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Filamin, also called actin binding protein-280, is a dimeric protein that cross-links
actin filaments in the cortical cytoplasm. In addition to this ubiquitously expressed
isoform (FLN1), a second isoform (ABP-L/␥-filamin) was recently identified that
is highly expressed in mammalian striated muscles. A monoclonal antibody was
developed, that enabled us to identify filamin as a Z-disc protein in mammalian
striated muscles by immunocytochemistry and immunoelectron microscopy. In
addition, filamin was identified as a component of intercalated discs in mammalian
cardiac muscle and of myotendinous junctions in skeletal muscle. Northern and
Western blots showed that both, ABP-L/␥-filamin mRNA and protein, are absent
from proliferating cultured human skeletal muscle cells. This muscle specific
filamin isoform is, however, up-regulated immediately after the induction of
differentiation. In cultured myotubes, ABP-L/␥-filamin localises in Z-discs already
at the first stages of Z-disc formation, suggesting that ABP-L/␥-filamin might play
a role in Z-disc assembly.Cell Motil. Cytoskeleton 45:149–162, 2000.
r 2000 Wiley-Liss, Inc.
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INTRODUCTION

The functional complexity of actin in living cells is
largely determined by a vast number of actin-binding
proteins. Actin-crosslinking proteins, for instance, create
either stable bundles of parallelly arranged actin filaments
or stabilize two- and three-dimensional networks of
considerable elastic properties [Janmey, 1991]. A very
versatile member of this group of actin-crosslinking
proteins is filamin [Wang et al., 1975; also called actin
binding protein ABP-280, Brotschi et al., 1978]. Filamin
seems to be capable of stabilizing both actin filament
bundles and networks: on the one hand, filamin from
smooth muscle was described to cause excessive bundling of actin filaments in in vitro experiments [Wang and
Singer, 1977; Brotschi et al., 1978]. This might help to
explain the organization of cytoskeletal and contractile
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domains that were identified in smooth muscle [Small et
al., 1986; Tachikawa et al., 1997]. On the other hand, the
prominent cortical network of actin filaments found, for
instance, in blood platelets seems to be crosslinked by
filamin. In addition, this network is anchored to the
plasma membrane by the interaction of filamin with a
transmembrane complex of glycoproteins, which acts as
the receptor for the von Willebrand factor [Fox, 1985;
Okita et al., 1985; Meyer et al., 1997]. More recently, a
series of other ligands for filamin was identified, such as
SEK-1 [Marti et al., 1997], ␤1-integrin [Loo et al., 1998],
␤2-integrin [Sharma et al., 1995], furin [Liu et al., 1997],
and presenilin-1 [Zhang et al., 1998] strongly suggesting
that filamin plays a key regulatory role in the organization
of the actin cytoskeleton.
Even greater complexity is added by the fact that
three human filamin isoforms have been described until
now: The first one is the ubiquitously distributed filamin,
also called ABP-280 [Wang et al., 1975; Brotschi et al.,
1978; Gorlin et al., 1990]. Its gene (FLN1) was mapped to
the chromosomal position Xq28 [Gorlin et al., 1993;
Gariboldi et al., 1994]. A second isoform was identified
by PCR analysis and called ABP-L [Maestrini et al.,
1993]. Its gene (FLN2) was localized on chromosome
7q32-q35 [Gariboldi et al., 1994]. The complete cDNA
sequence was established recently and was named ␥-filamin [Xie et al., 1998]. Since both ABP-L and ␥-filamin
describe the same cDNA/protein, both names can be
considered synonyms. Almost at the same time, a third
isoform, named ␤-filamin was identified as encoding a
ligand of glycoprotein Ib alpha by yeast two hybrid
screening [Takafuta et al., 1998; Xu et al., 1998]. All three
filamin isoforms show an essentially identical molecular
building principle: an aminoterminal actin binding domain is followed by 24 repeats, all of which show an
immunoglobulin-like fold [Hock, 1999]. The carboxyterminally situated domain is involved in filamin dimer
formation [Davies et al., 1980; Gorlin et al., 1990].
While filamin was detected in avian muscle samples
by some antibodies [Koteliansky et al., 1981; Price et al,
1994], it has thus far escaped antibody detection in
mammalian muscles [see e.g. Brown and Binder, 1993].
Since the human filamin/ABP-280 gene was mapped to
distal Xq28 [Gorlin et al., 1993], it was included in a
search for candidate genes for muscle diseases that
mapped to Xq28 in genetic linkage analysis. This search
revealed not only alternative splicing in the filamin
mRNA, but also identified by PCR analysis two small
fragments of a second obviously muscle-specific isoform
that was called actin-binding protein-like protein [ABPL; Maestrini et al., 1993] or ␥-filamin [Takafuta et al,
1998] and that was preliminarily mapped to chromosome
7q32-q35 [Gariboldi et al., 1994].

Here we have independently identified and characterized the ABP-L/␥-filamin isoform and established that
it is highly expressed in mammalian striated muscles. The
protein was purified to homogeneity from bovine skeletal
muscle. With a newly developed mAb that recognizes
both the mammalian non-muscle and muscle filamin
isoforms, we show that the N-terminus of ABP-L/␥filamin is localized at the periphery of the Z-disc.
Analysis of filamin expression by immunoblotting as well
as immunofluorescence microscopy, shows that ABP-L/␥filamin is expressed during the very first stages of
myocyte differentiation in vitro. Since ABP-L/␥-filamin
localizes to developing Z-discs at a very early stage, we
conclude that this filamin isoform might be involved in
the formation of sarcomeric Z-discs.
MATERIALS AND METHODS
Antibodies

Our mAb RR90 resulted from a fusion using Balb/c
mice that were immunized with a recombinant fragment
from the M band portion of human cardiac titin following
standard protocols [see Fürst et al., 1988; Obermann et
al., 1996]. In the primary screen using immunofluorescence microscopy on frozen sections of rat psoas muscle,
the supernatant of this hybridoma exhibited a crossstriated pattern, and in Western blots it exclusively
recognized a polypeptide of ⬃300 kDa molecular mass.
Hybridomas were made monoclonal by limiting dilution.
The monoclonal ␣-actinin antibody BM-75.2,
recognising all ␣-actinin isoforms [Abd-el-Basset et al.,
1991], was purchased from Sigma (Deisenhofen, Germany). The polyclonal desmin antiserum [Ramaekers et
al., 1985] was a kind gift of Dr. G. Schaart (Maastricht,
The Netherlands). The anti-skeletal muscle ␣-actinin
rabbit serum (RbaA653) was raised against purified
porcine skeletal muscle ␣-actinin (a kind gift of M.
Gimona, Institute for Molecular Biology, Salzburg, Austria) using standard procedures. A summary of the further
characterization of the two new antibodies used in this
study (RR90 and RbaA653) is given in Table I.
Purification and Proteolytic Fragmentation of
Filamin From Bovine Skeletal Muscle

Bovine skeletal muscle (M. iliacus) was removed
immediately after slaughter, chopped into small pieces,
and frozen in liquid nitrogen. This material was kept at
⫺80°C until use. Four hundred grams of tissue were
homogenized at 4°C in 3 l of low salt buffer (LSB: 100
mM KCl, 2 mM MgCl2, 5 mM EGTA, 1 mM DTT, 1 mM
NaN3, 10 mM Tris-maleate, pH 6.8) containing 2 mM
Na4P207. This and all subsequent buffers were supplemented with the following protease inhibitors: 0.5 mM
PMSF, 10 mg/l Trypsin inhibitor (Sigma, T 9253), 5 µM
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TABLE I. Characterization of the New Antibodies
Used in This Study
Name
(species, Ig type)
Reactivity
Human skeletal muscle
Rat skeletal muscle
Rat cardiac muscle
Mouse skeletal muscle
Bovine skeletal muscle
Porcine cardiac muscle
Chicken skeletal muscle
HSkM2, proliferating
HSkM, differentiated
HeLa
NIH:3T3
Ptk2
1Schaart

RR90
(mouse IgA)

RaA653
(rabbit
polyclonal)

⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹⫹
⫹⫹
n.d.
⫺
⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹⫹

⫹⫹⫹
⫾
⫾
⫾
n.d.
⫹⫹⫹1
⫺
⫺
⫹⫹⫹
⫺
⫺
⫺

et al., [1997]
primary human skeletal muscle cells

2Cultured

E64. Myofibrillar material was collected by centrifugation (3,000g, 15 min) and washed three times with 2 l of
LSB. The final pellet was resuspended in 2 l extraction
solution (600 mM KCl, 2 mM MgCl2, 2 mM EGTA, 1
mM DTT, 1 mM NaN3, 50 mM Tris-HCl, pH 7.9) and
stirred for 45 min. After centrifugation (20,000g, 60 min),
the supernatant was dialyzed overnight against two
changes of hydroxyl apatite buffer 1 (HA1 buffer: 40 mM
K-phosphate pH 7.0, 100 mM NaCl, 1 mM EGTA, 1 mM
DTT) and then applied to a 6 ⫻ 6 cm hydroxyl apatite
column (BioRad) equilibrated in the same buffer. After
washing with buffer HA1, the protein was eluted with
hydroxyl apatite buffer 2 (150 mM K-phosphate pH 7.0,
300 mM NaCl, 1 mM EGTA, 1 mM DTT). Filamincontaining fractions (detected by SDS gel electrophoresis) were pooled, dialyzed against buffer Q (50 mM
Tris-HCl pH 7.9, 50 mM KCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT), and applied to a 1.6 ⫻ 25 cm
Q-Sepharose Fast Flow column (Pharmacia, Freiburg,
Germany) connected to an FPLC system (Pharmacia).
Elution was done with a gradient from 50 to 500 mM KCl
in 500 ml buffer Q. Fractions containing filamin were
pooled, dialyzed against buffer S (50 mM Tris-HCl pH
7.9, 1 mM EDTA, 1 mM EGTA, 1 mM DTT), and loaded
onto a 1 ⫻ 10 cm S-Sepharose Fast Flow column
(Pharmacia). After washing with buffer S, filamin was
eluted with a linear salt gradient from 0 to 500 mM KCl in
80 ml buffer S. Finally, filamin was purified to homogeneity by gel filtration on a Superose 6 HR10/30 column
(Pharmacia) equilibrated in buffer Q. All purification
steps were carried out at 4°C. Approximately 1 mg of
pure filamin was obtained from 200 g of frozen muscle.
For proteolytic fragmentation, filamin was dialyzed
against 150 mM K-phosphate buffer pH 7.0 containing
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300 mM NaCl, and incubated at RT for 8 h with
endoproteinase Asp-N (molar ratio 1:100). Resulting
fragments were characterized by SDS-PAGE, immunoblotting [Fürst et al., 1988, 1989], and determination of
their aminoterminal sequences. An Applied Biosystems
sequenator (model A470) and a Knauer Sequenator
(model 810), both equipped with on-line PTH amino acid
analyzers were used for automated sequencing. All methods employed were described previously [Bauw et al.,
1987; Fürst et al., 1992; Obermann et al., 1995].
Cell Culture and Immunofluorescence
Miscroscopy

Human skeletal muscle cells were isolated and
cultured essentially as described before [van der Ven et
al., 1992, 1993]. Briefly, enzymatically isolated satellite
cells from normal human skeletal muscle biopsies, passaged two to five times and frozen in liquid nitrogen, were
quickly thawed and plated on glass coverslips in DMEM
supplemented with 20% FCS, 2% Ultroser G, and 100
U/ml penicillin and 100 µg/ml streptomycin (all from
LifeTechnologies, Eggenstein, Germany). Cells were
grown until near confluency. Differentiation of the cells
was induced by changing from this high nutrition medium to a low nutrition medium (DMEM, 0.4% Ultroser
G, and antibiotics).
Ptk2 cells (obtained from the ECACC, Salisbury,
UK) were grown in DMEM supplemented with 10%
FCS, non-essential aminoacids (NEAA), 200 mM L-glutamine, antibiotics as above. NIH:3T3 fibrolblasts were
cultured in the same medium, except that NEAA were
omitted.
For immunofluorescence assays, all cells were fixed
in methanol for approximately 5 min and subsequently in
acetone for 30 sec, both at ⫺20°C. After air drying, cells
were stained immediately or frozen at ⫺80°C until use.
For the localization of cytoskeletal proteins by
immunofluorescence microscopy, cells and 5-µm-thick
cryosections were stained using standard procedures.
Secondary antibodies, directed against respective species
and appropriate Ig-subtype and conjugated with fluorescein isothiocyanate or Texas Red, were purchased from
Southern Biotechnology Associates (Birmingham, AL)
and diluted in PBST according to the recommendations of
the manufacturer.
Immunoelectron Microscopy

Preparation of fiber bundles from rat psoas muscle
and antibody labeling was performed as described [Fürst
et al., 1988]. An immunogold conjugate (5 nm Gold) of
goat anti mouse IgG (British Bio Cell International) was
used undiluted as second antibody. Electron micrographs
were taken on a Philips electron microscope CM12 at an
accelerating voltage of 80 kV.
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Miscellaneous Procedures

SDS-PAGE and immunoblotting were performed as
described [Fürst et al., 1988]. Northern blotting was done
as described [Steiner et al., 1998]. As probe we used a
⬃300 bp sequence, which is specific for the ␥-filamin/
ABP-L isoform. The region situated beween bp 6,406 and
6,648 of the sequence described in the EMBL database
under accession number AJ012737 was amplified by PCR
[Saiki et al., 1985]. The PCR product was purified by
agarose gel electrophoresis and radiolabeled as described
[Steiner et al., 1998].
RESULTS
Characterization of Two Novel Antibodies

A fusion with lymphocytes from Balb/c mice that
were immunized with a recombinant titin fragment also
yielded a hybridoma (called RR90) that produced antibodies staining sections of skeletal muscle in a cross-striated
pattern in immunofluorescence microscopy, and labeling
exclusively a ⬃300 kDa polypeptide in immunoblots.
Reactivity was found in a variety of muscle and nonmuscle tissues of mammalian but not of avian origin
(summarized in Table I). The lack of crossreactivity with
titin implied that the hybridoma resulted most likely from
an autoantibody of the mouse that was used for immunization. This explanation is also supported by the unusual
finding that RR90 is of the IgA immunoglobulin subtype
that is usually secreted from mucosal tissues.
The reactivity in immunoblots with a band of
molecular mass close to 300 kDa suggested that the
respective protein might be filamin. This idea was
confirmed by purifying the reactive polypeptide to homogeneity and by subsequent peptide sequencing of its
proteolytic fragments. The purification from bovine skeletal muscle is summarized in Figure 1. Our protocol
involved the following major steps: high salt extraction of
washed myofibrils, dialysis against a low salt buffer to
remove myosin and most of the titin, hydroxylapatite
chromatography to remove H-protein and phosphorylase,
Q-Sepharose ion exchange chromatography to remove
C-protein, S-Sepharose ion exchange chromatography to
remove most of the M-protein and to concentrate the
immunoreactive protein. The final gel filtration step
removed residual M-protein and some lower molecular
mass contaminants. Digestion of a crude filamin preparation with endoproteinase Asp-N yielded two major cleavage products with molecular masses ⬃180 and 45 kDa,
respectively (Fig. 2a, lane 2). Direct sequencing of
the 180 kDa band gave the N-terminal sequence
DANKVSARGPGLEPVGNVANVANXXXYF. Since the
amino-terminus of the 45 kDa fragment was blocked, the
fragment was subjected to a digestion with BrCN. As a
result, we obtained the peptide sequence TYLSQFP. A

Fig. 1. Purification of filamin from a mammalian cross-striated
muscle. The gel (4 to 15 % acrylamide) monitors the purification of
bovine skeletal muscle filamin: bovine M. iliacus whole muscle tissue
(lane 1), washed myofibrils (lane 2), 0.6 M KCl extract (lane 3),
supernatant after dialysis against a low salt buffer (lane 4), pooled
fractions from hydroxyl apatite column (lane 5), fraction from
Q-Sepharose column (lane 6), crude filamin after MonoS column (lane
3
7), and purified filamin after gel filtration (lane 8). Mr standards (⫻ 10 )
are indicated in lane M.

search of EMBL and SWISS-PROT databases revealed
that both sequences exhibited homology exclusively with
the translated cDNA sequences of human actin binding
protein ABP-280 [non-muscle filamin; Gorlin et al.,
1990], human ␤-filamin [Takafuta et al., 1998], and
chicken filamin [Barry et al., 1993] and the protein
sequence of ABP-L/␥-filamin [Xie et al., 1998]. This
implied that the purified protein was indeed filamin. The
alignment of both sequences with the complete filamin
sequences from the database allowed the proteolytic
bands to be correlated with the domain structure of
filamin. Since the short 7 residue sequence starts at
residue 259 of ABP-280 [Gorlin et al., 1990], the 45 kDa
band essentially comprises the amino-terminally located
actin-binding domain plus the first of the 24 repeat
domains of filamin. The longer 28 residue sequence
aligns with the sequence of filamin starting at position
380. Thus, the 185 kDa band of the digest covers most of
the extended rod portion following the actin-binding site
(Fig. 2b).
In immunoblots, RR90 reacted specifically with
purified filamin or with the 45 kDa fragment of the
endoproteinase Asp-N fragment (Fig. 2). The characterization of proteolytic bands described above therefore
allowed us to restrict the epitope of RR90 to the region
spanning the actin-binding domain plus the first of the 24
filamin repeats.
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by Western blotting and by immunofluorescence microscopy. Western blots using extracts from proliferating and
differentiated human skeletal muscle cells were incubated
with this novel ␣-actinin serum and with mAb BM75–2,
which is known to recognize all ␣-actinin isoforms
[Abd-el-Basset et al., 1981]. The latter antibody strongly
stained an approximately 100 kDa protein in both cell
extracts, whereas RbaA653 stained a protein of equal
molecular mass exclusively in extracts from differentiated muscle cells (Fig. 4). The specificity of the rabbit
antiserum was confirmed by immunofluorescence assays
on frozen sections of rat muscles and on fixed cultured
human skeletal muscle cells. Thus, RbaA653 stained
Z-discs of all muscle fibers, irrespective of fiber type (not
shown; summarized in Table I). In developing muscle
cells, this antiserum was only positive after the induction
of differentiation. In contrast, mAb BM75–2 also reacted
with undifferentiated cells (Fig. 5).
Localization of Filamin in Adult Striated
Muscle Tissue

Fig. 2. Proteolytic cleavage of filamin and alignment of peptide
sequences. A: Crude skeletal muscle filamin (band marked by arrowhead 1 in lane 1) was treated with endoproteinase Asp-N. The limited
digest was separarated by SDS-PAGE (lane 2) and transferred to
nitrocellulose as described in Materials and Methods. Immunoreactivity of these samples with mAb RR90 is shown in lanes 3 and 4,
respectively. Note that filamin is cleaved by endoproteinase Asp-N into
two main fragments (marked by arrowheads 2 and 3 in lane 2) and that
only the smaller, 45 kDa fragment is recognized by the antibody (see
lane 4). B: Alignment of peptide sequences derived from the proteolytic cleavage of bovine muscle filamin (upper lines) with published
translated cDNA sequences: human ABP-280 [Gorlin et al., 1990;
second lines], human ␤-filamin [Takafuta et al., 1998; third lines], and
chicken filamin [Barry et al., 1993; bottom lines].

To characterize the suitability of this new hybridoma for localization studies, we analyzed the subcellular
distribution of filamin in the non-muscle cell lines Ptk2
and NIH:3T3 by immunofluorescence microscopy. In
these cells, RR90 predominantly stained stress fibers in a
spotty to continuous pattern (Fig. 3A,C,E). Furthermore,
a weak but specific staining of adhesion plaques and
leading edges of the cells was observed. Invariably,
filamin was found to be localized in conjunction with
␣-actinin (Fig. 3).
The rabbit ␣-actinin antiserum RbaA653 was shown
to be specific for the striated muscle isoforms of ␣-actinin

Immunolabelling of frozen sections of rat cardiac
muscle with mAb RR90 revealed that filamin expression
was strongest in the smooth muscle cells of blood vessels
and in the intercalated discs of cardiomyocytes (Fig. 6A).
The cross-striated staining of myofibrils in cardiomyocytes was evident at higher magnifications (Fig. 6B).
Double immunofluorescence using mAb RR90 in combination with a desmin antiserum confirmed that the filamin
label occured at the Z-disc (Fig. 6B,C). Striking was also
the colocalization of filamin and desmin in intercalated
discs, resulting in intense labelling at the cytoplasmic
face of the sarcolemma at these sites (Fig. 6B,C).
In frozen sections of rat striated muscles, we
observed strong staining of Z-discs that were identified
by double staining with an antibody specific for the
Z-disc region of titin, in all fibers (Fig. 6E,F). In addition,
myotendinous junctions were strongly labelled (Fig. 6D).
Aminoterminus of Filamin Maps to the Ends of
Thin Filaments

To determine where the aminoterminal end of
filamin is situated at the sarcomere level, we investigated
Triton X-100 extracted fiber bundles of rat psoas muscle
by immunoelectron microscopy using mAb RR90. This
resulted in increased density at the edge of the Z-disc
comb leaving the central Z-disc portion unlabelled. Since
in previous studies we had obtained antibody decoration
closer to the Z-disc centre [Fürst et al., 1988], we
concluded that we did not face penetration problems in
this experiment. For better visualization, however, we
also used gold-coupled secondary antibodies. Digitized
electron micrographs were recorded with a CCD camera
and analyzed as described in Materials and Methods.
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Fig. 3. Immunolocalization of filamin in non-muscle cells. NIH3T3 (A, B) or Ptk2 (C–F) cells were
double stained for filamin (RR90; A, C, E) and ␣-actinin (BM 75–2; B, D, F). Within the cytoplasm of both
cell types RR90 stains stress-fibers discontinuously (A, C, E). At exactly the same positions ␣-actinin is
localized (arrowheads in E, F). Furthermore, filamin colocalizes with ␣-actinin in adhesion plaques
(arrowheads in A to D) and in leading edges (arrows in A–D). Bar ⫽ 20 µm.
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Fig. 4. Characterization of a novel ␣-actinin antibody (RbaA673) by
immunoblotting. Total extracts of proliferating myoblasts (lanes 1 and
3) and differentiated myotubes (lanes 2 and 4) were separated in 8%
SDS-PAGE and transfered to nitrocellulose. Lanes 1 and 2 give the
reactivity with antibody BM-75.2 that recognizes all ␣-actinin isoforms. Lanes 3 and 4 show labeling with rabbit serum RbaA673 that
was raised against porcine ␣-actinin. Note that BM-75.2 reacts with
both non-muscle and muscle isoforms of ␣-actinin, while the reactivity
of RbaA673 is limited to sarcomeric ␣-actinin, which is not expressed
in undifferentiated myoblasts.

Figure 7 shows specific decoration at both edges of the
Z-disc. The precise position of antibody label was
determined by image analysis and the resulting histogram
fitted a Gaussian distribution. Thus, the aminoterminal
epitope of filamin that is visualized with mAB RR90 and
gold tagged antibody, was revealed as two symmetrical
peaks in a distance of ⬃50 nm from the Z-disc center (see
histogram in Fig. 7c). Both peaks therefore coincide with
the end of the Z-disc comb, which corresponds to the ends
of thin filaments from the opposite sarcomere half.
Occurrence of Filamins During Skeletal Muscle
Cell Differentiation

The bona fide cross-reacitivity of mAb RR90 with
at least two of the mammalian filamin isoforms known to
date, was used to monitor their temporal expression
patterns in human myocyte development. Initially, total
protein extracts of adult muscle separated on SDSpolyacrylamide gels, which provide an optimal resolution
of high molecular mass polypeptides, were used to screen
for filamins in immunoblots using mAb RR90. This
consistently revealed a closely spaced doublet migrating
at a molecular mass close to 300 kDa. This finding was
taken as a starting point to analyze the time course of the
expression of these filamin isoforms during the development of human skeletal muscle cells in culture. Thus, in
extracts from undifferentiated proliferating myoblasts,
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mAb RR90 showed reactivity exclusively with a single
band comigrating with the higher molecular mass filamin
isoform (Fig. 8). We concluded that this reflected reactivity with the ubiquitously distributed non-muscle filamin
isoform ABP-280. Subsequently, samples taken at 8-h
intervals after the induction of differentiation were analyzed in the same way. This revealed that as early as 8 h
after the onset of differentiation, the second isoform of
slightly lower molecular mass could be detected. After
one day, approximately equal amounts of both isoforms
were detected and this ratio remained constant for the rest
of the time period examined (Fig. 8).
Since our mAB RR90 recognizes at least two
filamin isoforms, one of which is only expressed in
differentiating muscle cells, we wanted to provide further
evidence for the specific upregulation of the putative
muscle-specific ␥-filamin/ABP-L isoform in developing
myotubes. This was achieved by Northern blotting using
the ⬃300 bp insertion specific for this isoform (see
Materials and Methods) as a probe. Figure 9 shows that
expression of the corresponding mRNA could be detected
as early as 8 h after the induction of differentiation and
remained at approximately the same level during subsequent developmental stages.
Filamin Localization Coincides With Z-Disc
Formation

The subcellular distribution of filamin was investigated at different time points representative of myotube
development in cell culture. We used double immunofluorescence microscopy with a combination of mAb RR90
and BM 75.2, the ␣-actinin antibody recognizing all
isoforms (‘‘pan ␣-actinin’’), for undifferentiated cells,
and a combination of mAb RR90 with RbaA653, the
␣-actinin serum directed against the striated muscle
isoforms, to localize these proteins during the various
stages of differentiation. In undifferentiated, proliferating
myoblasts filamin was detected in stress fibers, adhesion
plaques, and leading edges (Fig. 10A). In these locations,
filamin was consistently found to be colocalized with
␣-actinin (Fig. 10B) and both patterns were reminiscent
of the distributions of these proteins in non-muscle cells
(for comparison see staining patterns in Fig. 3).
Immediately subsequent to the induction of myocyte differentiation, we observed a striking reorganization
of both the filamin and ␣-actinin decoration patterns: The
micrographs in Figure 10C and D revealed a colocalization of filamin with skeletal muscle ␣-actinin, which was
confined to stress fiber-like structures (SFLS). In nascent
myofibrils, the label occurred with sarcomere periodicity
and lateral alignment of these early Z-discs was evident
(Fig. 10E and F). Fully developed myotubes finally
reflected the situation observed in skeletal muscle sec-
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Fig. 5. Characterization of ␣-actinin antibody RbaA653 by immunofluorescence microscopy. Cultured
human skeletal muscle cells were double labeled with ␣-actinin antibodies BM-75.2 (A and C) and
RbaA653 (B and D) either in their proliferating, undifferentiated stage (A and B) or as fully differentiated
myotubes (C and D). Arrows indicate a series of Z-discs in myofibrils which clearly show co-staining with
both antibodies. Note that BM-75.2 recognizes ␣-actinin isoforms being expressed in both developmental
stages, while RbaA653 stains ␣-actinin only in differentiated cells.

tions, i.e., staining of myofibrillar Z-discs coinciding with
␣-actinin (Fig. 10G and H).
DISCUSSION

Filamin was originally characterized as a protein
whose main function seemed to involve cross-linking and
membrane anchorage of actin filaments [Hock, 1999].
Recently, however, several reports have raised the possibility of roles for filamin in signal transduction [Marti et
al., 1997], in the organization of plasmalemmal receptor
molecules [Meyer et al., 1997; Ohta et al., 1991; Sharma
et al., 1995] and in the trans-Golgi network [Liu et al.,
1997]. It therefore appears that filamin is a very versatile
protein with a key function in the transmission of signals

to the actin cytoskeleton. Surprisingly little, however, is
known about filamin in the tissue with the highest amount
of actin, i.e., cross-striated muscle. Previously used
antibodies have not detected this protein in mammalian
skeletal and cardiac muscles [see Brown and Binder,
1993].
We succeeded in obtaining an antibody that clearly
recognizes filamin in mammalian striated muscles and
thus allowed for a detailed analysis of this protein during
mammalian muscle development. First, the identity of
filamin as the antigen for this hybridoma (RR90) was
verified by purifying the immunoreacitve protein from
bovine M. iliacus muscle (Fig. 1). Peptide sequences
unequivocally demonstrated that the protein purified was
the ABP-L/␥-filamin isoform, which was discovered only
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Fig. 6. Immunolocalization of filamin in mammalian striated muscle.
Cryosections of adult rat heart (A–C) or adult rat M. soleus (D–F) were
stained with RR90 (A,D), or double stained with RR90 (B,E) and a
polyclonal anti-desmin serum (C), or T12 anti-titin (F). In the heart,
high levels of filamin were detected in blood vessels (arrow in A) and
intercalated discs (arrowheads in A). At higher magnification, filamin
appears to be codistributed with desmin on both sides of the interca-

lated discs (arrowheads in B, C). In addition, staining with RR90
results in a staining of specific regions of the sarcomere that are also
stained with the desmin antiserum, identifying these regions as Z-discs
(arrows in B, C inset). In skeletal muscle sections RR90 strongly stains
myotendinous junctions (D). Furthermore, staining with RR90 results
in a cross-striated staining pattern (E). The same sarcomeric region is
stained by anti-Z-disc titin (F). Bar ⫽ 25 µm; inset, 5 µm.

recently [Xie et al., 1998]. Immunoblots using proteolytically cleaved protein revealed the epitope of RR90 to be
located in the aminoterminally 45 kDa of the 280 kDa
polypeptide, i.e., in the actin binding domain and the first
one of the 24 repeat domains (Fig. 2).
We used mAb RR90 to determine the location of
filamin in mammalian striated muscles by immunofluorescence and immunoelectron microscopy. In both slow and
fast skeletal muscle fibers, filamin was found at Z-discs
(see Figs. 6 and 7). Striking also was the strong staining
of myotendinous junctions (Fig. 6). In cardiac muscle, we
also found Z-disc decoration and noted, in addition, very
prominent labeling of intercalated discs at the cytoplasmic side of the neighboring cells (Fig. 6). Previous
studies on the light microscope level have proposed a
desmin-like filamin localization surrounding the myofibrils at the level of Z-discs in avian muscles [Gomer and
Lazarides, 1981; Koteliansky et al., 1986]. Two other
studies, however, clearly showed decoration of the actual

Z-disc [Bechtel, 1979; Koteliansky et al., 1981], identifying filamin as a component of myofibrils. Since the latter
high resolution studies agree with the data presented in
this report, one can assume that some technical problem
involved with cross-sections might have caused the lack
of reactivity inside myofibrils in the above-mentioned
light microscope work. In addition, our immunoelectron
microscopy data now provide increased resolution and,
therefore, allow for a more precise interpretation of
filamin localization in myofibrils. Antibody decoration
occurred ⬃50 nm from the Z-disc center at the edge of the
Z-disc comb. Interestingly, this region corresponds to the
end of thin filaments that overlap in the Z-disc and reach
approximately 50 nm into the opposite sarcomere half
[Vigoreaux, 1994]. These data suggest that the actin
binding domain of filamin has a function in cross-linking
thin filaments at their ends in myofibrillar Z-discs. In
addition, the high concentration of filamin found at
myotendinous junctions and intercalated discs implies an
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Fig. 7. Immunoelectron microscopical localization of filamin in
mammalian skeletal muscle fibers. Extracted fiber bundles of rat
psoas muscle were incubated with mAb RR90 and a 5-nm
gold-labelled second antibody. Subsequently, they were processed
for standard electron microscopy. A: Z-disc region of a decorated
myofibril. Note that antibody label is concentrated at the borders
of the Z-disc (arrowheads). B: The same myofibrillar region of an
unlabelled control fiber.

Fig. 8. Immunoblot analysis of filamin isoforms during myogenesis in
culture. Human skeletal muscle cells were grown as described in
Materials and Methods. Samples for SDS-PAGE and subsequent
Western blotting using mAb RR90 were taken from cells in the
proliferative stage (lane 1) and at different time points after the
induction of differentiation: 8 h (lane 2), 16 h (lane 3), 24 h (lane 4), 2
days (lane 5), and 4 days (lane 6). M ⫽ molecular mass markers
3
(numbers indicate Mr ⫻ 10 ). Note that in undifferentiated myoblasts,
RR90 recognizes only one filamin band, while already 8 h after the
induction of differentiation a second band of slightly higher mobility
appears. This polypeptide is expressed throughout myotube development.

Fig. 9. Northern blot analysis of the expression of ␥-filamin/ABPL
mRNA during human skeletal muscle cell differentiation. Total RNA
was isolated from cultured human skeletal muscle cells, which were
differentiated for the time indicated above the respective lane (0 h,
undifferentiated proliferating myoblasts; 8 h to 6 d, time after initiation
of differentiation). RNAs were separated by agarose gel electrophoresis, transferred to a nylon membrane, and hybridized with a probe
specific for ABP-L/␥-filamin (see Materials and Methods). The arrowhead indicates reactivity with a single band migrating at ⬃9 kb, i.e., in
the expected size range. Note that reactivity with the probe is restricted
to differentiating myoblasts and that up-regulation of this mRNA
accompanies the earliest stages of myofibril differentiation.

Filamin in Mammalian Skeletal Muscle

Fig. 10. Immunofluorescence localization of filamin in cultured human
skeletal muscle cells. A,B: Proliferating myoblasts stained with mAb
RR90 or ␣-actinin (BM 75.2), respectively. Note that filamin colocalizes with ␣-actinin in dots that are associated with stress-fibers (small
arrowheads). Furthermore, a colocalization of both proteins is observed in extended focal contacts (arrows) and in the leading edge of
the cells (large arrowheads). C–H: Localization of filamin (C, E, G) in
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differentiating cells is compared with the localization of sarcomeric
␣-actinin (D, F, H). C,D: Colocalization of both proteins in stress-fiber
associated dots (arrowheads) in an early myotube 2 days after the
induction of differentiation. E,F: First alignment of these dots into
nascent Z-discs (arrows) is depicted. G,H: Colocalization of filamin
and sarcomeric ␣-actinin in further developed Z-discs (arrows) in
myotubes after 4 days of differentiation.
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important role in the organization of thin filaments at sites
that have to resist greater mechanical strain. Thus, filamin
in muscle seems to be intimately involved in actin
filament organization both in myofibrils and at certain
sites of membrane anchorage.
Since the epitope of mAB RR90 is located at or
close to the aminoterminus of the filamin polypeptide, our
interpretations are limited to one end of this extended and
rod-shaped molecule. The lack of antibodies reacting
with more carboxyterminal epitopes of ABPL/␥-filamin
presently precludes a complete molecular layout to be
drawn. The prime candidate is, of course, the ⬃80 amino
acids insertion in domain 20 specific for the ABPL/␥filamin isoform [Xie et al., 1998]. Unfortunately, this
region seems to be only weakly immunogenic leaving our
attempts to raise a polyclonal antibody specific for this
insertion unsuccesful (our unpublished observation).
Further antibodies will also be needed to discriminate between the three filamin isoforms. Both our Western and Northern blots clearly showed that upon induction of muscle differentiation a second filamin isoform in
addition to the ubiquitously expressed ABP-280 is upregulated in our cell cultures (Figs. 8 and 9). Since the
Northern blot was reacted with a probe derived from a
⬃240 bp cDNA fragment encoding the above-mentioned
ABP-L/⬃-filamin isoform specific insertion [Xie et al.,
1998], it is highly probable that the second band identified in Western blots corresponds to this isoform. Since
ABP280 could never be detected in mammalian skeletal
muscle, the persistence of immunoreactivity with ABP280 most likely arises from cells that did not fuse into
myotubes. Similarly, the immunoreactivity with ABP280 in extracts from striated muscle tissue can be
attributed to the presence of several non-muscle cell types
and to blood vessels, in which ABP-280 is expressed at
high levels (see, e.g., Fig. 6).
Additional complexity is created by differential
splicing, which until now has been shown for ABP-280
[Maestrini et al., 1993] and for ABP-L/␥-filamin [Maestrini et al., 1993; Xie et al., 1998]. This mechanism is
likely to explain the observation that avian slow and fast
muscle fibers contain distinct but highly homologous
filamin isoforms with differential distributions [Gomer
and Lazarides, 1983]. Two other reports described a
biphasic temporal expression pattern for filamin during
avian muscle development in vitro [Gomer and Lazarides, 1981; Price et al., 1994]. In light of the complexity of
mammalian filamins, a failure to detect all filamin
isoforms in the chicken system is the most likely explanation for the described lack of filamin reactivity in
intermediate developmental stages not observed in the
study described here. In line with this view, strongly
divergent species-specific variants were reported, e.g., for
myomesin [Vinkemeier et al., 1993; Bantle et al., 1996],

and C-protein [MyBP-C; Weber et al., 1993, Yasuda et
al., 1995; Gautel et al., 1998].
Our Western and Northern blotting as well as the
immunofluorescence results rather imply a role for filamin already at the earliest stages of myofibril assembly.
The muscle-specific isoform of ABP-L/␥-filamin clearly
is expressed as one of the first structural proteins of the
myofibril. Its localization is intimately linked to Z-discs,
already from the appearance of Z-patches and Z-bodies
along SFLS [Sanger et al., 1984; Rhee et al., 1994] and it
persisted throughout all developmental stages. We speculate, therefore, that filamin— together with ␣-actinin— is
involved in the organization of thin filaments in myofibrils. For ␣-actinin, a direct interaction with titin was
demonstrated [Ohtsuka et al., 1997; Sorimachi et al.,
1997; Young et al., 1999] and it is most likely this
interaction that is the prime cause for its specific Z-disc
localization. For filamin in muscle, the targeting mechanism and the according binding partner have not yet been
identified. Differentially expressed molecular regions are
the best candidates to search for such interactions.

ACKNOWLEDGMENTS

We gratefully thank Uwe Plessmann for the peptide
sequence data, Bärbel Mai for help with the immunostainings, Dr. Gert Schaart (Maastricht, The Netherlands) for
the donation of antibodies, and Dr. Mario Gimona
(Salzburg, Austria) for porcine ␣-actinin.
REFERENCES
Abd-el-Basset EM, Ahmed I, Fedoroff S. 1991. Actin and actin-binding
proteins in differentiating astroglia in tissue culture. J Neurosci
Res 30:1–17.
Bantle S, Keller S, Haussmann I, Auerbach D, Perriard E, Mühlebach
S, Perriard JC. 1996. Tissue-specific isoforms of chicken
myomesin are generated by alternative splicing. J Biol Chem
271:19042–19052.
Barry CP, Xie J, Lemmon V, Young AP. 1993. Molecular characterization of a multipromoter gene encoding a chicken filamin
protein. J Biol Chem 268 25577–25586.
Bauw G, Van Damme J, Puype M, Vandekerckhove I, Gesser B, Ratz
GP, Lauridsen IB, Celis IE. 1987. Protein-electroblotting and
-microsequencing strategies in generating protein data bases
from two-dimensional gels. Proc Natl Acad Sci. USA 86:7701–
7705.
Bechtel PJ. 1979. Identification of a high molecular weight actinbinding protein in skeletal muscle. J Biol Chem 254:1755–
1758.
Brotschi EA, Hartwig JH, Stossel TP. 1978. The gelation of actin by
actin-binding protein. J Biol Chem 253:8988–8993.
Brown KD, Binder LI. 1993. Expression of the cytoskeletal-associated
protein filamin in adult rat organs. Exp Cell Res 209:325–332.
Davies PJA, Wallach D, Willingham M, Pastan I, Lewis MS. 1980.
Self-association of chicken gizzard filamin and heavy merofilamin. Biochemistry 19:1366–1372.

Filamin in Mammalian Skeletal Muscle
Fox JE. 1985. Identification of actin-binding protein as the protein
linking the membrane skeleton to glycoproteins on platelet
plasma membranes. J Biol Chem 260:11970–11977.
Fürst DO, Osborn M, Nave R, Weber K. 1988. The organization of titin
filaments in the half-sarcomere revealed by monoclonal antibodies in immunoelectron microscopy; a map of ten non-repetitive
epitopes starting at the Z line extends close to the M line. J Cell
Biol 106:1563–1572.
Fürst DO, Osborn M, Weber K. 1989. Myogenesis in the mouse
embryo: differential onset of expression of myogenic proteins
and the involvement of titin in myofibril assembly. J Cell Biol
109:517–527.
Fürst DO, Vinkemeier U, Weber K. 1992. Mammalian skeletal muscle
C-protein: purification from bovine muscle, binding to titin and
the characterization of a full length human cDNA. J Cell Sci
102:769–778.
Gariboldi M, Maestrini E, Canziani F, Manenti G, De Gregorio L,
Rivella S, Chatterjee A, Herman GE, Archidiacono N, Antonacci R, Pierotti MA, Dragani TA, Toniolo D. 1994. Comparative mapping of the actin-binding protein 280 genes in human
and mouse. Genomics 21:428–430.
Gautel, M, Fürst DO, Cocco A, Schiaffino S. 1998. Isoform transitions
of the myosin binding protein C family in developing human
and mouse muscles: lack of isoform transcomplementation in
cardiac muscle. Circ Res 82:124–129.
Gomer RH, Lazarides E. 1981. The synthesis and deployment of
filamin in chicken skeletal muscle. Cell 23:524–532.
Gomer RH, Lazarides E. 1983. Highly homologous filamin polypeptides have different distributions in avian slow and fast muscle
fibers. J Cell Biol 97:818–823.
Gorlin JB, Yamin R, Egan S, Stewart M, Stossel TP, Kwiatkowski DJ,
Hartwig JH. 1990. Human endothelial actin-binding protein
(ABP-280, nonmuscle filamin): a molecular leaf spring. J Cell
Biol 111:1089–1105.
Gorlin JB, Henske E, Warren ST, Kunst CB, D’Urso M, Palmieri G,
Hartwig JH, Bruns G, Kwiatkowski DJ. 1993. Actin-binding
protein (ABP-280) filamin gene (FLN) maps telomeric to the
color vision locus (R/GCP) and centromeric to G6PD in Xq28.
Genomics 17:496–498.
Hock, RS. 1999. Filamin. In: Kreis T, Vale R, editors. Guidebook to the
cytoskeletal and motor proteins. Oxford: Oxford University
Press. p 94–97.
Janmey PA. 1991. Mechanical properties of cytoskeletal polymers.
Curr Opin Cell Biol 3:4–11.
Koteliansky V, Glukhova MA, Shirinsky VP, Babaev VR, Kandalenko
VF, Rukosuev VS, Smirnov VN. 1981. Identification of a
filamin-like protein in chicken heart muscle. FEBS Lett 125:
44–48.
Koteliansky VE, Glukhova MA, Gneushev GN, Samuel JL, Rappaport
L. 1986. Isolation and localization of filamin in heart muscle.
Eur J Biochem 156:619–623.
Liu G, Thomas L, Warren RA, Enns CA., Cunningha CC, Hartwig JH,
Thomas G. 1997. Cytoskeletal protein ABP-280 directs the
intracellular trafficking of furin and modulates proprotein
processing in the endocytic pathway. J Cell Biol 139:1719–
1733.
Loo DT, Kanner SB, Aruffo A. 1998. Filamin binds to the cytoplasmic
domain of the beta 1-integrin. Identification of amino acids
responsible for this interaction. J Biol Chem 273:23304–23312.
Maestrini E, Patrosso C, Mancini M, Rivella S, Rocchi M, Repetto M,
Villa A, Frattini A, Zopp & M, Vezzoni P, Toniolo D. 1993.
Mapping of two genes encoding isoforms of the actin binding
protein ABP-280, a dystrophin like protein, to Xq28 and to
chromosome 7. Hum Mol Genet 2:761–766.

161

Marti A, Luo Z, Cunningham C, Ohta Y, Hartwig J, Stossel TP,
Kyriakis JM, and Avruch, J. 1997. Actin-binding protein-280
binds the stress-activated protein kinase (SAPK) activator
SEK-1 and is required for tumor necrosis factor-alpha activation
of SAPK in melanoma cells. J Biol Chem 272:2620–2628.
Meyer SC, Zuerbig S, Cunningham CC, Hartwig JH, Bissell T, Gardner
K, Fox JEB. 1997). Identification of the region in actin-binding
protein that binds to the cytoplasmic domain of glycoprotein
Iba. J Biol Chem 272:2914–2919.
Obermann WMJ, Plessmann U, Weber K, Fürst DO. 1995. Purification
and biochemical characterization of myomesin, a myosinbinding and titin-binding protein, from bovine skeletal muscle.
Eur J Biochem 233:110–115.
Obermann WMJ, Gautel M, Steiner F, van der Ven PFM, Weber K,
Fürst DO. 1996. The structure of the sarcomeric M band:
localization of defined domains of myomesin, M-protein, and
the 250-kD carboxy-terminal region of titin by immunoelectron
microscopy. J Cell Biol 134:1441–1453.
Ohta Y, Hartwig JH. 1995. Actin filament cross-linking by chicken
gizzard filamin is regulated by phosphorylation in vitro. Biochemistry 34:6745–6754.
Ohta Y, Stossel, Hartwig JH. 1991. Ligand-sensitive binding of
actin-binding protein to immunoglobulin G Fc receptor I
(Fc gamma RI). Cell 67:275–282.
Ohtsuka H, Yajima H, Maruyama K, Kimura S. 1997. The N-terminal Z
repeat 5 of connectin/titin binds to the C-terminal region of
alpha-actinin. iochem Biophys Res Commun 235:1–3.
Okita JR, Pidard D, Newman PJ, Montgomery RR, Kunicki TJ. 1985.
On the association of glycoprotein Ib and actin-binding protein
in human platelets. J Cell Biol 100:317–321.
Price MG, Caprette DR, Gomer RH. 1994. Different temporal patterns
of expression result in the same type, amount, and distribution
of filamin (ABP) in cardiac and skeletal myofibrils. Cell Motil.
Cytoskeleton 27:248–261.
Ramaekers FCS, Moesker O, Huysmans A, Schaart G, Westerhof G,
Wagenaar SS, Herman CJ, Vooijs GP. 1985. Intermediate
filament proteins in the study of tumor heterogeneity: an
in-depth study of tumors of the urinary and respiratory tracts.
Ann N Y Acad Sci 455:614–634.
Rhee D, Sanger JM, Sanger JW. 1994. The Premyofibril: Evidence for
Its Role in Myofibrillogenesis. Cell Motil Cytoskeleton 28:
1–24.
Saiki RK, Scharf SJ, Faloona F, Mullis, GT, Ehrlich HA. 1985.
Enzymatic amplification of beta-globin genomic sequences and
restriction site analysis for diagnosis of sickle cell anemia.
Science 230:1350–1354.
Sanger JW, Mittal B, Sanger JM. 1984. Formation of Myofibrils in
Spreading Chick Cardiac Myocytes. Cell Motil Cytoskeleton
4:405–416.
Schaart GL, Moens L, Endert JM, Ramaekers FCS. 1997. Biochemical
characterization of cardiotin, a sarcoplasmic reticulum associated protein. FEBS Lett 403:168–172.
Sharma CP, Ezzell RM, Arnaout MA. 1995. Direct interaction of
filamin (ABP-280) with the beta 2-integrin subunit CD18. J
Immunol 154:3461–3470.
Small JV, Fürst DO, DMey J. 1986. Localization of filamin in smooth
muscle. J Cell Biol 102:210–220.
Sorimachi H, Freiburg A, Kolmerer B, Ishiura S, Steir G, Gregorio CC,
Labeit D, Linke WA, Suzuki K, Labeit S. 1997. Tissue-specific
expression and alpha-actinin binding properties of the Z-disc
titin: implications for the nature of vertebrate Z-discs. J Mol
Biol 270:688–695.
Steiner F, Weber K, Fürst DO. 1998. Structure and expression of the
gene encoding murine M-protein, a sarcomere-specific member
of the immunoglobulin superfamily. Genomics 49:83-95.

162

van der Ven et al.

Tachikawa M, Nakagawa H, Terasaki AG, Mori H, Ohashi K. 1997. A
260-kDa filamin/ABP-related protein in chicken gizzard smooth
muscle cells is a new component of the dense plaques and dense
bodies of smooth muscle. J Biochem 122:314–321.
Takafuta T, Wu G, Murphy GF, Shapiro SS. 1998. Human beta-filamin
is a new protein that interacts with the cytoplasmic tail of
glycoprotein Ib alpha. J Biol Chem 273:17531–17538.
van der Ven PFM, Schaart G, Jap PHK, Sengers RCA, Stadhouders
AM, Ramaekers FCS. 1992. Differentiation of human skeletal
muscle cells in culture: maturation as indicated by titin and
desmin striation. Cell Tiss Res 270:189–198.
van der Ven PFM, Schaart G, Croes HJE, Jap PHK, Ginsel LA,
Ramaekers FCS. 1993. Titin aggregates associated with intermediate filaments align along stress fiber-like structures during
human skeletal muscle cell differentiation. J Cell Sci 106:749–
759.
Vigoreaux JO. 1994. The muscle Z band: lessons in stress management.
J Muscle Res Cell Motil 15:237–255.
Vinkemeier U, Obermann W, Weber K, Fürst DO. 1993. The globular
head domain of titin extends into the center of the sarcomeric M
band. J Cell Sci 106:319–330.
Wang K, Singer SJ. 1977. Interaction of filamin with F-actin in
solution. Proc Natl Acad Sci USA 74:2021–2025.
Wang K, Ash JF, Singer SJ. 1975. Filamin, a new high-molecular-

weight protein found in smooth muscle and non-muscle cells.
PNAS 72:4483–4486.
Weber FE, Vaughan KT, Reinach FC, Fischman DA. 1993. Complete
sequence of human fast-type and slow-type muscle myosinbinding-protein C (MyBP-C). Differential expression, conserved domain structure and chromosome assignment. Eur J
Biochem 216:661–669.
Xie Z, Xu W, Davie EW, Chung DW. 1998. Molecular cloning of
human ABPL, an actin-binding protein homologue. Biochem.
Biophys Res Commun 251:914–919.
Xu WF, Xie Z, Chung DW, Davie EW. 1998. A novel human
actin-binding protein homologue that binds to platelet glycoprotein Ib alpha Blood 92:1268–1276.
Yasuda M, Koshida S, Sato N, Obinata T. 1995. Complete primary
structure of chicken cardiac C-protein (MyBP-C) and its
expression in developing striated muscles. J Mol Cell. Cardiol
27:2275–2286.
Young P, Ferguson C, Banuelos S, Gautel M. 1998. Molecular structure
of the sarcomeric Z-disk: two types of titin interactions lead to
an asymmetrical sorting of alpha-actinin. EMBO J 17:1614–
1624.
Zhang W, Han SW, McKeel DW, Goate A, Wu JY. 1998. Interaction of
presenilins with the filamin family of actin-binding proteins. J
Neurosci 18:914–922.

