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SUMMARY

The giant sarcomeric protein titin (also described as
connectin) is composed mainly of immunoglobulin (1g)-
like and fibronectin type Il (fn3)-like domains arranged
consecutively. At both ends of the molecule, these
domains are interrupted by sequence insertions. The
amino terminus of titin is localized in the Z-disk, a
structure of great variability in different muscle types.
We have determined the ultrastructural position of
sequences in this region of the molecule in skeletal and
cardiac muscle by immunoelectron microscopy using
antibodies directed against unique epitopes. Titin
molecules entering the Z-disk from two half sarcomeres
do not significantly overlap, showing that the amino

terminus is at the centre of the Z-disk. A serine/proline
rich site, which can be phosphorylated by kinases in
developing muscle tissues, was identified near the amino
terminus of titin. Sequence analysisrevealed the presence
of anovel 45 residue repeat (‘Z-repeats’) in thisregion of
the molecule. The number of titin Z-repeats varies dueto
differential splicing. We propose that this mechanism isa
means of assembling Z-disks of variable thickness and
mechanical strength.

Key words: Titin, Connectin, Z-disk, Sarcomere, |soform,
Phosphorylation

INTRODUCTION

The Z-disk of striated muscleis one of the most enigmatic bio-
logical structures, owing both to its extreme density and to the
insolubility of many of its components. This impedes ultra-
structural analysis and makes it difficult to isolate native and
undegraded protein constituents. Relatively few proteins are
known to localize to the Z-disk (reviewed by Vigoreux, 1994),
and the exact position of a number of them is till uncertain.
Furthermore, the thickness of Z-disks can vary significantly
between different fibre types (Squire, 1981), indicating that the
number of proteins incorporated into the structure is regulated
in away that depends upon fibre type.

The assembly of the Z-disk is the starting point of myofib-
rillogenesis (reviewed by Vigoreaux, 1994; First and Gautel,
1995). The giant muscle protein titin/connectin (Maruyama et
al., 1976, 1977; Wang et al., 1979), henceforth caled titin, is
one of the first proteins appearing in the Z-disk in developing
striated muscle (Tokayasu and Maher 1987a,b; Wang et al.,
1988; First et al., 1989; Handel et a., 1989; Lin et al., 1994).
Theintegration of titin into nascent sarcomeres beginswith the
assembly of the amino terminus into the Z-disk and proceeds
towards the C-terminal M-band region (Furst et al., 1989; van
der Loop et al., 1996).

It has been proposed that one function of titin may be to act
as a molecular blueprint (‘molecular ruler’) for the layout of
the sarcomere (Wang and Wright, 1988; Whiting et al., 1989).

Titin binding to myosin and myosin-associated proteins in the
A-band supports this idea (Maruyama et a., 1985; Labeit et
a., 1992; Soteriou et al., 1993; Freiburg and Gautel, 1995).
However, athough the modular array of immunoglobulin-like
(Ig) and fibronectin-3-like (fn3) domains in the A-band corre-
lates strikingly with the ultrastructure of the sarcomere (Labeit
et al., 1992; Labeit and Kolmerer, 1995; Bennett and Gautel,
1996), the sequence of cardiac titin reveals a particular
sequence complexity in both the regions predicted to be in the
Z-disk and M-disk (Gautel et a., 1993; Labeit and Kolmerer,
1995; Sebestyén et al., 1995). The identification of sequence
insertions in partial rabbit cardiac cDNAs of Z-disk titin,
coding for amino acid sequences which can be phosphorylated
in vitro by SP-specific protein serine/threonine kinases
(Sebestyén et al., 1995) suggests the titin N terminus may be
involved in controlling myofibril assembly. Since the
anchorage of titin in the Z-disk is important in assuring its
ability to provide an elastic connection between Z-disks and
thick filaments (Furst et al., 1988; Itoh et al., 1988; Whiting et
al., 1989; Wang et al., 1993), the structural elements of titin
involved in this assembly are of particular interest.

In this work, we have addressed the questions of how the
titin sequence relates to the ultrastructure of the Z-disk, which
sequence elements may account for the variable thickness of
this structure, and whether titin displays further regulatory
sequencesin the central Z-disk which may beimportant in con-
trolling its assembly.
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MATERIALS AND METHODS

Protein expression and purification

Titin domains were amplified from primary A-cDNA clones by PCR
as described (Saiki et a., 1985) using specific primers based on the
cDNA sequence of human cardiac titin (EMBL data bank X90568).
The nomenclature and domain boundaries are as in Labeit and
Kolmerer (1995). The cDNA fragments were subcloned into a
modified pET vector described previously (Labeit et al., 1992). Hiss-
tagged proteins were expressed and purified as described (Politou et
a., 1994ab). Anaysis of purified protein was by SDS-PAGE as
described (Laemmli, 1970).

cDNA sequencing and analysis

Fragmentsfrom the Z-disk insertion Zis2 (L abeit and Kolmerer, 1995)
were amplified from total human cardiac cDNA prepared as described
(Labeit and Kolmerer, 1995) by PCR using the primer pair Z/oll
(5'tttctcgagcCCTGCTAAAAAGACAAAGACAATTGSI) and Z/ol2
(5'tttacgegttaCTCCAAAGTGGTCTGCTGAG3'). The fragment pool
obtained was subcloned into the modified pET vector (see above),
individual clones isolated and grouped by restriction digestion using
the flanking Xhol and Mlul sites. Three different length variants could
be isolated from human cardiac cDNA, termed ZisS, ZisM and ZisL.
DNA sequencing was performed with an automated ALF DNA
sequencer (Pharmacia, Sweden) using standard procedures.
Sequences have been deposited in the EMBL data library under
accession numbers X98114 (ZisS) and X98115 (ZisL).

Sequence prediction and dotplot self-comparison were performed
with the UWGCG software package (Devereux et a., 1984). The
novel repeat type was identified by sequence self-comparison and by
visual inspection, and was used to search the Swiss Prot and EMBL
data libraries (release 21) with FASTA or BTFASTA. No significant
homologies were found except for the titin sequence itself. Motifs
were aligned by GCG-PILEUP and CLUSTAL-W (Thompson et al.,
1994) and edited by eye, and homologous positions were boxed with
PRETTYPLOT (P. Rice, EMBL).

Antibodies

The recombinant Z1 domain and the peptide SPIRMSPARM-
SPARMSPARM, corresponding to the insertion Zis5, which is
located between domains Z6 and Z7 (Labeit and Kolmerer, 1995;
Sebestyén et d., 1995) were used for raising rabbit polyclonal anti-
bodies. The peptide was coupled to bovine serum albumin at an
estimated molar ratio of 1:10 with bis-succinimidylsuberate following
standard protocols (Harlow and Lane, 1988). Chinchilla rabbits were
immunized in a standardized scheme with the purified titin domain
Z1 and the peptide-conjugate using titerMax adjuvant (Vaxcel, USA).
Antibody production was monitored in test-bleeds by indirect
immunofluorescence on cryosections of baboon heart (Bios, Gréfelf-
ing, Germany). For immunohistochemistry, IgG-fractions were
affinity-purified on the relevant immobilized antigen as described
(Harlow and Lane, 1988).

Monoclonal antibodies (mAbs) were generated by immunizing
Balb/c mice with native titin prepared from chicken skeletal muscle
asdescribed (Furst et al., 1988, 1989). Fusion of spleen cellswith PAI
myeloma cells and subsequent selection in HAT medium followed
standard protocols (Debus et al., 1983). Resulting antibodies were
characterized by western blotting using total muscle extracts and by
indirect immunofluorescence on cryosections of skeletal and cardiac
muscle samples (First et a., 1988).

Epitope positions were determined in dot-blot assays using the
panel of recombinant titin Z-disk fragments described above and |
band domains as controls (Politou et a., 1996). Dot blots were
performed with 0.1 pg of purified protein spotted onto nitrocellulose
BAB85 membranes (Schleicher & Schilll, Dassel, Germany). Undiluted
overgrown hybridoma supernatants or dilutions of polyclonal sera of

1:1,000 were used to identify reactive domains. Bound antibody was
visualized by alkaline-phosphatase-conjugated secondary antibody in
a standard colour reaction (Harlow and Lane, 1988). Using total
muscle extracts in immunoblotting analysis all the antibodies used in
this study were found to be specific for titin. They recognized asingle
defined epitope in the assay with recombinant titin domains.

Immunoelectron microscopy

Immunoelectron microscopy was performed essentially as described
by Tokayasu (1973) and First et a. (1988). All chemicals were
purchased from Sigma or Electron Microscopy Sciences. For cardiac
papillary muscle, immunogold labelling was performed on tissue
excised from hearts of freshly-killed rabbits on ice and tied immedi-
ately under stretch to wooden supports. Specimens were then fixed
for 1 hour in rigor solution A (0.1 M KCI, 20 mM potassium
phosphate buffer, pH 6.8, 5 mM MgClz, 5 mM EGTA, 5 mM NaN3)
with 4% paraformaldehyde and subsequently dissected into 1 mm x
1 mm x 2.5 mm longitudinal strips. Specimens were cryopreserved in
three changes of 2.1 M sucrose, mounted on copper supports and
frozen in liquid nitrogen. Sections of 80-120 nm were cut on aLeica
Ultracut S ultramicrotome and collected on carbon-coated grids. First
antibody decoration was performed with rabbit polyclonal antibodies
at 20 ug/ml of 1gG in rigor buffer with 10% fetal calf serum and 0.02
M glycine for 30 minutes. After washing of the samples in rigor
buffer, bound antibody was visualized by soaking in Protein A
coupled to 10 nm gold particles. The sections were post-fixed with
2.5% glutaraldehyde for 5 minutes, rinsed briefly in distilled water,
stained with 0.3% uranyl acetate in 2% methyl cellulose and viewed
on a Philips 400T transmission electron microscope. Skeletal muscle
(M. psoas) was excised and immunolabelled by soaking in antibody
solutions of 0.1-1 mg/ml as described (First et a., 1988). The
immunolabel was subsequently enhanced by soaking in secondary
antibody, then embedded in epon and sectioned (First et al., 1988).
Electron micrographs were taken at a primary magnification of
%10,000 and x22 000.

Preparation of cell extracts from muscle tissues

Cardiac left ventricles from adult and neonatal Balb/c mice were
dissected from freshly killed animals on ice. Muscle tissue was cut
into small fragments, shock frozen in liquid nitrogen and pulverized
in a mortar under liquid nitrogen. Homogenized tissue (100 to 150
mg) was immediately transferred into ice-cold lysis buffer (25 mM
Hepes, pH 7.2, 100 mM KCI, 1 mM EDTA, 1 mM dithicthreitol, 2
pag/ml leupeptin, 1 uM pepstatin, 0.5 mM PM SF, 0.2% Triton X-100).
Cytosolic and myofibrillar particul ate fractions were separated by cen-
trifugation at 3,000 g. Cell fractions were adjusted to 1 mg/ml total
protein (modified Lowry assay, Sigma) by dilution in lysis buffer.

Phosphorylation assays

Cytosolic fractions and myofibrillar-enriched particulate fractions (2-
4 pl) or recombinant cdc2- (New England Biolabs) and ERK-2 (Strat-
agene) protein kinases were added to phosphorylation assays con-
taining final concentrations of 0.1 pg/ml of the expressed substrate
protein in 20 pl assay buffer (25 mM Hepes, pH 7.2, 10 mM MgCly,
1mM EGTA, 1mM DTT, 0.2 mM ATPand 1 uCi [y-33PJATP, 3,000
Ci/mM; Amersham). Assays were started by addition of a 10x ATP-
mix and incubated at 37°C for 10 minutes. The reactions were stopped
by addition of 5 pl of sample buffer, heated to 95°C for 1 minute and
analyzed on 18% polyacrylamide gels (Laemmli, 1970). Gels were
dried and autoradiographed with intensifying screens at —80°C for 12
to 24 hours. For quantitation, radiolabelled protein was precipitated
on nitrocellulose filters with 5% trichloroacetic acid (TCA) and incor-
porated label measured by liquid scintillation in Ready Safe
(Beckman) in aBeckman LS 8100 liquid scintillation counter against
background and radionucleotide references for calibration.



Fig. 1. (A) The modular array of thetitin Z-disk
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of the monoclonal titin antibodies T20, T21 and
TM19. The position of T12 isthat determined by
Labeit and Kolmerer (1995) and according to our own
mapping data (not shown). The epitope positions of B

the newly raised rabbit polyclona antibodies T-Z1ra
and T-SPARMra are also shown, as are the positions
of the recombinant protein fragments used in this
study. (B) The SPXR-rich regionsin thetitin Z-disk.
Insertion Zisl contains multiple SPXR consensus sites
for ERK- and cdc-like protein kinases (underlined) as
well as multiple SP-motifs (italics). Similar motifs are
also found in the insertion Zisb between Z6 and Z7.
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RESULTS

Ultrastructural mapping of the central Z-disk region
of titin

To correlate the sequence information of the Z-disk region of
titin with an ultrastructural map of defined epitopes, two
approaches were combined: Firstly, a panel of mostly over-
lapping recombinant fragments of the amino-terminal region
(5.7 kb in size) of human cardiac titin was generated (Figs 1
and 2). This protein bank was used to map the epitopes of the
titin-specific mAbs T20 and T21 described previously. The
mAb T20 was assigned to the central Z-disk by immunoel ec-
tron microscopy (Furst et al., 1988). On the panel of recombi-
nant titin fragments mAb T20 bound exclusively to fragments
containing the Ig-domain Z2, thus defining this domain as the
epitope (Fig. 3).

The mAb T21 was shown to decorate skeletal sarcomeres
= 40 nm from the Z-disk centre (Furst et al., 1988); however,
on the recombinant domains, it shows the same reactivity as
T20, i.e. against constructs at the extreme N terminus (Fig.
3). At antibody concentrations higher than 10 pg/ml, T21
cross-reacted weakly with other domains located further
downstream (results not shown). Since in the previousimmu-
noel ectron microscopy experiments |gG concentrations of ~1
mg/ml had to be used in order to enhance the antibody dec-
oration by T21, it can be assumed that the crossreactivity
described above resulted in the observed staining at the
periphery of Z-disks.

A further titin-specific mAb, TM19, binds close to the Z-
disk edge in skeletal muscle (Fig. 4). TM19 binds to the
carboxy-terminal fragment Zis2AC (cardiac titin residues 550-
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Fig. 2. The recombinant titin Z-disk fragments used to map the
monoclonal antibodies T20, T21 and TM19. Purified fragments were
analyzed on a16% SDS-PAGE gel. Lane 1, Z1-Z2; lane 2, Z2-Zisl,
lane 3, zr3-zr5; lane 4, Zis2AC; lane 5, Z4-Z5; lane 6, Z5-Z6; lane 7,
Z6-Z7; lane 8, Z8-79; lane 9, Z9-710; lane 10, Z10-11. Left lane,
marker proteins (97 kDa, phosphorylase; 67 kDa, bovine serum
albumin; 43 kDa, ovalbumin; 31 kDa, carbonic anhydrase; 20 kDa,
soybean trypsin inhibitor; 14 kDa, lysozyme).

892) but not to the Z-repeats contained in this fragments (Fig.
3). The epitope of TM19 is paraformaldehyde-sensitive,
therefore the TM19 localization could not be confirmed in
cardiac muscle. These mapping data would imply that the part
of titin contained within the dense, central Z-disk is actually
rather small.
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Fig. 3. Determination of the epitope specificities of T20, T21 and
TM19 on dot-blots of recombinant titin Z-disk fragments. T20 (a)
and T21 (b) bind exclusively to fragments containing the Ig-domain
Z2. TM19 (c) binds to the non-modular C-terminal region of Zis2
(Zis2AC). Bottom strip, controls with the goat anti-mouse antibody
(d) used for antibody detection.

To confirm and extend the mapping data, two new rabbit
polyclonal antibodies were used: the antibody T-Zlra is
directed against the extreme amino-termina end of titin
(cardiac titin residues 1-100), and T-SPARMTra is specific for
a phosphorylation motif located between Ig-domains 6 and 7
(cardiac titin residues 1,408-1,438; Sebestyén et al., 1955;
Labeit and Kolmerer, 1995). T-SPARMra was mapped in
skeletal muscle by pre-embedding labelling as described in
Materials and Methods. In cardiac muscle, the difficulty in
antibody penetrating the very dense Z-disk was circumvented
by using cryosections and immunogold |abelling. In agreement
with the localization of mAb T20 (Furst et al., 1988), we
observed central Z-disk labelling by T-Z1rausing immunogold
labelling in cardiac muscle (Fig. 4). In skeletal muscle, T-Z1ra
showed dense labelling on the Z-disk (not shown). This inde-
pendent result unequivocally puts the amino terminus of titin
to the centre of the Z-disk. In contrast, T-SPARMra decorated
sarcomeres at a position peripheral to Z-disks, ~35 nm (skeletal
muscle) to ~60 nm (cardiac muscle) from the Z-disk centre
(Fig. 4). In skeletal muscle sarcomeres, the fine band of label
was at the end of the Z-disk comb (Fig. 4). Interestingly, high
concentrations of T-SPARMra dissolved Z-disks (not shown).
These ultrastructural findings confirm the epitope mapping
data and support the idea of the central Z-disk region of titin
spanning mostly between Ig-domains Z1 and Z4.

A second Ser/Pro-rich sequence is revealed in the Z-
disk

The Z-disk region of titin shows a complex pattern of Ig-
domains with large inter-domain insertions (Sebestyén et a.,
1955; Labeit and Kolmerer, 1995), comparable to the M band
portion of titin (Gautel et al., 1993). To understand the
primary structure of the two Z-disk insertions located
between domains Z2 and Z3 (Zisl) and between domains Z3
and Z4 (Zis2; see aso Fig. 1B) in more detail, their sequences
were analyzed by self-comparison and by visual inspection.
Amino-terminal to Z3, we observed a region strikingly rich
in serine and proline residues (Fig. 1B). This sequence
contains four repeats of the motif SPXR as well as multiple
SP sites. The latter have been shown in many proteins to be
essential parts of consensus substrate sites for growth factor
and cell cycle dependent protein kinases (Songyang et al.,
1994). The SPARM-motifs in Zis5 have been shown to

cardiac

skeletal

Fig. 4. Immunoelectron
microscopical localization of
defined Z-disk titin epitopesin
rabbit skeletal and cardiac
muscles. Micrographsato ¢
show Triton-extracted fibre
bundles of rabbit psoas muscle
incubated with antibodies
TM19 (b) and T-SPARMra (c)
followed by unlabelled
secondary antibody and
subsequent processing for electron microscopy. A control sample
treated only with secondary antibody is given in a. For epitope
localization in cardiomyocytes, cryosections of rabbit heart papillary
muscle were treated with T-Z1ra (d) and T-SPARMra (e) and
subsequently with Protein A coupled to 10 nm gold. The positions of
antibody decoration are indicated by arrowheads. Note specific
labelling of the Z-disk centre and periphery. Bars, 100 nm.

belong to this substrate family (Sebestyén et al., 1995). To
test whether this was true for the Zisl region of titin, the bac-
terially expressed titin fragment Z2-Z3 was incubated with
total muscle extracts from neonatal and adult mice in the
presence of [y-33P]ATP. Strong phosphate incorporation with
extracts from neonatal tissue was observed, indicating that
developing muscle most likely contains the kinase activity
(Fig. 5A). Since the flanking modules Z2 and Z3 were not
found to be phosphorylated (Fig. 5B), we concluded that the
insertion Zisl of titin contains another, previously unidenti-
fied, phosphorylation site for Ser/Pro-directed protein kinases
in addition to the site in Zis5 (Sebestyén et al., 1955). Cdc2
kinase and ERK-2 kinase were assayed for their ability to
phosphorylate Z2-73. Fig. 5A demonstrates that both kinases
were indeed able to incorporate stoichiometric amounts of
phosphate into this titin fragment, with ERK-2 giving rise to
the higher levels of phosphate incorporation (about 5
mol/mol). Similarly, the insertion in Zis5 was found to be
phosphorylated by these SP-specific protein kinases
(Sebestyén et al., 1995).



A
Fig. 5. (A) Phosphorylation of titin Z2-Z3 is down-
regulated in adult muscle. Extracts of neonatal (lane
1) and adult cardiac tissues (lane 2) contain different
levels of protein kinases that phosphorylate Z2-Z3 as 97
analyzed by autoradiography of SDS-polyacrylamide
gels. The different intensities suggest a 67
developmental down-regulation of the SPXR-
directed kinases. Phosphate incorporation into Z2-73 43
is achieved by SP-specific protein kinases like
recombinant ERK 2 kinase (lane 3) and cdc2 kinase
(lane 4). Position of marker proteinsasin Fig. 2 are
indicated. (B) The insertion between domains Z2 and 31
Z3 contains the target site for SP-directed kinases. Z2
(lanes 1 and 4), Z2-73 (lanes 2 and 5) and Z3 (lanes
3 and 6) were assayed for phosphorylation by ERK 2. 20
Only the construct Z2-Z3 is phosphorylated,
indicating that Zisl contains the target sites.
Coomassie-stained SDS-polyacrylamide gel, lanes 1
to 3; autoradiograph of corresponding lanes, lanes 4 14
to 6.

A novel repeat sequence in the titin Z-disk region is
expressed in variable copy numbers

To understand their primary sequence in more detail, the inser-
tions of the cardiac titin Z-disk sequence (EMBL X90568)
were analyzed for repetitive sequence elements by computer
analysisand visual inspection. In Zis2, we were able to identify
the presence of 6 copies of a45 residue repeat (Fig. 6A). These
motifs, which we termed Z-repeats (zr), showed no homology
to other proteins in sequence data bases. While the central
repeats are essentially identical copies (zr2, zr3, zr4), the two
flanking repeats (zrl and zr5) are more divergent (Fig. 6B).
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Strikingly, these repeats contain hardly any aromatic residues,
but are rich in charged and hydrophobic residues arranged in
clusters (Fig. 6A).

The immunoelectron microscopical localization of the T-
Zlra, T20, T-SPARMra and TM19 epitopes places the Z-
repeats in the part of cardiac titin that isin the centre of the Z-
disk. Attemptsto isolate the Z-repeat region by PCR from total
human cardiac cDNA with the primer pair z/ol1 and z/ol2 (see
Materials and Methods) yielded a surprisingly inhomogeneous
population of amplified fragments which were further analyzed
by DNA sequencing. The schematic representation in Fig. 7

Zrl 1 -QDAQKSA-AVATVVAAVDMARVREPVISA--VEQTAQRTTTTAVHIQP 46
Zr5 1 -[K|VID V|IGIKIKIAIE[AVATVVAAVDIQIARVREP|IRE|PGIHL E|E[S 49
Zr2 1 -QVRKEAEKTAVTVVVAADKAKEQELKRTK-EI | 46
Zr3 1 —QIRKETEKTFVPKVVISAAKAKEQET——RIS—EEI 43
Zr4 1 - -MRIKIE[AEKTALSTIAVATIAKIAKIEQIET I LIR[TIR-ETM 45
Zral 1 ——IMKETRKTVVPVIVATPKVKEQDLVSRGR—EGI 46
Zra2 1 -IRQETEIT|AASMVVVATAKSTKLETVPGAQ-EETT 46
7r3 Zral
Zr2
Zr4

Fig. 6. (A) Multiple sequence alignment of the titin Z-repeats. Motifs
were aligned using CLUSTAL-W, edited by visual inspection, and

Zra2 conserved positions were boxed using PRETTYPLOT (P. Rice, EMBL).
The Z-repeats found in the smallest length variant of Zis2 are
consecutively numbered zrl to zr5. Alternatively spliced Z-repeats are
designated with the suffix a, zral and zra2. Note that the flanking repeats
zrl and zr5 are more distantly related to the central repeats, but more
closely to each other. (B) A phylogenic tree demonstrates that the central
Z-repeats form adistinct group, the flanking repeats zrl and zr5 are
separated by a deep branch. The phylogenic tree was calculated by

Zrl CLUSTALW and displayed by TREETOOL. The stability was checked

0.1 Zr5

by a bootstrap calculation with CLUSTALW.



2752 M. Gautel and others

Fig. 7. A schematic representation of the
central Z-disk region of titin defined in
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isolated from human cardiac cDNA are
shown schematically. The Z-repeats are
numbered asin Fig. 6, with the
differentially spliced repeats as zral and
zra2. Note that zra2 is spliced between
zr3 and zral, indicating that expansion of
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shows that these sequences vary only by the number of central
Z-repeats, which can be present in a total of 5, 6 or 7 copies.
The smallest form isolated from cardiac cDNA (clone ZisS,
X98114) contains the possibly constitutive repeats designated
zrl to zr5. Expansion of this pattern was observed to occur
between motifs zr3 and zr4 (clone ZisL, X98115). The differ-
entially spliced repeats (called zral and zra2) can be well
aligned with the highly homologous group of repeats zr2, zr3
and zr4 (Fig. 6A) and cluster together in the phylogenic tree
(Fig. 6B). These studies thus reveadled an unexpectedly
complex pattern for cardiac titin with at least three splice
variants containing variable numbers of Z-repeats (Fig. 7). The
results identify the Z-repeats of titin as a region whose length
can be varied by differential splicing and which may therefore
be involved in the control of Z-disk thickness and aternative
ligand interactions.

DISCUSSION

To understand in more detail the spatial correlation between
distinct titin Z-disk motifs and the sarcomeric ultrastructure of
cardiac muscle, we have combined two technical approaches.
Firstly, we produced a bank of overlapping recombinant
fragments of Z-disk titin to map existing titin monoclonal anti-
bodies of known ultrastructural localization (First et al., 1988)
with a resolution of a single Ilg domain. Secondly, we raised
two sequence-specific polyclonal antibodies and mapped them
by immunoelectron microscopy. The central decoration of Z-
disks from skeletal muscle by T20 described previously (First
et a., 1988) is in good agreement with the decoration pattern
of the new polyclonal antibody T-Z1ra in cardiac muscle,
which labels the centra Z-disk region (Figs 1, 4). The
combined antibody data therefore place the titin N terminus in
the centre of the Z-disk, with minimal or no overlap of the
molecules entering the structure from two half sarcomeres.
The central Z-disk region of titin is narrowed down further
to the stretch between Ig-domains Z1 and Z4 by the positions
of the TM19, T-SPARMraand T-Z1raepitopes. Their labelling
patterns demonstrate that titin enters the Z-disk of cardiac

muscle up to about Z4, since TM 19 obscures the comb-shaped
transition zone at the edge of the skeletal muscle Z-disk (Fig.
4). The SPIRM(SPARM)4 motif in Zis5 is situated in this
comb-shaped transition zone (Fig. 4). A significant portion of
the N-terminal region of titin, previously assigned to the Z-disk
(Labeit and Kolmerer, 1995), istherefore actually in the I-band
between the Z-disk and the T12-epitope, which is about 100
nm from the Z-disk centre in skeletal muscle (First et al.,
1988).

The alignment of the epitopes of T20, TM19 and T-
SPARMraimplies that thereis alargely linear arrangement of
titin in this region. Since single Ig-domains of titin measure
about 4 nm each (Pfuhl and Pastore, 1995), and there are only
4 such domains in the Z-disk, accounting for 16 nm, the large
sequence insertion between domains Z3 and Z4 may account
for asignificant stretch of the 60 nm half Z-disk width of titin
in cardiac muscle. Sequence analysis of this insertion reveals
the presence of a novel, 45 residue repeat module (Fig. 6A),
present in 5 to 7 copies (Fig. 7) in human cardiac muscle. The
observation that single Z-repeats can be differentially spliced
suggests that this novel motif represents a functional domain.
Furthermore, the motif boundaries are clearly defined by their
splice junctions. The function of these motifs awaits elucida-
tion, but they may represent a class of protein-protein interac-
tion module specific to the Z-disk of titin. However, attempts
to detect an interaction between recombinant titin Z-repeats zr3
and zr4 and radiolabelled a-actinin, a putative ligand, were
unsuccessful (data not shown). The interaction between titin
and a-actinin reported previously (Wang and Jeng, 1992;
Astier et al., 1993; Tanabe et al., 1994) may therefore be in
other motifs, or may be too weak to be detected by using
recombinant fragments. The variability in the number of Z-
repeats expressed suggests that the variable length of this
segment may be involved in determining the thickness of the
striated muscle Z-disk, which is known to show great vari-
ability (Squire, 1981; Yamaguchi et a., 1985; Vigoreaux
1994). The presence of further length variants due to addi-
tional, consecutively spliced Z-repeats cannot be excluded
from our current data. This could explain how the T-SPARMra
epitope can be between 35 nm to 60 nm from the Z-disk centre



in different muscle types (Fig. 4). However, afull understand-
ing of the possible permutations of this region requires the
complete genomic structure of titin.

The N-terminal region of Zisl consists of a proline-rich
region containing 4 SPXR motifs (Fig. 1b) similar to those
found in a direct repeat pattern in the insertion Zis5 between
Ig-domains Z6 and Z7 (Sebestyén et al., 1995). As with Zis5,
in vitro phosphorylation by SP-directed kinases like cdc2 and
ERK-2 is observed with the recombinant fragment Z2-Z3 (Fig.
5). Thus, there is a second candidate for a switch in the control
of Z-disk assembly by phosphorylation. Based on our ultra-
structural investigations, this putative switch is in the central,
rather than the peripheral region of the Z-disk. The region har-
bouring the new SPXR motifs might interact in a phosphory-
| ation-dependent fashion with modules of other proteins which
bind to proline-rich sequences. In this context, we note that the
SH3 domains of both nebulin and the cardiac mini-nebulin,
nebulette, are localized in the Z-disk (Labeit and Kolmerer,
1995; Moncman and Wang, 1995).

The ultrastructural layout of Z-disk titin presented here
should now allow correlation of in vitro binding data of other
sarcomeric proteins to the sarcomeric ultrastructure. The phos-
phorylation motifs in Zisl and Zis5, as well as the novel titin
Z-repeats, may present a new view on Z-disk variability.
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