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A molecular map of titin/connectin elasticity reveals two different
mechanisms acting in series
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Abstract In the I-band of skeletal muscle sarcomeres, the
elastic region of titin consists of immunoglobulin (Ig) domains,
and non-modular regions rich in proline, hydrophobic, and
charged residues (PEVK). Using immunoelectron microscopy
with sequence-assigned monoclonal antibodies, we demonstrate
that extension of the Ig regions in M. psoas occurs largely at
sarcomere lengths between 2 and 2.8 pm, decreasing in slope
towards higher lengths. The Ig domains do not unfold. Above 2.6
pm, length changes are increasingly due to the PEVK-rich
regions. We therefore propose that rubber-like properties of the
PEVK-rich regions are mainly contributing to skeletal titin
elasticity.
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1. Introduction

Titin [1], first described as connectin [2,3], is the giant sar-
comeric protein of striated muscle. In the I-band, it forms an
elastic connection between Z-discs and thick filaments [2-7].
Its elasticity is considered the basis of the passive tension of
muscle [1-3]. The elastic region of skeletal titin is composed of
contiguous stretches of immunoglobulin domains, and non-
modular regions consisting mainly of proline, hydrophobic,
and charged residues (PEVK-rich) [8]. An important question
is what the contributions of the diverse secondary structure
elements to the elastic response are. Previous investigations in
skeletal and cardiac muscle indicated that different I-band
segments extended differentially [5-7,9]. However, no correla-
tion could be made between the sequence elements of I-band
titin and its extension, because the molecular position of the
antibodies used in these studies was unknown. Unfolding of
Ig domains was proposed as the main mechanism of tension
generation [10], which would create great length increases in
the tandem Ig regions.

To investigate the contributions of the various molecular
regions of skeletal I-band titin to sarcomere extension within
physiological limits, and to gain information on the size of
individual Ig domains under stretch, we used an ultrastructur-
al approach by immunoelectron microscopy with new, se-
quence-assigned monoclonal antibodies.
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2. Materials and methods

2.1. Protein expression and antibodies

Titin domains from the regions of interest (MG1: EMBL X90569,
bp 15671-16516; MG2: bp 77-339) were expressed in E. coli and
purified as described {11]. BALB/c mice were immunised in a
standardised scheme and spleens from reactive animals fused with
NSO/1 myeloma cells as described [12]. Hybridoma lines were selected
and subcloned as described [12]. Specificity was assayed in Western
blots of total rabbit M. psoas extracts as described [4] and in blot
assays using a panel of recombinant titin I-band domains [13] to assay
for intramolecular cross-reactivity. The antibodies MG1 and MG2
belong to the IgG1 subclass and were found to be specific for titin,
to recognise a single defined epitope on recombinant titin domains
and to be paraformaldehyde-resistant. T12 [4] was a generous gift by
D. Fiirst.

2.2. Immunoelectron microscopy

Immunoelectron microscopy was performed essentially as described
[14]. Psoas muscle was excised from freshly killed rabbits on ice, single
fibres dissected, stretched in relaxing solution [14,15] and fixed with
4% paraformaldehyde. Processing for cryosectioning and immunola-
belling with 10 nm gold particles was as described [14]. The centre of
the immune complex identified by the gold particles was used as the
measuring point. The tandem Ig region was determined as the dis-
tance between the Z-disk centre and the antibody label; the PEVK-
rich region was determined as the distance between the antibody label
and the thick filament. The thick filament length of 1.57 um [16] was
assumed as reference length to determine the PEVK-rich region when
the last crossbridge was not identifiable.

3. Results

3.1. Molecular mapping of the elastic regions of titin

The movement of titin domains at the transitions between
the contiguous immunoglobulin domains (tandem Ig) and the
PEVK-rich regions [8] (Fig. 1) was investigated by immuno-
electron microscopy in rabbit psoas muscle. We used two
monoclonal antibodies, the first (MG1) raised against the con-
stitutively expressed junction between the differentially spliced
tandem Ig and PEVK-rich regions [8] (Fig. 1). The second
(MG?2) specifically binds the boundary between the constitu-
tively and differentially expressed tandem Ig regions [8]. The
extension of the tandem Ig regions was measured from the
distance of the MG1 epitope relative to the Z-disk. The ex-
tension of the PEVK-rich region together with a short stretch
of 22 tandem Ig domains was measured as the distance from
MGT to the end of the thick filament. Immunolocalisation of
the monoclonal antibodies T12 [4] and MG2 was used to
make defined measurements in the tandem Ig region. T12
binds at the beginning of the constitutively expressed tandem
Ig region [8] near the Z-disk (Fig. 1) and is preceded by non-
elastic sequences [4,9]. The distance between T12 and MG2 is
13 Ig domains.

We found that there is a differential movement of the MGl
epitope dependent on sarcomere length in rabbit psoas muscle
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Fig. 1. Positions of the epitopes of the antibodies for this study on the domain pattern of skeletal I-band titin (adapted from [8]). The regions
of variable lengths due to differential splicing are marked.
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(Fig. 2a,b). At small sarcomere lengths up to 2.8 pm, the
movement of the MG1 epitope to the Z-disk dominates sar-
comere extension. The passive tension is low in this region
[14,15). The extension of the tandem Ig region was approxi-
mately linear along sarcomeric length ranges of up to 2.6-2.8
pm, where resting tension is low [14,15]. The tandem Ig re-
gions can therefore be extended to a linear arrangement with
a relatively low energy cost. This signifies that the interactions
between domains of the poly-immunoglobulin chains of titin
are very weak, a finding also observed in vitro with recombi-
nant fragments from this region [13]. At 3 um, the slope of the
extension of the immunoglobulin chain decreases strongly
(Fig. 2b). At this sarcomere length, the approximate dimen-
sions of single immunoglobulin domains under physiological
strain can be calculated. The distance measured between the
constant epitopes of the monoclonal antibodies T12 and MG2
is 4319 nm (Fig. 2¢). Each of the 13 Ig domains between
both epitopes is therefore about 3.3 nm long.

At sarcomere lengths beyond 2.8 um, the movement of the
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Fig. 2. Differential movement of the MG1 epitope during the exten-
sion of rabbit M. psoas. (a) Immunoelectron microscopical visuali-
sation by nanogold beads of the bound titin antibody MG1 at var-
ious sarcomere lengths. At 1.82 pum, the label is sharply localised
near the A-band end. a, 1.82 pm; b, 2.44 um; c, 2.79 um; d, 3.33
um sarcomere lengths. Bold arrowheads: Z-discs. Light arrows:
thick filament ends. Arrows: position of immunolabel. Magnifica-
tion 25800 . (b) The position of the immunolabel in (a) was deter-
mined, and plotted against sarcomere lengths (n = 110). The exten-
sion of the tandem Ig region precedes that of the PEVK-rich
regions, and approaches a plateau at higher sarcomere lengths. (c)
Position of T12 (a) and MG1 (b) in stretched sarcomeres. The posi-
tions of both antibody labels are separated by approximately 43
nm. Bold arrowheads: Z-discs. Arrows: position of immunolabel.
Magnification 26 114 <.
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Fig. 3. A model for the sequential extension of titin I-band structures. (a) At small sarcomere lengths, the initially coiled up ‘string of beads’
of tandem Ig domains is straightened. Some extension in the PEVK-rich region may take place. (b) At higher sarcomere lengths, where muscle
generates passive tension, the PEVK-rich region becomes increasingly extended whereas the extension of the tandem Ig region levels off. The
slope of the passive tension curve would be expected to approach infinity when the tandem Ig regions are fully stretched; further extension is
then only possible by extension of the PEVK-rich regions and finally by destruction of anchorage [14].

MGTI epitope compared to the end of the thick filaments
dominates sarcomeric extension (Fig. 2a,b). Above 2.6 pm,
there is an exponential increase in resting tension in M. psoas
[14,15]. Whereas the extension of the tandem Ig region levels
off at higher sarcomere lengths (Fig. 2b), the PEVK-rich seg-
ment is extended further linearly (Fig. 2b).

4. Discussion

Using ultrastructural investigations of rabbit psoas muscle,
we have mapped the extension of the titin molecule and re-
solved its two major molecular components in the I-band, the
tandem Ig region and the PEVK-rich regions [8] (Figs. 1 and
2). We observed that the tandem Ig region mostly contributes
to length changes at smaller sarcomere lengths and therefore
under low resting tension. Using a pair of monoclonal anti-
bodies (T12 [4] and MG?2) in the constitutively expressed tan-
dem Ig region, we have shown that the dimensions of single Ig
domains in stretched sarcomeres do not significantly exceed 4
nm even at high sarcomere lengths (Fig. 2c). This figure is
very close to the dimensions of a folded titin domain in solu-
tion structures [17]. Therefore, it is unlikely that the titin Ig
domains unfold as sarcomere length increases as previously
proposed [10]. On the contrary, the stability even for isolated
single titin domains has been observed to be generally very
high [13,18]. Also, the physiological working range in rodents
does not exceed actomyosin overlap in situ and does not ex-
tend beyond the sarcomere lengths we investigated (Goulding
et al., unpublished observation). The tandem Ig regions are
therefore expected to counteract external force only once the
domain chain is fully extended. This point is reached at about
3 um sarcomere length in M. psoas and is near the upper limit
of the physiological working range of the sarcomere [14,15].
Above this sarcomere length, there is no further significant
extension of the tandem Ig region (Fig. 2b). The extension
of the PEVK-rich region C-terminal to the MGI epitope is
therefore linked to exponential passive tension generation in
skeletal muscle, identifying this region as the main generator
of passive tension.

The proline-rich PEVK sequence is predicted to adopt a
random conformation (A. Pastore, personal communication),
its hydrophobic residues being shielded from solvent in a ‘col-
lapsed’ state. A collapsed state is supported by the very short
distance between the MG epitope and the thick filament at

short sarcomere lengths (Fig. 2a,b). Extension of such a col-
lapsed state can firstly account for significant length increases
[19] by linear extension of the polypeptide chain. Secondly,
the resulting exposure of hydrophobic residues to cytosolic
water is an energy-consuming step [20,21]. Exposure of hydro-
phobic residues would create a significant entropic driving
force [20,21] of the ‘unfolded’, extended form of the PEVK-
rich segment to provide a strong spring that would recoil
when external strain is released. Indeed, previous biomechan-
ical studies have shown that passive tension of skeletal muscle
shows a temperature-dependent behaviour expected for an
entropic mechanism involving the exposure of hydrophobic
side chains [15]. Cooperative charge interactions between the
glutamic acid and lysine residues may provide further attrac-
tive forces during ‘refolding’ of the PEVK-rich segment [22].
Our findings describe the differential extensibility of skeletal
titin previously observed [5-7] on a molecular basis and link
distinct mechanical functions to the as yet uncharacterised
primary structure elements of skeletal I-band titin. At short
sarcomere lengths, the Ig domains are responsible for in-
creases in length between the Z-disc and the thick filament
(Fig. 3a). At longer sarcomere lengths, the PEVK elements
take over, and enable further extension of the sarcomere
(Fig. 3b). This simplified model may apply only to the less
complex skeletal titin, consisting of only one isoform [8].
Furthermore, extension is also observed in the PEVK-rich
sequence at low sarcomere lengths, and in the tandem Ig
region at higher sarcomere lengths. Although both mechan-
isms act in series, they are not entirely separate. Finally, dif-
ferent lengths of differentially spliced tandem Ig stretches
could modulate the sarcomere lengths at which the tension-
generating PEVK elements are activated in different muscles.
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