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The nebulin family of actin-binding proteins plays an important role in actin fila-
ment dynamics in a variety of cells including striated muscle. We report here the
identification of a new striated muscle Z-disc associated protein: lasp-2 (LIM and
SH3 domain protein-2). Lasp-2 is the most recently identified member of the nebu-
lin family. To evaluate the role of lasp-2 in striated muscle, lasp-2 gene expression
and localization were studied in chick and mouse tissue, as well as in primary cul-
tures of chick cardiac and skeletal myocytes. Lasp-2 mRNA was detected as early
as chick embryonic stage 25 and lasp-2 protein was associated with developing pre-
myofibril structures, Z-discs of mature myofibrils, focal adhesions, and intercalated
discs of cultured cardiomyocytes. Expression of GFP-tagged lasp-2 deletion con-
structs showed that the C-terminal region of lasp-2 is important for its localization
in striated muscle cells. Lasp-2 organizes actin filaments into bundles and interacts
directly with the Z-disc protein alpha-actinin. These results are consistent with a
function of lasp-2 as a scaffolding and actin filament organizing protein within stri-
ated muscle Z-discs. Cell Motil. Cytoskeleton 65: 59–72, 2008. ' 2007 Wiley-Liss, Inc.
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INTRODUCTION

Actin filaments are essential for a wide array of
functions in eukaryotic cells. These functions include
determining cell size and morphology, cell motility,
intracellular transport, cytokinesis and contractile force.
Indeed, most cytoplasmic cellular processes either
directly involve the actin cytoskeleton or are impacted
by it. The different properties and functions of actin fila-
ments are modulated by a plethora of actin binding
proteins.

The nebulin family is a group of actin binding pro-
teins. To date, this protein family is comprised of nebulin
[Wang and Williamson, 1980], nebulette [Moncman and
Wang, 1995], N-RAP [Luo et al., 1997], lasp-1 [Toma-
setto et al., 1995a,1995b] and lasp-2 (also known as
LIM-nebulette) [Li et al., 2004; Terasaki et al., 2004].
Each member of the family contains a central repeat do-
main which consists of varying numbers of ‘‘nebulin
repeats.’’ These �35 amino acid residue repeats are
marked by a SDXXYK consensus site, each of which is

predicted to bind to a single actin subunit of the thin fila-
ment 38 nm repeat [Jin and Wang, 1991; Labeit et al.,
1991; Pfuhl et al., 1996]. Nebulin and N-RAP are
expressed in skeletal and cardiac muscle [Wang and Wil-
liamson, 1980; Luo et al., 1997; Kazmierski et al.,
2003], while nebulette is expressed in cardiac muscle
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only [Moncman and Wang, 1995]. Lasp-1 on the other
hand is ubiquitously expressed in many cell types, how-
ever, at low levels in heart and skeletal muscle [Chew
et al., 1998; Schreiber et al., 1998a,1998b].

Nebulin is a giant modular protein [600–900 kDa,
Hu et al., 1986; Stedman et al., 1988, Labeit and Kol-
merer, 1995] that spans the length of the thin filaments.
The extreme C-terminal end of nebulin is inserted in the
Z-disc and contains a SH3 domain, and its N-terminal
end extends out to the pointed end of the thin filaments
in the middle of the sarcomere and contains a unique
acidic domain [Labeit and Kolmerer, 1995; Wang et al.,
1996; Millovoi et al., 1998; McElhinny et al., 2001].
About 97% of its length consists of nebulin repeats. Neb-
ulin’s critical role for muscle function is demonstrated
by the observation that mutations in human nebulin are
causative for nemaline myopathy, a neuromuscular dis-
order characterized by muscle weakness and the pres-
ence of rodlike nemaline bodies in the muscle fibers that
contain abnormally arranged Z-discs and I-band proteins
[van der Ven et al., 1995; Pelin at al., 1999; Wallgren-
Petterson et al., 1999; Wallgren-Petterson, 2002]. Nebu-
lin is considered to be the molecular ‘‘ruler’’ of the thin
filament since the number of its modular nebulin repeats
closely correlates with the length of the thin filaments
[Kruger et al., 1991; Labeit et al., 1991]. Recent reports
support the hypothesis that nebulin is required to specify
the final lengths of the thin filaments as nebulin knock-
out mice and the reduction of nebulin in cultured myo-
cytes via siRNA technology resulted in alterations in
thin filament lengths [McElhinny et al., 2005; Bang
et al., 2006; Witt et al., 2006].

N-RAP has been reported to play a role in myofi-
bril assembly since the expression of truncated regions
of N-RAP in cultured cardiomyocytes disrupted myofi-
bril formation [Carroll and Horowits, 2000; Carroll
et al., 2001; Dhume et al., 2006]. Besides N-RAP’s
localization with early Z-disc precursors it also localizes
at myotendinous junctions in skeletal muscle and at
developing intercalated discs in heart muscle [Herrera
et al., 2000; Zhang et al., 2001; Lu et al., 2005]. Con-
versely, lasp-1 localizes at multiple sites of dynamic
actin assembly in non-muscle cells such as focal con-
tacts, focal adhesions, lamellipodia, membrane ruffles
and pseudopodia [Tomasetto et al., 1995a; Chew et al.,
2002; Lin et al., 2004]. Lasp-1 expression is increased in
metastatic breast cancer, suggesting that overexpression
of lasp-1 is involved in the migratory process of these
cells [Tomasetto et al., 1995b].

Nebulette is specifically expressed in cardiac mus-
cle of vertebrates [Moncman and Wang, 1995]. Muta-
tions in the nebulette gene are associated with nonfami-
lial idiopathic dilated cardiomyopathy which is charac-
terized by a thin walled heart [Arimura et al., 2000]. In

addition, the overexpression of truncated forms of nebu-
lette in primary cultures of cardiomyocytes alters myofi-
bril assembly [Moncman and Wang, 2002].

Although, lasp-2 is a splice-variant of nebulette its
structure is much different from nebulette: lasp-2 consists
of 7 exons, while nebulette consists of 28 exons [Katoh,
2003; Li et al., 2004; Terasaki et al., 2006]. In particular,
the fifth exon of lasp-2 is identical to exon 24 of nebulette,
and the sixth and seventh exon of lasp-2 are identical to
exons 27 and 28 of nebulette. Also, the domain layout of
lasp-2 differs significantly from nebulette and from the
other members of the nebulin family. For example, lasp-2
contains three nebulin repeats that are flanked by a N-ter-
minal LIM domain and a C-terminal SH3 domain. The
nebulin repeats and the SH3 domain are connected by a
short, linker region [Li et al., 2004; Terasaki et al., 2004,
2006]. This truncated linker region within lasp-2 is only
half the size (50 amino acids) of nebulette’s linker region
(100 amino acids). The 50 aa comprising the lasp-2 linker
are identical in both proteins.

The domain layout of lasp-2 is similar in lasp-1,
though lasp-2 and lasp-1 are transcribed from two differ-
ent genes [Schreiber et al., 1998a; Katoh, 2003; Terasaki
et al., 2006]. Notably, lasp-1 also contains a LIM and
SH3 domain but different than lasp-2, it contains only
two central nebulin repeats. Furthermore, the linker
sequence between the last nebulin repeat and the SH3 do-
main in lasp-1 is very different from lasp-2: only 28 out
of 80 amino acids that comprise the linker are shared in
both proteins [Katoh, 2003; Terasaki et al., 2004, 2006].

Lasp-2 and nebulette show different expression
patterns. While nebulette expression is restricted to heart
[Moncman and Wang, 1995], western and northern blot
analyses show high lasp-2 expression levels in many
non-muscle tissues including the brain, lung, and kidney
[Li et al., 2004, Terasaki et al., 2004]. Therefore, it has
been speculated that lasp-2 is transcribed from a pro-
moter that is active in non-muscle cells whereas in car-
diac cells, nebulette is transcribed from an internal pro-
moter situated downstream of the lasp-2 specific exons
[Li et al., 2004]. Lasp-2 protein localizes to the actin fila-
ment bundles in cultured neuroblastoma cells and to
focal adhesions in fibroblasts [Li et al., 2004; Terasaki
et al., 2004; Nakagawa et al., 2006]. The direct interac-
tion of lasp-2 with actin was shown in cosedimentation
analysis [Terasaki et al., 2004]. Additionally, zyxin, a
focal adhesion protein was reported as a lasp-2 binding
partner [Li et al., 2004; for review of zyxin see Beckerle,
1997].

To shed light on the potential functions of this new
member of the nebulin family, we analyzed the expres-
sion and interactions of lasp-2 and provide the first evi-
dence of lasp-2 expression in striated muscle. Lasp-2
transcripts were detected in heart and skeletal muscle of
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chick and mice. Immunofluorescence microscopy studies
using an antibody specific to lasp-2 and analysis of the
localization of GFP-lasp-2 indicated that lasp-2 is an in-
tegral component of Z-discs, as well as of intercalated
discs and focal adhesions. Expression of numerous lasp-
2 deletion fragments in cardiomyocytes revealed that the
C-terminal region of this molecule is important for its
proper localization within striated muscle cells. Lasp-2
bundles actin filaments and interacts directly with alpha-
actinin. Our data reveal that lasp-2 is a novel Z-disc
component, possibly involved in the function and archi-
tecture of this critically important muscle structure.

MATERIALS AND METHODS

Cell Culture and Transfection

Cardiac myocytes were isolated from day 6 embry-
onic chick hearts and maintained as described [Gregorio
and Fowler, 1995]. Isolated cells were plated in 35-mm
tissue culture dishes for RT-PCR analysis, or in dishes
containing 12-mm diameter coverslips for immunofluo-
rescence staining (�106 cells/dish). 15–20% of the cells
in the primary cultures were fibroblasts. For RT-PCR
experiments, cultures were treated with 1-[beta-D-arabi-
nofuranosyl]-cytosine (AraC) (1 lg/ml) for 24 h to pre-
vent fibroblast proliferation.

For skeletal myocyte cultures, myoblasts were iso-
lated from day 11 chick embryo pectoralis muscle with
modifications to previously described protocols
[Almenar-Queralt et al., 1999; Ojima et al., 1999]. In
brief, muscle was dissected from 3 to 4 embryos and
minced in pre-warmed PBS. The minced tissue was sus-
pended in 12 ml trypsin/EDTA and incubated for 10–15
min at 378C, with intermittent pipetting to create a ho-
mogenous cell suspension. After centrifugation, the pel-
lets were resuspended in growth medium (MEM with
12.5% chick embryo extract, 12.5% horse serum,
200 mM L-glutamine, and penicillin/streptomycin) and
filtered through a cell strainer. The cells were plated at
378C for 30 min on 100-mm tissue culture dishes to
enrich for myoblasts. This step was repeated one time.
The collected cells were plated in growth medium at 4 3
105 cells/35-mm culture dish, containing 12-mm diame-
ter coverslips coated with rat tail collagen (Sigma-
Aldrich, St. Louis, MO). Transfections of GFP-lasp-2
deletion constructs into myocytes were performed with
the Effectene transfection reagent (Qiagen, Rockville,
MD) according to the manufacturer’s specifications. All
tissue culture reagents (except where noted) were pur-
chased from Life Technologies.

RT-PCR

Total RNA was isolated from adult mouse heart
and primary cultures of embryonic chick skeletal or car-

diac myocytes (depleted of fibroblasts) with Trizol
(Sigma-Aldrich), and quantified using a Biophotometer
(Eppendorf, Westbury, NY). cDNA was synthesized
from 1–3 lg total RNA using SuperScript II Reverse
Transcriptase (Invitrogen, Carlsbad, CA). 0.5–3 ll of
template were used per 25 ll PCR reaction (Taq Poly-
merase, Qiagen). For lasp-2 amplification, 27 cycles
were performed. Primers used included chick lasp-2 (for-
ward, 50-ATGAACCCCCAGTGCGCCCGCT-30, and re-
verse, 50-GGACTAGAGACAAAAATTAGTTAAC-30),
to amplify a 819-bp product, and mouse lasp-2 (forward,
50-CAATGCACACTACCCAAAGC-30, and reverse, 50-
GAGACCTCATCTTCATCCTG-30) to amplify a 532 bp
product. All lasp-2 forward primers were chosen to be
lasp-2 specific (e.g., recognition of other nebulin family
members or other molecules can be ruled out). All
primer pairs were intron spanning. For GATA 4 amplifi-
cation, 30 cycles were performed with forward 50-CTC-
TGGAGGCGAGATGGGAC-30and reverse 50-GCG-
CATCTCTTCACTGCTGC-30primers and a 440 bp
product was amplified. MyoD was amplified in 30 cycles
(515 bp product) with forward 50-CTGAGCAAAGT-
GAATGAGGC-30 and reverse 50-CCCTGTTCTGTG-
TCGCTTAG-30 primers. All PCR products were verified
by DNA sequencing.

Immunofluorescence Microscopy

Cells were stained as described previously [Gre-
gorio and Fowler, 1995]. Myocytes were treated with
relaxing buffer (150 mM KCl, 5 mM MgCl2, 10 mM
MOPS, pH 7.4, 1 mM EGTA, and 4 mM ATP) and fixed
in 3% PFA for 15 min. Cells were incubated with mono-
clonal sarcomeric anti-a-actinin antibodies (1:1500)
(EA-53; Sigma-Aldrich) or monoclonal anti-vinculin
antibodies (1:1000) (hVin; Sigma) followed by Texas
red-conjugated donkey anti-mouse IgG (1:600: Jackson
ImmunoResearch Laboratories, West Grove, PA), and
polyclonal anti-lasp-2 antibodies [1:50: Terasaki et al.,
2004] followed by Cy2-conjugated goat anti-rabbit IgG/
IgM (1:1000: Jackson ImmunoResearch Laboratories).
All cells were double or triple stained with antibodies
specific to sarcomeric components to distinguish myo-
cytes from fibroblasts. All coverslips were mounted on
slides using Aqua Poly/Mount (Polysciences, Warring-
ton, Pennsylvania) and subsequently analyzed on a
inverted fluorescent microscope (Carl Zeiss MicroImag-
ing, Thornwood, NY) using a 1003 (NA 1.25) objective,
and micrographs were collected as digital images (Orca-
ER; Hamamatsu, Japan) using OpenLab software
(Improvision, Lexington, MA). Images were also col-
lected on a DeltaVision Deconvolution microscope
(Applied Precision, Issaquah, WA) with a 1003 objec-
tive (1.3 NA) using a charge-coupled device camera
(CoolSNAP HQ, Photometrics, Tucson, AZ). Images
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were processed for presentation using Adobe Photoshop
7.0.

Construct Preparation and Sequence Analysis

Cloning of lasp-2 was reported in Terasaki et al.,
2004. All additional truncated lasp-2 constructs were
generated by PCR using full length lasp-2 as a template.
A list of all constructs used in this study is given in Fig.
3. Amplification primers introduced 50 EcoRI and 30

XhoI restriction sites for further cloning. For the gen-
eration of the lasp-2 constructs the following primer
pairs were used (50-30): 1-65 sense: GAATTCACCAT-
GAACCCCCAGTGC, 1-65 reverse: CTCGAGCACTG-
TAGTGAAGGAC, 1-214 sense: GAATTCACCATGA
ACCCCCAGTGC, 1-214 reverse: CTCGAGGCCT
GCTGGATGAGG; 66-273 sense: GAATTCGCTGA-
TACTCCAGAAAAATC, 66-273 reverse: CTCGAGG-
GACTAGAGACAAAAATT; 161-273 sense: GAATT
CGTGCACCCACATAT AGTTG, 161-273 reverse:
CTCGAGGGACTAGAGACAAAAATT; 66-214 sense:
GAATTCGCTGATACTCCAGAAAAATC, 66-214 re-
verse: CTCGAGGCCTGCTGGAT GAGG; 66-160
sense: GAATTCGCTGATACTCCAGAAAAATC, 66-
160 reverse: CTCGAGCCCTTTATATGCTGCATC; 1-
160 sense: GAATTCACCATGAACCCCCAGTGC, 1-160
reverse: CTCGAGCCCTTTATATGCTGCATC, 161-214
sense: GAATTCGTGCACCCACATATAGTTG, 161-214
reverse: CTCGAGGCCTGCTGGATGAGG; 215-273
sense: GAATTCGACTCTTGATACAGAGCTATC, 215-
273 reverse: CTCGAGGGACTAGAGACAAAAATT. All
constructs were sequenced before further cloning into
pEGFP-C2 (Clontech Laboratories, Palo Alto, CA) and
pGEX (Amersham Biosciences/GE Healthcare, Piscat-
away, NJ).

Protein Expression and Purification

Full length lasp-2 was prepared as a GST-fusion
protein in Escherichia coli cells (BL21DE) and purified
using glutathione-Sepharose 4B according to the Manu-
facturer’s specifications (Amersham Biosciences/GE
Healthcare). For cosedimentation experiments His-
tagged lasp-2 was purified from Escherichia coli strain
BL21DE. Batch purification on Nickel-NTA sepharose
was performed according to the manufacturer’s instruc-
tions (Qiagen). Recombinant lasp-2 was dialyzed against
20 mM NaPO4 and 0.1 M KCl, pH 7.2, flash frozen and
stored at -808C until use.

Solid Phase Binding Assays

The interaction between lasp-2 and alpha-actinin
(purified from rabbit skeletal muscle, Cytoskeleton, Den-
ver, CO) was determined by ELISAs. ELISA plates were
coated with 10 pmol alpha-actinin per well, washed 33
with 0.2% Tween-20 in PBS, and blocked with 1% bo-

vine serum albumin in PBS for 2 h at RT. After an addi-
tional wash with 0.2% Tween-20 in PBS, increasing
amounts of recombinant GST-tagged lasp-2 were added
(1–75 pmol in 200 ll 20 mM Na-PO4 and 0.1 M KCl,
pH 7.2) and incubated for 1 h at room temperature.
Bound lasp-2 was detected with a HRP-conjugated anti-
GST-antibody (Amersham, Biosciences/GE Healthcare).
Enzyme activity was measured using 2,20-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) as a substrate at 410
nm using a Tecan plate reader and Winselect software
(Phenix, Hayward, CA). GraphPad Prism (San Diego,
CA) was used for data presentation and statistic analysis.

Cosedimentation and In Vitro Filament Assays

Cosedimentation assays were performed essentially
according to Olson et al., 2002 with slight modifications.
Rabbit skeletal muscle actin (2 lM final concentration,
Cytoskeleton) was incubated in the absence or presence
of increasing amounts of recombinant purified His
tagged lasp-2 protein and/or alpha-actinin in sedimenta-
tion buffer (20 mM Tris, pH 7.2, 25 mM KCl, 2 mM
MgCl2, 1 mM ATP, 0.2 mM DTT) for 1 h at RT. Sam-
ples were subjected to centrifugation at 12,0003 g for
15 min. Afterwards, pellets and supernatants were ana-
lyzed on SDS-polyacrylamide gels and stained with Coo-
massie brilliant blue. The numbers given in Figs. 6 and
7C refer to the ratio of total (pellet plus supernatant)
actin and lasp-2.

For the in vitro filament analysis, alpha-actinin
and/or recombinant His-tagged lasp-2 protein was added
to actin (2 lM) at a molar ratio of 0.5 lasp-2 and 0.5
alpha-actinin/actin for 1 h at RT. Texas Red conjugated-
phalloidin (Sigma-Aldrich) was added to each sample
and then incubated for 1 h. Stained filaments were ana-
lyzed by fluorescence microscopy.

RESULTS

Lasp-2 is Expressed in Striated Muscle

In order to asses the presence of lasp-2 mRNA in
striated muscle, its expression was examined by reverse-
transcriptase-PCR analysis of cDNA isolated from adult
mouse heart and skeletal muscle, and chick hearts at
Hamburger and Hamilton (HH) stages 20, 25 and 35
(embryonic days 4, 5, 8) [Hamburger and Hamilton,
1992], as well as from primary cultures of chick skeletal
and cardiac myocytes that were depleted of fibroblasts
(Fig. 1). The lasp-2 transcripts were readily detected in
all samples examined. The amplified transcripts were
sequenced and proved to be the expected lasp-2 prod-
ucts. No detectable bands were visualized in no-RT and
no template controls (data not shown). Note, a previous
study did not detect Lasp-2 transcripts in striated muscle
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tissues [Li et al., 2004]. As RT-PCR (used in this study)
is a more sensitive method than Northern blot analysis
[used in Li et al., 2004] this discrepancy is most likely
due to the methodology utilized.

Lasp-2 Localizes to Sarcomeric Z-discs

The expression and subcellular localization of lasp-
2 protein was analyzed using anti-lasp-2 antibodies and
GFP-tagged lasp-2 expression plasmids. The specificity of
the anti- lasp-2 antibody is shown in Terasaki et al., 2004.
Lasp-2 protein showed a striated Z-disc localization pat-
tern in skeletal muscle cells as determined by colocaliza-
tion with alpha-actinin, a Z-disc specific marker (Fig.
2A). Even though lasp-2 and alpha-actinin show similar
distribution patterns at the Z-disc, the lasp-2 staining pat-
tern often appears narrower and more punctuate. This
staining pattern of lasp-2 was seen repeatedly and may
reflect that the levels of lasp-2 appear to be significantly
less abundant than alpha-actinin (data not shown).

Similar results were also obtained when full length
GFP-lasp-2 was expressed in chick embryonic cardiomy-
ocytes (Figs. 2B and C). GFP-lasp-2 was readily incor-
porated into the sarcomere and colocalized with alpha-
actinin at the Z-discs in a pattern highly similar to en-
dogenous lasp-2 [as in Panaviene and Moncman, 2007],
while GFP alone exhibited a diffuse distribution (Fig.
2E). The distribution of GFP-lasp-2 also was found
highly concentrated at intercalated discs (Fig. 2B,
arrow). GFP-lasp-2 also integrated into immature Z-
discs, often referred to as ‘‘Z-bodies’’ (Fig. 2C, insets);

these myofibril Z-disc precursors were identified by the
distribution of alpha-actinin in a punctuate pattern [e.g.,
Sanger et al., 2005]. Thus, lasp-2 appears to be a compo-
nent of nascent Z-discs in premyofibrils. GFP-lasp-2 was
also found in focal adhesions (Fig. 2C, arrowhead) and
intercalated discs (Fig. 2C, arrow). The localization of
endogenous lasp-2 in cardiomyocytes was similar, if not
identical, to the localization patterns of GFP-lasp-2. For
example, endogenous lasp-2 also localized at interca-
lated discs (Fig. 2D) as shown by costaining for vinculin.
These data indicate that lasp-2 is a novel protein of stri-
ated muscle, and is different from its splice variant,
nebulette, since lasp-2 is also localized to focal contacts
and is expressed in skeletal muscle.

The C-Terminal Region of Lasp-2 is Essential for
Z-disc Localization

The lasp-2 molecule contains three distinct struc-
tural regions (Fig. 3): a LIM domain at the N-terminus
(aa 1-65), followed by three nebulin repeats (aa 66-160),
and a SH3 domain at the C-terminus (aa 214-273). The
nebulin repeats and SH3 domain are connected via a
linker region (aa 160-214). To identify the region(s) of
lasp-2 that plays a role in targeting the assembly of lasp-
2 to Z-discs, we cloned GFP-tagged deletion constructs
and transfected them into primary cultures of chick car-
diomyocytes (Figs. 3–5). The cells were fixed 2 days af-
ter transfection and the distribution of the GFP-tagged
proteins was compared to that of alpha-actinin. Lasp-2
fragments containing regions: lasp-2 LIM domain (aa 1-
65), lasp-2 nebulin repeats (aa 66-160), lasp-2 linker
region (aa 161-214) and lasp-2 SH3 domain (aa 215-
2739) were not observed to assemble in Z-discs but
showed a diffuse pattern with some distribution along
the myofibrils (Fig. 4). Additionally, the lasp-2 LIM do-
main plus nebulin repeats (aa 1-160) and the lasp-2 nebu-
lin repeats plus linker region (aa 66-214) did not colocal-
ize with alpha-actinin at Z-discs (Fig. 4). Conversely, the
lasp-2 fragment containing the nebulin repeats, linker
region, plus SH3 domain (aa 66-273), the lasp-2 linker
region plus SH3 domain (aa 161-273) and the lasp-2 the
LIM domain, nebulin repeats and linker region (aa 1-214)
were observed to integrate into Z-discs of cardiomyocytes
(Fig. 5). The Z-disc localization of these fragments was,
however, not as easily visualized as when full length GFP-
lasp-2 was expressed (Fig. 2). These data are summarized
in Fig. 3 and indicate that the C-terminal region of lasp-2
is required for its Z-disc assembly in striated muscle.

Lasp-2 Crosslinks Actin Filaments

It has been reported previously [Terasaki et al.,
2004] that lasp-2 interacts with filamentous actin in vitro.
To determine whether lasp-2 is capable of influencing
the suprastructure of actin filaments, we performed actin

Fig. 1. RT-PCR analysis reveals lasp-2 transcripts in striated muscle.

RNA was harvested from mouse heart (H) and skeletal muscle (SK)

tissue, cultured chick cardiac (H) and skeletal (SK) myocytes, chick

embryonic heart (HH stages (St) 25, 30 and 35) and chick embryonic

brain (B) and subjected to RT-PCR. Lasp-2 mRNA was detected in all

striated muscles tested. Detection of lasp-2 mRNA in chicken brain is

consistent with previous reports [Li et al., 2004; Terasaki et al., 2004].

MyoD and GATA 4 were used to determine tissue specificity of the

skeletal and heart mRNA, respectively. No RT-controls were run on

each sample. A no RT-control of cultured chick cardiac myocytes is

shown as a representative.
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filament cosedimentation assays. Lasp-2 (0.4–2 lM) was
incubated with 2 lM F-actin and centrifuged at low
speed (12,0003g). This assay allowed for the simultane-
ous analysis of F-actin binding and cross-linking by the
protein of interest. In the absence of any other proteins,
F-actin remained in the supernatant under the conditions
used in this assay (Fig. 6); it only sedimented when the
filaments become organized into bundles in the presence
of lasp-2. In particular, the addition of increasing
amounts of lasp-2 resulted in increased sedimentation of
F-actin (Fig. 6). At a ratio of 1:10 (lasp-2:actin) no bun-
dling of actin filaments was observed, whereas at a ratio
of 1:5 (lasp-2:actin) and 1:1.5 (lasp-2:actin), lasp-2
induced the formation of actin filament bundles; this
may suggest that the bundling activity of lasp-2 is weak.
To directly visualize the influence of lasp-2 on actin fila-
ment organization, fluorescent in vitro filament bundling
assays were performed (Fig. 7A, upper panel). 2 lM
actin was incubated with or without 1 lM lasp-2. Actin
filaments were labeled with Texas Red-conjugated phal-
loidin and analyzed by fluorescence microscopy. In
agreement with the cosedimentation analysis, lasp-2

induced the formation of thick actin bundles. These data
show that lasp-2 can induce the assembly of higher-order
aggregates of actin filaments in vitro.

Lasp-2 Binds Directly to Alpha-Actinin

Since lasp-2 colocalizes with alpha-actinin at the
Z-disc and since other members of the nebulin family
are binding partners of alpha-actinin, we wanted to deter-
mine whether both proteins directly interact. To test this
solid phase binding assays were performed. Purified
alpha-actinin was absorbed onto microtiter plates and
incubated with increasing amounts of recombinant lasp-
2. Results from these experiments revealed that lasp-2
bound to alpha-actinin directly and this binding was sat-
urable (Fig. 7B). Determination of the concentration of
lasp-2 corresponding to the half-maximal A405 value
yielded a semi-quantitative estimate of the Kd value for
the interaction. Lasp-2 bound to alpha-actinin with an
apparent Kd of �5 nM. Thus, lasp-2 binds to alpha-acti-
nin with high affinity. Lasp-2 did not bind to immobi-
lized BSA (data not shown) and the binding of GST

Fig. 3. Domain structure and ligand binding sites

of lasp-2, and schematic of GFP-lasp-2 deletion con-

structs used in this study and their distribution in

cardiac myocytes. Lasp-2 is organized into distinct

regions. The protein contains three nebulin repeats

that separate a N-terminal LIM and a C-terminal

SH3 domain. The distribution pattern, Z-disc or dif-

fuse localization, of each GFP-tagged fragment is

indicated. The ‘‘1’’ marks the degree of Z-disc

localization: 111, clear striations in all transfected

cells to -, no detectable striations.

Fig. 2. Lasp-2 localizes to Z-discs, interacalated discs, and focal

contacts in striated muscle. (A) Deconvolution immunofluorescence anal-

ysis of lasp-2 in chick skeletal myocytes. Cells were co-stained for lasp-2

and the major Z-disc component, alpha-actinin. Merged images demon-

strate co-localization of lasp-2 and alpha-actinin. (B) Expression of GFP-
lasp-2 in chick cardiomyocytes. Cells were transfected with pEGFP-lasp-

2. GFP-lasp-2 colocalized with alpha-actinin at Z-discs (B) as is shown

in the higher magnification images (insets). (C) GFP-lasp-2 also colocal-

ized with nascent Z-discs (insets), cell-cell contact sites (arrow), and

focal adhesions of cardiomyocytes (arrowhead). (D) Colocalization of

lasp-2 with vinculin at intercalated discs (arrow) and focal adhesions

(arrowhead). (E) GFP alone showed a diffuse pattern. Bar 10 lm.
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alone to alpha-actinin was also not saturable (Fig. 7B
inset).

Next, to address the question of whether the inter-
action of alpha-actinin with lasp-2 influences lasp-20s
interaction with F-actin in cosedimentation analysis, F-
actin was incubated in the presence of lasp-2 plus alpha-
actinin, or alpha-actinin only and subjected to low speed
centrifugation. Pellets and supernatants were run on
SDS-gels (Fig. 7C). As expected, alpha-actinin induced
the formation of pelletable actin bundles and co-sedi-
mented with actin [e.g., Meyer and Aebi, 1990]. In the
presence of actin, alpha-actinin and lasp-2, all three pro-
teins were found in the pellet; this was independent of
the amount of lasp-2 added (Fig. 7C). Furthermore, lasp-
2 and alpha-actinin were used in excess amounts (note
that both proteins remain partly in the supernatant) there-
fore, we assume that no free binding sites are available
for either protein. This result suggests that lasp-2, alpha-
actinin and actin form ternary complexes. Since the
amount of alpha-actinin and lasp-2 in the supernatant
and pellet after cosedimentation did not vary in the pres-
ence or absence of the other protein, distinct binding
sites are suggested; however, we do not know the molec-
ular layout of this complex, or whether other Z-disc pro-
teins affect the complex in vivo.

Actin filament organization in the presence of
alpha-actinin alone, and lasp-2 plus alpha-actinin, was
directly visualized by Texas Red-phalloidin (Fig. 7A,
lower panels). Alpha-actinin induced long actin filament
bundles which were strikingly different in appearance
than when lasp-2 was added to actin filaments (Fig. 7A,
upper right panel). Interestingly, in the presence of both
alpha-actinin and lasp-2, the actin filaments were more
densely packed and organized into networks than when
either protein was added alone to the actin filaments.
These results suggest that lasp-2 and alpha-actinin influ-
ence bundle formation in a concerted manner.

DISCUSSION

Our data show that lasp-2 is a novel component of
sarcomeric Z-discs of skeletal and heart muscle cells, of
nascent Z-discs, intercalated discs and focal contacts of
cardiac myocytes. As the crossreactivity of reagents
between members of the nebulin family can be a con-
cern, we stringently monitored the specificity of the
reagents used in this study. Thus, our finding that lasp-2

expression was detected in cardiac and skeletal muscle
(Figs. 1 and 2) indicates that previous speculations of
lasp-2 being transcribed from a non-muscle promoter [Li
et al., 2004] are incorrect. Lasp-2 seems rather to be co-
expressed in striated muscle with other members of the
nebulin family. However, lasp-20s intracellular localiza-
tion significantly differs from the localization of its
splice-variant nebulette which is found at cardiac muscle
Z-discs only (Fig. 2). Here we also show that lasp-2
interacts with alpha-actinin directly, and bundles actin
filaments (Figs. 6 and 7).

Lasp-2 shares Z-disc localization with two other
members of the nebulin family, nebulin (C-terminal
region) and nebulette. But whereas nebulin and lasp-2
are expressed in heart and skeletal muscle, nebulette‘s
expression is restricted to cardiac cells, only. This sug-
gests different, and/or additional functions for lasp-2 in
the muscle sarcomere. The C-terminal region of lasp-2 is
required for its Z-disc localization as the lasp-2 fragment
containing the linker and SH3 domain (aa 161-273) tar-
gets to Z-discs (Fig. 5). Interestingly, neither the SH3 do-
main or the linker region alone are sufficient for the asso-
ciation of lasp-2 with Z-discs (Fig. 4). In contrast, it has
been demonstrated that the SH3 domain and the linker
region of nebulette play an essential role in the assembly
of this molecule to the Z-disc; when expressed alone
both regions target to Z-discs [Moncman and Wang,
1999, 2002]. In particular, the linker region within lasp-2
is significantly shorter than the linker region within
nebulette (�50 aa in lasp-2 versus �100 aa in nebulette).
Therefore, it is not surprising that the linker regions of
lasp-2 and nebulette have different functions, and that
the linker region of lasp-2 is not sufficient to tether lasp-
2 fragments to Z-discs. The SH3 domain of lasp-2 and
nebulette are identical, thus the differences in localiza-
tion observed in this study (no Z-disc localization of the
lasp-2 SH3 domain) and reported in Moncman and
Wang [1999] (Z-disc localization of the nebulette’ SH3
domain), are puzzling. Furthermore, the Z-disc localiza-
tion of the lasp-2 fragment containing the LIM domain,
nebulin repeats and linker region (aa 1-214) is remark-
able (Fig. 5) because this is the only deletion construct
lacking the SH3 domain, that is capable of Z-disc local-
ization. Any further deletion of this construct at either its
N-terminal region (LIM-domain) or the C-terminal
region (linker region) results in the loss of Z-disc distri-
bution (Fig. 4). This suggest that besides the C-terminal

Fig. 4. Expression of lasp-2 deletion fragments in cardiomyocytes.

Single linear regions of lasp-2 show no detectable Z-disc assembly.

GFP-tagged deletion constructs were transfected into primary cultures

of chick cardiomyocytes. The cells were fixed 2 days after transfection

and processed for immunofluorescence microscopy. The GFP-fluores-

cent signal (left panel) was compared to the distribution of sarcomeric

alpha-actinin (middle panel) in merged images (right panel). Lasp-2

fragments representing amino acids 1-65, 66-214, 66-160, 1-160, 161-

214 and 215-273 showed a diffuse staining pattern that was in some

cells detected along the myofibrils in a continuous pattern. Bar 10 lm.
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region of lasp-2, the LIM domain may also be involved
in targeting of the protein to Z-discs. Further work is
necessary to elucidate a possible role of the LIM domain
in lasp-2 localization.

While nebulette is restricted to cardiac Z-discs,
lasp-2 is also concentrated at focal adhesions of cultured
cardiomyocytes and intercalated discs which are both
sites of mechanical coupling between myofibrils and the
cell membrane. As assessed by comparing the localiza-
tion patterns of the GFP-tagged lasp-2 fragments used in
this study, the C-terminal region within lasp-2 (linker
plus SH3 domain) is also required for its localization at
intercalated discs and focal contacts of cardiomyocytes
(data not shown).

Lasp-2 is present in nascent Z-discs (Fig. 2) and
thus might play a role in the initial organization of sarco-
meric Z-discs. Early Z-discs, also called ‘‘Z-bodies,’’
‘‘dense body like structures’’ or ‘‘I-Z-I structures,’’ are
among the first identifiable sarcomeric structures formed
during myofibrillogenesis [Markwald et al., 1973: for
reviews see Holtzer et al., 1997; Gregorio and Antin,
2000; Sanger et al., 2005]. This localization is similar to
that of nebulette, nebulin and N-RAP which are detected
in developing premyofibril structures [Moncman and
Wang, 1995; Ojima et al., 1999; Lu et al., 2005; Esham
et al., 2007]. Strikingly, N-RAP does not colocalize with
mature Z-discs but is associated with intercalated discs
and myotendinous junctions [Lu et al., 2005].

Lasp-2 binds to actin filaments and organizes them
into bundles (Fig. 6). In general, two alternative mecha-
nisms can be envisioned for actin bundling proteins.
Actin filament bundling proteins influence filament
crosslinking activity by first, containing more than one
actin binding motif per molecule, or by forming dimers
or oligomers between the bundling proteins, each con-
taining one actin binding motif. We predict that lasp-20s
actin filament bundling activity is due to binding of one
lasp-2 to two or more actin filaments since lasp-2 con-

tains one complete (SDXXYK) and two incomplete
(SXXXYK and SXXXYX) actin binding sites within its
three nebulin repeats. However, there are no reported
data on whether incomplete nebulin (family) actin bind-
ing sites are able to interact with actin filaments, thus
crosslinking by dimerized lasp-2 is a possibility. In this
regard, we have not observed the presence of ordered
lasp-2 dimers, but we cannot completely exclude that
they exist. A similar actin bundling effect was also
shown for a nebulin fragment consisting of six nebulin
repeats from the N-terminal region of nebulin [Gonsior
et al., 1998]. Yet, one can not draw the conclusion that
every nebulin-repeat containing protein interacts with
and induces actin suprastructures as a two-repeat frag-
ment showed no detectable actin interaction [Jin and
Wang, 1991].

In this study we identified alpha-actinin as a new
lasp-2 binding partner. Lasp-2 directly interacts with
alpha-actinin in vitro (Fig. 7) and colocalizes with alpha-
actinin at sarcomeric Z-discs in vivo (Fig. 2). The C-ter-
minal SH3 domain of lasp-2 may bind alpha-actinin,
since high affinity binding (Kd 4–10 nM) of alpha-actinin
to the SH3 domain of nebulette was described
[Moncman and Wang, 1999]. Our binding data provide
also the first proof for the existence of a ternary complex
between lasp-2, alpha-actinin and actin (Fig. 7).

In striated muscle alpha-actinin plays a key role in
maintaining the structural integrity of the sarcomere by
crosslinking actin thin filaments in an antiparallel fash-
ion at the Z-disc. Mutations in several proteins associ-
ated with alpha-actinin and/or the Z-disc have been
implicated in muscular dystrophies and/or cardiomyopa-
thies (e.g., in Frank et al., 2006]. Besides nebulin and
nebulette [van der Ven et al., 1995; Pelin at al., 1999;
Wallgren-Petterson et al., 1999; Wallgren-Petterson,
2002, Arimura et al., 2000] mutations in other Z-disc
proteins have been identified to be associated with these
diseases including for example, desmin [reviewed in Bar
et al., 2004], titin [Gerull et al., 2002] and myotilin
[Selcen and Engel, 2004; Foroud et al., 2005]. It is con-
ceivable that the novel Z-disc component lasp-2 is
another protein critically involved in the formation and
maintenance of sarcomeric Z-discs.

We hypothesize that lasp-2 plays a crucial role in
myofilament assembly since it is a component of pre-
myofibrils. The data described in this manuscript show
that lasp-2 is a component of early Z-disc structures and
interacts directly with actin and alpha-actinin. These
observations together with the multi-domain layout of
lasp-2 indicate that this protein might be a structural
component, playing a role in targeting other components
to the Z-disc. Lasp-2 may be involved in tethering the
myofibrils to the membrane in focal contacts or interca-
lated discs and may contribute to anchoring or stabilizing

Fig. 6. Lasp-2 crosslinks actin filaments. Lasp-2 induces actin fila-

ment suprastructures. After low-speed centrifugation (12,000 3 g),
pellets (p) and supernatants (s) were analyzed by SDS-PAGE and

Coomassie Blue staining. The molar ratios of lasp-2 to actin are indi-

cated. Note that F-actin and lasp-2 alone remain in the supernatant;

significant recovery of F-actin in the pellet fractions is only observed

in the presence of lasp-2.
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Fig. 7. Lasp-2 binds to alpha-

actinin and forms a complex with

alpha-actinin and actin. (A) Fluo-
rescence analysis of actin filament

organization. Alpha-actinin and/or

lasp-2 were added to polymerized

actin at a ratio of 1 lasp-2:2 actin

or 1 alpha-actinin:2 actin. In all

three samples actin filament bun-

dling could be observed. Lasp-2

induced thick actin filament bun-

dles, whereas alpha-actinin in-

duced fewer bundles that had a

longer, flexible appearance. In the

presence of lasp-2 plus alpha-acti-

nin the actin filament bundles were

more densely packed. Bar 10lm.

(B) Lasp-2 interacts with alpha-

actinin in solid phase binding

assays. 10 pmol alpha-actinin was

absorbed onto microtiter plates

and incubated with increasing con-

centrations of GST-tagged lasp-2

for 1 h at room temperature. Fol-

lowing washes and incubation

with HRP-coupled anti-GST anti-

bodies, wells were incubated with

2,20-azino-bis 3-ethylbenzthiazo-

line-6-sulfonic acid as a substrate.

Binding of lasp-2 was determined

by a colorimetric reaction at A405.

Incubation with GST alone did not

reach saturation (inset). (C) Lasp-
2-alpha-actinin-actin trimer forma-

tion in low-speed cosedimentation

analyses. After centrifugation

(12,000 3 g), pellets (p) and super-

natants (s) were analyzed by SDS-

PAGE and Coomassie Blue stain-

ing. In the presence of lasp-2 or

alpha-actinin, actin is found in the

pellet. When all three proteins

were analyzed together, no compe-

tition between lasp-2 and alpha-

actinin for binding to actin fila-

ments was observed.
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the attachment of thin filaments to the Z-line in cardiac
and skeletal muscle sarcomeres.
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