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Abstract. Previous work has shown that mutations in
muscle LIM protein (MLP) can cause hypertrophic
cardiomyopathy (HCM). In order to gain an insight into
the molecular basis of the disease phenotype, we analysed
the binding characteristics of wild-type MLP and of the
(C58G) mutant MLP that causes hypertrophic cardiomy-
opathy. We show that MLP can form a ternary complex
with two of its previously documented myofibrillar ligand
proteins, N-RAP and α-actinin, which indicates the
presence of distinct, non-overlapping binding sites. Our
data also show that, in comparison to wild-type MLP, the
capacity of the mutated MLP protein to bind both N-RAP
and α-actinin is significantly decreased. In addition, this
single point mutation prevents zinc coordination and
proper folding of the second zinc-finger in the first LIM
domain, which consequently renders the protein less stable
and more susceptible to proteolysis. The molecular basis
for HCM-causing mutations in the MLP gene might
therefore be an alteration in the equilibrium of interactions
of the ternary complex MLP–N-RAP–α-actinin. This
assumption is supported by the previous observation that
in the pathological situation accompanied by MLP down
regulation, cardiomyocytes try to compensate for the
decreased stability of MLP protein by increasing the
expression of its ligand N-RAP, which might finally result
in the development of myocyte disarray that is character-
istic of this disease.
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Introduction

The precise propagation of signalling cascades and the
establishment of supramolecular assemblies like cell
contacts depend to a large degree on the activity of
adapter proteins. The function of these versatile proteins is
based on the seemingly unlimited combinatorics of a great
variety of protein-binding domains. One such domain type
is the so-called LIM domain, named after the three
transcriptional factors, lin11, isl-1 and mec-3, in which it
was first identified (Freyd et al. 1990; Karlsson et al. 1990;
Way and Chalfie 1988). LIM domains are characterized by
the cysteine-rich consensus sequence CX2CX16–23HX2

CX2CX2CX16–21CX2(CHD) (Freyd et al. 1990; Sadler et
al. 1992), of which the conserved cysteine, histidine and
aspartic acid residues coordinate two zinc ions (Archer et
al. 1994). Consequently, each LIM domain folds into two
zinc fingers. LIM domains that do not function as
transcription factors are classified into two subgroups:
(a) so-called “LIM only proteins”, in which two or more of
these protein-binding interfaces are arranged in tandem
(Dawid et al. 1998); (b) alternatively, LIM domains occur
in combination with other functional domains which in
turn may also act as protein-binding motifs (Dawid et al.
1998).

Cross-striated muscle cells contain several LIM domain
proteins, for instance, MLP (also called cysteine-rich
protein 3, CRP3; Arber et al. 1994), N-RAP (Luo et al.
1997), FHL (also called SLIM; Morgan and Madgwick
1996) and ALP (Xia et al. 1997). Probably the most
versatile member of this protein family is MLP: it was
detected at the cell membrane (Flick and Koniecny 2000),
in Z-discs (Arber et al. 1994, 1997) as well as in the
nucleus (Arber et al. 1994; Kong et al. 1997). In concert
with these multiple distinct localizations, several binding
partners have been identified to date: α-actinin (Louis et
al. 1997), β-spectrin (Flick and Koniecny 2000), MyoD
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(Kong et al. 1997), N-RAP (Ehler et al. 2001) and
telethonin (Knöll et al. 2002). Ablation of the MLP gene in
mice leads either to a myocardial hypertrophy reaction
with increased heart weight and subsequent rapid pro-
gressive congestive heart failure or to a dilated cardiomy-
opathy phenotype (Arber et al. 1997). Thus, the phenotype
of MLP−/− mice presents characteristics of both hyper-
trophic (HCM) and dilated (DCM) cardiomyopathy in
humans. Recently a mutation in the human MLP gene was
reported to be associated with DCM (Knöll et al. 2002),
while three further MLP mutations were associated with
HCM (Geier et al. 2003).

HCM is among the most frequent inherited cardiac
diseases and it is the most commonly identified cause of
sudden death in adolescents and young adults (Maron et
al. 1995). The predominant clinical feature is myocardial
hypertrophy—most frequently at the interventricular sep-
tum—without preceding pressure overload. Structurally,
this hypertrophy is typically accompanied by fibrosis and
a disorganized arrangement of myocytes, giving rise to
myocardial disarray (McKenna et al. 1997). Consequently,
electrical conduction in the heart may be disturbed,
leading to arrhythmias. HCM is an autosomal dominant
disease caused by mutations in several genes, most of
them encoding myofibrillar proteins. Depending on the
precise nature of the mutation and on mainly unidentified
modifiers, the clinical manifestation of HCM may vary
considerably (Marian and Roberts 2001; Seidman and
Seidman 2001).

Dilated cardiomyopathy is one of the leading causes of
heart failure and a primary cause of heart transplantation in
the young. About 25–30% of all DCM cases are of
familial etiology. DCM can be transmitted as autosomal,
X-linked or mitochondrial traits, with autosomal dominant
inheritance being the most frequently observed. Several
disease genes encoding cytoskeletal, sarcomeric or nuclear
membrane proteins have been identified so far (Seidman
and Seidman 2001).

To better understand the molecular pathway underlying
the HCM or DCM phenotype, we investigated whether a
mutation in MLP alters its binding capabilities to two of its
ligands, α-actinin and N-RAP. The latter appeared
particularly interesting, because its expression was
shown to be upregulated in two mouse models for
DCM, the MLP knock-out mouse (Ehler et al. 2001) and
tropomodulin-overexpressing transgenic (TOT) mice
(Ehler et al. 2001; Sussman et al. 1998).

The results of our binding studies provide direct
evidence for an alteration of the α-actinin- and N-RAP-
binding characteristics of a mutant MLP protein that may
help to understand the molecular pathway that leads to the
dramatic pathologic changes in HCM and DCM hearts.

Materials and methods

RT-PCR for N-RAP cDNA

Total RNA was extracted from non-differentiated and differentiated
cultured human skeletal muscle cells using an RNA isolation kit
(Stratagene, Heidelberg, Germany) as previously described (Schrö-
der et al. 2000). Specific fragments of the N-RAP cDNAs were
obtained by reverse transcriptase-polymerase chain reaction (RT-
PCR) using this total RNA purified from differentiated cultured
human skeletal muscle cells as a template using the Expand reverse
transcriptase and the “Expand long template PCR system” according
to the manufacturer’s instructions (Roche Diagnostics, Mannheim,
Germany). The position of the amplified fragments is shown in
Fig. 1and primer sequences are given in Table 1. Some portions of
the N-RAP cDNA were also amplified by PCR (Saiki et al. 1985)
using a human skeletal muscle cDNA library (BD Biosciences
Clontech, Heidelberg, Germany) as a template.

Design of protein expression constructs

The complete human α-actinin 2 and MLP cDNA sequences were
amplified by PCR using a human skeletal muscle cDNA library (BD
Biosciences Clontech) as a template. Mutagenesis to obtain the
C58G mutation in MLP has been described previously (Geier et al.
2003).

Fig. 1a, b Expression constructs used for protein-protein binding
assays. a Schematic representation of the expression constructs used
in this study. Full-length N-RAP is also given for comparison, with
arrows indicating alternatively spliced exons. Amino-terminal N-
RAP constructs as well as full-length α-actinin 2 were cloned into
pET23aW2 (constructs therefore carry an amino-terminal T7 tag),
whereas wild-type and mutant MLP were cloned into the vector
pET23aW1 (recombinant proteins therefore carry a carboxy-termi-
nal EEF tag). The asterisk indicates the site of the mutation.

b Immunodetection of the recombinant proteins described above
after SDS-PAGE and Western blotting. Lanes were loaded with the
following samples: 1 N-RAP LIr02, 2 N-RAP LI, 3α-actinin 2, 4
MLP WT, 5 MLP C58G mutant. Lanes 1–3 detection by T7 tag;
lanes 4and 5 detection via EEF tag. Numbers display the molecular
masses (×1,000) of marker proteins at the respective positions.
Asterisk indicates proteolysis products derived from the mutant
protein C58G MLP
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These three constructs and the two amino-terminal fragments N-
RAP LI and N-RAP LIr02 (see Fig. 1) were cloned either into the
prokaryotic expression vector pET23a-EEF, resulting in fusion
proteins carrying a carboxy-terminal His6-tag and an EEF-
immunotag (Obermann et al. 1996), or into pET23a-T7 (amino-
terminal T7-tag and carboxy-terminal His6-tag; Obermann et al.
1998). Plasmids were transformed into E. coli JM109 (Stratagene)
and purified using standard protocols (Ausubel et al. 1987). Plasmid
integrity was verified by DNA sequencing (Sequence Laboratories,
Göttingen, Germany, or Agowa, Berlin, Germany).

Protein expression and purification

Protein expression in E. coli BL21(DE3)pLysS (Novagene, Heidel-
berg, Germany) was performed as previously described (Obermann
et al. 1996, 1997, 1998). Cells were grown in SOC medium
supplemented with 100 mg/l carbenicillin and 34 mg/l chloramphe-
nicol, and protein expression was induced at OD600=1 by addition of
0.5 mM IPTG. ZnCl2 was added to 0.2 mM to ensure proper folding
of LIM domains. After 3 h at 30°C, cells were harvested and stored
at −20°C until further purification. For the expression of α-actinin E.
coli BL21(DE3)Codon Plus cells (Strategene) were used, following
the same protocol, except that ZnCl2 was omitted from the culture
medium.
Purification of His-tagged protein was performed using the

QiaExpressionist kit (Qiagen, Hilden, Germany) as described by the
manufacturer. Briefly, bacterial cells were lysed by the addition of
lysis buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl,
10 mM imidazole, 1 mg/ml lysozyme, 5 µM E64, 1 µg/ml leupeptin,
10 µg/ml trypsin inhibitor, 0.25 µg/ml pepstatin A), DNA was
fragmented by sonification and cell debris sedimented by centrif-
ugation (18,000×g, 30 min, 4°C). The supernatant containing the
soluble protein fraction was incubated with Ni2+-NTA agarose beads
under constant agitation at 4°C for 1 h. After filling the beads into a
column, they were washed twice with washing buffer (50 mM
sodium phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole) and
bound protein was eluted with elution buffer (50 mM sodium

phosphate, pH 8.0, 300 mM NaCl, 250 mM imidazole, 5 µM E64,
1 µg/ml leupeptin, 10 µg/ml trypsin inhibitor, 0.25 µg/ml pepstatin
A). Protein solutions were subsequently stored on ice.
Protein concentrations were determined using absorption mea-

surements in 6 M guanidine hydrochloride as previously described
(Pace et al. 1995) using the following molar absorption coefficients:
NRAP LI, ε=17,510 l/mol/cm; NRAP LIr02, ε=35,430 l/mol/cm;
MLP wild type (WT), ε=23,650 l/mol/cm; MLP C58G, ε=23,525 l/
mol/cm and α-actinin 2, ε=125,620 l/mol/cm.

Antibodies

Since recombinant protein constructs were tagged either amino-
terminally with a peptide of the T7 major capsid protein (“T7 tag”)
or carboxy-terminally with the amino acids EEF, respective fusion
proteins could be detected using either a T7 tag murine monoclonal
antibody (mAb; Novagen, Heidelberg, Germany) or the rat mAb
YL1/2 (a kind gift from Dr. J. Wehland, Braunschweig, Germany).
Alternatively, α-actinin was detected with mAb EA53 (Sigma,
Taufkirchen, Germany).
For immunoprecipitations the rabbit polyclonal antiserum 653

against α-actinin (Van der Ven et al. 2000) was used.

Zinc-binding experiments

Defined amounts of purified recombinant protein were lyophilized
and digested in 0.25 ml 65% (w/v) nitric acid (Suprapur, Merck,
Darmstadt, Germany) at room temperature overnight. After diges-
tion the volume was adjusted to 10 ml with water, and zinc
concentrations were determined by inductively coupled plasma
optical emission spectroscopy using an IRIS Advantage Duo ER/S
(Thermo Jarrell Ash, Franklin, MA, USA).

Table 1 Primers used for establishing the N-RAP cDNA contig and for cloning of expression constructs. The introduced restriction sites
are underlined

Name Sequence 5’- -3’ Construct

N-RAP
aa0001fw TTT ACG CGT ATG AAT GTG CAG CCC TGT TC NRAP LI, NRAP LIr02
aa0116fw TTT CCA CTG GCA AAT GAG AGA GC
aa0609fw TTT GCT AAG ATG AGC AGT GAG G
aa0749fw TTT GCC TAC AAG GAC GGA AAT GAG
aa1202fw TTT AGT AAA TAT CGG CAG CAT CCC
aa1440fw TTT GAA CTC ATC AGC GAG ACC AAG
aa0121rv TTT GTC GAC TCT CTC ATT TGC CAG TGG CTG NRAP LI
aa0183rv TTT GTC GAC TTT CTT GGC CCT TTG ATA AGC NRAP LIr02
aa0483rv TTT GAT GCT CTG CCT ATA ATT GGC
aa0584rv TTT ATA TTT AAT ATT GCT AGC AAG
aa0715rv TTT CTC GCT GAC CAG CTG TCC AGC
aa1313rv TTT CAC AAA GTC ATG TCT GTA GAG
aa1444rv TTT CTC GCT GAT GAG TTC TCC AGC
aa1730rv TTT CAA CAG CAG GGC CTT CTT C

α-Actinin 2
actn2_fw TTT ACG CGT ATG AAC CAG ATA GAG CCC GGC α-Actinin 2
actn2_rv TTT GTC GAC CAG ATC GCT CTC CCC GTA GAG α-Actinin 2

MLP
mlp_fw AAT TAC GCG TCC AAA CTG GGG CGG AGG CGC AAA TTA MLP
mlp_rv GGC GTC GAC TTC TTT CTT TTC CAC TTG TTG TGT MLP
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Dot blot protein-binding assays

Recombinant proteins were spotted on nitrocellulose membranes
(BA-85, Schleicher and Schüll, Dassel, Germany). After air drying,
the strips were blocked with 4% (w/v) low fat milk powder in TBST
(TRIS-buffered saline with Tween-20). Individual strips were
overlaid with the respective protein in blocking solution for
90 min. After three washes with TBST, bound protein was
immunodetected with antibodies specific for the respective im-
munotag (see below).

Immunoprecipitation

For co-immunoprecipitation experiments, a mixture of 0.2 nmol of
each recombinant protein was diluted in IP buffer (phosphate-
buffered saline, PBS, with 0.05% Triton X-100, 1% BSA, 5 µM
E64, 1 µg/ml leupeptin, 10 µg/ml trypsin inhibitor, 0.25 µg/ml
pepstatin A). After the addition of 5 µl polyclonal α-actinin
antibody 653, the mixture was incubated at 4°C for 60 min with
gentle shaking. Subsequently, 40 µl Dynabeads protein G (Dynal
Biotech, Hamburg, Germany) was added, and the mixture was
further incubated for 30 min with gentle shaking. The beads were
washed three times with IP buffer without BSA. Subsequently,
beads were boiled in sodium dodecyl sulphate (SDS) sample buffer,
and bead-associated proteins were separated by SDS-polyacryla-
mide gel electrophoresis (PAGE), blotted onto nitrocellulose
membranes and immunodetected (see below).
Competition experiments were performed under identical condi-

tions, except that varying amounts of wild-type MLP protein
(40 pmol to 1 nmol) were applied.

SDS-PAGE and Western blotting

SDS-PAGE was performed as previously described (Laemmli 1970)
using 10, 12 or 14% acrylamide gels.
Separated proteins were blotted onto nitrocellulose membranes

(Roth, Karlsruhe, Germany) overnight using a tank blot buffer
system (25 mM TRIS base, 18% (v/v) methanol, 192 mM glycine,
0.01% SDS). Transfer of the protein was confirmed by staining the
membranes with Ponceau red dye.

Immunodetection

Nitrocellulose membranes were blocked with 4% (w/v) low fat milk
powder in TBST. Primary antibodies were diluted in blocking
solution, secondary antibodies in TBST and used in the following
combinations: anti-T7 antibody and anti-α-actinin EA53 antibody
followed by peroxidase-conjugated goat anti-mouse secondary
antibody (Jackson Immuno Research Laboratories, West Grove,
PA, USA); anti-EEF antibody YL1/2 and peroxidase-conjugated
goat anti-rat secondary antibody (Jackson Immuno Research
Laboratories). Conjugated enzymes were detected by enhanced
chemiluminescence using “SuperSignal West Pico Chemilumines-
cent Substrate” (Pierce, Rockford, IL, USA) and Kodak XAR-351
film.

Results

Characterization of the human N-RAP gene structure
and splice variants

Because of the involvement of MLP in human cardiac
disease, and the observation that a ligand of MLP, the
intercalated disc component N-RAP, is abnormally

expressed in myopathic hearts, we aimed to characterize
the interaction of human N-RAP with a recently identified
HCM-causing mutant MLP (Geier et al. 2003). Our
attempts to amplify and clone specific portions of N-RAP
were initially hampered by discrepancies in database
entries that existed at that time. This necessitated
establishing the human N-RAP cDNA sequence indepen-
dently. As a result, we noticed the molecular mass to be
197 kDa instead of the previously reported 133 kDa (Luo
et al. 1997). In addition, we identified two alternatively
spliced exons/repeats: (1) exon 12/repeat 8, and (2) exon
39/repeat 41 (see arrows in Fig. 1). During revision of this
work the complete human N-RAP cDNA sequence and
gene structure were described (Mohiddin et al. 2003).
While the first of our splice variants was also reported in
this paper, the second one is novel.

Protein chemical characterization of wild-type and
mutant MLP

All proteins and defined subfragments used in this study
were expressed as recombinant proteins containing His6-
and T7 or EEF tags (Fig. 1). Interestingly, the C58G
mutant of MLP was consistently more prone to proteolytic
degradation already in expression cultures, which implies
that this mutation results in a less stable ternary structure
of the recombinant protein. Since the cysteine residue in
question (Cys58) is one of the four zinc-coordinating
amino acids in the second zinc finger of the first LIM
domain of N-RAP, it was logical to assume that MLP
C58G might bind one zinc ion less efficiently. This was
tested by comparing the amount of Zn2+ bound to wild-
type MLP versus MLP C58G using atomic emission
spectroscopy. Interestingly, the mutant protein was only
capable of binding 75% of the amount of Zn2+ bound to
the wild-type protein (see Fig. 2), confirming our hypoth-
esis that the mutation abolished one of the four Zn2+-
binding sites. The observations described above are strong
indications for an abnormal and less stable folding of the
second zinc finger of the first LIM domain.

Protein-protein interaction studies with MLP

At the heart of our study was an investigation of the
binding properties of MLP to its protein ligands. MLP has
been reported to bind to both N-RAP and α-actinin (Louis
et al. 1997; Ehler et al. 2001). Since recent studies have
shown mutations in the human MLP gene are associated
with cardiomyopathies (Knöll et al. 2002; Geier et al.
2003), we speculated that differences in the binding
capacity of the mutant MLP protein to its ligands might be
involved in the pathogenesis of these diseases. We
therefore expressed and purified MLP (both wild-type
and the C58G mutant that is associated with HCM), α-
actinin and two amino-terminal subfragments of N-RAP:
first, the LIM domain plus the subsequent linker sequence
(N-RAP LI) and, secondly, a larger polypeptide containing
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in addition the first two nebulin repeats (N-RAP LIr02; see
Fig. 1). Subsequently their capacity for mutual association
was analysed using dot blot overlay assays. These results
confirmed the previously described strong and specific
binding of wild-type MLP to both N-RAP and α-actinin
(Fig. 3). Thus, both N-RAP fragments and α-actinin 2
bound to spotted MLP. Likewise, α-actinin 2 bound to
both spotted N-RAP constructs (Fig. 3). Interestingly, the
N-RAP construct comprising solely the non-modular
region (N-RAP LI) bound considerably more weakly to
both MLP and α-actinin than N-RAP LIr02, the construct
that additionally contained the first two nebulin repeats.
Since nebulin repeats were shown to bind to F-actin (Luo
et al. 1997), we assume that these differences in binding
strength are due to more stable folding of the construct N-
RAP LIr02.

Distinct binding properties of wild-type and mutant
MLP

Subsequently, we compared the binding properties of
wild-type MLP with the cardiomyopathy-associated C58G
MLP mutant to N-RAP. Increasing amounts of wild-type
and mutant MLP were spotted onto nitrocellulose and
overlaid with either N-RAP LI or N-RAP LIr02. Under
these conditions N-RAP LI exhibited an obvious, concen-
tration-dependent binding to wild-type MLP, while bind-
ing of the construct N-RAP LIr02 was considerably
stronger and already saturated at the lowest MLP concen-
tration applied (Fig. 3). In contrast, the MLP mutant C58G
behaved quite differently under the same conditions: only
minimal binding to N-RAP LI was observed. The binding
to N-RAP LIr02 was also highly reduced. While 10 pmol
of mutant MLP resulted in a strong signal, 3 pmol was
hardly detected (Fig. 3). This indicates that MLP C58G

has a considerably reduced binding capacity to N-RAP
and α-actinin.

These weaker interactions offer the first experimentally
supported potential explanation for the pathomechanism of
HCM as a result of MLP mutations at the molecular level.

Identification of a ternary complex between MLP–N-
RAP–α-actinin

The work of other laboratories and our own data (see
Fig. 3) have shown single binding activities: MLP plus α-
actinin (Louis et al. 1997), MLP plus N-RAP (Ehler et al.
2002) and N-RAP plus α-actinin (Zhang et al. 2001; Lu et
al. 2003). We have therefore addressed the question of
whether these bindings might influence one another, be it
in a negative, competitive manner, or by the formation of a
ternary complex. To do so, a series of co-immunoprecip-
itation experiments were performed, the results of which
are documented in Fig. 4. Recombinant α-actinin was
mixed with wild-type or mutant MLP and/or N-RAP, and
the formed protein complexes were precipitated by the α-
actinin polyclonal antiserum. Co-precipitated, added MLP
and N-RAP fragments were detected using tag-specific
antibodies. Thus, both wild-type MLP and N-RAP LIr02
alone bound in large quantities, indicating strong and

Fig. 2 Comparison of zinc content of wild-type and mutant (C58G)
MLP proteins. Protein samples were digested by nitric acid and zinc
concentrations were determined by atomic emission spectroscopy as
described in “Materials and methods”. The number of coordinated
zinc atoms per protein molecule is expressed in arbitrary units, and
the wild-type content was set to 100% (*p<0.01). Note that mutant
MLP (C58G) shows a significant reduction of its zinc-binding
ability compared to the wild-type MLP protein (WT)

Fig. 3a, b Binding properties of purified recombinant proteins in
dot blot overlay experiments. a Binding of N-RAP LI, N-RAP LIr02
and α-actinin 2 to immobilized wild-type MLP (MLP WT, 5 pmol)
as detected via the T7 immunotag of the bound protein. In addition,
the binding of α-actinin to both N-RAP LI and N-RAP LIr02
(5 pmol each) is shown. Bound α-actinin 2 was in this case detected
by mAb EA53. b Binding of amino-terminal N-RAP constructs to
wild-type and mutant MLP. Either wild-type MLP (MLP WT),
mutant MLP (MLP C58G) or BSAwere immobilized and bound N-
RAP LI or N-RAP LIr02 were detected via their T7 tag. Ponceau red
dye staining visualizes spotted protein. Note that the MLP mutant
C58G shows considerably weaker binding to N-RAP
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specific binding of both proteins to α-actinin (Fig. 4, lanes
2, 6). The mutant MLP C58G was revealed in significantly
lower amounts, indicating, in accordance with the dot blot
data (Fig. 3), a reduced binding strength to α-actinin
(Fig. 4, lane 3). In mixtures of all three proteins, both MLP
and N-RAP were readily co-precipitated with α-actinin
(Fig. 4, lanes 4, 5). Since this indicated a cooperative
effect, we performed a series of coIPs in which constant
amounts of α-actinin and N-RAPLIr02 were mixed with
increasing quantities of MLP. In these experiments, the
amount of bound N-RAP fragment was independent of the
amount of MLP added over a wide range of concentrations
even beyond saturation levels (Fig. 4, lanes 7–11). Both
results indicated the formation of a true ternary complex
rather than competitive binding.

Discussion

LIM domain-containing proteins have variously been
described to act as adaptors in signal transduction
processes. In cross-striated muscle two such proteins
have been studied in greater detail: MLP and N-RAP.
MLP was suggested to be involved in myofibril develop-
ment and, initially based on the phenotype of the MLP
knockout mouse, in cardiac disease (Arber et al. 1997).
Recently, ten patients with dilated cardiomyopathy carry-
ing a single missense mutation in the MLP gene were
identified (Knöll et al. 2002). Our own recent data showed
co-segregation of three different MLP mutations in three
families with hypertrophic cardiomyopathy (Geier et al.
2003). In addition, MLP was found to be downregulated in
chronic human heart failure (Zolk et al. 2000). Taken
together, these studies suggest that MLP may mainly

function as a key component of signalling pathways
involved in both cardiomyocyte growth and stress re-
sponse. Biophysical experiments also support the hypoth-
esis that MLP could be part of the cardiac mechanosensor
machinery (Knöll et al. 2002).

Where and how precisely MLP exerts its activities has,
however, remained largely enigmatic. Since this protein
was detected both in the cytoplasm and in the nucleus,
MLP may be considered a typical dual compartment
protein, but the regulatory events controlling its localiza-
tion at a specific time point are still unknown. In the
nucleus of skeletal muscle cells MLP binds to and controls
the activity of the myogenic transcription factor MyoD
(Kong et al. 1997). In the cytoplasm of skeletal and
cardiac muscle cells molecular interactions were demon-
strated with α-actinin (Louis et al. 1997), β-spectrin (Flick
and Koniecny 2000), N-RAP (Ehler et al. 2001) and
telethonin (Knöll et al. 2002), and the protein was
localized either to Z-discs (Arber et al. 1994; Kong et al.
1997) or to subsarcolemmal regions (Flick and Koniecny
2000). It is conceivable that this discrepancy reflects
adaptive, functional distinctions in particular signalling
processes rather than real discrepancies in experimental
implementations.

In this study we have aimed to elucidate the interactions
of both wild-type and mutant MLP with N-RAP and α-
actinin. These interactions are of immediate significance
for the myofibrillar apparatus. However, during our efforts
to design defined subfragments of N-RAP for protein
expression and binding studies, we noticed conflicting
sequence database entries which necessitated establishing
the N-RAP sequence independently. The resulting se-
quence turned out to be identical to a sequence published
shortly after the initial submission of this work (Mohiddin
et al. 2003). Thus, the carboxy-terminal 95% of N-RAP is
strictly organized into 46 nebulin-like repeats (Labeit and
Kolmerer 1995), which in part form a superrepeat
structure. In addition, we have identified a further, novel
variant on top of the one described previously (see Fig. 1
and Mohiddin et al. 2003). We may therefore anticipate
that even further N-RAP isoforms may be identified in the
future.

In order to perform the intended protein-protein inter-
action studies, we used purified bacterially expressed
purified proteins. Already during the purification steps we
noticed the MLP mutant C58G behaving distinctly from
the wild-type protein: The mutant protein was more prone
to proteolysis (see Fig. 1) and was less stable in solution.
Most likely this is due to the fact that the mutated cysteine
is one of the four residues involved in complexing a zinc
ion in the second zinc finger of the first LIM domain of
MLP.

A similar situation was described in an earlier study, in
which one of the zinc-coordinating cysteine residues in the
second zinc finger of a zyxin LIM domain was mutated to
alanine by site-directed mutagenesis (Schmeichel and
Beckerle 1997). The resulting loss of ability to bind zinc
within the affected second zinc finger led to the
destabilization of both zinc fingers of this LIM domain,

Fig. 4a, b Co-immunoprecipitation of MLP and N-RAP with α-
actinin. a Wild-type (WT) as well as mutant (C58G) MLP co-
precipitated with α-actinin either in the presence or in the absence of
N-RAP LIr02. In addition, this N-RAP construct also co-immuno-
precipitated with α-actinin in the absence of wild-type or mutant
MLP protein. b Competition experiments. Increasing amounts of
wild-type MLP (40 pmol, 0.1 nmol, 0.2 nmol, 0.4 nmol, 1 nmol) did
not interfere with the co-immunoprecipitation of N-RAP LIr02 (N-
RAP) along with α-actinin
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and not only the one carrying the mutation. We therefore
found it important to compare the zinc-binding properties
of wild-type and mutant MLP proteins. These experiments
revealed that MLP C58G bound precisely one zinc ion less
than wild-type MLP, i.e. three instead of four ions (see
Fig. 2). This suggests that the mutant protein has greater
problems folding properly into its native ternary structure
at least in its first LIM domain, making it more susceptible
to proteolysis.

The amino-terminal LIM domain of N-RAP has been
shown to be dispensable for the association with MLP
(Ehler et al. 2001). Based on a comparison of the construct
applied in that study with the constructs used in our
experiments, we conclude that the MLP-binding site in the
N-RAP polypeptide must be confined to the ~60-amino-
acid portion located between the LIM domain and the
nebulin repeat region, because this is the only region that
both constructs have in common.

Our binding data provide the first proof for the
existence of a ternary complex between MLP, N-RAP
and α-actinin. Since varying concentrations of MLP did
not affect the binding of N-RAP to α-actinin, distinct
binding sites are the only logical explanation. Therefore,
HCM-causing mutations in the MLP gene may result in a
disturbance of the homeostasis of the interactions of MLP
with N-RAP and α-actinin. In this respect it is interesting
to note that in MLP knock-out mice the expression of N-
RAP was shown to be significantly increased (Ehler et al.
2001), while α-actinin is downregulated in samples of
DCM patients (our unpublished results). This indicates
that in the pathological situation (cardiac disease caused
by MLP mutations) cardiac myocytes might try to
counterbalance the instability of the mutant MLP protein
and/or the MLP–N-RAP–α-actinin ternary complex by
increasing the expression of the functionally important
MLP ligand N-RAP. This unbalanced expression may be
involved in triggering the development of myocyte
disarray and hypertrophy. This scenario will need to be
investigated in further studies including patient material.
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