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Abstract

Titin is a giant protein responsible for passive-tension generation in muscle sarcomeres. Here, we used single-molecule AFM force
spectroscopy to investigate the mechanical characteristics of a recombinant construct from the human cardiac-specific N2B-region,
which harbors a 572-residue unique sequence flanked by two immunoglobulin (Ig) domains on either side. Force-extension curves of
the N2B-construct revealed mean unfolding forces for the Ig-domains similar to those of a recombinant fragment from the distal Ig-re-
gion in titin (I91–98). The mean contour length of the N2B-unique sequence was 120 nm, but there was a bimodal distribution centered
at �95 nm (major peak) and 180 nm (minor peak). These values are lower than expected if the N2B-unique sequence were a permanently
unfolded entropic spring, but are consistent with the �100 nm maximum extension of that segment measured in isolated stretched car-
diomyofibrils. A contour-length below 200 nm would be reasonable, however, if the N2B-unique sequence were stabilized by a disulphide
bridge, as suggested by several disulphide connectivity prediction algorithms. Since the N2B-unique sequence can be phosphorylated by
protein kinase A (PKA), which lowers titin-based stiffness, we studied whether addition of PKA (+ATP) affects the mechanical prop-
erties of the N2B-construct, but found no changes. The softening effect of PKA on N2B-titin may require specific conditions/factors
present inside the cardiomyocytes.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Connectin; Titin; Single-molecule; Muscle mechanics; Elasticity; AFM spectroscopy; Protein unfolding; Immunoglobulin domain; Protein
kinase A
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R1. Introduction

The molecular basis for the generation of passive-ten-
sion and elasticity in vertebrate striated muscle is well-es-
tablished to be due primarily to the titin filament system
(Opitz et al., 2003; Tskhovrebova and Trinick, 2004; Gran-
zier and Labeit, 2004; Prado et al., 2005). Titins, also
known as connectins (Maruyama et al., 1976; Wang
et al., 1979), constitute a super-family of large elastic mus-
cle proteins (Mw, 3.0–3.7 MDa) with a highly modular
structure. A single titin molecule is in excess of 1 lm in
length and is composed of up to 300 domains of the immu-
noglobulin-like (Ig) or fibronectin-like type, interspersed
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with unique sequences (Labeit and Kolmerer, 1995). The
molecule spans half of a sarcomere, the structural unit of
skeletal and cardiac muscle cells, but only the titin segment
in the so-called I-band region contributes to muscle elastic-
ity (Fig. 1A) since the remainder is bound firmly to either
the thick filament system or the Z-disks (Miller et al.,
2004, and references therein).

Single-molecule studies have shown that the elastic
properties of titin can be characterized by the sum of
several ostensibly independent molecular springs (Li
et al., 2002; Leake et al., 2004; Watanabe et al.,
2002b). The molecular mechanism of titin elasticity
appears to be mainly entropic in nature but an addition-
al component may be due to the unraveling of Ig-do-
mains (Minajeva et al., 2001). Under conditions of high
force these domains unfold (Tskhovrebova et al., 1997;
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Fig. 1. Atomic force microscope (AFM) force spectroscopy of titin constructs. (A) Schematic of I-band titin domains (N2B-isoform) in the cardiac
sarcomere (modified after Neagoe et al. (2003)). Shown are the positions of the recombinant N2B (I24–27) and I91–98 constructs stretched by AFM.
(B) Schematic of the AFM setup.
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Kellermayer et al., 1997; Rief et al., 1997) and in doing
so may act as shock-absorbers to minimize damage to
the delicate muscle architecture and allow titin to contin-
ue a role for passive-tension generation during patho-
physiological stretch (Agarkova and Perriard, 2005).
Ig-domain unfolding could also contribute to the visco-
elastic properties of muscle (Minajeva et al., 2001; Linke
and Fernandez, 2002; Linke and Leake, 2004). Both sin-
gle-molecule investigations (Rief et al., 1998; Li et al.,
2002; Watanabe et al., 2002a) and bulk chemical-dena-
turation studies (Politou et al., 1995) have suggested that
the stability of Ig-domains may vary over several orders
of magnitude. When titin-like Ig-domains unfold, they
also have the potential to refold under substantial forces
of up to 30 pN (Bullard et al., in press).

The so-called N2B-region within I-band titin is a car-
diac-specific segment containing a large unique sequence
of 572 amino-acid residues bordered by Ig-domains
(Fig. 1A). The mechanical characteristics of these Ig-do-
mains (I24–I27) had been unknown before and were
studied in the present work. The N2B-unique sequence
(N2B-Us) has earlier been shown to extend towards the
upper physiological sarcomere length (SL) range, thereby
contributing to the passive-tension generation of cardiac
myofibrils (Linke et al., 1999; Helmes et al., 1999).
Under conditions of cardiac ischemia both the N2B-Us
and the I26/27 Ig-domains of the N2B region associate
with the chaperone a-B-crystallin (Bullard et al., 2004).
Furthermore, the N2B-Us binds DRAL/FHL-2, which
targets metabolic enzymes to the I-band of the cardiac
sarcomere (Lange et al., 2002). The N2B-Us has been
characterized by single-molecule mechanical studies as
having different compliance properties to the rest of the
elastic regions of the titin molecule (Li et al., 2002;
Watanabe et al., 2002b). There is evidence from myocyte
studies that the N2B-Us can be phosphorylated by pro-
tein kinase A (Yamasaki et al., 2002), which causes a
drop in myocardial passive stiffness (van Heerebeek
et al., in press). Whether the PKA effect on N2B can
be seen at the single-molecule level in vitro had not yet
been determined.
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OHere, we generated a recombinant fragment containing
the entire human N2B region, in which the unique
sequence is flanked by two Ig-domains on either side
(Fig. 1A). The force-extension relationship of the N2B con-
struct was analyzed by single-molecule AFM force spec-
troscopy (Fig. 1B) and a possible mechanical effect of
PKA-induced phosphorylation was tested. We found that
the N2B-Us does not extend to the contour length of
>200 nm expected from a permanently unfolded entropic
spring of 572 residues. This finding, also corroborated by
titin extensibility studies on isolated single cardiomyofi-
brils, may be explained by the presence of a disulphide
bridge within the N2B-Us, which was suggested by disul-
phide connectivity prediction algorithms. Experimental
conditions not matching the environment of titin in muscle
cells could be a reason for an observed lack of changes in
mechanical properties of the recombinant N2B-construct
upon addition of PKA in the presence of ATP.

2. Materials and methods

2.1. Expression and purification of titin construct

A construct spanning two complete Ig-domains either
side of the entire human N2B-region (Lange et al., 2002)
was sub-cloned into a pGEX vector with a pEGFP-C1
compatible cloning site and inclusive thrombin cleavage
site. This construct, I24–27 (Fig. 1), contains the entire
human N2B-region plus one additional C-terminal
domain, the I27 Ig-domain (formerly called I19 domain)
according to the nomenclature by Bang et al. (2001). (Note
that we do not use the nomenclature of titin domains after
Labeit and Kolmerer (1995), which is often used in single-
molecule work!) The pGEX-N2B plasmid was transformed
into an Escherichia coli expression system generating a
GST-N2B fusion of the correct molecular weight (see
Fig. 3A). Purification was by a standard Glutathione–
Sepharose 4B pull-down assay followed by thrombin
cleavage for GST removal. The I91–98 distal Ig-domain
construct (Fig. 1A) was kindly donated by Prof. Mathias
Gautel (King’s College, London).
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2.2. 32P autoradiography

Phosphorylation of the recombinant N2B-construct was
probed by standard autoradiography (Witt et al., 2001).
Briefly, the N2B-construct (1.5 or 2.5 lg) was incubated
with the catalytic subunit of protein kinase A (BIAFFIN,
final concentration 1 U/ll in 50 mM Tris–HCl pH 7.5,
10 mM MgCl2, 0.5 mM ATP, 0.06% NaF) in the presence
of [c-32P]ATP (specific activity, 250 lCi/lM) for 60 min at
30 �C. The protein was then denatured, dissolved, electro-
phoresed on 10% SDS–polyacrylamide gels, and identified
by Coomassie-blue staining. The gel was dried and exposed
to an autoradiographic film for 24 h at room temperature.
32P-incorporation was visualized by phosphoimaging
(Fujifilm BAS-1800 II).

2.3. AFM force spectroscopy

We used a home-built single-molecule atomic force
microscope (AFM) consisting of a commercial detector
head (Veeco Instruments, Mannheim, Germany) attached
to a piezoelectric positioner with strain gauge sensor
(P841, Physik Instrumente, Karlsruhe, Germany), giving
a z axis resolution of a few nm over a measurable force
range of 10–10,000 pN (Linke et al., 2002; Bullard et al.,
2004). Force measurement and the control of the move-
ment of the piezoelectric positioner were achieved by two
data acquisition boards (PCI 6052E, PCI 6703, National
Instruments) using custom-written software (LabView;
National Instruments and Igor, Wavemetrics). The spring
constant of each individual cantilever (MSCT-AUHW:
sharpened silicon nitride; Veeco Metrology Group, Santa
Barbara, CA) was calibrated using the equipartition theo-
rem (typically �40 pN nm�1). Alternatively, some experi-
ments were performed using the Asylum Research
Molecular Force Probe AFM, MFP-3D (Atomic Force
F&E GmbH, Mannheim, Germany).

In a given experiment 50 ll of a 2 nM solution of the rel-
evant protein were deposited on a freshly coated gold cov-
erslip (consisting of a 40 nm nickel/chromium base layer
and 10 nm gold top surface) for 5 min and rinsed with
PBS (100 mM sodium chloride and 50 mM sodium phos-
phate, pH 7.0). Mechanical stretch experiments on the
N2B-construct were performed in the presence or absence
of protein kinase A (PKA). For the former the coverslip
was then rinsed by 50 ll of a PKA/ATP solution
(0.5 lg ml�1 PKA, 50 lM ATP in PBS), for the latter
PBS alone was used. Since some fraction of the PKA mol-
ecules may bind to the gold, we estimated that the effective
molar ratio of non-surface-bound PKA to N2B-titin con-
struct may be �5:1, with an error of at least 20%. Experi-
ments on the I91–98 construct were performed in PBS
alone. Following 5 min for equilibration, segments of the
proteins were then picked up randomly by adsorption to
the AFM cantilever tip by pressing down onto the sample
for 1 s at high force (several nN), and stretching for several
100 nm. Surface protein density was optimized to ensure a
E
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low probability for tethering to the AFM tip (�1 in 50
attempts) to minimize the chance for capturing two or
more molecules and stretching them simultaneously. Such
events could be seen as overlapping sawtooth patterns
and readily distinguished from the regularly spaced saw-
tooth pattern that identified a single-molecule. Experiments
were performed at a room temperature of 22 �C. The pull-
ing stretch rate for all force-extension traces usually was
1 lm s�1.

2.4. Analysis of force-extension traces

Protein elasticity was modeled using the worm-like
chain (WLC) approach of pure-entropic elasticity (Marko
and Siggia, 1995)

F ¼ kBT
Lp

� �
1

4ð1� x=LcÞ2
� 1

4
þ x

Lc

" #

F is the entropic-based force, Lp is the persistence length, x

is end-to-end extension, Lc is contour length of the
stretched molecule, kB is Boltzmann’s constant, and T is
absolute temperature. The adjustable parameters were the
persistence and the contour lengths. Sawtooth force peaks
were detected by an automated custom-written algorithm
(LabView), discarding the final force peak in each trace
as detachment from the coverslip and/or AFM tip. Contin-
uous inter-peak segments of each force-extension trace
were then fitted by a WLC, using a convergence tolerance
of 1 nm for Lc and 0.05 nm for Lp. If the difference in Lc

for adjacent segments fell within the range 24–32 nm for
a given fixed Lp then the force peak of the preceding seg-
ment was assigned as an Ig-domain unfolding event (Rief
et al., 1997; Li et al., 2002).

2.5. Disulphide connectivity prediction for the human

N2B-unique sequence

Disulphide bonds in the N2B-Us were predicted with
two different novel algorithms. The DiANNA (DiAmino-
acid Neural Network Application) web-server (http://
clavius.bc.edu/~clotelab/DiANNA/) runs a disulphide
connectivity algorithm utilizing a novel architecture neural
network. A diresidue Neural Network (Ferre and Clote,
2005) is trained to recognize pairs of bonded half-cysteines
given input of half-cysteines symmetric flanking regions.
The network-training uses disulphide bond information
derived from high-quality protein structures (Vullo and
Frasconi, 2004), including evolutionary as well as second-
ary structure information. A running window PSIPRED
is first performed on the whole input sequence to predict
the secondary structure (helix, coil, and sheet) followed
by PSIBLAST to produce the profile of each position with-
in the running window (Jones, 1999).

The DISULFIND web-server (http://cassandra.dsi.uni-
fi.it/disulfind) employs an SVM binary classifier to predict
the bonding state of each cysteine (Ceroni et al., 2003),

http://clavius.bc.edu/~clotelab/DiANNA/
http://clavius.bc.edu/~clotelab/DiANNA/
http://cassandra.dsi.unifi.it/disulfind
http://cassandra.dsi.unifi.it/disulfind
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followed by a refinement stage that collectively classifies all
the cysteines in the chain. A bidirectional recurrent neural
network (BRNN), similar to DiANNA, and a Viterbi
decoder finds the maximum likelihood bonding state
assignment which satisfies the constraint for having an even
number of disulphide bonded cysteines (ignoring inter-
chain bonds).

3. Results

3.1. Expression and phosphorylation of the human N2B-titin

construct, I24–27

The full-length N2B-region of human cardiac titin con-
taining the N2B-Us and three Ig-domains, plus the I27-do-
main (Fig. 1), was expressed in E. coli generating a GST-
N2B fusion of the correct molecular weight (Fig. 2A).
The construct could be readily phosphorylated by the cat-
alytic subunit of PKA in the presence of ATP, as demon-
strated by autoradiography (Fig. 2B).

3.2. Mechanical stability of Ig-domains in the human
N2B-titin construct, I24–27

Stretching of the N2B-construct resulted in sawtooth
force-extension traces (Figs. 3A–C) containing up to four
clear force peaks (excluding the final detachment peak).
Modeling of the inter-peak force-extension segments sug-
gested most could be characterized by a WLC of persis-
tence length, Lp �0.2–0.4 nm, with a characteristic
spacing in contour length, Lc, between adjacent segments
of �30 nm (Figs. 3A and B).

PKA-dependent phosphorylation of the N2B-region
presumably alters titin’s mechanical properties (Yamasaki
et al., 2002) and though this effect is thought to be medi-
ated by the N2B-Us, we tested whether PKA indeed leaves
the Ig-domains of the N2B-segment unaffected. A compar-
ison of sawtooth patterns at equivalent rates of stretch
showed no consistent changes in the unfolding force (Fu)
U
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O

Fig. 2. Expression and phosphorylation of the recombinant N2B-construct (I2
compared against molecular weight markers (lane 1), values marked in kDa
catalytic subunit of protein kinase A (PKA) in the presence of ATP. Ctrl, no PK
M, size marker.
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of Ig-domains upon addition of PKA in the presence of
ATP (Figs. 3A–C). Comparing just the second force peak
putatively assigned to unfolding of the same Ig-domain
suggested that PKA does not significantly alter the force
required to unfold this domain (mean Fu, 220–235 pN;
Fig. 4A). Histograms of unfolding forces (all peaks)
showed no difference in the mean Fu, in the absence
(Fu = 218 ± 18 pN) and presence (Fu = 228 ± 15 pN) of
PKA (Figs. 4C and D).

The mechanical properties of the Ig-domains in the
N2B-construct were compared to those of a well-studied
recombinant Ig-domain construct, I91–98 (elsewhere
named I27–34; e.g., Rief et al., 1997; Li et al., 2002),
from the distal Ig-domain region (Fig. 1). Stretching this
construct (in PBS) resulted in sawtooth force-extension
traces containing between two and seven detected force
peaks (Fig. 3D). WLC modeling again suggested that
post-Ig-unfold elastic regions of the traces can be charac-
terized by a persistence length, Lp, of �0.2 nm with a
characteristic spacing in contour length, Lc, between
adjacent segments of �28 nm. The Ig-domain unfolding
force for just the second force peak at stretch rate
1 lm s�1 had a mean value of 230 pN (Fig. 4A) and
the mean Fu for all detected force peaks was 244 pN
(Fig. 4B).

3.3. Mechanical properties of the N2B-unique sequence with

and without PKA

Sawtooth traces of the N2B-construct containing three
to four regularly spaced unfolding peaks were analyzed
to parameterize the mechanical properties of the N2B-Us
(Figs. 3A–C). Modeling the initial trace leading up to the
first unfolding peak—presumably corresponding to the
stretching of the whole N2B-Us—resulted in WLC fits with
Lp between 0.40 and 0.70 nm (in PBS), though the frequent
appearance of initial force bumps due to rupture of multi-
molecular adhesions to the cantilever tip (e.g., Fig. 3B)
made the analysis less reliable. Upon addition of PKA
4–27). (A) SDS–gel electrophoresis of purified GST-N2B product (lane 2)
. (B) Autoradiography detects phosphorylation of the N2B-construct by
A added. Lanes were loaded with 2.5 lg (Ctrl) and 1.5 lg (+PKA) protein.
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Fig. 3. Force-extension recordings for the recombinant N2B-construct (I24–27), in comparison to an Ig-domain only construct (I91–98). The N2B-
construct was stretched in PBS (A) and (B) or in PBS plus PKA in the presence of ATP (C). Unfolding forces were compared to those measured at
equivalent stretch rates (1 lm s�1) for the I91–98 construct (D). Grey curves are worm-like chain fits to the sawtooth peaks (dark grey indicates fit to the
first force maximum in A–C). The constant contour-length increment between peaks hints at the presence of single-molecule tethers.
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the range of persistence length for the initial WLC fit was
unchanged at 0.30–0.60 nm.

Datasets measuring the origin-to-first-peak force-exten-
sion segment suggested a comparable mean contour length
for the N2B-Us of Lc �120 nm, for stretches in both the
presence and absence of PKA (Fig. 4E). Histogram analy-
ses for Lc showed a major peak at �95 nm under both
experimental conditions (Figs. 4F and G). However, there
was an additional minor peak centered around 180 nm for
N2B-Us stretched in PBS only (Fig. 4F), and a substantial
number of long Lc-values up to 240 nm appeared when
N2B-Us was stretched in the presence of PKA (Fig. 4G).
A predominant contour length of 90–100 nm is lower than
what might be expected from sequence data alone, based
on a putative random-coil of 572 residues.

3.4. Limited extensibility of the N2B-unique sequence in

cardiac myofibrils

To follow up on this point, we compared the Lc of the
N2B-Us measured by AFM force spectroscopy with the
maximum extension of that titin segment determined by
immunostaining methods on myofibrils (Fig. 5). Two dif-
ferent anti-titin antibodies directly flanking the N2B-Us
(I25, I26; Fig. 5A) have been used by us previously to stain
cardiac sarcomeres at different degrees of stretch (the anti-
bodies were formerly named I17 and I18, respectively;
Linke et al., 1999) and to obtain the SL-dependent transla-
tional mobility of both antibody epitopes (Figs. 5B and C).
Here, we compiled data from Linke et al. (1999) and
extended the analysis to the highly stretched SLs to calcu-
late the maximum extension of the full N2B-Us in the
E
D

sarcomere up to a length of �2.9 lm (Fig. 5C, inset). At
the longer SLs the extension of the N2B-Us leveled out
at �100 nm, suggesting that also in situ this region extends
to a contour length lower than expected from a permanent-
ly unfolded random-coil.

4. Discussion

Single-molecule AFM force spectroscopy has been used
for almost a decade to help establish the mechanical behav-
ior of individual domains of the giant muscle protein titin
(e.g., Rief et al., 1997, 1998; Carrion-Vazquez et al.,
1999; Li et al., 2002; Watanabe et al., 2002b; Scott et al.,
2002). Various I-band titin domains have been analyzed,
particularly those from the proximal and distal Ig-domain
segments (Fig. 1A), and also the PEVK-domain is mechan-
ically well-studied at the single-molecule level (Li et al.,
2001, 2002; Linke et al., 2002; Watanabe et al., 2002b;
Leake et al., 2004; Nagy et al., 2005). In contrast, less is
known about the cardiac-specific N2B-region (Fig. 1A),
of which only the unique sequence was investigated previ-
ously by single-molecule AFM (Li et al., 2002; Watanabe
et al., 2002b). Here, we cloned a recombinant fragment
containing the full N2B-region and used AFM force spec-
troscopy to measure the mechanical characteristics of the
N2B-Us as well as the Ig-domains. Comparing the Ig-do-
main stabilities of the N2B-region with those of a recombi-
nant fragment of distal Ig-domains (I91–98) at equivalent
rates of stretch, we found similar unfolding forces (mean,
�220–240 pN). Further, the N2B-specific Ig-domains
showed a rather large range of unfolding forces
(100–400 pN) comparable to those found among distal
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Fig. 4. Mechanical properties of the N2B-region. (A) Ig-domain unfolding forces of the second force peak, collated at a stretch rate of 1 lm s�1 for the
N2B-construct (I24–27) in the absence and presence of PKA (left two columns), and the I91–98 construct in PBS only (right column). Numbers in each
dataset are 14, 11, and 131 (from left to right). Error bars are one SE. (B) Histogram of unfolding forces (all peaks) for the I91–98 construct and Gaussian
fit. (C) Unfolding force histogram and Gaussian fit for peaks of N2B-Ig-domains in the absence of PKA. (D) The same, but in the presence of PKA. (E)
Mean contour length (Lc) of the N2B-Us calculated from WLC fits of the segment between zero and the first force peak, in the absence (n = 27) and
presence (n = 21) of PKA. Values in (B–E) are mean ± SE. (F) Histogram of contour-lengths values for the N2B-construct in PBS and Gaussian fits
showing a major center around 94 nm and a minor center around 180 nm. (G) The same, but for N2B in PKA + ATP.
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et al., 2002a). Thus, the Ig-domains of the N2B-region
are mechanically similar to other Ig-domains in titin.

The wide interest in the unfolding characteristics of titin
Ig-domains notwithstanding, it is still controversial
whether or not these domains unfold in muscle sarcomeres
(Minajeva et al., 2001; Trombitas et al., 2003; Linke and
Leake, 2004). Based on the observation of higher mechan-
ical stability of distal Ig-domains compared to proximal
domains (Li et al., 2002), it is likely that the distal Ig-do-
mains do not unfold in situ (Linke et al., 1999; Tskhovreb-
ova and Trinick, 2001; Linke and Fernandez, 2002). The
high mean stability of the N2B-specific Ig-domains found
here suggests that most of these domains may remain fold-
ed during normal cardiac function as well. However, with
some Ig-domains in the N2B-region unfolding at forces
as low as 100 pN at a stretch rate of 1 lm s�1, it cannot
be excluded that a few of these domains do unfold in the
sarcomere during high physiological stretch, as suggested
earlier for the proximal Ig-domains (Linke et al., 1999;
Linke and Fernandez, 2002; Li et al., 2002; Bullard et al.,
2004).

Studying the mechanical characteristics of the N2B-Us
bordered by the naturally flanking Ig-domains, we collect-
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Fig. 5. Extensibility of the N2B-Us in rabbit cardiac myofibrils. (A)
Schematic view of the domain architecture of the elastic region of the
cardiac N2B-titin isoform (after Labeit and Kolmerer, 1995). Epitope
locations of anti-titin antibodies (I25 and I26) flanking the N2B-Us, which
were used for immunostaining experiments, are indicated by arrows. (B)
Immunofluorescence images of single cardiac myofibrils stretched in
relaxing buffer and labeled with the two different antibodies at SL 2.7 lm.
pc, Phase image; bar, 5 lm. (C) Distance between Z line center and nearest
antibody epitope for a large range of SLs, measured by immunofluores-
cence (IF) and immunoelectron microscopy. Data were compiled from
Linke et al. (1999) and some points were added for SL �2.9 lm. Symbols
are means ± SD, fits are three-order regressions. (Inset) Stretch-dependent
extension of the N2B-Us in the sarcomere. Note the distinct plateau at
SL < 2.6 lm showing a maximum extension of �100 nm.

M.C. Leake et al. / Journal of Structural Biology xxx (2006) xxx–xxx 7

YJSBI 5054 No. of Pages 10; 4C: 2,7; Model 5+

24 April 2006 Disk Used Vimala (CE) / Gnanasekar (TE)
ARTICLE IN PRESS
U
N

C
O

R

ed evidence that this unique sequence may not behave as a
permanently unfolded, putative random-coil segment, con-
trary to previous belief (Li et al., 2002; Watanabe et al.,
2002b). The mean contour length of the N2B-Us
(120 nm) reached much less than the 220 nm expected from
a random-coil of 572 residues. Elsewhere, mean contour-
length values above 200 nm were observed in single-mole-
cule AFM studies using the N2B-Us alone (Watanabe
et al., 2002b) or the N2B-Us flanked by rows of I91 Ig-do-
mains (Li et al., 2002). In our hands, there was a bimodal
distribution of contour-length values with two centers at
90–100 nm (major peak) and �180 nm (minor peak). In
an attempt to explain this unexpected finding, we consid-
ered the possibility that there could be some intramolecular
structuring within the unique sequence, more specifically
an S–S bond between the cysteines (the human N2B-Us
has six cysteines; Labeit and Kolmerer, 1995) which the
AFM cannot break. Two different web-based algorithms,
E
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R
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F

DiANNA and DISULFIND (see Section 2), were used
for disulphide connectivity prediction.

Surprisingly, a high propensity for disulphide bridge for-
mation was suggested by both algorithms, although results
differed with regard to the position of the bond (Fig. 6A).
DISULFIND predicted connectivity between cysteines in
position seven (confidence eight out of nine) and position
100 (confidence four out of nine) in the 572-residue human
N2B-Us, whereas DiANNA predicted bonding between
cysteines 100 and 445 (probability, 0.961); all other cyste-
ines are unlikely to be bonded (Fig. 6A). An S–S bridge
between residues 7 and 100 would suggest that the ‘‘free’’
bit of the N2B-Us stretched has a contour length of
�0.38 nm * 480 = �180 nm. If the S–S were between resi-
dues 100 and 445, the free contour length would be
0.38 nm * 227 = �90 nm (Fig. 6B). Although, it could just
be coincidental, it is remarkable that these contour-lengths
values exactly match the mean values of the two popula-
tions for Lc found by us.

Why our Lc values differ from those reported in previous
studies (Li et al., 2002; Watanabe et al., 2002b) remains
unknown at this stage. Possibly, different conditions during
protein expression contribute to the disparity and one can
also speculate that the differences may be a consequence of
us using the whole ‘‘native’’ N2B-region, including the nat-
urally flanking Ig-domains. When we measured the exten-
sibility of the N2B-Us in the natural setting of the
cardiac myofibril, this titin segment extended to no more
than �100 nm even under extreme stretch (Fig. 5). Else-
where, the N2B-Us could be stretched maximally to
�150 nm in the environment of the sarcomere (Trombitas
et al., 1999). Perhaps an important methodological differ-
ence between our data and those of Trombitas et al.
(1999) is that these authors used reducing agent (DTT,
1 mM) in their relaxing buffer, unlike us (cf., Linke et al.,
1999). Inside the muscle cells there is a reducing environ-
ment due mainly to the presence of glutathione (GSH)
(Rutten et al., 2005) and normally the formation of disul-
phide bridges is unlikely. However, it is possible that the
extensibility and spring force of the N2B-Us are modified
under conditions that favor the oxidized state—a scenario
that has been proposed also for some titin Ig-domains
potentially containing an internal disulfide bridge (Mayans
et al., 2001). Whether the redox state indeed modifies the
mechanical properties of the N2B-Us is testable in future
work both at the single-molecule level and in myofibrils.

Of particular interest in this study was the effect of pro-
tein kinase A on the mechanical characteristics of the N2B-
region. The addition of PKA (in the presence of ATP) to
cardiac myocytes has been shown to decrease passive stiff-
ness (Yamasaki et al., 2002; van Heerebeek et al., in press)
and also b-adrenergic stimulation has, via PKA, a soften-
ing effect on resting cardiac muscle (Fukuda et al., 2005).
These effects have been explained by PKA-aided phosphor-
ylation of titin’s N2B-Us (Yamasaki et al., 2002), although
no molecular mechanism is currently known to satisfacto-
rily explain how phosphorylation of this region could
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Fig. 6. Disulphide connectivity predictions for the N2B-unique sequence. (A) Sequence of the N2B-Us; residues 1–572 are equivalent to residues 3671–
4242 of the human cardiac titin N2B-isoform (Accession No. X90568 in GenBankTM/EBI Data Bank). The output by the DISULFIND (http://
cassandra.dsi.unifi.it/disulfind) and DiANNA (http://clavius.bc.edu/~clotelab/DiANNA/) algorithms is shown, suggesting connectivity between cysteines
in positions 7 and 100 (dashed line) or in positions 100 and 445 (solid line), respectively. ‘‘0’’ indicates not-bonded cysteine. (B) Schematic of the N2B-Us
with a suggested free contour length of �90 nm if there were a bond between cysteines 100 and 445.
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PKA + ATP on the force-extension behavior of the N2B-
titin fragment at the single-molecule level, but found none.
Neither the Ig-domain stability nor the contour length/per-
sistence length of the N2B-Us appeared to be affected by
PKA. A possible explanation is that PKA + ATP alone
is not sufficient to lower N2B stiffness. The kinase,
although capable of phosphorylating the N2B-region,
might need one or more co-factor(s) to trigger the de-stiff-
ening in cardiac cells. Our results also hint at the possibility
that the PKA effect may require reducing conditions. Addi-
tional work is needed to establish a molecular mechanism
of PKA action on titin.

In summary, we conclude the following about the
mechanical properties of titin’s N2B-region. (1) The Ig-do-
mains in this region are mechanically similar to other
I-band titin domains. (2) The mean contour length of the
N2B-unique sequence reached much less than the
�220 nm expected for a fully stretched random-coil of
572 residues, suggesting that this titin segment does not
behave as a permanently unfolded entropic spring; the find-
ing might be explainable by the formation of a disulphide
bridge under non-reducing conditions. (3) Limited extensi-
bility of the N2B-Us was detected also in isolated, highly
stretched, cardiac sarcomeres; possibly then, the N2B
spring stiffness is increased under oxidative stress condi-
tions. (4) There was no direct effect of PKA in the presence
of ATP on the mechanical characteristics of the recombi-
nant N2B-region, although phosphorylation was
detectable.
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