfolding/
folding rate constants correspond to the experimentally determined
values listed in Table 1. There are no free parameters in this
computation.

Figure 3b compares the extensibility of the tandem Ig regions
(proximal, orange line; distal, violet line), calculated with equation
(6), with their in situ extensibility (symbols). The calculated
extensibility of these segments agrees well with the myofibril data.
The proximal domains extend first in a fully folded configuration.
Unfolding of the proximal region becomes obvious at xðFÞI-band .

300 nm; whereas unfolding of the distal Ig region does not occur
until much later at xðFÞI-band . 800 nm: Hence, the single-molecule
data predict that in the physiological range ð0 , xðFÞI-band ,
300 nmÞ the distal Ig region will never unfold any of its modules
whereas the proximal region may see a few of its modules unfold
towards the high end of the physiological range. Figure 3c shows
plots of x(F)N2B (blue line) and of x(F)PEVK (orange line) versus the
end-to-end length of the I-band titin, x(F)I-band. The figure shows

Table 1 Mechanical parameters describing the I-band region of human cardiac titin.

Unfolding rate Folding rate Persistence length Kuhn length Unfolding distance Folding distance
a (s21) b (s21) p (nm) lk (nm) Dxu (nm) Dx f (nm)

...................................................................................................................................................................................................................................................................................................................................................................

Proximal Ig domains au ¼ 3.3 £ 1023 bu ¼ 0.33 10 (folded) 20 (folded) 0.25 2.2
0.66 (unfolded) 1.32 (unfolded)

N2B unique sequence — — 0.66 1.32 — —
PEVK segment — — 0.91 1.82 — —
Distal Ig domains au ¼ 8 £ 1025 bu ¼ 1.2 10 (folded) 20 (folded) 0.25 2.2

0.66 (unfolded) 1.32 (unfolded)
Unfolding intermediate (I), distal Ig domains a I ¼ 1.0 £ 1022 b I ¼ 102 — — 0.33 0.33
...................................................................................................................................................................................................................................................................................................................................................................

All values were obtained from single molecule force spectroscopy measurements, except for the persistence length of the folded Ig-domain regions, which was measured from EM images (Supplementary
Information).
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that the calculated extension of these segments fits those measured
in situ (symbols).

Figure 4 plots the relationship between force and the end-to-end
length of I-band titin, x(F)I-band calculated from equation (6) (solid
red line). We compare this calculation with the passive force versus
sarcomere length relationship of an intact cardiac myofibril6

measured under quasi-steady-state conditions (no viscous or visco-
elastic forces present)6,27. The filled symbols in Fig. 4 correspond to
single cardiac myofibril data scaled by the number of titin molecules
per cross-sectional area of muscle (assumed to be 6 £ 109 titin
molecules per mm2)28. The figure shows that the force–extension
relationship calculated from the single-molecule AFM data faith-
fully predicts the force–extension relationship measured in intact
myofibrils. So by scaling the single-molecule data, it is possible to
reproduce the passive elasticity of an intact myofibril. A similar
reconstruction can also be done by numerically inverting the WLC
model of polymer elasticity (Supplementary Information).

The physiological range of sarcomere lengths for a cardiac
myofibril is 1.8–2.4 mm (ref. 29), corresponding to an extension
range of 0–300 nm for I-band titin. The single-molecule data show
that at an extension of 300 nm, the force reaches ,4 pN per I-band
titin molecule. This force is about the same as that generated by a
single myosin molecule4. At this force, the unfolding probability of
the proximal tandem Ig region is low, Pu ¼ 0.1. By contrast, the
unfolding probability of the distal region is six orders of magnitude
smaller. These results show that towards the end of the physiological
range, unfolding of a few proximal Ig domains is possible whereas
the distal domains always remain folded. If the unfolding prob-
ability of the proximal and distal Ig regions was zero, we would
observe a purely entropic force–extension relationship (Fig. 4, black
line). A purely entropic mechanism explains most of the extensi-
bility of I-band titin in the physiological range, however, it departs
significantly at higher extensions. These results suggest that unfold-
ing of the proximal tandem Ig region may serve as a buffer to protect
cardiac sarcomeres from developing damaging high forces. This
becomes clear if we compare the effects of an over-extension to
450 nm. I-band titin will respond by unfolding several proximal Ig
domains, limiting the force to ,7 pN. By contrast, if unfolding were

not possible, the force developed would exceed 40 pN per molecule,
probably damaging sarcomeric structures. A

Methods
Protein engineering
All constructs were from human cardiac titin16,17. Titin modules I4–I11, I4, I5, PEVK and
N2B were cloned by polymerase chain reaction with reverse transcription (RT–PCR) from
human heart poly(A)þ mRNA (Clontech) using the ThermoScript System (Gibco-BRL).
Polyproteins I278, I288, I328, I348, I48, I58 and I273-N2B-I273 were constructed using a
previously described method based on the identity of the sticky ends generated by BamHI
and BglII restriction enzymes18,19, and then subcloned into pQE 80L (I48 and I58) or pQE
30 (I278, I288, I328, I348, I273-N2B-I273), (Qiagen). I2712 was constructed using a non-
palindromic AvaI restriction site (CTCGGG), as previously described18. (I27-PEVK)3 was
constructed using a similar method after EcoRI ligation of the two domains. (I27-PEVK)3

and I4–I11 were cloned into pET-Ava I (ref. 18) while I27–I34 was cloned in pET 9d (ref.
11). The I27–I34 plasmid was a gift from M. Gautel11. This protein has five changes to the
sequence published for titin17: Thr 42 is replaced by Ala, and Ala 78 is replaced by Thr in
the I27 module, Ala 53 is replaced by Thr in the I30 module, there is a deletion that
includes the last of two codons of I32 and 87 codons of the I33 domain18,30, and a deletion
of the Glu 89 codon of I34. The cloning strain was SURE-2 (Stratagene). The expression
strains used were BL21 (DE3) (I27–I34), BLR (DE3) (I48, I58, (I27-PEVK)3), BL21 (DE3)
CodonPlus (I4–I11), SURE-2 (I278, I273-N2B-I273), and M15 (I288, I328, I348).
Purification of recombinant proteins, from the soluble fraction of the bacterial lysate, was
done by Ni2þ-affinity chromatography in all the cases but for I4–I11, in which Co2þ-
affinity purification was used (Clonetech). In the case of (I27-PEVK)3 an additional size-
exclusion fast performance liquid chromatography (FPLC) step was used. Proteins were
kept at 4 8C in PBS with 5 mM dithiothreitol (DTT) and 0.2 mM EDTA, except for I278,
I288, I328, I348, which were kept in 100 mM imidazole (pH 6.0). All the constructs used in
this study have a His-tag at the amino terminus for affinity purification and two Cys
residues at the carboxy terminus to promote covalent attachment of the protein to the
gold-coated substrate.

AFM
Protein samples (3–10 ml, at a concentration of 10–100 mg ml21) were deposited onto
freshly evaporated gold coverslips to allow the protein to adsorb onto the gold surface.
Force–extension measurements were then carried out in PBS saline buffer (137 mM
sodium chloride, 2.7 mM potassium chloride and 10 mM phosphate buffer, pH 7.4). The
cantilevers are standard Si3N4 cantilevers from either Digital Instruments (with a typical
spring constant of 100 mN m21) or TM Microscopes (with a typical spring constant of
12 mN m21). Every cantilever was calibrated in solution before use.

In situ recording of titin extensibility and force generation
The extensibility of the various I-band titin segments of rabbit cardiac myofibrils were
measured using immunoelectron/immunofluorescence microscopy with a set of titin-
specific antibodies6. Rabbit cardiac muscle expresses almost exclusively the N2B form16.
Here, the technical names of the antibodies (T12, I17, I18, I20/22, MIR) were replaced for
simplicity by consecutive numbers 1 to 5, with 1 being closest to the Z-disk and 5 being
located at the A-band/I-band junction (Fig. 3). For each antibody type, the epitope-
mobility data obtained over a range of sarcomere lengths (SLs) from 1.8 to 2.8 mm were
pooled in SL bins of 50 nm. For each SL bin, the extension of a given titin segment was
measured as the distance flanked by two nearest antibody epitopes: proximal Ig region,
epitope 1 to epitope 2; N2B, 2 to 3; PEVK, 3 to 4; and distal Ig region, 4 to 5. The epitopes 3
and 4, which measure the extension of PEVK segment, include four additional Ig domains,
hence the PEVK extension data were offset by 20 nm. Titin segment extension was then
plotted against extension of the entire elastic titin in a half-sarcomere, x(F)I-band, obtained
as xðFÞI-band ¼ ðSL 2 1:8mmÞ=2; to account for the functionally stiff titin in the sarcomere
(1.6 mm in A-band, 2 £ 0.1 mm adjacent to Z-disk). The corresponding stretching force, F,
was determined from mechanical recordings of the passive tension of isolated rabbit
cardiac myofibrils6,27 immersed in a buffer solution (6 mM magnesium
methanesulphonate, 5 mM dipotassium methanesulphonate, 4 mM Na2ATP, 15 mM
EGTA, with a total ionic strength of 200 mM adjusted with KOH in a 3-N-morpholino-
propanesulphonic acid buffer, pH 7.1, 40 mg leupeptin ml21). Experimental protocols
have been described27. Passive force was recorded under quasi-steady-state conditions,
that is, two to three minutes following a stretch to a new sarcomere length, to exclude
viscous and viscoelastic force components that decay during stress relaxation.
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