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Role of titin in vertebrate striated muscle

L. Tskhovrebova and J. Trinick”
School of Biomedical Sciences, University of Leeds, Leeds LS2 9¥T, UK

Titin is a giant muscle protein with a molecular weight in the megaDalton range and a contour length of
more than 1 pm. Its size and location within the sarcomere structure determine its important role in the
mechanism of muscle elasticity. According to the current consensus, elasticity stems directly from more
than one type of spring-like behaviour of the I-band portion of the molecule. Starting from slack length,
extension of the sarcomere first causes straightening of the molecule. Further extension then induces local
unfolding of a unique sequence, the PEVK region, which is named due to the preponderance of these
amino-acid residues. High speeds of extension and/or high forces are likely to lead to unfolding of the B-
sandwich domains from which the molecule is mainly constructed. A release of tension leads to refolding
and recoiling of the polypeptide.

Here, we review the literature and present new experimental material related to the role of titin in
muscle elasticity. In particular, we analyse the possible influence of the arrangement and environment
of titin within the sarcomere structure on its extensible behaviour. We suggest that, due to the limited
conformational space, elongation and compression of the molecule within the sarcomere occur in a more
ordered way or with higher viscosity and higher forces than are observed in solution studies of the iso-
lated protein.
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1. MUSCLE ELASTICITY

One of the important properties of striated muscle is its
elasticity (see review by Gajdosik 2001). Muscle fibres can
be extended more than two-fold without loss of structural
order. Extension is more or less uniform and all sarcom-
eres undergo the same relative elongation. Lengthening is
accompanied by an increase in resistance or passive ten-
sion. This tension is responsible for spontaneous retrac-
tion to the rest length on release. Passive tension can be
measured directly in relaxed muscle, while in activated
muscle it comprises a part of the total measured force.
Passive tension at a given muscle length depends on the
rate of extension, demonstrating elastic behaviour in slow
stretches and viscous behaviour in fast stretches. It is
influenced by the extensible properties of both intra- and
extracellular structures. The contribution of the extra-
cellular, as well as exosarcomeric components is noticeable
at large extensions beyond overlap of thin and thick fila-
ments. Within the working range of sarcomere lengths, the
contribution of the endosarcomeric components is
thought to dominate (Magid & Law 1985; Brady 1991;
Wang et al. 1993; Granzier & Irving 1995; Mutungi &
Ranatunga 1996). Different types of muscles exhibit dif-
ferences in force—extension behaviour reflecting, on the
one hand, variations in the content of extracellular and
exosarcomeric contributors and, on the other hand, differ-
ences in the extensible properties of the endosarcomeric
proteins (Granzier & Irving 1995).

The generally accepted view is that the elasticity of stri-
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ated muscle is largely determined by the giant protein
titin, one of the major components of the sarcomere (see
reviews by Trinick 1994, 1996; Wang 1996; Maruyama
1997; Linke & Granzier 1998; Gautel ez al. 1999; Horow-
its 1999; Trinick & Tskhovrebova 1999; Linke 2000).
Extensibility of titin in the I-band, and its relation to pass-
ive tension, was clearly demonstrated by i situ immuno-
fluorescence and immuno-electron microscopy, and by
mechanical measurements on fibres and myofibrils (Wang
et al. 1991, 1993; Horowits 1992; Granzier et al. 1996;
Linke ez al. 1996; Trombitas er al. 1998, 2000).

2. TITIN IN THE SARCOMERE

The titin molecule spans half of the sarcomere (see, for
example, figure 1 in Trinick & Tskhovrebova (1999)); its
C-terminus is an integral component of the M-line (Furst
et al. 1988; Obermann et al. 1997) and its N-terminus is
part of the Z-disc (Furst er al. 1988; Gregorio et al. 1998).
In the A-band, titin is an integral component of the thick
filament; estimates based on different methods indicate
that six titin molecules are bound to each half of the thick
filament (Cazorla ez al. 2000; Liversage et al. 2001). The
major titin-binding proteins within the thick filament are
probably myosin and C-protein (Soteriou ez al. 1993b;
Houmeida ez al. 1995; Freiburg & Gautel 1996). Some
self-association of titin molecules here cannot be
excluded, although the limited data currently available do
not provide any evidence for this (Politou ez al. 1995).

The I-band section of titin forms flexible connections
between the ends of the thick filament and the Z-disc.
These connections centre thick filaments in the sarcomere
and they are the main mechanical connections through
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Figure 1. The domain structure of the I-band region of the titin molecule. The Z-disc structure corresponds to the cardiac
isoform. Other isoforms vary in the length and structure. The T12 and MIR epitopes mark approximate edges of the I-band
region that is not bound to thin or thick filaments. The I-band region of the smallest cardiac isoform comprises the conserved
portion of the proximal tandem Ig segment that has 15 domains and is ca. 60 nm long. This is separated from the conserved
distal Ig segment by the N2B and PEVK regions formed mainly by unique sequences. The N2B and PEVK polypeptides
contain, in total, approximately 1200 amino-acid residues. In skeletal muscle isoforms the length of the proximal tandem Ig
segment is extended by the inclusion of a variable portion of up to 53 Ig domains. They also comprise a different version of
the N2 region (i.e. N2A) and a significantly longer PEVK polypeptide. Numbering of domains is given according to Freiburg

et al. (2000).

relaxed muscle fibres (Horowits & Podolsky 1988). The
spatial organization of I-band titin is complex
(Tskhovrebova & Trinick 2000). There are three major
regions: near the end of the thick filament six titin mol-
ecules are associated into a single bundle, the end filament
(Trinick 1981; Bennett ez al. 1997); in the middle of the
I-band, titin probably branches either into smaller bundles
or single molecules (Funatsu ez al. 1993); and near the Z-
disc, the molecules are associated with thin filaments
(Linke ez al. 1997; Trombitas et al. 1997). This complex
spatial organization correlates with the structural hetero-
geneity of the molecule (Labeit & Kolmerer 1995; Frei-
burg ez al. 2000).

The disposition of titin within the sarcomere predeter-
mines the configurational and conformational transitions
in its I-band portion during contraction or passive exten-
sion of muscle. The following estimates illustrate the mag-
nitude of the changes in contour length of the I-band titin
during normal muscle function. The maximum sarcomere
length working range is estimated to be 1.9-2.5 um in car-
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diac muscle, 2.0-3.4 wm in psoas muscle and 2.2-3.8 pm
in soleus muscle (Millman 1998). This gives working
ranges for the I-bands of 0.05-0.35, 0.12-0.82 and 0.21-
1.01 pm, respectively. The corresponding I-band contour
lengths of titin isoforms estimated from the sequence are
0.2, 0.37 and 0.49 pm. Thus, the I-band section of titin
in each muscle can be expected to afford at least a two-
fold reversible increase and a more than two-fold decrease
in contour length. Estimates based on mechanical
measurements on muscle fibres and myofibrils indicate
that the extension of titin beyond its contour length pro-
duces forces up to a few tens of picoNewtons per molecule
(Wang er al. 1991; Granzier & Irving 1995; Linke ez al.
1996).

3. TITIN STRUCTURE

The titin molecule is more than 1 pm long and is for-
med by a single polypeptide with a molecular weight rang-
ing from ca. 3.0 to 3.7 MD, depending on the isoform
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(Freiburg er al. 2000). Despite its giant size, the tertiary
structure of the molecule is relatively simple and sequence
analysis predicts that more than 90% of the polypeptide
is folded into a chain of immunoglobulin- and fibronectin-
like domains. This multidomain structure implied by
sequence correlates with the interdomain periodicity of ca.
4 nm observed in the electron microscope (Trinick ez al.
1984). The A-band section of the molecule is conserved
between isoforms. Approximately 65% of the length of the
A-band is formed by Fn and 30% by Ig domains (Labeit
et al. 1992; Labeit & Kolmerer 1995). The domains are
arranged into patterns or super repeats reflecting the thick
filament structure.

In contrast to the A-band section, the I-band section of
titin reveals large size variations between isoforms
(Freiburg et al. 2000). These variations correlate with the
structure and elastic properties of the different muscle
types, emphasizing the structural and functional role of
the protein. In general, the I-band section comprises three
major regions, two composed of conserved tandem Ig
segments, flanking a central region formed by unique
sequences and variable tandem Ig segments (figure 1).
The unique sequence regions, in turn, contain two sub-
regions: N2, consisting of alternating Ig domains and
unique sequences, and the PEVK region named from its
preponderance of these amino-acid residues. The N2
region is represented in two versions: all skeletal isoforms
usually contain the N2A region, whereas cardiac isoforms
contain either the N2B, or both the N2A and N2B
regions. While the distal and Z-line bordering parts of
proximal tandem Ig segments are conserved between iso-
forms, the variable tandem Ig segment and PEVK regions
vary in size. The shortest cardiac isoform contains only
the conserved portion of the proximal tandem Ig segment,
which is immediately followed by the N2B region and a
relatively short PEVK region. In all other cardiac isoforms
between the N2B and PEVK regions there are inserts of
additional Ig domains and N2A segments. In skeletal mus-
cle isoforms the conserved portion of the proximal tandem
Ig segment is directly followed by the variable Ig segment
and then by the N2A and relatively long PEVK regions.
In the largest soleus muscle isoform, the primary structure
of the variable tandem Ig segment reveals two types of
super-repeats of six and 10 domains, respectively (Gautel
1996; Witt et al. 1998). This suggests two types of period-
icity in the tertiary structure of the molecule of 20-24 and
35-40 nm.

4. FLEXIBILITY AND EXTENSIBILITY OF THE
ISOLATED MOLECULE

Electron microscopy of isolated titin molecules at high
ionic strength, which favours solubility, reveals a highly
flexible configuration (Maruyama et al. 1984; Trinick ez
al. 1984; Wang er al. 1984). Dynamic light scattering
(Fugime & Higuchi 1993; Higuchi ez al. 1993) and elec-
tron microscopy studies (Tskhovrebova & Trinick 2001)
indicate an average value of the persistence length of 13—
15 nm. Electron microscopy also demonstrates that the
equilibrium configuration can be easily deformed by small
mechanical forces, resulting in straightened or even par-
tially unfolded molecules (Nave ez al. 1989; Tskhovre-
bova & Trinick 1997). Figure 2 illustrates some examples
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Figure 2. Electron micrographs illustrating titin molecules
purified from rabbit back muscle and metal-shadowed after
drying on a mica substrate in the (a) coiled, (b) straightened,
and (¢, d) partially unfolded configurations. (a) The coiled
configuration closely reflects the equilibrium state adopted
by the isolated molecule in a solution of high ionic strength.
The equilibrium configuration, in most cases, is distorted by
hydrodynamic forces, which are related to drying. These
forces are responsible for straightening or ‘molecular
combing’ of the molecules. The maximum measured length
of rabbit back muscle isoform in a straightened configuration
is ca. 1.3 pm (b), which is close to the length of the longest
isoform estimated from primary structure. Straightening of
the molecule is often accompanied by local unfolding at the
PEVK region (c), leading to separation of the apparently
intact A-band (larger segment) and I-band (smaller segment)
regions. In some cases, the Ig-Fn containing A-band
segment may also be observed in a partially unfolded state
(d). The differences in the appearance reflect differences in
the magnitude of hydrodynamic forces exerted on the
molecules during specimen preparation.

of typically observed coiled, straightened and partially
unfolded molecules. The pattern of events during exten-
sion agrees with conclusions reached from primary struc-
ture analysis (Labeit & Kolmerer 1995), immuno-electron
microscopy (Granzier et al. 1996; Trombitas er al. 1998,
2000) and mechanical measurements (Granzier ez al.
1996; Linke ez al. 1996, 1998a,b). These results suggest
that straightening of the molecule is followed by local
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Figure 3. Optical microscopy of titin molecules labelled with
lysine-reactive tetrametyl rhodamine isothiocyanate and dried
on a mica substrate from a glycerol-containing buffer. To
label the molecules, 0.5 ml of titin solution in 0.5 MKCI
(pH 9.0-9.5) at 1.0 mg ml~! was mixed with 10-30 ml of
the dye dissolved at a concentration of 1 mg ml~! in DMSO.
The protein—dye mixture was left at room temperature for
30 min and then passed through a Sepharose CL-2B column
(ca. 40 X 0.5 cm). Binding of the dye to the protein was
detected spectroscopically. Electron microscope examination
showed that labelling did not change significantly the
flexibility of the protein, which was readily combed out by
hydrodynamic forces. Here titin molecules are seen as
elongated fluorescent spots ca. 1 pm long with increased
fluorescence towards both ends. The shape of the fluorescent
spots suggests a straightened configuration of the molecules
and an uneven binding of dye along the length. The latter is
in agreement with a significantly higher concentration of
lysine residues at the PEVK region, which is close to the N-
terminus, and the high affinity of the C-terminal to M-line
proteins, which are usually present in the purified protein.
Scale bar=1 pm.

elongation at the PEVK region and then by unfolding of
the Ig/Fn segments (Soteriou et al. 1993a).

Labelling titin molecules with lysine-reactive fluorescent
dyes does not change their extensible properties (figure 3;
see also Zhuang et al. (2000)). The labelled molecules
reveal increased fluorescence at their ends. Increased flu-
orescence towards the C-terminus of the molecule corre-
lates with an increased concentration of lysine residues in
the PEVK region, suggesting that at least part of the
PEVK region is present in the purified protein.

Mechanical experiments with single molecules using
optical tweezers or atomic force spectroscopy show quali-
tative similarity with the force—extension relationship mea-
sured in situ (Kellermayer et al. 1997, 1998; Tskhovrebova
et al. 1997). Simulations of the experimental curves using
entropic WLC polymer models indicate the probable pres-
ence of two serially linked springs, which were identified
as the Ig-Fn and PEVK regions.

Reversible unfolding of titin domains at high forces was
also directly illustrated (Rief ez al. 1997; Kellermayer et al.
1997; Tskhovrebova et al. 1997). Unfolding of the
domains occurs sequentially, leading to a characteristic
sawtooth-like pattern (figure 4). Computer simulations
based on the structure of 127,! one of the few domains
solved to atomic resolution (Improta ez al. 1996), indicate
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Figure 4. (a) An example of the characteristic sawtooth
pattern observed during the stretching of titin, using an
atomic force spectroscope cantilever. Titin, 10 ugml™' in 0.1
MKCI, was non-specifically adsorbed to gold-coated mica.
(b) Force measurements were carried out with a commercial
AFM (Molecular Imaging) in 0.1 MKCI buffer. Silicon
nitride cantilevers used for the measurements were
purchased from Digital Instruments. The tip was brought
into contact with the surface and kept there for a few
seconds to allow titin adsorption. The extension rate was

1 um s~ !. The distance between peaks in the sawtooth
pattern is ca. 25 nm, close to the length of unfolded Ig and
Fn domains. Scale bar, 25 nm.

that the sawtooth pattern can arise due to the presence of
a potential barrier in the domain structure (Lu & Schulten
2000). The barrier reflects the necessity (after an initial
stretch from an original 4 nm to ca. 7 nm) to simul-
taneously break a set of hydrogen bonds. As soon as this
barrier is overcome, the polypeptide chain unravels
according to the WLC chain behaviour (Rief ez al. 1997).
A release of the tension leads to a collapse of the chain
and refolding of the domains. The refolding properties of
the molecule can be strikingly demonstrated in the elec-
tron microscope when, after a complete chemical denatur-
ation—renaturation cycle, the renatured molecules appear
indistinguishable from native ones (T'skhovrebova & Trin-
ick 2000). Biochemical studies indicate the refolding time
of single domains to be of the order of seconds (Carrion-
Vazquez et al. 1999).

5. TITIN AND MUSCLE ELASTICITY

The conclusions reached from the in vitro studies can
be summarized as follows: the end-to-end distance of the
isolated molecule (contour length ca. 1 pm) can be rever-
sibly and quickly changed from ca. 0.15 pm (compact
relaxed conformation) to several microns (extended and
unfolded). These changes result from a highly flexible
native structure and from the fast kinetics of folding-
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Figure 5. The effect of confinement on the configuration of the titin I-band region within (a) cardiac, (b) psoas and (c) soleus
muscles at slack sarcomere lengths. The scheme is drawn at a scale proportional to the known dimensions and relative
positions of the major contractile filaments. (a) In cardiac muscle the I-band length in the slack sarcomere is approximately
equal to the length of the actin-bound section of titin and also to the length of end filament. The contour length of the
remainder of the I-band titin polypeptide, comprising the N2B and PEVK regions, is also ca. 50 nm long (this estimate is
based on an assumption that the folding density of the N2B-PEVK polypeptide and the diameter of the molecule in this
region are similar to the rest of the protein). This implies that the N2B-PEVK segment is stretched between the tip of the end
filament, which is set against the Z-disc, and the actin-bound section which has moved towards the A-band. For the smallest
cardiac isoform of titin, a further decrease of the sarcomere length during muscle contraction may lead to over-extension of
the I-band segment and thus initiate an increase in sarcomere-length restoring force (Helmes ez al. 1996; Wu et al. 2000). For
psoas (b) and soleus (¢) muscles the I-band lengths in slack sarcomeres are ca. 120 and 210 nm, respectively, whereas the
contour lengths of the I-band regions of the corresponding titin isoforms are 320 and 440 nm (excluding actin-bound
portions). The isolated I-band titin segment in solution will occupy a volume of approximately spherical shape with a radius of
38-45 nm, as can be judged from estimates of radii of gyration. However, within the sarcomere the average space per single I-
band segment is restricted by a volume of an elongated shape with a length equal to the I-band length and a radius of 8-

10 nm. The latter value is based on thick filament spacing of 43 nm (Millman 1998) and the estimate of six titin molecules
per half thick filament (Cazorla er al. 2000; Liversage er al. 2001). Thus, there is an apparent discrepancy between the space
required and that actually available. This implies that titin strands in the I-band at slack sarcomere length are either arranged
in a more ordered way than can be predicted from solution observations or, they are highly interwired.

unfolding transitions of unique and B-
structure domains.

In muscle, the I-band section of titin tends to shorten
its end-to-end distance due to the flexible nature of the
molecule. In the absence of external tension this decreases
the sarcomere to a slack length. Starting from slack length,
extension of the sarcomere first causes straightening of the
elastic I-band section of titin. Further extension induces
local unfolding of the PEVK region, but high speeds of
extension and/or high forces probably lead to unfolding of
Ig domains (see e.g., Minajeva er al. 2001). The differ-
ences in mechanical stability between PEVK and Ig
domains are thought to be related to the differences in
their tertiary structure. As mentioned above, the relative
resistance of Ig domains to mechanical unfolding is due
to particular intradomain bonds that give rise to a poten-
tial energy barrier. In the PEVK region, studies of its pri-
mary structure (Greaser 2001) and folding properties of
expressed fragments (Gutierrez-Cruz et al. 2001; Ma ez al.

sequences
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2001) indicate the presence of a 28-residue long ‘polypro-
line helix-coil’ motif as the probable structural repeat.
This would be radically different from the @3-
sandwich domains and could result in a lower potential
energy barrier and lower resistance to mechanical stress.

In cardiac muscle, with the shortest isoform, the I-band
section of titin probably acts as a bi-directional spring.
This extends and gives rise to a tension not only during
extension of the sarcomere but also during contraction
below the slack length (Helmes er al. 1996; Wu et al.
2000). In the latter case, the tension developed will tend
to restore the sarcomere rest length. This rest-length
restoring function may be a general function of titin,
although due to large variations in the I-band section of
the molecule between isoforms, details of the mechanisms
will vary.

The above scheme is a general one and the latest data
indicate that extensibility might be more finely tuned and
dependent on fibre type than previously thought. Thus, in
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cardiac isoforms, the N2B region is also involved in multi-
phase extension of the molecule (Linke ez al. 1999; Trom-
bitas et al. 1999). The PEVK region, in addition to its
involvement in the mechanism of elasticity, might have
additional functions deriving from its high negative charge.
For instance, it may be involved in regulatory mechanisms
through binding sarcoplasmic proteins or cations.

Quantitative comparisons of data obtained by in wvitro
and in situ mechanical experiments is complicated by sev-
eral factors that still need to be resolved. One major factor
is the titin arrangement in the sarcomere. The approach
used in single-molecule experiments for studying titin
extensible properties (Kellermayer ez al. 1997; Rief et al.
1997; Tskhovrebova er al. 1997) is of particular interest
since it mimics the situation with titin extension in muscle,
by anchoring both ends of the molecule and applying a
mechanical force to one of its ends. The essential differ-
ence, however, is that, in contrast to iz vitro experiments,
I-band titin in the sarcomere is located within an ordered
filament lattice. Thus, all conformational changes occur
within the confined lattice space.

Figure 5 schematically illustrates the probable con-
figuration of titin molecules in the I-band region at slack
sarcomere length. It is obvious that the I-band section of
the molecule cannot adopt the equilibrium conformation
of the isolated molecule in solution, which can be approxi-
mated as a sphere of radius Rg ca. 15-45 nm for different
isoforms (estimations are based on the assumption of six
titin molecules per half thick filament; Cazorla er al
(2000); Liversage er al. (2001)). Instead, the average con-
formational space per molecule is restricted by the elon-
gated and narrow volume, with a radius of ca. 8.5 nm and
length of ca. 50, 120 and 210 nm in cardiac, psoas and
soleus muscles, respectively. The difference between the
space required and that actually available implies that
transverse motions of titin in muscle are likely to be sig-
nificantly inhibited. Thus, the configurational deformation
resulting from changes in sarcomere length may not occur
as a rod—coil transition in solution, but rather in a more
ordered way maintaining the elongated shape of the con-
formational space. As a consequence of this confinement,
compression of the molecule may involve higher viscosity
and extension may have different dynamics in comparison
with a free chain.

The above analysis is based on the assumption that six
titin molecules, bound to each half of the thick filament
in the A-band and interacting with each other within the
end filament, desegregate in the middle of the I-band into
six separate strands forming six independent elastic con-
nections with the Z-disc. If the molecules desegregate, not
into monomers but into dimers or trimers, this will change
quantitative estimates. However, the effect of confinement
on the conformation and dynamics of the I-band titin is
likely to remain.

Regardless of the details of the arrangement in the I-
band, the roles of titin in muscle passive tension are now
well established. The bending and extensible properties of
the molecules are at the heart of the molecular mech-
anisms controlling the functionally important long-range
elasticity in striated muscle. The rich variety of isoforms
also provides a simple basis for the variation of sarcomere-
length working range observed in different types of mus-
cle fibres.
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ENDNOTE

!Corresponds to 191 in the latest numbering of domains (Freiburg er al.
2000).
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