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The sarcomeric Z-disk, the anchoring plane of thin
(actin) filaments, links titin (also called connectin) and
actin filaments from opposing sarcomere halves in a
lattice connected by a-actinin. We demonstrate by
protein interaction analysis that two types of titin
interactions are involved in the assembly ofx-actinin
into the Z-disk. Titin interacts via a single binding
site with the two central spectrin-like repeats of the
outermost pair of a-actinin molecules. In the central
Z-disk, titin can interact with multiple a-actinin mole-
cules via their C-terminal domains. These interactions
allow the assembly of a ternary complex of titin, actin
and a-actinin in vitro, and are expected to constrain
the path of titin in the Z-disk. In thick skeletal muscle
Z-disks, titin filaments cross over the Z-disk centre by
~30 nm, suggesting that theira-actinin-binding sites
overlap in an antiparallel fashion. The combination of
our biochemical and ultrastructural data now allows
a molecular model of the sarcomeric Z-disk, where
overlapping titin filaments and their interactions with
the a-actinin rod and C-terminal domain can account
for the essential ultrastructural features.
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Introduction

15 and 20 nm in native Z-disks (Luther, 1991; Schroeter
et al, 1996). The number ofi-actinin cross-links and
hence the thickness of Z-disks is greatly variable, presum-
ably to adapt the Z-disk structure to the level of mechanical
strain (Vigoreaux, 1994). Within a given muscle fibre,
however, their number is tightly regulated (reviewed in
Squire, 1981). The sarcomeric Z-disk therefore represents
a model system for the controlled assembly of actin
filaments.

How is this variability in Z-disk assembly controlled? A
ruler-like protein, containing variable numbers of specific
binding sites for other Z-disk components, could control
the number ofa-actinin molecules and their spacing. In
muscle, two giant proteins, titin and the actin-binding
nebulin, are possible candidates to act as a molecular
blueprint (see review by Trinick, 1994). Titin (Waegal.,
1979; described as connectin by Maruyaetal., 1977)
is believed to function as the organizer of the sarcomere
by providing specific, spatially defined binding sites for
other sarcomeric proteins over the entire distance from
Z-disk to M-band (see reviews by Trinick, 1994, 1996;
Maruyama, 1997). Titin appears as one of the first sarco-
meric proteins during myofibrillogenesis, and is detected
in dot-like aggregates which co-localize witiractinin
(Tokuyasu and Maher, 1987} Ftet al,, 1989) in differen-
tiating myoblasts. These dots align on actin stress fibres
and are organized into Z-disks during the progression of
myofibrillogenesis (Dlugoszt al., 1984; Dabiriet al,
1997). The titin molecule is constructed in a modular
fashion from ~280 immunoglobulin- and fibronectin-3-
like domains and specific sequences in the Z-disk, I-band
and M-band (Labeit and Kolmerer, 1995a). Only a small
region of titin, between 60 and 120 kDa of the ~3 MDa
protein, is localized within the Z-disk (Gautet al., 1996;
Yajima et al, 1996). This central Z-disk region contains
four immunoglobulin-like domains (Labeit and Kolmerer,

Cells exert their mechanical functions, both actively and 1995a), several phosphorylation sites and a variable
passively, by specialized structures of their cytoskeleton. humber of copies of a specific protein motif, the 45 residue
In this intracellular scaffold, filamentous systems of inter- Z-repeat (Gautekt al, 1996) (Figure 1A). It is now
mediate filaments, microtubules or actin stress fibres evident that the Z-repeats are differentially spliced in the
dissipate mechanical strain and maintain cell shape. Of central Z-disk region of titin (Gauteit al,, 1996; Sorimachi
particular importance is the organization of the actin et al, 1997), and that their number correlates closely to
cytoskeleton in muscle cells, where a stable anchorage ofthe thickness of Z-disks in the respective muscle type
actin filaments at the plasma membrane and at the Z-disk(Ohtsukaet al., 1997a; Peckharet al., 1997). The simple

of the sarcomere is required for the transmission of zig-zag Z-disk of avian fast muscle contains only two
mechanical strain along the serially arranged sarcomeres/Z-repeats (Ohtsukat al, 1997a), whereas mammalian
and ultimately along the length of the muscle. Actin Z-disks with two or more Z-filaments (Rowe, 1973)
filaments from adjacent sarcomeres are anchored in thecontain four or more titin Z-repeats (Gautl al,, 1996;
Z-disk of striated muscles. Each actin filament overlaps Peckhamet al, 1997; Sorimachet al, 1997). Similarly,
with four filaments from the opposite sarcomere, forming the actin-binding repeats of nebulin are proposed to span
a square lattice which is cross-connected in a zig-zagthe Z-disk (Labeit and Kolmerer, 1995b) where adult and
pattern by Z-filaments, assumed to consistoeéctinin fetal isoforms show different numbers of a special repeat
(see Luther, 1991, and references therein). The periodicity (Labeit and Kolmerer, 1995b; Wareg al,, 1996).

of a-actinin in this lattice has been measured as between If titin were indeed to act as a ruler for Z-disk assembly,
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Titin—a-actinin interactions in the sarcomeric Z-disk

the central Z-disk region of the molecule should contain studies in thick cardiac Z-disks suggested a central position
binding sites for other sarcomeric proteins. In agreement for the N-terminal region with little or no overlap of titin

with this, native titin binds tax-actininin vitro (Jeng and

(Gautelet al, 1996). However, if titin were to control the

Wang, 1992). More specifically, recombinant fragments number of Z-filaments, one would expect some degree of

of Z-disk titin bind toa-actinin (Turnaciogloet al.,, 1996;

titin overlap in the Z-disk reflecting the degree of thin

Ohtsukaet al, 1997b). Genetic interaction screens have filament overlap. The understanding of the molecular

identified a binding site for titin in the C-terminal domain
of a-actinin [homologous to calmodulin (CaM) but con-
taining a non-functional EF hand], and localized this

interaction to a subset of the titin Z-repeats (Ohtsuka

et al, 1997a; Sorimachét al, 1997). Titin Z-repeats form

layout in the central Z-disk requires, therefore, a more
highly resolved definition of the position of the titin
N-terminus.

Further important questions arise about the exact nature
of the sorting mechanisms afi-actinin. Transfection

two subgroups, the two invariant flanking repeats being experiments in myogenic cells have demonstrated that
most closely related to each other, whereas the differenti- a-actinin, lacking the C-terminal domain, is also sorted
ally spliced central repeats form a distinct subgroup to the sarcomeric Z-disk (Schultheiss al., 1992). This

(Gautelet al, 1996). The interaction studies in yeast two-

a-actinin causes Z-disk misassembly during the progres-

hybrid assays suggested that only the flanking type of sion of myofibrillogenesis and the formation of Z-rods

repeats bind too-actinin, whereas the central type of
repeats do not interact (Ohtsughal, 1997a). It is as yet

reminiscent of those formed in nemaline myopathy
(Schultheisset al, 1992). The binding of titin to the

unclear how the binding sites on titin and the ultrastructural C-terminal domain ofi-actinin therefore appears not to
layout of the molecules are correlated. In thin Z-disks with be the sole protein interaction that controls the sarcomeric

a single Z-filament in projection, like chickén.pectoralis
major (Flrst et al, 1988; Yajimaet al, 1996), the
N-terminal region of titin cannot be resolved within the
Z-disk centre by immunoelectron microscopy. Our own
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sorting of the molecule. Rather, a second Z-disk-specific
binding site could be predicted from these observations,
which should be important for the correct assembly of the
Z-disk.

In this work, we have identified this second sarcomeric
binding site ofa-actinin as an interaction between the
spectrin-like repeats (slrs) and a single site on titin. We
also demonstrate that the central Z-repeats of titin can
interact equally with the C-terminal domain afactinin,
similarly to the flanking repeats. These interactions control
the assembly of ternary complexes of titaactinin and
actinin vitro. We combine these biochemical observations
with refined ultrastructural data on the position of the
N-terminus of titin and the C-terminus of nebulin, and
can now propose a molecular model of titin, actin and
a-actinin in the sarcomeric Z-disk.

Fig. 1. (A) Domain pattern and positions of ultrastructurally defined
epitopes in the Z-disk region of titin. Only four 0f200 titin
immunoglobulin domains are shown. TZ1Z2-ra is the position of our
new polyclonal antibody. The position of the previously mapped
TM19 (Gautelet al,, 1996) is also shown. The ultrastructurally defined
central Z-disk region is marked. The primary bait constructs used in
this study are shown as bars. Baits interacting withakectinin
C-terminal domain are marked with #. |g domains are shown as ovals,
Z-repeats as squares. The numbering of the modules is as in Labeit
and Kolmerer (1995a) and Gaut al. (1996). Non-modular
sequences are shown as linéB) The extent ofa-actinin clones
obtained in the Zq—Z4 two-hybrid screett (clones) and the
subfragments used to map the titin-binding siteceactinin. Note that
the spectrin-like repeats 2 and 3 are both necessary and sufficient to
interact with titin.AR2-C corresponds to the longest clone obtained in
the screen by Ohtsulket al. (1997b); this clone interacts with baits
containing Z-repeats zrl or zr5 but not with Zg—Z4. ABD, actin-
binding domain; C, C-terminal domain. The residues indhactinin

2A isoform are given above each constru@) (The interaction of
a-actinin and titin was mapped on titin by successive deletions of the
Zg-Z4 bait. Interaction of the deletion constructs with the smallest
a-actinin-fragment R2—R3 shown to interact above was tested in the
two-hybrid system. The deletion clonA2-A4 are negative in this
assay, and we conclude that the titin-binding site is localized in the
cross-species conserved residues 760-826 of titin. The Ig domain Z4
(oval as in A) is not necessary for binding. The HIS3 reporter gene
activation is marked as- or —; 3-galactosidase gene activation is
given in arbitrary units from liquid assays. Note that the two-hybrid
system assays the interaction of fusion proteins as hybrid transcription
factors and that th@-galactosidase units therefore reflect
transcriptional activation and may not directly express the relative
strength of the interactions.
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Results M 1 2 3 4 5 6 7
A single site on titin binds to the rod domain of 97 — e

a-actinin at the edge of the central Z-disk 67 — o

In a systematic quest for ligands of titin in the region that -

we mapped to the central Z-disk at the ultrastructural 45 o
level, we used several cDNA baits (summarized in Figure & b
1A) from that region to screen a skeletal muscle cDNA -

library in the two-hybrid system. Several of these baits 92—

were found to interact witha-actinin cDNAs. The bait

Zqg—-Z4 contains the non-modular region C-terminal to the 2

Z-repeats of titin and the immunoglobulin-like domain z4 ~ i

(amino acids 695-990 of titin), and is ultrastructurally 14 — - b

located at the edge of the central Z-disk (Gawgelal,

1996 Yajimaet al 1996) The yeast two-hybrid screen Fig. 2. Recombinanti-actinin (lanes 1-4) and titin fragments (lanes
A - . ) . 5-7) used in this study. Proteins were purified as described in

Wlth, FhIS region yielded>240HIS3 and B-galactos@ase- Materials and methods and analysed on 15% SDS—-PAGE. The

positive clones from ~810° transformants. Library  calculated molecular weights generally agree well with their

plasmids were rescued from 16 colonies, and the insertselectrophoretic mobility although the apparent molecular weight of

from five were partially sequenced. All were found to igTiga)gTemSz iSRsl”ggt'(BgziEBef)- I[ane?a;tlinigfg é"ll%' ;Ntl .

H H a), lane 2, — a), lane o, — a), lane 4,

g:orfnam CSNA fragmlemigg;thSDg\‘]J/SI‘EC,\"/Té?_‘;%”'”BZAk R2-R3 (30 kDa); lane 5, titin zr4-Z4 (44 kDa); lane 6, Zq-Z4

isoform (Beggset al, ; enban (33 kDa); lane 7, zr2—zr3 (11 kDa). M: marker lane, sizes in kDa.

accession no. M86406). These clones are fused to the

Gal4 activation domain in a very narrow region of amino arcsec

acids 338-367 within helices B and C (Yahal, 1993) 500 |

of the first slr of the rod domain (Figure 1). Restriction I

endonuclease analysis using the intefBglll restriction i

site (amino acid 421) near to the start of the second slr, X v

and PCR analysis of the 11 remaining clones indicated 400 T

that all a-actinin clones follow the same pattern.

Ohtsuka et al. (1997a,b) identified an interaction
between chicken titin and-actinin in a two-hybrid screen 300
using a 63 kDa N-terminal fragment of avian titin as bait.

Since the bait of Ohtsukat al. overlaps with ours by
~100 amino acids, we wanted to establish if we had 200
identified a distinct binding site. Therefore, aractinin
construct corresponding to the largest interacting cDNA
from their screen (Figure 1B) was cloned into pGAD-10 -
and found not to interact with our titin bait. To investigate 100 "_;-‘,/’— 0.1 uM
further the exact site of interaction between titin and -
a-actinin, a series of deletion clones @factinin (Figure [
1B) was assayed for titin interaction by co-transformation o
with the Zg—Z4 bait in L40 cells. Binding to titin Zq-z4 1 2 min
IS mdepgn_dent of the presence of the C'tem_"”?" domain Fig. 3. Titin binds with high affinity to thex-actinin rod. Biosensor
of a-actinin. The Sma”.eSt fragment that St'”_ Interacts  assay for the binding of titin Zq—Z4 to recombinangctinin R1-R4.
contains slrs 2 and 3 (Figure 1B). Of the remaining baits, The response in arcsec is shown for four different concentrations of
those containing either the Z-repeats zrl or zr5 interact the titin fragment. The beginning of association and dissociation
with a-actinin clones containing the CaM-like C-terminal Phases are marked with triangles. Concentration-dependent binding

. i . . with high affinity is observed. Analysis of triple experiments with the
gtorerl]lag,gg%ngggInSgortrr]neac?I'ae':[hg;’ (c?l_%sge;;/?lt—'l%r:ﬁeog_ghtSUKa F?;tgt s'\c/)lftware (see Materials and methods) yielded an appiégent

. . . O nM.

The novela-actinin-binding site thus identified on titin
was mapped down within the original bait by a series of
smaller fragments depicted in Figure 1C. Their ability to
interact with thea-actinin R2—-R3 construct was deter-
mined in two-hybrid assays scoring the activation of the
HIS3 and B-galactosidase reporter genes. The smallest
construct showing an interaction contains amino acids
760-826 of titin. The flanking sequences showed no

]

N

| L L

firmed the two-hybrid data by independent binding results.
The Zg-Z4 bait fragment was expressedBEscherichia
coli (Figure 2), encoding more than the minimal binding
site defined above to ensure proper folding of the motif.
The protein was assayed in a Biosensor (Davies and
Pollard Knight, 1993) for binding to the-actinin rod
fragment R1-R4 (amino acids 274—746). Concentration-

interaction (Figure 1C). dependent binding of Zq-Z4 to R1-R4 (Figure 3) within
a range of 100 nM to 50M of ligand was observed. The

Titin binds the two central repeats of the a-actinin apparenK of the interaction was calculated as described

rod in a tight complex in Materials and methods and is ~240 nM. This confirms

Since the two-hybrid system assays the interaction of the two-hybrid data, and we conclude that titin binds with
fusion proteins as chimeric transcription factors, we con- high affinity to the rod domain odi-actinin.
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Fig. 5. The central Z-repeats bind to tleeactinin C-terminal domain.
The titin Z-repeat fragment zr2—zr3 was assayed in a co-precipitation
assay (‘pull-down’) for binding to thei-actinin rod (R1-R4) and the
entire C-terminal region ofi-actinin (R1-C). Lane 1, eluate from
a-actinin R1-C beads in the absence ofGdane 2, eluate from

R1-C beads in the presence of 1 mM2Calane 3, eluate from

R1-R4 beads; lane 4, sample of the input fraction; the ~14 kDa band
is the zr2—zr3 fragment. M: marker lane, sizes in kDa. Arrowhead:
titin zr2—zr3. Note that the calcium-independent binding is observed
only to the R1-C fragment but not to the rod fragment. This indicates
that interaction of zr2—zr3 is mediated by the CaM-like C-terminal
domain ofa-actinin. Some elution of the R1-R4 and R1-C fragments
is observed by the denaturing SDS sample buffer as well, probably
due to the homodimeric nature of these fragments.

Fig. 4. Titin and the central spectrin like repeatsafactinin can form

a 1:1 complex. Chemical cross-linking demonstrates the formation of a
1:1 complex in the absence of dimerization of the R2-R3 fragment of
a-actinin. Lane 1, titin Zg—Z4 cross-linked; lane @actinin R2—-R3

and titin Zg—Z4 not cross-linked; lane 8;actinin R2—R3 and titin
Zq-Z4 cross-linked; lane 4y-actinin R2—-R3 cross-linked; lane 5,
a-actinin R1-R4 cross-linked in a separate experiment. Note the
appearance of dimer and tetramer bands with R1-R4 in agreement
with the data of Flood (1995). Cross-linking afactinin R2-R3 and

titin Zg—Z4 results in an additional band of approximate mol. wt

66 kDa which is specific for the presence of both proteins (asterisk).
M: marker lane, sizes in kDa.

As a-actinin forms an antiparallel dimer, this property
raises the question of whether the interaction of titin acids 274-746 and 274-894) to establish whether condi-
within the central two slrs is dependent upon dimer tions could be found that allow the complex formation
formation. We therefore investigated the stoichiometry of in vitro.
the complex by chemical cross-linking. While the fragment ~ We could detect interactions between the two-module
R1-R4, comprising the entire rod domain, can be shown Z-repeat fragment and-actinin in the Biosensor and with
to dimerize under the conditions used, repeats R2—-R3a bead-based assay, both of which involve immobilization
cannot (Figure 4). Similarly, analytical gel filtration of of one componentto a hydrophilic matrix. The interactions
R2-R3 shows a single peak consistent with a monomer of the Z-repeat fragment with R1-C resist treatment with
(not shown). The titin fragment Zg—Z4 can be cross-linked up to 4 M urea, and complete regeneration of the Biosensor
to R2-R3, with the cross-linked product appearing at surface was therefore impossible without loss of binding
~66 kDa, which is equivalent to the sum of the molecular capacity. This assay was therefore abandoned. The results
weights of the two protein fragments (Figure 4). We of the bead-based assay are shown in Figure 5. The
conclude that the formation of a 1:1 complex in the a-actinin rod fragment R1-R4 and the entire C-terminal
absence of any detectable dimer formation of the central region without the actin-binding domain (R1-C) were
a-actinin rod fragment suggests that the interaction of coupled to Sepharose beads, and incubated with recombin-
titin and the rod domain is dimerization independent, and ant zr2—zr3 as described in Materials and methods. The
that the binding site is formed solely by the two slrs R2 beads were washed, eluted with SDS sample buffer and
and R3. Again, binding to the R2—-R3 fragment confims the eluate analysed by SDS—PAGE. Immobilized zr2—zr3
the results of the two-hybrid assays. could be detected from beads coated with R1-C but not
with R1-R4 (Figure 5A). Similar results were obtained
with the fragment zral-zr4 (not shown). The central
titin Z-repeats therefore interact witl-actinin, and this

Central titin Z-repeats interact with the a-actinin
C-terminal domain

In our two-hybrid assays, baits containing the flanking
Z-repeats zrl and zr5 interact with-actinin in the
presence of the C-terminal CaM-like domain (summarized
in Figure 1A), consistent with earlier reports (Ohtsuka
et al, 1997b; Sorimachét al,, 1997). In the Z-repeats, a

interaction is dependent on the presence of the C-terminal
domain ofa-actinin. This interaction also appeared to be
independent of the presence of calcium ions (Figure 5).
Phospholipids are implicated in the assembly of the Z-disk
(Taylor et al, 1997). In our binding assays, the addition

hydrophobic block of 6-9 residues which is the hallmark of different phospholipids did not alter the titia-actinin

of Z-repeats was identified as the binding site (Ohtsuka interaction (data not shown).

et al, 1997a). However, we find that repeats zr2—zr3 or

zral-zr4 do not interact in two-hybrid assays. We reason Titin, c-actinin and F-actin form ternary complexes

that all Z-repeats should have analogous functions accord-in vitro

ing to their high homology. Therefore, we tested several These data suggest that the titin fragments which bind to
other binding assays using a recombinant titin Z-repeat a-actinin could form a ternary complex with the full-
fragment zr2—zr3 (amino acids 463-554 in cardiac titin) length a-actinin and filamentous actin (F-actin). To test
and thea-actinin fragments R1-R4 and R1-C (amino this possibility, we used actin co-sedimentation assays
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1 2 3 4 5 6 7 8 M 9 10 11 12

B). A second marker in the Z-disk, the C-terminal SH3-
domain of the actin-filament ruler nebulin (Labeit and
Kolmerer, 1995b), decorates Z-disks at a similar position
(Figure 7C). The position of gold particles was determined
by image analysis of digitized electron microscopy (EM)
micrographs, and the histogram obtained fitted a Gaussian
distribution. We observe that in the 60—65 fongissimus
dorsi Z-disks, the titin Z1Z2 epitope, as monitored by the
gold particle distribution, shows two equidistant symmet-
rical peaks near the edge of the Z-disk, ~3010 nm
from the centre (Figure 7D). The two peaks fall within a
broad central peak observed at lower resolution in cardiac
Z-disks (not shown). Similarly, the nebulin SH3-domain
labels 32+ 12 nm from the Z-disk centre. Together with
the previous localization data of the titin Zg—Z4 region at

97
67

| L
a5 _ ‘.ﬂ.ﬂ.h.-— -~ - -~ O

-_— A - WA

32

Fig. 6. Titin forms a ternary complex witkx-actinin and actin.

Mixtures of titin fragmentsgp-actinin and actin were assayed for their
interactions in a co-sedimentation assay. Supernatants and pellets of
the co-sedimentation assay were analysed by SDS—PAGE on a 15%
gel. The bands ofi-actinin (104 kDa) and actin (44 kDa) were found

consistently in the pellets. The titin fragments zr4—Z4 and Zg-Z4 were . . ..
found in the supernatants in the absencer@fctinin. Addition of the Z-disk edge (Gautat al, 1996; Yajimaet al, 1996),

a-actinin led to co-sedimentation, showing the formation of a ternary ~ our refined mapping of the titin N-terminus shows that
oS o Lo g oo A s S ©ihe redion between) Zg and.the -(erminus is indecd
a’-actinin 2A;s- zr4—-74 + actiﬁ; lanes 5 and 6, z’r4—24 actin; ’ pver_lapplng by ~60-70 nm IHOF!QISSImUS d°r$' This
lanes 7 and 8, actin control; lanes 9 and d@actinin 2A + Zg-Z4 + |mp_I|es t_h_at over most of the actin _overlap region of the
actin; lanes 11 and 12, Zq—Z#4 actin. M: marker lane, sizes in kDa. Z-disk, titin molecules from opposite sarcomere halves,
Arrowheads: position of the titin fragments. which are constructed largely from the titin Z-repeats, run
antiparallel.
with the Zg—-z4 fragment as well as with a longer fragment
including also the last two Z repeats of titin (zr4—Z4; . .
Figure 1A), in the presence af-actinin. Thea-actinin Discussion
2A isoform was used since this isoform was specifically For the assembly of the Z-disk, two mechanisms have to
identified as the ligand of titin in the two-hybrid screens, be spatially and temporally coordinated: the capping of
and was obtained as recombinant protein to ensure isoformactin filaments, presumably by capZ protein (Scheafe.,
homogeneity. The results indicate that, under the condi- 1995), and the cross-linking of these overlapping filaments
tions used, zr4-Z4 co-sedimented with F-actin in the by a-actinin. The molecular ruler proteins of the Z-disk,
presence ofx-actinin, whereas the amount of fragment titin and nebulin/nebulette, are therefore expected to pro-
sedimented was negligible in the absenceaeéctinin vide in a concerted way specific attachment sites for these
(Figure 6). The Zg—Z4 fragment co-sedimented to a lower proteins as well as for factors possibly involved in the
extent (Figure 6). It was not possible to estimate the control of capping activity and cross-linking.
affinity of the interaction in this assay because at higher In this study, we have identified a novel interaction
concentrations of titin fragments-Q0 uM), the a-actinin- between titin andx-actinin which involves the formation
independent co-sedimentation becomes significant. Weof a dimerization-independent 1:1 complex with the two
tested the influence of different pH conditions and putative central slrs of the rod domain afi-actinin. The two
modulators [like C&"/CaM and the phospholipid phos- proteins interact with nanomolar dissociation constants in
phatidylinositol-4,5-bisphosphate (B)Psee Materialsand  a region of titin which previously has been assigned to
methods] on the binding to actin amdactinin, but none  the edge of the Z-disk (Gautet al, 1996; Yajimaet al,,
of these had a significant effect on titin binding. 1996). This is the first detailed description of the function
of a-actinin slrs as protein interaction modules with
ligands other tharo-actinin itself. The 70 residue titin
region has no obvious homology to any proteins other
than titin. We suggest that the binding site defined here is
distinct from that of other interactions witl-actinin.

The N-termini of titin overlap in the central Z-disk
region and co-localize with the C-terminus of

nebulin

The degree of titin overlap in thick Z-disks is essential

for a precise correlation of ultrastructural features to
the molecular structure of the Z-disk proteins titin and
a-actinin. We therefore refined our mapping data of the
titin N-terminus in mammalian slow muscle, using a new
antibody against the recombinant N-terminal fragment
Z172 in order to achieve higher fixation resistance of the

Our observation that titin binding is dependent on both
the slrs 2 and 3 suggests further that the binding site is
formed by both folded three-helix bundles. It seems
unlikely that the linker between the repeats is the binding
site, as the truncation of sIr2 leaves this region intact yet
abolishes titin interaction. Furthermore, in agreement with

epitope. A modified fixation scheme could now be used previous studies on the dimerization properties of rod
that ensured superior preservation of ultrastructural fragments ofa-actinin (Kahana and Gratzer, 1991; Flood
features. The affinity-purified antibody was used on cryo- et al, 1995), we observe no detectable dimer formation
sections to determine the epitope position in skeletal of recombinant R2-R3 but strong association with the
muscle Z-disks. We choshkl.longissimus dorsia slow titin Zq fragment (Figure 4). This supports the notion
red muscle, for its wide Z-disks and the good preservation that the titin-binding site is formed independently on an
of ultrastructure. Low-density labelling was used to avoid a-actinin monomer. The 70 residue rod-binding domain
obscuring a possible separation of epitopes, and showsof titin is highly conserved between human and chicken,
specific decoration of sarcomeric Z-disks (Figure 7A and which underlines its evolutionarily conserved function in
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Fig. 7. (A) Immuno-electron microscopy demonstrating the localization of the polyclonal antibody TZ1Z2-ra to Z-disks inaagissimus dorsi

muscle. Gold particles are found at the Z-disk close to the actin overlap region (arrowheads). Scale bar: B34ighet magnification shows the

label position of titin Z1Z2 at the edge of the actin overlap region (dark region) similar to that of the nebulin SH3 domain labelled by the antibody
NSH3-ra C). Scale bars: 100 nmDj Distribution of TZ1Z2-ra gold particles sampled over 24 Z-disks. The distribution of the nanogold particles
was analysed as described in Materials and methods. Two centrosymmetrical clusters are observed. Gaussian distributions were fitted to the
histograms; the particle distributions show two peaks at ~30 nm on either side of the Z-disk midline (set to 0 nm).
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Fig. 8. The two different sorting signals far-actinin on Z-disk titin. A multiple sequence alignment demonstrates the high cross-species
conservation of the two principal sorting signals between chicken titin (DDBJ/EMBL/GenBank accession no. D83390) and human titin (DDBJ/
EMBL/GenBank accession no. X90568) The Z-repeat zr5 is shown with the binding site defined by Gitauk4997b) shaded in grey. Note the
totally conserved cluster of hydrophobic residues which are the hallmark of Z-repeats. This binding site is separated by ~70 residues of poorly
conserved sequence from the rod-binding domain in Zq (shaded in grey) which again is highly conserved between chicken and human titin. Putative
phosphorylation sites are underlined with bars. Identical residues are boxed.

Z-disk assembly (Figure 8). C-terminal truncation of this shown recently to bind to the-actinin rod (Xiaet al.,
motif in the study by Ohtsukat al. (1997b) abolishes the  1997). This binding site overlaps with the titin-binding
rod interaction. Accordingly, we observe a lossiedctinin site on a-actinin. Therefore, those-actinin molecules
binding when the 70 residue region is truncated not bound to titin would have free binding sites for ALP.
N-terminally (Figure 1C). We suggest, therefore, that the Since muscle LIM proteins have been implicated in muscle
conserved 70 residues adopt a specific conformation thatdifferentiation and cytoarchitectural organization (Arber
is crucial for the formation of thea-actinin-binding etal, 1997; Pomisetal, 1997), a more direct involvement
site, and which is destroyed by either N- or C-terminal of the titin-a-actinin—actin complex and additional pro-
deletions. teins in the control of myofibrillogenesis is likely. Interest-
Actinin-associated LIM protein (ALP) from muscle was ingly, the titin-binding region oru-actinin is also highly
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Fig. 9. Comparison of the central spectrin-like repeats of the muscle isoformasastinin 2A and 3A (DDBJ/EMBL/GenBank accession no.
M86406 and M86407) and the human placenta isoform (DDBJ/EMBL/GenBank accession no. X15804). Despite a high overall homology, several
amino acid exchanges (shaded) discriminate the muscle and non-muactins. These residues are possibly involved in titin interaction.

conserved between the cytoplasmic and sarcomeric iso-5). Possibly, on hydrophobic nitrocellulose supports, the

forms (Blanchardet al, 1989) (Figure 9). Despite this

hydrophobic binding site (highlighted in Figure 7) is

high degree of homology, we have not isolated any clones adsorbed and inaccessible. Interestingly, the highly homo-

of a non-musclex-actinin, underlining the specificity of
a-actinin isoform sorting to the Z-disk by specific titin
interactions.

logous flanking repeats zrl and zr5 seem to interact most
strongly with a-actinin, and a successive cooperative
interaction, starting with the flanking repeats, could there-

We have demonstrated previously that the central Z-disk fore explain why the central repeats show different

region of titin is constructed in a modular fashion from
the 45 residue Z-repeats (Gaugtlal, 1996). The highly
homologous, invariant repeats (termed zrl and zr5 in
Gautelet al, 1996; Ohtsukat al,, 1997a; Peckharet al,

behaviours in some assays. We conclude that the central
titin Z-repeats can bind to thex-actinin CaM-like
C-terminal domain similarly to the flanking repeats, and
hence indeed represent repetitive binding modules

1997) are separated by between two and five or possiblyexpressed in variable copy humber (Gawehl., 1996).

more repeats in mammals (Gaugtlal, 1996; Peckham
et al, 1997; Sorimachet al, 1997). The zig-zag Z-disks
with one Z-filament in the avian fast white muscles are
assembled from a titin/connectin isoform with only two
Z-repeats (Yajimeet al, 1996; Ohtsukeet al., 1997a).
Mammalian Z-disks with two or more Z-filaments (Rowe,
1973) contain four or more titin Z-repeats (Gautelal,
1996; Peckhanet al, 1997; Sorimachet al,, 1997). It is
therefore plausible that the ultrastructural feature of a
single Z-filament requires the presence of two titin
Z-repeats, orienting two pairs of Z-filaments orthogonally.
Two previous studies (Ohtsuket al, 1997a; Sorimachi
et al, 1997) identified the C-terminal Z-repeat, (zr5
according to Gauteét al, 1996; Ohtsukeet al, 1997a)
as the major interaction site for tleeactinin C-terminal

Due to the overlap of antiparallel titin molecules interacting
with antiparallela-actinin dimers, it is also conceivable
that one strong titin interaction per-actinin molecule
suffices for Z-disk sorting.

The proximity of thea-actinin-binding sites in zr5 and
in Zq are highlighted in the sequence comparison in Figure
8. The high degree of conservation of the hydrophobic
binding site in zr5 and of the 70 residue region in Zq is
evident. The proximity of the two distinct binding sites
and the evolutionary homology of the peripheral Z-repeats,
zrl and zr5, (Gautekt al, 1996) suggests that the
outermosta-actinin molecules in the Z-disk are sorted
differentially from molecules further inside the Z-disk.
Interaction sites include the rod domain as well as the
two C-terminal domains which could bind to zr5 and zrl

domain. The binding data on the central type of Z-repeats from opposite titin filaments. Since the rod-binding site
were conflicting; Ohtsukaet al. (1997a) detected no on titin is present in only one copy per half-sarcomere,
interaction with the chicken zr2 in two-hybrid analysis the a-actinin molecules nearer the centre of the Z-disk
and, similarly, our studies using nitrocellulose membrane can only interact via their C-terminal domains with the
dot-blots (Gautekt al,, 1996) or two-hybrid assays could central type of titin Z-repeat.

detect no interaction of fragments like zr2—zr3 or zral- The unique interaction of titin andi-actinin at the
zr4 (Figure 1A). However, using a hydrophilic matrix Z-disk edge possibly represents a termination motif for
support, we can now demonstrate that two-module frag- a-actinin incorporation, and perturbation of this mechan-
ments of the central titin Z-repeats show binding to the ism would be expected to result in Z-disk anomalies. This
a-actinin C-terminal domain in a pulldown assay (Figure possible function of the-actinin rod interaction with titin
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is supported by the earlier study by Schultheggsal.
(1992), where a C-terminally deletedactinin was trans-
fected into myogenic cells. Despite the lack of the titin-

Titin—a-actinin interactions in the sarcomeric Z-disk

interactions are now needed for a more detailed under-
standing of the sorting mechanism.
The interactions of titin witho-actinin, involving both

binding C-terminal domain, this truncated peptide was the rod and the C-terminal domain at the Z-disk edge,
still targeted to nascent Z-disks. At later stages of myo- enforce a special path for titin molecules entering the
fibrillogenesis, it caused gross enlargement of the Z-disk Z-disk. Since thex-actinin rod measures ~23 nm in length
and ultimately myofibril breakdown. This dominant-nega- (Flood et al, 1995), and titin binds in the middle of the
tive phenotype might be explained by possible heterodimer rod, the titin molecule should run for ~10 nm along the
formation with endogeneous-actinin. However, our data  a-actinin rod. The next interaction site is localized in zr5,
now offer a molecular explanation at the level of the Wwhere titin will bind to the C-terminal domain of-actinin
differential sorting mechanims af-actinin molecules to ~ (Figure 8). At this point, the titin molecule must change
the Z-disk. the orientation of its path to be linked to the successive
The spacing of Z-filamentsagactinin) in longitudinal a-actinin molecules which could now interact with the
projections of Z-disks is ~38 nm and thus close to the Z-repeats. It must therefore run parallel to the actin
~36 nm pseudo-repeat of actin in vertebrate thin filaments filaments in the Z-repeat region. Our ultrastructural ana-
(Yamaguchiet al, 1985; Luther, 1991). However, the lysis could now place the position of the N-terminal
overlap of actin filaments is highly variable, ranging from domains of titin at the edge of the actin overlap region,
~10 nm to>100 nm (Yamaguchgt al, 1985; Luther, ywth molecules entering from two sarcomere halves cross-
1991). Correspondingly, the number of cross-linking Ing overthe Z-disk centre by ~30 nm (Figure 7). Therefore,
Z-filaments ranges between one in non-mammalian fastonly at each Z-disk edge wilti-actinin molecules be
muscles (Luther, 1991) and 2—4 Z-filaments in mammalian Pound by two overlapping, antiparallel titin molecules by
Z-disks (Rowe, 1973). Owing to the three-dimensional t_he interaction of their rpd dqmalns as well as their QaM—
lattice formed in the Z-disk, only every second Z-filament liké domains. This special pair of-actinin molecules will
is visible in longitudinal sections, whereas the next filament P& anchored to the two essentially identical high-affinity
pair is orthogonal to the projection plane (Luther, 1991). sites in Z-repeats zrl and zr5. The two C-terminal domains

The spacing of successive filaments could be determinegcould interact in the same fashion with the antiparallel

in the simple Z-disk in fish muscle (Luther, 1991) which
contains only one Z-filament in longitudinal projection.
The two almost orthogonally oriented pairs are spaced
15-20 nm apart. In the reconstructions of the more
complex mammalian Z-disks by Schroetdral. (1996),
orthogonal Z-filaments are spaced 169 nm and planar
filaments 28+ 9 nm apart. In nemaline rods, which are
presumably binary complexes of actin amehctinin, the
spacing is ~19 nm (Morris and Squire, 1990). Allowing

for the standard deviation of these measurements, pairs,

of Z-filaments are therefore placed at angles of 80-90°
approximately every 17—-18 nm. Within the high variability
of the F-actin helical twist (Egelmaet al., 1982), this is
about a quarter turn of the F-actin long-pitch helix for
each Z-filament (Luther, 1991).

Since orthogonally arranged pairs of Z-filaments are
spaced by ~15-20 nm (Luther, 1991; Schroederal.,

Z-repeats, similarly to the two actin-binding domains that
interact with antiparallel actin filaments.

Our biochemical and ultrastructural observations can
be summarized in a molecular model for the layout of
titin, actin anda-actinin in the central Z-disk as depicted
in Figure 10. The region C-terminal from Z4 may be
complexed with F-actin by additional proteins or by direct
interactions, e.g. between Z10 and 11 (Linkeal., 1997).
Titin can enter the Z-disk essentially via two similar paths.
Both paths are defined by the constraints imposed by
the protein interactions witki-actinin, the ultrastructural
position of the N-terminus (Figure 7) and that of Zg and
of Z4 immediately at the outer edge of the central Z-disk
(Gautelet al, 1996; Yajimaet al, 1996). In both cases,
titin must run along the outmost-actinin molecule for
at least the length of half the rod domain to bridge the
adjacent binding sites in Zg and zr5. The maximal number
of Z-filaments predicted by this model would be the

1996), the interactions of titin Z-repeats and successive highest integer of half the number of Z-repeats. This is in

pairs ofa-actinin molecules must roughly allow for this

spacing. Also, as pointed out by Luther (1991), the
arrangement of the Z-disk must to some degree follow
the helical structure of the actin filaments with a variable

excellent agreement with observations on thick Z-disks
that show 3—4 Z-filaments (Rowe, 1973; Yamaguethal,,
1985) with up to seven Z-repeats, and fast skeletal muscle
fibres with four Z-repeats (Ohtsuled al,, 1997a; Peckham

half-repeat spacing of between 35 and 38 nm (Egelmanet a|, 1997) that show two Z-filaments (Rowe, 1973).

et al, 1982). Single titin Z-repeats are ~45 residues in
length (Gauteekt al,, 1996). Depending on their secondary
structure in the complex with the CaM-like domain of

The chickenM.pectoralis Z-disk represents a minimal
version with only two Z-repeats and one Z-filament (see
above). An alternative path of titin involving a crossing-

a-actinin, they could span a length of up to 17 nm in a over to an antiparallel actin filament would provide a
largely B conformation or as extended sequence (basedgreater cross-linking of the entire structure but seems less

on the @x-distances of ~3.8 nm f@ strands). This length

is in good agreement with the orthogonal spacing of
Z-filaments in both mammalian and non-mammalian
Z-disks. Since all Z-repeats appear to be involved in
a-actinin binding, the successive arrangemerd-@fctinin
molecules into Z-filaments can be explained readily by

successive pairs of titin-binding sites spaced ~17 nm apart.

Clearly, the complex structures of the two titon-actinin

likely for reasons of symmetry. The most plausible path
in Figure 10 places the titin N-terminus close to the barbed
end of the parallel thin filament, and the previously
defined regulatory phosphorylation sites in the proline-
rich insertion between Z2 and Z3 (Gautet al., 1996)
could therefore be involved in the control of thin filament
capping. This concept is supported by our observation of
the position of the regulatory SH3 domain of nebulin,
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O titin immunoglobulin [ titin Z-repeat P======1 c-actinin

domain

J titin non-modular sequences &———— nebulin (P) phosphorylation
site

Fig. 10. Molecular structure of the sarcomeric Z-disk. The most likely path of titin into the Z-disk runs parallel to the thin filament for most of its
length. Established protein interaction sites are highlighted in red. Titin domains are numbered according to Labeit and Kolmerer (1995a). Along the
outermost pair ofx-actinin molecules, titin is linked to the-actinin rod and to the CaM-like domain. In the central Z-disk, titin Z-repeats (golden
squares) coordinate successor@ctinin molecules. The nebulin SH3 domain (green circle) and the proline-rich N-terminus of titin are in close
proximity and could interact; proteins binding to Z1Z2 or Z3 of titin or to the C-terminal region of nebulin could be involved in the control of
barbed-end capping. The position of regulatory SP-rich phosphorylation sites (8aatel1996) is shown. Only every secordactinin molecule is

shown in the central Z-disk, as they would appear in longitudinal sections of the lattice. Since the spacing of thin filaments and concomitantly the
angle of the Z-filaments is variable (Yamaguetial, 1985), thea-actinin links are shown schematically at right angles. The position of the titin
N-terminus is arbitrarily shown with some flexibility in the linker segment.

which localizes close to the titin N-terminus (Figure 7). Western blotting with a monoclonal anti-lexA antibody (Clontech) and

This co-localization would allow the previously proposed confirmed the presence of correctly sized fusion proteins. .
For analysis of the interactions of Z-repeats, the repeats zr2—zr3 (amino

interaction of proll_ne-rlch sequences In titin and the ,.igs 463-554), zral—zr4 (amino acids 550—-644) and the fragments Z1—
nebulin SH3 domain (Gautat al., 1996; Politouet al., zr3 (amino acids 1-554) were also cloned into pLexA (Figure 1A).
1997). Future reconstructions of tleactinin—titin com-

plex might allow one to define these interactions in ¢DNA cloning and sequencing

structural detail and thus to elucidate the molecular basis T“inl_?”g g'aCtit”it” (SONA CO”SgPCtSDf'\?/& t("‘é?'h{b”hd) g”al'g’ég E’éef,i,

- amplified from total human cardiac ontech) by aiki
of Z-disk assembly‘ et al, 1985). Primer design was based on the human cardiac titin
sequence (DDBJ/EMBL/GenBank accession no. X90568) and the human
skeletal muscler-actinin 2 sequence (DDBJ/EMBL/GenBank accession
no. M86406). Domain nomenclature for titin is as described in Labeit
and Kolmerer (1995a) and Gautt al. (1996). Phasing of domains for
a-actinin constructs was as determined for chicken cytosketetaitinin
(Gilmoreetal, 1994). All cloning procedures followed standard protocols
(Ausubelet al, 1987). The identity of the derived constructs was verified
by DNA sequencing.

Materials and methods

Yeast two-hybrid screens and two-hybrid protein interaction
analysis

A region of titin comprising residues 695-990 of human cardiac titin
was cloned into the pLexA vector (Stenmagkal., 1995). The plasmid
was transformed into th8accharomyces cerevisiad0 reporter strain
using a modified lithium acetate protocol (Vojtekal., 1993). The bait- i i .
bearing strain subsequently was co-transformed with a human skeletal Protein expression and purification B .

muscle cDNA library in the pGAD-10 Gal4 activation domain vector ~ Titin and a-actinin cDNA constructs were amplified as described above
(Clontech). Selection foHIS3 reporter gene activation was performed ~and cloned into a modified pET vector described previously in Labeit
on selection agar plates without histidine, leucine and tryptophan (SD- €t al. (1992). Expression of soluble Hisagged polypeptides was then
LWH), essentially as described (Stenmaek al, 1995). Colonies induced inE.coli BL21[DE3] using 0.2 mM isopropyg-b-thiogalacto-
appearing after 4-5 days at 30°C were assayed in filter assays for pyranoside (IPTG)._Inltlal purification was _carrled out on an Ni-NTA
B-galactosidase activity, and library plasmids from positive clones were agarose column (Qiagen). Further purification was by ion exchange on
isolated following the Matchmaker protocol (Clontech) and their inserts & MonoQ column (Pharmacia). Purified proteins were analysed by SDS-
sequenced. In confirming and mapping the interaction betweeen titin PAGE as described (Laemmli, 1970). Full-lengtactinin was expressed
anda-actinin, constructs encoding various regions of both proteins were With an N-terminally fused His tag and the recognition site for
cloned into pLexA and pGAD-10 vectors, respectively, and then co- TEV protease (Parket al, 1994). After standard Ni-NTA affinity
transformed into L40 cells. Growth on SD-LWH plates as well as chromatography, the tag was cleaved off by recombinant TEV protease
B-galactosidase activity were then assayed. Triplicate liquid (Gibco-BRL, UK) and removed by ion exchange chromatography on a
B-galactosidase assays wihitrophenolB-p-galactopyranoside as sub- ~ MonoQ column, leaving the recombinant protein with additional
strate were carried out from separate transformants using a modified N-terminal sequence Gly-Ser—Ser.

version of the Matchmaker protocol (Clontech). The units are relative

and not directly comparable with other publications. Some pLexA titin Co-precipitation assays

constructs alone activated thS3 and 3-galactosidase reporter genes  The recombinant-actinin fragments R1-R4 (residues 274—746) and R1-
(A1, A2, A3 andA4 constructs). Addition of 5 or 10 mM 3-aminotriazole  C (274-894) were coupled to CH-activated Sepharose beads (Pharmacia)
(Sigma) was used to suppress background growth of these transformantgollowing the manufacturer’s instructions at a density of ~1 mg/ml
on SD-LWH plates.p-Galactosidase activities measured when these beads. Beads were subsequently blocked with ethanolamine and then
constructs were co-transformed with pGAD-dctinin constructs were 10 mg/ml bovine serum albumin (BSA). The purified titin fragment zr2—
corrected by subtraction of the values obtained upon co-transformation zr3 was incubated for 10 min at 25°C in binding buffer 20 mM HEPES
with a pGAD construct shown not to interact with titin. The expression pH 7, 100 mM NaCl, 1 mM dithiothreitol (DTT), 0.1% Triton X-100]

of the fusion constructs was monitored in tranformed L40 cells by at a protein concentration of 8 with 50 pl of coated Sepharose beads
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in 100 ul volumes of assay buffer. In some assays, calcium chloride negatives and a total of 24 Z-disks were analysed. Z-disks were aligned
(2 mM), or 0.1 mg/ml phosphatidylserine, phosphatidylethanolamine or vertically and gold particle positions determined using the particle
PIP, (the latter three as micellar solutions in 0.1% Triton X-100) were analysis software in NIH-Image. In the case of NSH3-ra, 12 Z-disks
added. Control beads were the ones coated witluthetinin rod alone. were analysed. The derived X-positions were normalized to the Z-disk
Beads were separated from the supernatant by centrifugation in a centre and calibrated to nm distances using the A-band length |(in}8
perforated reaction tube, and washed three times with 0.5 ml of binding as internal length standard. The particle positions were plotted as
buffer. Specifically bound protein was eluted twice with B0of 4X histograms using Kaleidagraph (Abelbeck software), and Gaussian distri-
sample buffer at 95°C, the fractions pooled and (l5aliquots were butions were fitted using the same software.

analysed on 15% SDS-PAGE gels (Laemmli, 1970).

Biosensor assays Acknowledgements
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buffer with sampling rates of 0.3/s. The titin Zg—Z4 concentrations were 104-97).

between 0.1 and 50M. Regeneration of the sensor cuvette was achieved

with 0.5 M ethanolamine pH 8rol M NaCl. The observed binding

curves could be well fitted assuming single-phase kinefs~0.98), References

and single-phase association rates accordingly were calculated from the

fits using the FastFit software (Affinity, Germany). Linear plots of the Arber,S., Hunter,J., Ross,J., Hongo,M., Sansig,G., Borg,J., Perriard,J.-C.,
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