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In striated muscle, myofibrils are anchored to an
interconnecting cytoskeleton of desmin intermediate
filaments. Skelemin (195 kDa) may be a link between
myofibrils and the intermediate filament cytoskeleton.
Skelemin partitions with desmin to the insoluble cyto-
skeleton, and increases the thickness of reconstituted
intermediate filaments. Concentrated at the M-disc pe-
riphery, skelemin may also contact myosin filaments.
We used immunoscreening to isolate a mouse muscle
cDNA which encodes a protein with a calculated mo-
lecular mass of 185 kDa. Anti-skelemin antibodies
bound to the protein products of each of three nonov-
erlapping regions of the open reading frame. Antibod-
ies directed against the protein products of each one-
third of the cDNA react with a 195-kDa muscle protein
and stain the M-disc indistinguishably from the origi-
nal anti-skelemin antibodies, suggesting that the cDNA
encodes skelemin. A single skelemin mRNA is detected
in muscle but not non-muscle tissues, consistent with
immunostaining results. Skelemin is a member of a
family of myosin-associated proteins containing fibro-
nectin type III and immunoglobulin superfamily C2
motifs. Skelemin is unique in this family in having
intermediate filament core-like motifs, one near each
terminus. We hypothesize that skelemin could interact
with myosin or myosin-associated proteins through its
fibronectin and/or immunoglobulin motifs, and with
intermediate filaments through intermediate filament-
like motifs.

Little is known about the proteins that direct the molecular
morphogenesis of subcellular structures. One of the best sys-
tems for such studies is the semicrystalline sarcomere of
striated muscle and the cytoskeleton attached to it. Sarcom-
eres are surrounded by a three-dimensional cytoskeleton of
desmin intermediate filaments (for reviews, see Price and
Sanger (1983), Price (1991), and Small et al. (1992)). These
intermediate filaments form a ring around each Z-disc, link
the Z-discs of adjacent sarcomeres, and additionally form
longitudinal connections among the Z-discs in a myofibril. In
some striated muscles, transverse filaments of unknown com-
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position are attached to the M-discs (for review, see Price
(1991)). The anchored lattice of desmin filaments may con-
tribute to the limitation of cell distortion in both axes, to the
maintenance of a regular architecture, and to the coordinated
contraction/relaxation of mature myofibrils, all of which are
important for muscle function (reviewed in Wang (1985)).

The exosarcomeric lattice is formed from the initially ran-
domly arranged intermediate filaments of myogenic cells by
a process of molecular remodeling and selective attachment
(reviewed in Price (1991)). To examine the molecular basis of
the interaction between intermediate filaments and myo-
fibrils, we began an analysis of intermediate filament-associ-
ated proteins in mammalian striated muscle. One of the most
prominent proteins which is co-purified with desmin in the
intermediate filament cytoskeleton of bovine heart is skele-
min. Skelemin is a protein that migrates on SDS-polyacryl-
amide gels as a band with an apparent molecular mass of 195
kDa and an isoelectric point near 5.0 (Price, 1987). Immuno-
blotting and immunofluorescence staining with polyclonal
rabbit antibodies showed that skelemin is expressed in mam-
malian skeletal, cardiac, and smooth muscle cells, as well as
in myoepithelial cells. It is absent in non-muscle cells other
than certain glial cells in the brain.” Immunoblotting of ex-
tracts and residues shows that skelemin is co-fractionated
with desmin throughout a series of extractions with seven
different buffers, and like desmin, is relatively insoluble.
Purified skelemin causes a 30% increase of the diameter of
intermediate filaments reconstituted in their presence, as
determined by electron microscopy (Price, 1984, 1987). These
results led to the suggestion that skelemin associates with the
desmin intermediate filament cytoskeleton.

Previously reported cytoskeletal proteins associated with
the myofibril, including spectrins, ankyrin, synemin, and par-
anemin, are all found at the periphery of the Z-discs (for
reviews, Small et al. (1992), Lazarides and Capetenaki (1986),
Yang et al. (1990), and Price (1991)). In this location, these
proteins could interact with the transverse desmin filaments
wrapped around the Z-disc periphery as well as with the
longitudinal desmin filaments. In contrast, skelemin is con-
centrated at the periphery of each M-disc as shown by im-
munofluorescence of muscle longitudinal and cross-sections,
and by skelemin’s partial extraction in a solution that solu-
bilizes M-disc components (Price, 1987). From purification
and from immunoblotting results, we estimated that there are
roughly 200 molecules of skelemin per sarcomere.

The M-disc is the region in the middle of the myosin bundle,
and thus the sarcomere, in which the bare zones of the bipolar
myosin filaments are linked together by MM-creatine kinase
and possibly also by other proteins (for discussions, see Thor-
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nell et al. (1990a) and Noguchi et al. (1992)). An intriguing
question concerning the anchorage of the intermediate fila-
ment lattice to the myofibrils is whether the longitudinal
desmin filaments, which must be over 2-um long in order to
link two consecutive Z-discs, are anchored at any point along
the sarcomere. The partitioning of skelemin to the insoluble
intermediate filament cytoskeleton and its ability to bind to
desmin-containing filaments suggested that skelemin might
anchor the desmin filaments to myosin or another M-disc
component. Skelemin may also be associated with, or even
comprise, the fragile, narrow filaments that link the M-discs
of neighboring myofibrils in some muscles (Pierobon-Bormi-
oli, 1981; Street, 1983; Wang and Ramirez-Mitchell, 1983), as
suggested by anti-skelemin staining of thin strands linking
isolated pairs of myofibrils (Price, 1987).

An insight into a possible binding site of skelemin came
from an immunohistochemical study of mammalian heart
development (Thornell et al., 1990b). Skelemin was specifi-
cally localized at the M-discs of early (4 week bovine fetal)
myofibrils, at the time when desmin-containing intermediate
filaments are still in random arrays in the cytoplasm. At no
stage of myogenesis were detectable amounts of skelemin
found to be not associated with myofibrils or in M-disc
striations appreciably broader than the mature ones. Several
other M-disc components, myomesin (Grove et al., 1984) and
M-protein (Masaki and Takaiti, 1974), are first detected only
after skelemin is already localized. These findings suggest
that skelemin has a specific binding site at the periphery of
the M-disc that is present in early myofibrils containing actin
and myosin but lacking myomesin, M-protein, and attached
desmin filaments.

Myosin is the major myofibrillar protein with which skele-
min could be associated. There are about a dozen other
proteins associated with the myosin-containing thick filament
(for review, see Epstein and Fischman (1991)). These include,
but are not limited to, the titin proteins of different animal
species: Caenorhabditis elegans twitchin (Benian et al., 1989),
vertebrate titin (Labeit et al., 1990, 1992), Lethocerus indicus
p800 (Lakey et al., 1990), and Drosophila projectin (Ayme-
Southgate et al., 1991; Fyrberg et al., 1992), as well as C-
protein (Einheber and Fischman, 1990), and 86-kDa protein
(Fischman et al,, 1991), M-protein (Noguchi et al., 1992),
myosin light chain kinases of nonstriated muscle (Olson et
al., 1990; Shoemaker et al., 1990; Gallagher et al., 1991).
Sequence analysis shows that these putative myosin-associ-
ated proteins contain two different types of ~90-residue mo-
tifs previously found only in secreted or cell-surface adhesion/
recognition molecules. These motifs are the fibronectin type
III motif (for reviews, see Hynes (1990), Ruoslahti (1988), and
Odermatt and Engel (1989)), called motif I in the myosin-
associated family, and the immunoglobulin superfamily C2
type motif (for reviews, see Hunkapiller and Hood (1989),
Williams (1987), and Williams and Barclay (1988)), called
motif Il in the myosin-associated family (Benian et al., 1989).

The cytoskeletal protein that skelemin appears to associate
with is desmin, the muscle intermediate filament protein
(Price, 1984, 1987). The members of the intermediate filament
protein family also have a common motif, a helical core of
~310 residues, consisting of four closely linked a-helical re-
gions (Fraser et al., 1990; Steven, 1990). A striking feature of
the a-helical regions is a heptad repeat, with the first and
fourth residues being hydrophobic 75% of the time. The initial
steps of polymerization occur through interactions of the a-
helical core regions (Geisler et al., 1992).

To gain insight into skelemin function, the deduced amino
acid sequence was determined from mouse muscle cDNAs
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that were isolated by immunoscreening with polyclonal anti-
skelemin antibodies (Price, 1987). Skelemin was found to be
a member of the recently identified family described above,
which includes cytoplasmic, myosin-associated proteins con-
taining both fibronectin type III and immunoglobulin super-
family C2 type motifs. Unique in this family and consistent
with its biochemical properties and localization, skelemin also
contains desmin intermediate filament helical motifs. The
motif content of skelemin suggests that skelemin might bind
to myosin-containing thick filaments via fibronectin type III
motifs and/or immunoglobulin superfamily C2 type motifs
and to desmin filaments via desmin-like motifs.

MATERIALS AND METHODS

Isolation of Skelemin ¢cDNAs and DNA Sequencing—Skelemin
c¢DNA clones were identified by conventional immunoscreening of a
MZAP SK* (Stratagene, La Jolla, CA) cDNA library of poly(A)* RNA
from adult C57Bl/10J mouse hind limb skeletal muscle (a gift from
Dr. Joel A. Pearlman, Baylor College of Medicine, Institute for
Molecular Genetics). A total of approximately 1 X 10° clones were
plated at 5 X 10* plaques/150-mm dish. Following Young and Davis
(1983), nitrocellulose replica filters were incubated overnight at room
temperature with polyclonal rabbit anti-skelemin serum (Price, 1987)
at a 3000 X dilution in 150 mM NaCl, 10 mM Tris-HC], pH 8.0, 3%
non-fat milk, 0.5% bovine serum albumin, and 0.05% Tween 20. After
washing in the above buffer, the filters were incubated with '#I-
protein A at 3.5 X 10° dpm/ml (ICN, Irvine, CA) in that buffer for 3
h, washed, and exposed to X-Omat ARS5 film (Kodak, Rochester, NY)
with a Cronex Lightning Plus intensifying screen (Du Pont), at
—170 °C for 18-40 h. Plaques were picked and re-screened as above
until clonal, typically three more times.

The cDNA inserts in pBluescript were autoexcised from AZAP
with the R408 helper virus (Short et al., 1988). Plasmid DNA isola-
tion, subcloning, bacterial transformation by the CaCl, method, and
restriction mapping were done by standard protocols (Sambrook et
al., 1989). Double-stranded DNA sequencing was performed on both
strands by the dideoxy termination method with *S-dATP (Du Pont-
New England Nuclear, Boston, MA) using modified T; DNA polym-
erase (U. S. Biochemical Corp.) following the manufacturer’s direc-
tions. The 16-18-mer sequencing primers were synthesized by Rice
University, Department of Biochemistry and Cell Biology, Oligos,
Etc. (Guilford, CN), and Genosys (Houston, TX).

To obtain ¢cDNA clones encoding the full-length of skelemin,
approximately 1 X 10° clones of the poly(A)* cDNA library and
approximately 1 X 10° clones of a random-primed mouse hind limb
muscle cDNA library (also a gift from Dr. Joel A. Pearlman) were
screened with oligonucleotides following Sambrook et al. (1989). The
oligonucleotides (Oligos, Etc.) were 18-mer exact matches to se-
quences near the 5’ and the 3’ end of the longest cDNA clone that
had been isolated by immunoscreening. The oligonucleotides were
end-labeled with [y-*’P]ATP using the Prime-It kit (Stratagene), and
hybridized at an optimal temperature following McGraw et al. (1990).
To determine the amount of additional skelemin ¢cDNA in these
clones relative to the longest original skelemin cDNA, PCR? using
Taq polymerase (Perkin-Elmer Cetus, Norwalk, CT) was done with
primers flanking the vector insertion site and with primers corre-
sponding to sequences from the longest original clone.

Sequence Analysis—The predicted amino acid sequence of skele-
min was compared with the PIR release 33 (Protein Information
Resource) and SWISS-PROT release 23.0 by the FASTA (Pearson
and Lipman, 1988) and SEARCH (Lawrence and Goldman, 1988)
programs. Alignment of the immunoglobulin C2 and fibronectin type
III motifs was approximated with the Treealign (Hein, 1990) and the
Altschul and Erickson (1986) programs, and optimized by visual
inspection. After the motifs had been defined, the comparison
searches against the two protein data bases were repeated using
defined portions of the skelemin amino acid sequence. Isoelectric
points were analyzed by the CHARGEPRO program (Intelligenetics,
Mountain View, CA) and the possible sites of post-translation mod-
ification in the predicted amino acid sequence of skelemin were
suggested by the PROSITE program, release 9.2 (Bairoch, 1989).
Structural predictions were made with several standard algorithms
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(Chou and Fasman, 1978; Garnier et al., 1978). Hydropathy, hydro-
philicity, and hydrophobic moment profiles were obtained by standard
algorithms (Eisenberg et al., 1984; Hopp and Woods, 1983; Kyte and
Doolittle, 1982).

Northern Blots—Total RNA was isolated from the liver, limb
skeletal muscle, heart, and whole brain of adult mice, from skeletal
muscle of the waterbug L. indicus, and from COS cells, baby hamster
kidney cells, and Dictyostelium vegetative cells by the guanidinium
thiocyanate-phenol-chloroform single-step extraction method
(Chomczynski and Sacci, 1987). RNA molecular weight standards
(Life Technologies Inc.) and ~5 ug of each RNA were electrophoresed
on a 1.25% agarose, 2.3 M formaldehyde gel. Gels were stained with
ethidium bromide (Sambrook et al., 1989) and photographed prior to
transfer. Gels were then blotted to Duralon UV membrane (Strata-
gene) with 10 X SSC. Membranes were incubated with 1 X 10° cpm/
ml of the 0.63-kb EcoRI fragment of skelemin cDNA labeled with [a-
32P]dCTP by the random-hexamer method (Boehringer Mannheim).
Hybridization was done in a 10% polyethylene glycol-containing
solution (Amasino, 1986) at 42 °C. The membranes were washed
twice for 15 min in 2 X SSC, 0.1% SDS, then one to three times with
0.1 X SSC, 0.1% SDS at room temperature. To verify that equal
amounts of each sample were loaded and that there was no apparent
degradation of the ribosomal RNA, the membranes were stained with
methylene blue (Monroy, 1988) after autoradiographs had been ob-
tained. Autoradiography was done with preflashed X-Omat AR5 film
(Kodak) with a Cronex Lightning Plus intensifying screen (Du Pont),
at —70 °C for 5-40 h.

Bacterial Expression of Defined Regions of Skelemin—The original
3.84-kb skelemin cDNA fragment was expressed as a fusion protein
with 121 residues of §-galactosidase. Log-phase XL1-Blue (Strata-
gene) bacteria transformed with pBluescript (Short et al, 1988)
containing the 3.84-kb in-frame skelemin cDNA were treated with 10
mM isopropyl-3-D-thiogalactopyranoside for 20 min. Controls were
untransformed bacteria and those transformed with pBluescript alone
or with a 2.7-kb mitoskelin cDNA insert that had been isolated using
our anti-mitoskelin antibodies (Price and Gomer, 1989). The bacteria
were harvested by centrifugation and boiled in Laemmli (1970) sam-
ple buffer.

Smaller regions of skelemin were also expressed as fusion proteins,
with 22 residues of the bacterial ompT outer membrane protein at
their amino termini (Grodberg et al,, 1988). Three coding regions
representing roughly the amino, middle, and carboxyl one-third por-
tions of skelemin were prepared from the 5.612-kb cDNA (see Fig. 1)
by PCR using Taq polymerase (Perkin-Elmer Cetus) with pairs of
oligonucleotide primers that incorporated a Sal site in the sense
primer, and either a Sall or a BamHI site as well as a stop codon in
the antisense primer. For the amino one-third of skelemin, the
primers were 5'-GAGTCGACCATGTCTCTGCCCTTTTATCAG-3’
and 5’-GAGTCGACTTAGGGTGCTGAAGGATGACT-3’. This
PCR product was inserted into pET 12 via the 5’ Sall site and a
BamHI site that is 40 bases upstream of the antisense primer, yielding
a fusion protein that began at residue 1 and ended at residue 584. For
the middle one-third of skelemin, the primers were 5'-GAGTCGAC
CGTCATTCCTGGCCCCCCC-3’ and 5'-GAGTCGACTTATGGA
GGTGTTTCAGCCAC-3’, yielding a fusion protein that began at
residue 615 and ended at residue 1120. For the carboxyl one-third,
the primers were 5'-GAGTCGACCGGCACCAAAGAGGTTGTG-3’
and 5'-GAGGATCCTTACTTGGACTTCTGGTTGCC-3’, yielding
a fusion protein that began at residue 1121 and ended at residue 1666.
The pBluescript vector containing the 5.612-kb skelemin insert was
denatured at 95 °C for 5 min, then Taq polymerase was added for 25
cycles of PCR with 1 min denaturation at 95 °C, 1 min of annealing
at 55 °C, and 2.5 min of extension at 72 °C. PCR products were gel
purified with Gene-Clean (BI0O-101, Inc., La Jolla, CA). Due to the
ineffective cleavage of Sall sites near the ends of DNA, the PCR
products were initially ligated into the pBluescript vector that had
been restriction-digested with EcoRV and then ddT-tailed (Holton
and Graham, 1991). PCR products recovered by restriction digestion
were subsequently ligated into the pET 12a bacterial expression
vector (Novagen, Madison, WI) that had been restriction digested
with either Sall or with both Sall and BamHI. Constructs were
selected and amplified in DH5a« bacteria. Expression of the skelemin
regions in BL21(DE3)pLysS (Novagen, Madison, WI) bacteria was
induced for 3 h with 0.4 mM isopropyl-3-D-thiogalactopyranoside
(Studier et al., 1990). Immunoblotting with the original anti-skelemin
antibodies (Price, 1987) diluted 2,000 X was done to determine the
best methods and colonies for expression of skelemin regions of the
correct molecular weight. The induced skelemin proteins were puri-
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fied by excision from preparative 10% SDS-polyacrylamide gels and
electroelution (Hunkapiller et al., 1983). The amount of recovered
protein was estimated by comparison with a gradient of known
amounts of bovine serum albumin on SDS-polyacrylamide gels
(Laemmli, 1970).

Preparation of Antibodies Against Recombinant Skelemin Regions—
Antibodies against the three nonoverlapping regions of skelemin (see
Fig. 1) were prepared in female New Zealand White rabbits by
Cocalico Biologicals, Inc. (Reamstown, PA) following previously de-
scribed methods for producing the original anti-skelemin antibodies
(Price, 1987). For the first immunization, 5 ug were injected into the
popliteal lymph nodes and 15-20 ug were injected subcutaneously
and intramuscularly (Goudie et al., 1966). At 4 weeks, 100-125 ug of
antigen was injected via only the latter two routes. At 5 weeks, sera
were found to contain specific antibodies as assayed by immunoblot-
ting and immunofluorescence of skeletal muscle. Serum was prepared
3 more times at 10-day intervals. Antibodies were partially purified
by precipitation with 50% ammonium sulfate, dialysis against 10 mM
NaPO, buffer, and clarification by centrifugation.

Immunoblotting and Immunofluorescence—Immunoblotting of
proteins electrophoresed on 10% polyacrylamide-SDS gels was done
as previously described (Price, 1987). The blots were stained with
ammonium sulfate-purified anti-skelemin antibodies at 2,000 x di-
lution or with anti-skelemin region antibodies at 500-750 X dilutions,
and then with '®I-protein A (Du Pont-New England Nuclear) as
previously described (Price, 1987).

For immunofluorescence, thin strips of mouse hind limb skeletal
muscle were taken from an adult BALB/C mouse that had been
sacrificed by cervical dislocation. Muscle strips were stretched and
plunged into liquid nitrogen, then placed on a layer of O.C.T. embed-
ding compound (Miles, Elkhart, IN) in a mold set on dry ice. After
filling the mold with O.C.T, the specimen was quick-frozen by im-
mersion in liquid nitrogen. Longitudinal and cross-sections of 4-8 um
thickness were cut with a Accu-Edge blade (Miles, Elkhart, IN) in an
IEC cryotome (Needham Heights, MA) and picked up on glass
coverslips. Sections were fixed for 10 min in 3.7% formaldehyde in
phosphate-buffered saline (137 mM NaCl, 3 mm KCl, 9 mm Na,HPO,,
1 mMm KH;PO,, pH 7.45), soaked for 10 min in 0.01 M glycine to
quench the fixative, soaked in several changes of phosphate-buffered
saline, 0.05% Nonidet P-40, and stained for 1 h at room temperature
in dilutions (between 2 X and 40 X) of ammonium sulfate-purified
antibodies directed against whole bovine skelemin or against defined
regions of mouse skelemin. Following three 15-min washes in phos-
phate-buffered saline/Nonidet P-40, the sections were stained for 45
min at room temperature with a 200 X dilution of affinity-purified
fluorescein-labeled goat anti-rabbit IgG F(ab), (Cappel/Organon
Technika, Durham, NC) containing 1 unit/100 ul of rhodamine-
labeled phalloidin (Molecular Probes, Eugene, OR), washed again,
and mounted in 1 mg/ml p-paraphenylene diamine in 90% glycerol,
pH 9 (Johnson and Araujo, 1981). Phase-contrast/epifluorescence
microscopy was done with a Nikon Microphot FX (Nikon, Melville,
NY) with a 60 X Nikon (Garden City, NY) or a 63 X oil-immersion
lens (Carl Zeiss, Thornwood, NY). Photographs were taken on T-
MAX 3200 film (Kodak) and developed with D-76 (Kodak, Rochester,
NY) following the manufacturer’s instructions.

Skelemin Isolation and Peptide Sequencing—The skelemin-en-
riched urea extract of the cytoskeletal residue of bovine myocardium
was prepared by sequential extraction in six different salt solutions
as described (Price, 1984, 1987) except that the extractions were
completed in 3 days. Proteins separated on 10% SDS-polyacrylamide
gels were transferred to a polyvinylidene difluoride-derivatized Im-
mobilon membrane (Millipore, Bedford, MA) (Yuen et al., 1989) and
stained with 0.1% amido black as described (Jain et al, 1992).
Skelemin bands, pooled to give 200-400 ug (1-2 nmol), other bands,
and a blank (control) strip of membrane were excised, and aliquots
of each were labeled with anti-skelemin antibodies (Price, 1987) for
positive identification. The NH;-terminal sequence of whole skelemin
could not be obtained by standard methods, presumably due to
blockage, so proteolytic peptides were prepared. Following described
methods (Jain et al., 1992) based on a combination of several protocols
(Aebersold et al, 1987; Bauw et al.,, 1989), membrane strips were
treated with 0.5% polyvinylpyrrolidone (40-kDA) to prevent protease
binding, and then proteins were digested in situ with 10 ug/ml L-1-
tosyl-amido-2-phenylethyl chloromethy! ketone-treated bovine tryp-
sin (Boehringer Mannheim) in 0.1 M Tris-HCI, pH 8.5, at 37°C
overnight. Solubilized tryptic fragments were separated by reverse-
phase high performance liquid chromatography (model 2350, Isco,
Lincoln, NE) on a 4.6 X 250-mm 5-um bead size C8-type column
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(Dynamax 300A, Rainin, Woburn, MA), using a gradient from 0.1%
trifluoroacetic acid/water to 0.08% trifluoroacetic acid/acetonitrile.
Peptide sequencing was done at the Baylor College of Medicine
Protein Sequencing Facility with an Applied Biosystems (Foster City,
CA) Model 477A gas-phase protein sequenator equipped with an in-
line model 120-A phenylthiohydantoin analyzer.

RESULTS

Isolation of Skelemin ¢cDNA Clones—To examine the pri-
mary structure of the skelemin protein, we isolated and se-
quenced skelemin cDNA (Fig. 1). Five strongly immunoreac-
tive clones were identified by anti-skelemin immunoscreening
of 108 clones from a AZAP expression library of adult mouse
skeletal muscle cDNA. The largest clone contains a 3.84-kb
c¢DNA insert that is entirely open reading frame, as deter-
mined by DNA sequencing (Fig. 1, from 875 to 4716 bases).
A protein migrating with the approximate molecular mass of
180 kDa expressed by bacteria transformed with this con-
struct was detected by anti-skelemin antibodies but not by
other polyclonal antibodies (Price and Gomer, 1989) or by
preimmune serum (data not shown). Screening the two cDNA
libraries with oligonucleotides that hybridize near the ends of
the 3.84-kb cDNA yielded five different additional clones. A
5.612-kb cDNA was shown by PCR, restriction mapping, and
sequencing to overlap with the 3.84-kb cDNA (Fig. 1).

The complete nucleotide sequence of this cDNA and the
predicted amino acid sequence of skelemin are shown in Fig.
1. The 104 bases of 5’-untranslated region include 2 stop
codons, in 2 different reading frames. The first ATG codon
was identified as the start codon by the similarity of the
region containing it to the Kozak consensus sequence for
initiation of translation (Kozak, 1991). This methionine co-
don is within a sequence with 7 of 13 bases identical to the
Kozak consensus sequence, including the critical =3 position
being a purine. There is a single large open reading frame of
4998 bases ending with a TGA stop codon. The putative 3’-
untranslated region of 510 bases includes an in-frame stop
codon 66 bases downstream and out-of-frame stop codons at
20 and 90 bases downstream, in addition to numerous other
stop codons. It also contains a single AATAA consensus
recognition sequence for polyadenylation approximately 20
bases upstream from the poly(A) tail, the most common
position relative to the poly(A) tail (Proudfoot, 1991).

Confirmation That the cDNA Encodes Skelemin—Indica-
tion that the open reading frame of the 5.612-kb ¢cDNA
encodes skelemin was obtained from sequencing skelemin
peptides. Several peptides from purified bovine myocardial
skelemin were found to match portions of the deduced amino
acid sequence of mouse skelemin; two overlapping peptides
form a 14/15 residue match (Fig. 1). The mismatches could
be due to species and/or muscle-type differences.

To additionally confirm that the 5.612-kb ¢cDNA encodes
skelemin, polyclonal antibodies directed against three non-
overlapping regions of the open reading frame were produced
(see Fig. 1). The approximate amino, middle, and carboxyl
one-third regions of the open reading frame were expressed
as proteins of 67, 55, and 60 kDa, respectively, each as about
30% of the total bacterial protein (Fig. 2). The original anti-
skelemin antibodies, which are directed against bovine myo-
cardial skelemin (Price, 1987), reacted with the protein re-
gions encoded by each one-third of the cDNA (Fig. 2). Con-
versely, the antibodies directed against the nonoverlapping
amino, middle, and carboxyl thirds of the protein product of
the cDNA each reacted specifically with the 195-kDa skelemin
of mouse skeletal muscle, as do the original anti-skelemin
antibodies (Fig. 3). Each of the antibodies to the nonoverlap-
ping protein regions encoded by the cDNA reacts only with
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whole skelemin of muscle or with the original antigen, not
with the other regions of the protein encoded by the cDNA
(data not shown).

The original anti-skelemin antibodies and all three anti-
bodies directed against the nonoverlapping protein regions
encoded by the cDNA likewise stain a narrow band overlying
the M-disc in longitudinal sections of mouse skeletal muscle
(Fig. 4). The antigen stained with each of the antibodies
appears to be concentrated at the periphery of the myofibrils,
as indicated by the pattern of stained striations going in and
out of focus as the plane of focus is changed. Staining of
muscle cross-sections with each of the antibodies directed
against the nonoverlapping protein regions encoded by the
c¢DNA shows rings of approximately 0.7-1.7 um diameter, the
diameter of myofibrils. This suggests that the protein regions
recognized by each of these three antibody preparations is
concentrated at the myofibril periphery (Fig. 5).

We have thus observed that antibodies directed against the
amino, middle, and carboxyl nonoverlapping thirds of the
protein encoded by the 5.612-kb ¢cDNA all stain a protein
with the molecular weight and the subcellular distribution in
muscle of skelemin, and that the original anti-skelemin anti-
bodies recognize all three thirds of the encoded protein. This
strongly indicates that the 5.612 cDNA encodes skelemin.
Furthermore, this cDNA appears to encode the entire skele-
min molecule, since the open reading frame would encode
1,666 amino acids having a calculated molecular weight of
185.215. This is 95% the size of the 195-kDa skelemin band
detected in immunoblots of mammalian muscle (see Fig. 3).
Most muscle proteins migrate with apparent molecular
weights greater than the molecular weights predicted by the
amino acid sequence (see Bryan et al. (1989)).

Skelemin Transcript Is Expressed in Muscle Tissue—A sin-
gle skelemin mRNA of ~5.8 kb that is present in heart muscle
and skeletal muscle tissue but not in liver or whole brain of
the adult mouse was detected by labeling blots of total RNA
with a skelemin cDNA fragment (Fig. 6). The largest skelemin
cDNA that we have isolated (Fig. 1) has an exceptionally
short 5’-untranslated region (0.1 kb) and by comparison to
the skelemin mRNA it appears to lack about 200 bases of 5’-
untranslated region. An ~5.8-kb mRNA identical in size to
that in the mouse muscle tissues was also detected in chicken
skeletal muscle (Fig. 6). Similar amounts of RNA from the
various mouse tissues and chicken muscles were loaded, as
judged from the 18 S and 28 S rRNA detected with ethidium
bromide and methylene blue (Monroy, 1988) staining, but
only about 10% as much probe hybridized to the chicken
skelemin transcript. The skelemin ¢cDNA probe did not hy-
bridize to any transcript in the muscle of an invertebrate, the
water beetle L. indicus, nor to a transcript in COS cells, baby
hamster kidney cells, or the motile vegetative cells of the
simple eukaryote Dictyostelium discoideum (not shown). The
results suggests that there is a single skelemin transcript, and
that the muscle-specific expression pattern of skelemin
mRNA is similar to that previously observed for the skelemin
protein (Price, 1987).

Skelemin Contains Repeats of Three Different Motifs includ-
ing Adhesion Protein Motifs and Intermediate Filament Mo-
tifs, as well as Two Unique Regions—Isoelectric focusing of
bovine skelemin indicated that it has a pI of 5.0 (Price, 1984).
The predicted amino acid sequence of mouse skelemin con-
tains slightly more acidic (13.8%) than basic (12.3%) residues,
yielding a predicted isoelectric point of 6.08. There are ap-
proximately equal percentages of nonpolar (37.1%) and polar
(31.9%) residues. Serine is the most abundant amino acid,
comprising 9.3% of the total residues. Proline comprises 5.4%
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FIG. 1. Complete nucleotide se-
quence and the predicted amino acid
sequence of skelemin cDNA isolated
from a mouse skeletal muscle cDNA
library. The putative ATG start codon,
TGA termination codon, and polyade-
nylation site are underlined. Amino acid
sequences confirmed by sequencing of
bovine myocardial skelemin tryptic poly-
peptides are underlined, with the resi-
dues that differ from the predicted se-
quence shown below (X indicates that a
cysteine cannot be detected by sequenc-
ing). The beginning of each nonoverlap-
ping ~one-third region of skelemin used
for production of polyclonal antibodies
is indicated by an asterisk. The initial
residue of each intermediate filament-
like motif, motif I (immunoglobulin su-
perfamily C2-like) and motif II (fibro-
nectin type IIl-like), and of the serine/
proline-rich region is indicated with an
arrow; the last residue of each is also
indicated (end). This sequence data is
available from EMBL/GenBank/DDBJ
under accession number Z22866.

of the total residues. The hydrophobic moment is negligible,
and there are no strongly hydrophobic regions longer than
about 15 residues. Secondary structure prediction algorithms
suggest that skelemin is largely a 8-sheet structure interrupted
by short helices, turns, and random coils (Chou and Fasman,
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1978; Garnier et al., 1978). The PROSITE program (Bairoch,
1989) identifies 74 potential sites for phosphorylation in the
predicted skelemin molecule, including those dependent on
cAMP, protein kinase C, casein kinase II, and tyrosine kinase.
The only other suggested post-translational modifications are
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Amino 1/3 skelemin
Middle 1/3 skelemin
Carboxy 1/3 skelemin
Amino 1/3 skelemin
Middle 1/3 skelemin
Carboxy 1/3 skelemin

Uninduced bact.
Uninduced bact.

W A

% Vo
Anti-skelemin blot

Fi1G. 2. Three nonoverlapping protein regions encoded by
the isolated cDNA are recognized by polyclonal antibodies
directed against whole skelemin. The Coomassie Blue-stained
SDS-polyacrylamide gel shows total protein of bacteria that expressed
the amino one-third (67-kDa), middle one-third (55-kDa), and car-
boxyl one-third (60-kDa) regions of the isolated cDNA (arrows).
Molecular mass markers (in kDa) are indicated on the left. The
corresponding blot stained with anti-skelemin antibodies shows spe-
cific labeling of each of the nonoverlapping regions (arrows).

Commassie-stained gel

unlikely since skelemin is a cytoplasmic protein: glycosylation
at asparagine in 4 potential sites and myristoylation at sites
other than the amino-terminal residue.

Skelemin was found to consist largely of three different
protein motifs and two unique regions as determined by
comparison of the deduced amino acid sequence with those of
proteins in the data banks (Fig. 7). There is a unique region
at the amino terminus, short intermediate filament (desmin)
helical core-like motifs near either end (Fig. 8C), five fibro-
nectin type III-like motifs (Fig. 84), seven immunoglobulin
superfamily C2-like motifs (Fig. 8B), and a unique serine/
proline-rich region in the center of skelemin. Between 7 and
36 residues are interspersed between the identified motifs. In
addition, there is a highly (43%) charged 21-residue sequence
at the carboxyl terminus.

Skelemin’s amino-terminal region of 186 residues and the
extremely serine/proline-rich central region of 107 residues
(Figs. 1 and 7) are not significantly identical to any protein
in the data bases. The amino-terminal has a predicted iso-
electric point (10.4) far more basic than that of the entire
skelemin molecule. This region is predicted to be more hydro-
philic, have less 3-sheet content, and to have a higher concen-
tration of potential phosphorylation sites than other skelemin
regions. It has an unusually high serine content, 18%, com-
pared to the repeated motifs containing 4-11% serine (Fig.
1). The serine/proline-rich central region is 17% serine and
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Skel. muscle (ink-stained)
Anti-amino 1/3 skelemin
Anti-middle 1/3 skelemin
Anti-carboxy 1/3 skelemin
Pre-immune, Anti-amino 1/3
Pre-immune, Anti-middle 1/3
Pre-immune, Anti-carboxy 1/3

Anti-whole skelemin

!
]

29-

FiG. 3. Polyclonal rabbit antibodies directed against each
of the three nonoverlapping regions encoded by the isolated
c¢DNA specifically label only the 195-kDa skelemin band (ar-
row) in immunoblots of mouse skeletal muscle. This staining is
comparable to that obtained with the polyclonal anti-skelemin anti-
bodies. The ink-stained blot shows the position of the major skeletal
muscle proteins. Myosin heavy chain (MHC, 205-kDa) and molecular
mass markers (in kDa) are indicated on the left.

16% proline, and has near its end two repeats of the same
charged amino acids (Fig. 1).

The presence of multiple ~90-residue long motifs that are
significantly identical to either the fibronectin type III motif
(Hynes, 1990; Odermatt and Engel, 1989; Ruoslahti, 1988) or
to the immunoglobulin superfamily C2 motif (Hunkapiller
and Hood, 1989; Williams, 1987; Williams and Barclay, 1988;
Springer, 1990) places skelemin in a recently defined family
of cytoplasmic proteins that resemble neural cell adhesion
molecules (N-CAMs; Cunningham (1988), Edelman and Cros-
sin (1991), and Hortsch and Goodman (1991) for reviews) and
may all be associated in some way with myosin-containing
thick filaments (Epstein and Fischman (1991) and Trinick
(1992), for reviews). The fibronectin type III-like motifs in
these cytoplasmic proteins have been called motif I and the
immunoglobulin superfamily C2-like motifs have been called
motif II (Benian et al., 1989). The predicted skelemin amino
acid sequence contains regions between 63 and 200 residues
long with between 26 and 34% identity to the motifs I or
motifs I of twitchin (Benian et al., 1989), C-protein (Einheber
and Fischman, 1990), titin (Fritz et al., 1991), smooth muscle
and non-muscle myosin light chain kinase (Olson et al., 1990;
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Anti-amino 1/3 skelemin

Anti-recomb. skelemin

Actin (phalloidin)

Phase-contrast
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Anti-middle 1/3 skelemin

Anti-carboxy 1/3 skelemin

with polyclonal antibodies directed against each of the three nonoverlapping protein regions encoded by the putative skelemin
¢cDNA. The arrows in each vertical column of 3 micrographs indicate the same structure: M-discs in the left and central column and the Z-
line center of an actin-containing I-band in the right column. The middle row shows the broad bands of phalloidin-stained actin filaments
that alternate with the skelemin-containing M-discs. The phase-contrast micrographs show the phase-dense myosin-containing A-bands,
each of which is bisected by an M-disc (arrows in left column), and the phase-light actin-containing I-bands. Bar is 5 um.

Shoemaker et al., 1990; Gallagher et al., 1991), and to the
similar motifs of extracellular adhesion molecules such as N-
CAM (Cunningham et al., 1987; Hemperly et al., 1986; Krieg
et al., 1989), N-CAM-L1 (Moos et al., 1988), neuroglian (Bie-
ber et al., 1989), fasciclin II (Harrelson and Goodman, 1988),
amalgam (Seeger et al., 1988), and B4-integrin (Kajiji et al.,
1989; Suzuki and Naitoh, 1990), as well as to those of members
of a recently defined family of receptor-linked protein tyrosine
phosphatases with extracellular domains highly resembling
N-CAMS: LAR and DLAR (Fisher et al., 1991; Streuli et al.,
1989). The skelemin motifs are more like those of members
of the cytoplasmic family of N-CAM-like proteins than those

of the extracellular proteins of the immunoglobulin superfam-
ily.

The five motif I and seven motif II repeats of skelemin
were aligned with minimum gaps, and a consensus for each
motif was devised using residues that are identical in more
than half the motifs (Fig. 8, A and B). The skelemin consensus
motif I and II were compared to a master consensus motif
compiled from residues that are identical in more than half
the consensus motifs I and II of six of the N-CAM-like
putative myosin-associated proteins: twitchin (Benian et al.,
1989), rabbit skeletal muscle titin (Labeit et al., 1990), projec-
tin (Ayme-Southgate et al., 1991), chicken C-protein (Einhe-
ber and Fischman, 1990), chicken smooth muscle myosin light
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Anti-amino 1/3

Anti-middle 1/3

Anti-carboxy 1/3

F1G. 5. Specificimmunofluorescence staining of the M-discs
in cross-sections of mouse skeletal muscle was obtained with
polyclonal antibodies directed against each of the three non-
overlapping protein regions encoded by the putative skelemin
cDNA. Arrows indicate the staining at the periphery of a myofibril.
Bar is 5 pm.

chain kinase (Shoemaker et al., 1990), and chicken 86-kDa
protein (Vaughn et al., 1993).

The five motif I repeats of skelemin, which are 90-95
residues long, are arranged in a tandem pair and triplet, as is
found in other cytoplasmic N-CAM-like proteins (Benian et
al., 1989; Ayme-Southgate et al., 1991; Fyrberg et al., 1992;
Labeit et al., 1990; Trinick, 1992). They are 30-43% identical
to one another (when only D and E are considered identical)
and up to 46% similar to one another when conservative
substitutions of V for I (Dayhoff et al., 1978) are also consid-
ered. Thirteen residues are conserved and residues at 35 other
positions are identical or are D/E conservative substitutions
in three or four of the five motif I repeats in skelemin. The
consensus motif I of the myosin-associated proteins can be
aligned with the skelemin motif I consensus at 85% of the
conserved residues and at 67% of the residues that are con-
served in four of five skelemin motif I repeats. A 24-residue
region (Fig. 84) near the carboxyl-terminal of the motif I
repeats of both skelemin and the myosin-associated proteins
(Epstein and Fischman, 1991) is most similar to the type III
repeat of fibronectin (Kornblihtt et al., 1985). The two and
three tandem repeats of motif I in skelemin provide the
longest regions of high identity to a wide variety of proteins
containing fibronectin type III-like motifs.
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Fi1G. 6. A skelemin transcript is expressed in muscle tissues.
This Northern blot containing equal amounts of total RNA isolated
from the indicated mouse tissues (heart, skel. muscle, brain, and liver)
and from chicken skeletal muscle (Ch. skel.) was probed with the
0.63-kb EcoRI skelemin fragment (bases 4084-4717). Mammalian
and avian muscle tissues contain a ~5.8-kb skelemin mRNA (large
arrow). The positions of the 28 S rRNA and 18 S rRNA (small arrows,
left) and RNA molecular weight standards (right, in kb) are indicated.
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FIG. 7. Schematic structural map of skelemin. Shown are the
linear position of the unique region, the two repeated motifs, the
intermediate filament-like motifs, and the serine/proline-rich region.

Seven 88-93-residue long motifs of skelemin have signifi-
cant similarity to immunoglobulin superfamily C2 motifs; four
of these motif II repeats form a tandem array near the
carboxyl-terminal of skelemin (Fig. 7). The skelemin motif II
repeats are less alike than are the motif I repeats, being up to
19% identical and up to 33% similar when conservative sub-
stitutions of hydrophobic residues are considered (Dayhoff et
al., 1978). Only 2 residues are conserved in the skelemin motif
II repeats (Fig. 8B), as compared to there being no conserved
residues in the 25 motif II repeats of twitchin (Benian et al.,
1989) and 3 residues conserved in the 6 motif II repeats of C-
protein (Einheber and Fischman, 1990), one being the con-
served tyrosine in the skelemin motif II repeats. Two short
regions of the motif II repeats are the most identical, as has
been noted in other members of the immunoglobulin super-
family (Fig. 8C). Four of the skelemin motif II repeats have 2
or 3 cysteines, but it is unlikely that disulfide bonding occurs
in the cytoplasm.

Two intermediate filament-like motifs are found in the
predicted skelemin molecule, one near either terminus. Im-
mediately following the unique 186 amino-terminal region are
46 residues with 28% identity and 41% similarity to the
carboxyl ~50% of helix 1b of chicken desmin (Geisler and
Weber, 1982) (Fig. 8C). Near the carboxyl-terminal of skele-
min there are 27 residues that are 22% identical and 33%
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Fi1c. 8. Alignments of the motifs I, II, and the intermediate filament-like motifs of skelemin (S). The first amino acid of each
motif is given. Panel A, the five fibronectin type III motifs, or motifs I, of skelemin are aligned with one another with boxes surrounding the
residues that are identical or are D/E conservative substitutions in 3 or more motifs. The 13 conserved residues ( filled triangles), the 15
residues identical in 4/5 motifs ( filled diamonds), and the positions in which V or I occur 3 or more times (%) are indicated. The larger box
indicates the most highly conserved region. The consensus motif I for skelemin is comprised of residues repeated 3 or more times (upper
case) and residues repeated twice (lower case); asterisks mark other residues and blanks indicate gaps. The motif I consensus for the myosin-
associated proteins was compiled from motifs I in twitchin, projectin, titin, myosin light chain kinase, C-protein, and 86-kDa protein. Capital
letters indicate identical residues in 4 or more, and lower case letters indicate identical residues in 3 of the six protein’s consensus motif I.
The sequence of human fibronectin type III (repeat 12) (Kornblihtt et al., 1985) is shown. Boxes surround the matched residues in the two
consensus sequences and the fibronectin sequence. Panel B, the seven immunoglobulin superfamily C2-like motifs, or motifs II, of skelemin
are aligned with one another with minimum gaps. Boxes surround residues that are identical, D/E, or K/R (the latter indicted with #)
conservative substitutions in over half of the motifs. Conserved residues (filled triangles), residues present in 5 or 6 of the motifs (filled
diamonds), and positions in which V/I substitutions (%) are present in over half the motifs are indicated. A consensus motif II for skelemin
is derived from these boxed residues (capital letters) as well as from 2 or 3 residues that occur twice at a position (lower case letters). Larger
boxes enclose two 14-residue regions with the greatest similarity. A master consensus motif II derived from six of the putative myosin-
associated N-CAM-like proteins is compiled from residues identical in half or more of their consenus motifs II. Boxes surround matching
residues of the two consensus motifs. Panel C, the two intermediate filament-like regions of skelemin are aligned with the corresponding
regions of helix 1b from desmin of chicken smooth muscle (Geisler and Weber, 1982). Boxes enclose identical residues and D/E substitution;
this and other conservative substitutions are indicated with an X. The a and d positions of the helix are indicated by asterisks.

similar to the amino ~30% of helix 1b of chicken desmin (Fig.
8C). The heptad repeat pattern of positions a and d generally
being hydrophobic or uncharged residues (Fraser et al., 1990)
is well maintained in the carboxyl intermediate filament-like
region of skelemin. Of the eight a or d positions in this
intermediate filament-like region, five have hydrophobic res-
idues in skelemin and one has a positively charged residue in
both skelemin and desmin helix 1b.

DISCUSSION

Biochemical, immunolocalization, and developmental stud-
ies had suggested that skelemin might link desmin interme-
diate filaments to the myofibril (Price, 1984, 1987; Thornell
et al., 1990a). The ~5.6-kb mouse muscle cDNA described
here appears to correspond to the skelemin transcript on the
basis of five lines of evidence. First, protein expressed by an
in-frame ~3.9-kb coding region strongly binds anti-skelemin
antibodies. Similarly, anti-skelemin antibodies bind to three
nonoverlapping recombinant proteins of 55-67 kDa which
together account for the majority of the ~5.0-kb open reading
frame (Fig. 2). Second, antibodies directed against each of
three nonoverlapping regions of the protein product of the

c¢DNA specifically label mouse skelemin on immunoblots (Fig.
3) and in longitudinal and cross-sections stain the M-discs of
skeletal muscle indistinguishably from the antibodies directed
against bovine skelemin (Figs. 4 and 5). Third, several bovine
skelemin tryptic fragments closely match regions of the de-
duced amino acid sequence of skelemin (Fig. 1). The conserv-
ative substitutions and differences could be due to the exist-
ence of species and tissue isoforms. Fourth, the ~5-kb open
reading frame is the appropriate size to encode skelemin (Fig.
3). The calculated molecular mass of 185.2 kDa is 95% of the
apparent molecular mass of 195-kDa determined from SDS-
polyacrylamide gel electrophoresis. Fifth, the skelemin tran-
script is detected in muscle tissues but not in whole brain or
in liver (Fig. 6), consistent with previous immunochemical
detection of skelemin protein in muscle tissues but not in
neurons or in liver (Price, 1987).

An exciting result of the sequence analysis is that skelemin
is a cytoplasmic member of the immunoglobulin superfamily.
The rapidly expanding immunoglobulin superfamily includes
many recognition molecules, including receptors, and adhe-
sion molecules that appear to mediate cell-cell and cell-sub-
strate association, differentiation, and proliferation (Cun-
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ningham, 1988; Edelman and Crossin, 1991; Fischer et al.,
1991; Rutishauser, 1989; Springer, 1990; Williams and Bar-
clay, 1988; Williams, 1987). The immunoglobulin superfamily
C2 motif appears to have multiple binding properties (Wil-
liams and Barclay, 1988; Williams, 1987), which is not sur-
prising considering the low level of identity among these
motifs. It allows the homophilic binding of N-CAMs, and thus
plays a critical role in neuronal outgrowth and pattern for-
mation during embryogenesis (Frei et al. (1992), Hall et al.
(1990), Rao et al. (1992), and references therein, Hortsch and
Goodman (1991), Rutishauser (1989)). A few heterophilic
associations of immunoglobulin superfamily C2 motifs have
been demonstrated; the immunoglobulin superfamily C2 mo-
tifs of the N-CAM contactin (Ranscht, 1988) mediate binding
to the extracellular matrix protein tenascin (Zisch et al., 1992),
while a similar motif of the intercellular adhesion molecule I-
CAM binds an integrin (Diamond et al., 1991). Many immu-
noglobulin superfamily members, such as the N-CAMs and
members of a family of receptor-linked tyrosine phosphatases,
also contain in their extracellular domains a second type of
motif resembling the multifunctional fibronectin type III mo-
tifs (motif I in the cytoplasmic family). The multiple fibro-
nectin type III motifs confer fibronectin’s homophilic binding
as well as its heterophilic binding to cells and extracellular
components, and thus mediate fibronectin’s roles in cell shape
changes, migration, and adhesion (Barkalow and Schwarz-
bauer, 1991; Cole and Akeson, 1989; Haugen et al., 1990;
Hynes, 1990; Morla and Ruoslahti, 1992; Ruoslahti 1988).
Little is known about the binding properties of fibronectin
type III repeats in other proteins (Prieto et al., 1992; Williams
and Barclay, 1988; Williams, 1987).

The family of cytoplasmic proteins that resemble N-CAM
due to the presence of both the fibronectin type III and
immunoglobulin C2 motifs all appear to be myosin-associated,
or at least thick filament-associated, in some way (Epstein
and Fischman, 1991; Fischman et al., 1991). Some of these
cytoplasmic immunoglobulin superfamily proteins clearly
have regulatory functions since they have kinase domains in
their deduced sequences or have demonstrated kinase activity;
these include the titin subfamily members (Benian et al.,
1989; Fyrberg et al., 1992; Labeit et al., 1992) and myosin light
chain kinase of non-striated cells (Olson et al., 1990; Shoe-
maker et al., 1990; Gallagher et al., 1991). C-protein may have
a regulatory function (Einheber and Fischman (1990) for
discussion), while the function of the closely related 86-kDa
protein is unknown (Fischman et al., 1991). All of these may
also have mechanical functions, particularly the members of
the titin subfamily (Wang et al., 1991; Granzier and Wang,
1993) including nematode twitchin, mammalian titin (Labeit
et al.,, 1990), Drosophila projectin (Ayme-Southgate et al.,
1991; Fyrberg et al., 1992), and Lethocerus p800 (Lakey et al.,
1990). In all family members, the fibronectin type III motifs
are more similar to each other than are the immunoglobulin
C2 motifs. Both motifs exhibit conserved residues in certain
positions and have several separate regions of strong identity
(Benian et al., 1989; Epstein and Fischman, 1991; Williams
and Barclay, 1988).

Structural determinations have shown that the immuno-
globulin superfamily C2 motif and the fibronectin type III
motif are similar, being the classic 8-barrel with 3 and 4 8-
strands parallel to one another, giving an immunoglobulin
fold (Baron et al., 1992; Holden et al., 1992; Leahy et al.,
1992). The presence of both motifs in the family of intracel-
lular N-CAM-like proteins suggests that the two motifs
evolved from a common motif (see Bazan (1990) and Einheber
and Fischman (1990) for discussion).
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In addition to having a unique amino-terminal and serine/
proline-rich region, skelemin is unique in the cytoplasmic N-
CAM-like family in having desmin helical-like motifs. The
27- and 46-residue long motifs, which are similar to helix 1b,
are found near each terminus. Desmin molecules self-associ-
ate via the helical regions, and helix 1b is crucial to interme-
diate filament self-association (Fraser et al., 1990; Geisler et
al., 1992; McCormick et al., 1991).

Skelemin is located at the midline of the bundle of myosin
thick filaments from the time that desmin intermediate fila-
ments are still in cytoplasmic arrays, through adulthood
(Thornell et al., 1990b). Skelemin is co-purified with inter-
mediate filament proteins through seven different extractions
and greatly increases the diameter of reconstituted interme-
diate filaments (Price, 1984, 1987). The existence of both
putative myosin thick filament-association and intermediate
filament-like regions in skelemin suggests a molecular mech-
anism whereby skelemin could link intermediate filaments to
myofibrils. In support of this hypothesis, preliminary obser-
vations of skelemin expressed in cells that normally are
skelemin-minus show skelemin binding to both the myofibril
homologs (stress fibers) and intermediate filaments. Studies
currently underway will allow us to delineate the respective
binding domains.
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