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The muscle LIM protein (MLP) and cofilin 2 (CFL2) are important regulators of striated myocyte function.
Mutations in the corresponding genes have been directly associated with severe human cardiac and skeletal
myopathies, and aberrant expression patterns have often been observed in affected muscles. Herein, we have
investigated whether MLP and CFL2 are involved in common molecular mechanisms, which would promote
our understanding of disease pathogenesis. We have shown for the first time, using a range of biochemical and
immunohistochemical methods, that MLP binds directly to CFL2 in human cardiac and skeletal muscles. The
interaction involves the inter-LIM domain, amino acids 94 to 105, of MLP and the amino-terminal domain,
amino acids 1 to 105, of CFL2, which includes part of the actin depolymerization domain. The MLP/CFL2
complex is stronger in moderately acidic (pH 6.8) environments and upon CFL2 phosphorylation, while it is
independent of Ca2� levels. This interaction has direct implications in actin cytoskeleton dynamics in regu-
lating CFL2-dependent F-actin depolymerization, with maximal depolymerization enhancement at an MLP/
CFL2 molecular ratio of 2:1. Deregulation of this interaction by intracellular pH variations, CFL2 phosphor-
ylation, MLP or CFL2 gene mutations, or expression changes, as observed in a range of cardiac and skeletal
myopathies, could impair F-actin depolymerization, leading to sarcomere dysfunction and disease.

The muscle LIM protein (MLP) has emerged as a critical
player in striated muscle physiology and pathophysiology over
recent years. MLP, encoded by the CSRP3 (or CRP3) gene, is
a member of the conserved LIM-only protein family since it
contains two LIM functional zinc finger domains, and it is
expressed exclusively in muscle cells. Specifically, in differen-
tiating striated muscle cells, MLP localizes in the nucleus,
promoting myogenic differentiation (8), while in adult muscle,
it translocates to the cytoplasm and assumes an essential role
in myocyte cytoarchitecture. Through its interactions with
structural proteins, such as alpha-actinin, telethonin (T-cap),
�I-spectrin, and N-RAP, MLP has been suggested to act as a
scaffold protein for the basic contractile unit, the sarcomere,
and the actin-based cytoskeleton (7, 9, 25, 27, 46, 73).

Mutations in CSRP3 have been directly associated with di-
lated (DCM) and hypertrophic (HCM) cardiomyopathies (9,
31, 32, 46). HCM is the most common genetic myocardial
disease, with a prevalence of 0.2% in adults, and the most
frequent cause of sudden cardiac death in young individuals,
while DCM is the third most common cause of heart failure
(54, 55, 76). Genetic aberrations in MLP have been shown to
lead to marked actin cytoskeleton disorganization and dis-

rupted cardiac myofibrillar cytoarchitecture (9). Similar obser-
vations have been described for skeletal muscles, and HCM-
CSRP3 mutations have been associated with mild skeletal
myopathy (9, 31). Various hypotheses, including an MLP role
in mechanical stretch sensing or the mechanical stress re-
sponse, have been formulated to link the molecular and histo-
logical observations with the clinical phenotype, but important
information appears to still be missing.

At the expression level, significant changes in MLP have
been observed in cardiac muscle following myocardial infarc-
tion, as well as in heart failure, and in the skeletal muscles in
a number of neuromuscular disorders (13, 24, 40, 72, 81, 83, 84,
89). Interestingly, CSRP3 was one of the only two consistently
changed transcripts, among the hundreds of significant gene
expression changes, across the skeletal muscles analyzed in a
recent study of nemaline myopathy (NM), suggesting a strong
association with the pathological phenotype (72). NM, a dis-
ease characterized by the formation of nemaline rods, which
consist of aggregations of sarcomeric proteins such as �-actinin
and filamentous actin within myocytes, is the most common
nondystrophic congenital myopathy (71).

Although NM arises primarily from mutations in thin fila-
ment proteins; a novel mutation was recently discovered in the
actin depolymerization protein cofilin 2 (CFL2) (3). CFL2 is a
muscle-specific protein that belongs to the actin depolymeriza-
tion factor (ADF)/cofilin family (65, 80). These proteins have
a critical role in the regulation of actin filament dynamics by
enhancing the turnover of actin filaments in a variety of cells
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(60, 63, 80). Despite a wealth of data related to the action of
other cofilins, little is known about the function of CFL2 in
muscle cells. Recently, decreased levels of CFL2 were associ-
ated with reduced depolymerization of actin filaments, causing
their accumulation in nemaline rods (3). The association of
both MLP and CFL2 with actin cytoskeleton aberrations and
(cardio)myopathic phenotypes led us to hypothesize that there
might be a link between the two proteins.

To examine this hypothesis, we performed a series of bio-
chemical and subcellular localization experiments. Our results
reveal the direct and specific interaction of MLP and CFL2,
the intracellular parameters affecting this interaction, and its
implications in actin depolymerization. Importantly, we show
that the MLP/CFL2 stoichiometry plays a critical role in actin
depolymerization in vitro. Therefore, perturbations in their
interaction and activity, caused by either pathological muta-
tions or expression changes, would be anticipated to directly
affect actin dynamics and in this way the sarcomeric and actin
cytoskeleton structure, ultimately resulting in myocyte dysfunc-
tion and muscle disease.

MATERIALS AND METHODS

Tissue specimens and protein preparation. Postmortem human cardiac and
skeletal quadriceps muscle specimens were obtained from the Department of
Forensics and Toxicology, Medical School, National and Kapodistrian University
of Athens. Whole-protein extracts were prepared using Ultra-Turrax Tissuem-
izer (IKA-Werke GmbH & Co., Staufen, Germany) in ice-cold lysis buffer (10
mM NaPO4, pH 7.2, 2 mM EDTA, 10 mM NaN3, 120 mM NaCl, and 1%
Nonidet P-40) supplemented with a mixture of protease inhibitors (Sigma-Al-
drich Gmbh, Munich, Germany). The protein concentration and quality were
determined using the Quant-iT protein assay kit (Invitrogen Corp., Eugene, OR)
on a Qubit fluorometer (Invitrogen Corp., Eugene, OR) according to the man-
ufacturer’s instructions. The protein extracts were aliquoted and stored at
�80°C. The research protocol was approved by the institutional ethics committee
and conformed to the principles outlined in the Declaration of Helsinki (57).

Construction of recombinant proteins. In order to generate the human MLP
and CFL2 constructs, total RNA was isolated from human postmortem nonfail-
ing cardiac tissue using TRIzol (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instruction. Reverse transcription was performed using Super-
script II RNase H reverse transcriptase (Invitrogen), and the cDNA was then
used as a template for PCR amplification. For the generation of full-length and
deletion constructs of MLP, the PCR products were digested with EcoRI/SalI
(Takara Bio, Otsu, Shiga, Japan) restriction enzymes and cloned into the pMAL-
c2X vector (New England Biolabs, Beverly, MA). The following primer sets were
used for amplification: 5�-ATC GGA ATT CGT CTT CAA GAT GCC AAA
C-3� and 5�-ATC GGT CGA CTC TGT GCA GGA TTA CTT G-3� for maltose
binding protein (MBP)-MLP (amino acids [aa] 1 to 195), 5�-ATG CGA ATT
CAA ATG TGG AGC CTG TGA A-3�and 5�-ACT GGT CGA CGA CTG TTG
GAA CTG CAG G-3� for MBP-MLP-LIM1 (aa 9 to 94), 5�-ACG TGA ATT
CAG CAA CCC TTC CAA ATT C-3� and 5�-ACG TGT CGA CTG TTG TGT
AAG GCC TCC A-3� for MBP-MLP-LIM2 (aa 105 to 188), and 5�-ATG CGA
ATT CCG CAG ATA TGG CCC CAA A-3�and 5�-ATC GGT CGA CGG ACT
CTC CAA CTT CGC-3� for MBP-MLP-inter-LIM (aa 64 to 117). For the
generation of the CFL2 constructs, PCR products were digested with EcoRI/
XhoI (Takara Bio, Otsu, Shiga, Japan) and subcloned into the pGEX-5X vector
(Amersham Biosciences Europe). The primers for CFL2 amplification were as
follows: 5�-ATG CGA ATT CAT GGC TTC TGG AGT TAC A-3�and 5�-ATG
CCT CGA GTG GCA CTT GAC TGT CAT T-3� for GST-CFL2 (aa 1 to 166),
5�-CCG TGA ATT CAC ATG GCT TCT GGA GTT-3� and 5�-ACG TCT CGA
GCA AGA TCT GCT TTG CTT C-3� for GST-CFL2-A (aa 1 to 55), 5�-ACG
TGA ATT CAA GTC ATC AAA GTT T-3�and 5�-ACG TCT CGA GCT ACT
ACA TTG CCT C-3� for GST-CFL2-B (aa 105 to 166), and 5�-ATG CGA ATT
CAG ATC TTG GTG GGT GAC-3� and 5�-ATG CCT CGA GAC TTT CAG
GAG CCC A-3� for GST-CFL2-C (aa 55 to 108). The sequences of all generated
constructs were verified by automated sequencing (Macrogen, Seoul, South
Korea). Glutathione S-transferase (GST) and MBP fusion proteins were ex-
pressed by induction with 0.5 mM isopropyl-�-D-thiogalactopyranoside for 4 h in
the BL21 Star (Invitrogen) and library efficient DH5� (Invitrogen) Escherichia

coli strains. The recombinant proteins were purified by affinity chromatography
using glutathione Sepharose 4B beads (Amersham Biosciences) for GST fusion
proteins or amylose resin beads for MBP fusion proteins (New England Biolabs),
according to the manufacturer’s instructions.

Pull-down assays. Human nonfailing cardiac and skeletal muscle tissue spec-
imens were homogenized in 10 mM NaPO4, pH 7.2, 2 mM EDTA, 10 mM NaN3,
120 mM NaCl, and 1% (vol/vol) NP-40 supplemented with a mixture of protease
inhibitors (Sigma-Aldrich). Equivalent amounts of recombinant GST and GST-
CFL2 proteins bound to glutathione-Sepharose 4B resin were mixed with 0.5 mg
of cardiac or skeletal homogenates. After 16 h of incubation at 4°C, the beads
were washed three times with 10 mM NaPO4, pH 7.2, 10 mM NaN3, 120 mM
NaCl, and 3.5% (vol/vol) Tween 20, analyzed by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a nitrocel-
lulose membrane. The membranes were probed with the polyclonal chicken
anti-MLP antibody (1:700 dilution; AbCam, Cambridge, United Kingdom),
washed in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% (vol/vol) Tween
20, and incubated with a peroxidase-conjugated rabbit anti-chicken secondary
antibody (1:33,000 dilution; AbCam). Immunoreactive bands were visualized
using electrogenerated chemiluminescence (ECL) reagents according to the
manufacturer’s protocol (Amersham Biosciences).

In vitro binding assay. In vitro binding assays were performed by mixing
MBP-MLP protein bound to amylose resin matrices with equivalent amounts (5
�g) of recombinant GST-CFL2 and GST proteins in 50 �l binding buffer (50 mM
Tris-HCl [pH 7.4], 120 mM NaCl, 10 mM NaN3, 2 mM dithiothreitol, 0.5%
Tween 20). Following a 16-h incubation at 4°C, the beads were washed three
times with a solution containing 50 mM Tris-HCl (pH 7.4), 120 mM NaCl, 10
mM NaN3, and 0.1% Tween 20. In a parallel set of experiments, 5 �g of
recombinant MBP-MLP and MBP were allowed to interact with GST-CFL2
proteins attached to glutathione matrices, as described above. All samples were
analyzed by 10% SDS-PAGE, transferred to a nitrocellulose membrane, and
incubated with rabbit anti-GST (1:2,500 dilution; Amersham Biosciences Eu-
rope, Uppsala, Sweden) or rabbit anti-MBP (1:10,000 dilution; New England
Biolabs, Beverly MA) antibodies, followed by peroxidase-conjugated goat anti-
rabbit (1:33,000 dilution; Amersham Biosciences Europe) secondary antibody.

Blot overlay assays. The blot overlay assays were performed as previously
described (10). Briefly, aliquots containing �2.5 �g of affinity-purified GST,
GST-CFL2-A (aa 1 to 55), GST-CFL2-B (aa 55 to 108), and GST-CFL2-C (aa
105 to 166) fusion proteins were separated by 10% SDS-PAGE and transferred
to nitrocellulose membranes. Blocking of nonspecific sites on the membrane was
performed in buffer A (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% [vol/vol]
Tween 20, 2 mM dithiothreitol, 0.5% NP-40, 5% nonfat milk) for 16 h at 4°C.
The samples were then incubated with 3 �g/ml MBP-MLP (aa 1 to 195) fusion
protein in buffer A in the presence of 1 mM ATP for 5 h at 25°C. At the end of
this incubation period, the blots were subjected to five 20-min washes in buffer C
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% [vol/vol] Tween 20, 2 mM
dithiothreitol, 1% NP-40) at 25°C. Subsequently, the membranes were probed
with anti-MBP for 2 h at 25°C, and the labeled bands were visualized using ECL
reagents. In a set of parallel assays, 3 �g of affinity-purified MBP, MBP-MLP (aa
1 to 195), MBP-MLP-LIM1 (aa 9 to 94), MBP-MLP-LIM2 (aa 105 to 188), and
MBP-MLP-inter-LIM (aa 64 to 117) fusion proteins were each subjected to 10%
SDS-PAGE, transferred to nitrocellulose membranes, and allowed to interact
with GST-CFL2 protein as described above.

Immunofluorescence staining. Human quadriceps muscle specimens were
transversely sectioned at 10-�m thickness, placed on polysine-coated microscope
slides (Sigma-Aldrich), and fixed in ice-cold methanol for 20 min. Slides were
washed in phosphate-buffered saline (PBS) (1�) and permeabilized for 30 min
at 25°C in PBS containing 0.1% (vol/vol) Triton X-100. After washing with PBS,
the slides were blocked with PBS containing 1 mg/ml bovine serum albumin–10
mM NaN3 for 1 h at 25°C. Primary antibodies, including chicken anti-MLP
(1:333; AbCam), rabbit anti-CFL2 (1:400 dilution; Upstate, Millipore, MA),
mouse anti-�-actinin (1:1,000; Sigma-Aldrich), or rhodamine-conjugated phal-
loidin (1:100 dilution; Invitrogen), were applied to the sections and were incu-
bated for 2 h at 25°C. Following washes with 1� PBS, the samples were coun-
terstained for 1 h with the appropriate secondary antibody: fluorescein
isothiocyanate anti-chicken (1:400 dilution; AbCam), Alexa Fluor 488 anti-rabbit
(1:400 dilution), or Alexa Fluor 488 anti-mouse (1:400 dilution; Invitrogen).
Following washes with 1� PBS, the samples were mounted with Vectashield
medium containing 4�,6-diamidino-2-phenylindole (Vector Laboratories, Burlin-
game, CA) and analyzed with a Leica confocal laser scanning microscope (TCS
SP5, DMI6000; inverted with the acquisition software program LAS-AF).

pH dependence experiments. To study the effect of pH on the interaction of
MLP with CFL2, in vitro binding assays were performed using a range of pH
values. Equivalent amounts of MBP-MLP and MBP proteins bound to amylose
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resin matrices were incubated with 5 �g of recombinant GST-CFL2 protein in 50
�l reaction buffer, containing 120 mM NaCl, 10 mM NaN3, 2 mM dithiothreitol,
0.5% Tween 20, and 50 mM Tris-HCl with variable pH values (pH 6.8, pH 7.4,
pH 8.0, and pH 8.4). After a 16-h incubation at 4°C, the samples were washed
three times with 120 mM NaCl, 10 mM NaN3, 0.1% Tween 20, and 50 mM
Tris-HCl at various pH values as noted above and analyzed by 10% SDS-PAGE
and immunoblotting. The quantification of the intensities of the bands of interest
was performed using the Image J software program (version 1.33a).

Phosphorylation experiments. The effect of CFL2 phosphorylation on its in-
teraction with MLP was studied through in vitro phosphorylation assays, using
endogenous kinases of freshly prepared mouse cardiac protein extracts (19).
Briefly, 5 �g of affinity-purified GST-CFL2 was incubated with the protein
extracts in 3.1 mM ATP, 3 mM NaF, and 3 mM Na3VO4 at 25°C for 30 min. The
samples were washed three times with wash buffer (15 mM NaF, 2 mM Na3VO4,
50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% [vol/vol] Tween 20). The
phosphorylation of GST-CFL2 was confirmed by Western blotting using rabbit
polyclonal anti-CFL2 (1:600 dilution; Upstate, Millipore, MA) or rabbit poly-
clonal anti-phospho-CFL2 (P-CFL2) (1:500 dilution; Upstate) as the primary
antibody. Blot overlay assays were performed on phosphorylated and unphos-
porylated forms of CFL2, as described above.

pCa dependence experiments. pCa is a measure of calcium ion (Ca2�) con-
centration (pCa 	 �log[Ca2�]). To investigate the effect of calcium on the
interaction of MLP with CFL2, blot overlay assays were performed as described
above under different concentrations of Ca2�. Specifically, consecutive dilutions
of 10�5 M to 10�8 M CaCl2 were added to the aforementioned buffer B.

Actin depolymerization assay. The Actin Polymerization Biochem kit (Cy-
toskeleton, Denver, CO) was used to investigate actin dynamics in vitro on a
PerkinElmer LS 55 Fluorescence spectrometer (PerkinElmer Ltd., Bucks,
United Kingdom). Briefly, pyrene-labeled F-actin was prepared by incubating 0.1
mg pyrene G-actin, diluted in G buffer (5 mM Tris-HCl [pH 8.0], 0.2 mM CaCl2)
with 10� actin polymerization buffer (0.25� final strength) (500 mM KCl, 20
mM MgCl2, 10 mM ATP) at room temperature for 1 h. The solution of pyrene
F-actin was transferred in Herazil quartz cuvettes with two polished windows
(Hellma GmbH, Mullheim, Germany) and placed in the fluorometer. The de-
polymerization of pyrene F-actin was measured by fluorescence spectrometer
counts at an excitation wavelength of 365 nm with emission at 407 nm within 30-s
intervals. The optimal wavelengths were selected after a wavelength scan. A
four-position automatic cuvette cell changer, including water thermostatting and
stirring for each sample position, allowed the simultaneous, multiple time-de-
pendent measurements of four samples. The F-actin depolymerization was per-
formed in the presence/absence of GST-CFL2 or phosphorylated GST-CFL2
and MBP-MLP or MBP-MLP-inter-LIM at pH 8.0 or pH 6.8.

Coimmunoprecipitation experiments. The experiment was performed as pre-
viously described with minor modifications (48). Hearts from normal adult
129SV and desmin null mice (Des�/�) (a kind gift from Y. Capetanaki) were
flash-frozen in liquid nitrogen and homogenized in 100 �l of homogenization
buffer (10 mM NaPO4, pH 7.2, 2 mM EDTA, 10 mM NaN3, 120 mM NaCl, 1%
[vol/vol] NP-40) supplemented with a mixture of protease inhibitors (Sigma-
Aldrich). Equal amounts of the protein extracts were precleared with 80 �l of
protein A-Sepharose beads (Amersham Biosciences) for 3 h at 4°C. In parallel,
5 mg of anti-CFL2 antibodies were incubated with 100 �l of protein A beads for
3 h at 4°C. The precleared cardiac extracts were subsequently incubated with the
CFL2 antibody bound to the protein A beads at 4°C for 16 h. A sample lacking
the primary antibody was used as a negative control. The beads were washed
three times with wash buffer (10 mM NaPO4, pH 7.2, 10 mM NaN3, 140 mM
NaCl, 0.5% [vol/vol] NP-40, 0.5% [vol/vol] Tween 20) and analyzed by Western
blotting using the MLP antibody (1:700 dilution; AbCam). Anti-�-actin (1:7,500
dilution; Sigma) was used as a control for equal loading of the cardiac homog-
enates.

RESULTS

MLP binds to CFL2 in cardiac and skeletal muscle homog-
enates. The CFL2 and MLP proteins are both expressed in
human cardiac and skeletal (quadriceps) muscle (Fig. 1A). A
CFL2 construct containing the full-length protein (aa 1 to 166)
was expressed as a GST fusion protein (�45.5 kDa) in E. coli
(Fig. 1B). Equivalent amounts of the GST-CFL2 fusion pro-
tein or control GST (�25 kDa) protein bound in glutathione
matrices were incubated with human cardiac or human skeletal

muscle homogenates. The matrix-bound GST fusion proteins
were examined by Western blotting for their ability to bind
MLP in these homogenates. Only the GST-CFL2 “pulled
down” the endogenous MLP, whereas GST alone was unable
to interact with MLP (Fig. 1C). It therefore appears that CFL2
and MLP may interact in vivo in both cardiac and skeletal
muscles.

The interaction of MLP and CFL2 is direct. In order to
assess whether the interaction between MLP and CFL2 is
direct, we performed a series of in vitro binding assays. Bac-
terially expressed MBP-MLP (�64.5 kDa) bound to amylose
resin matrices (Fig. 1D) was incubated with equivalent
amounts of affinity-purified GST-CFL2 or control GST affin-
ity-purified fusion proteins. Western blot analysis with a GST
antibody demonstrated that MBP-MLP bound specifically to
GST-CFL2 while no interaction was observed with the control
GST protein (Fig. 1E, left panel). In a parallel set of experi-
ments, GST-CFL2 bound to glutathione matrices was incu-
bated with equivalent amounts of MBP-MLP or MBP affinity-
purified proteins. Probing with an MBP antibody confirmed
the direct and specific interaction of CFL2 and MLP (Fig. 1E,
right panel). These findings therefore suggest that the interac-
tion between MLP and CFL2 occurs independently of other
proteins.

Identification of the interacting domains between MLP and
CFL2. To identify the protein domains involved in the inter-
action between CFL2 and MLP, we performed blot overlay
assays using three deletion constructs for each protein, fused to
GST and MBP, respectively. In particular, we generated con-
structs containing CFL2 amino-terminal GST-CFL2-A (aa 1 to
55); central GST-CFL2-B (aa 55 to 108); and the carboxy-
terminal domain GST-CFL2-C (aa 105 to 166) (Fig. 1F, left
panel). In the case of MLP, we generated amino-terminal
LIM1 MBP-MLP-LIM1 (aa 9 to 94); intermediate inter-LIM
MBP-MLP-inter-LIM (aa 64 to 117); and the carboxy-terminal
LIM2 domain MBP-MLP-LIM2 (aa 105 to 188) (Fig. 1F, right
panel). By blot overlay assays, we determined that both the
amino-terminal and central domains of CFL2 interact specif-
ically with the inter-LIM domain of MLP (Fig. 1G). This is the
first report of an MLP protein-protein interaction involving its
inter-LIM domain.

MLP and CFL2 colocalize in vivo at the sarcomeric Z-line of
human striated muscles. To determine the subcellular site of
MLP-CFL2 interaction in striated muscles, we studied their
localization in longitudinal sections of human quadriceps mus-
cles using antibodies against MLP, CFL2, �-actinin, a marker
for the Z-line, and phalloidin, a marker for thin filaments.
Consistent with previous reports, MLP showed extensive
costaining with �-actinin at the level of the sarcomeric Z-lines,
supporting the notion that at least one of its roles in myocytes
involves the myofibrillar structure (Fig. 2D) (9). CFL2 staining
showed a similar striated pattern and was found to colocalize
with �-actinin (Fig. 2B). Costaining of CFL2 and phalloidin
confirmed their colocalization at the Z-disk but not across the
full length of the thin filaments (Fig. 2C). Finally, costaining
with anti-MLP and anti-CFL2 revealed that the two proteins
colocalize in vivo at the Z-line of the sarcomeres (Fig. 2A).

The MLP-CFL2 interaction is pH sensitive. The pH-depen-
dent interaction of cofilins with actin is an important property
of the members of the ADF/cofilin family (38, 39). To deter-
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mine whether the interaction of MLP with CFL2 is affected by
pH, we performed in vitro binding assays in which equal
amounts of MBP-MLP or MBP bound on amylose resin were
incubated with affinity-purified GST-CFL2 at different pH val-
ues. To reflect relative physiological and pathological pH con-
ditions, like acidosis and alkalosis (67), we tested MLP/CFL2
complex formation at pH 6.8, pH 7.4, pH 8.0, and pH 8.5.
Interestingly, the interaction between MLP and CFL2 was
found to be pH sensitive, with maximal complex formation at
pH 6.8 and minimal at pH 8.5 (Fig. 3A). Furthermore, the
levels of MLP/CFL2 interaction were evaluated by quantitative
immunoblotting. The graphical representation of the levels of
MLP/CFL2 interaction against pH was well fitted to a sigmoid
kinetic curve with a pKa of 7.4 (Fig. 3B), as calculated with the
Microcal Origin software program. Although pH dependent,
the interaction between MLP and CFL2 was not completely
abolished even at a high pH value, since 22% binding was
detected at pH 8.5 compared to that at pH 6.8. The 50% of
MLP/CFL2 interaction was found at pH 7.6, while at pH 7.3
and pH 7.4, which reflect the physiological intracellular pH in
muscle (67), the binding strengths were estimated to be 78%
and 69%, respectively. Therefore, MLP could bind to CFL2
under either acidic or alkaline conditions, although the inter-
action is stronger at acidic conditions (Fig. 3C).

MLP-CFL2 interaction is stronger when CFL2 is phosphor-
ylated. Cofilin undergoes phosphorylation and dephosphoryla-
tion at Ser3, in response to various stimuli, affecting its binding
properties for other proteins (2, 34, 62). To investigate whether
the phosphorylation of CFL2 also influences its interaction
with MLP, we phosphorylated the GST-CFL2 fusion protein
using the native kinases in mouse heart homogenates. The
phosphorylation was confirmed by Western blotting using a
specific antibody against phosphorylated CFL2-Ser3 (Fig. 3D).

FIG. 1. CFL2 binds native MLP in cardiac and skeletal muscle
homogenates, as demonstrated by “pull-down” and in vitro binding
assays. (A) Western blot analysis showed that MLP (left) and CFL2
(right) are expressed in human cardiac and skeletal (quadriceps) mus-
cle homogenates. (B) Recombinant GST-CFL2aa1–166 (�46 kDa) and
GST (�25 kDa) were separated by SDS-PAGE and visualized by
staining with Coomassie brilliant blue. (C) For “pull-down” assays,
human cardiac (left) or skeletal (right) muscle homogenates were
incubated with equal amounts of GST-CFL2aa1–166 and GST protein
bound to glutathione matrices. Western blot analysis was performed
with an anti-MLP antibody. (D) Recombinant MBP-MLPaa1–195 and
MBP (�42 kDa) were subjected to SDS-PAGE and stained with Coo-
massie brilliant blue. (E) Left panel: for in vitro binding assays, equal
amounts of GST-CFL2 and GST were incubated with MBP-MLP
bound to amylose resin beads. Binding of GST-CFL2 protein to MBP-
MLP was determined by Western blot analysis with the anti-GST
antibody. Right panel: equal amounts of MBP and MBP-MLP were
incubated with GST-CFL2 attached to glutathione matrices. Western
blotting with the anti-MBP antibody revealed that the MBP-MLP
recombinant protein interacts with GST-CFL2. (F) Coomassie staining
of the GST-generated constructs of CFL2 (left) or MBP-generated
constructs of MLP (right). (G) Blot overlay assays were performed for
the determination of the minimal domains of MLP and CFL2 required
for their interaction. Left: blot overlay assays of CFL2 constructs
attached to glutathione matrices after incubation with full-length
MBP-MLP. Western blot analysis was performed with anti-MBP an-
tibody. Right: blot overlay assays of MLP constructs attached to amy-
lose resin matrices after incubation with full-length GST-CFL2, using
the anti-GST antibody.
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MBP-MLP was allowed to interact with equal amounts of
phosphorylated and unphosphorylated GST-CFL2 in blot
overlay assays. The results of three independent sets of exper-
iments determined a significant increase of approximately 40%
in the binding affinity of phosphorylated CFL2 for MLP com-
pared to that of unphosphorylated CFL2 (Fig. 3E). Therefore,
MLP appears to bind to both phosphorylated and unphosphor-
ylated CFL2, although the interaction with the former is sig-
nificantly stronger (Fig. 3F).

MLP-CFL2 interaction is independent of changes in Ca2�

concentration. Calcium is a versatile intracellular signal medi-
ator that regulates many different cellular processes. In striated
muscles, changes in the cytosolic Ca2� concentration are key to
the main muscle function of contraction/relaxation (52). Mean-
while, Ca2� can mediate cofilin dephosphorylation, as de-
scribed for numerous cell types, and is thought to contribute to
various cell responses (15, 23, 88). We explored if variations in
Ca2� levels influence the binding of CFL2 to MLP. For this
purpose, a series of Ca2� titration blot overlay assays were

performed using low (10�8 M), intermediate (10�7 and 10�6

M), and high (10�5 M) Ca2� concentrations, which were se-
lected to reflect physiologically relevant cytosolic Ca2� con-
centrations in muscle (52). Quantification analysis of three
replicate experiments revealed that the in vitro interaction of
CFL2 with MLP is independent of Ca2� concentrations (Fig.
3G and H). Thus, MLP/CFL2 complex formation seems to be
independent of cytosolic Ca2� changes, such as those occur-
ring during muscle contraction/relaxation.

MLP regulates CFL2 depolymerization of F-actin. Proteins
of the ADF/cofilin family are potent regulators of actin dynam-
ics, and CFL2 is a key player in actin depolymerization (17). To
test if the interaction between MLP and CFL2 interferes with
this mechanism, we performed an in vitro pyrene–F-actin de-
polymerization assay, using recombinant MBP-MLP and GST-
CFL2 proteins at pH 8.0 (starting pH recommended by the kit
manufacturer). In these assays, pyrene G-actin is initially
polymerized into fluorescent filamentous F-actin, an unstable
structure that is subsequently allowed to depolymerize. The
depolymerization process is monitored in real time and recorded
as a decrease in the pyrene fluorescence signal. When GST-CFL2
was added to the reaction mixture, the depolymerization rate was
accelerated as expected (P 
 0.001, t test, two-tailed; n 	 3).
Addition of equivalent amounts of recombinant MBP-MLP sig-
nificantly accelerated F-actin depolymerization compared to the
activity of CFL2 alone (P 	 0.002, t test, two-tailed; n 	 3) (Fig.
4A). Importantly, the stoichiometry of MLP and CFL2 was found
to have a major impact on the rate of F-actin depolymerization.
Calculation of the slope of F-actin depolymerization relative to
the MLP/CFL2 molecular ratio demonstrates a maximum effect
at a 2:1 ratio (Fig. 4B). Interestingly, as we determined above,
MLP can bind to two distinct domains of CFL2, suggesting a
possibly simultaneous interaction of two MLP molecules with one
CFL2. A higher molecular ratio of 3:1 MLP/CFL2 showed effects
on F-actin depolymerization similar to those of 1:1 MLP/CFL2,
while surprisingly, a ratio of 4:1 led to significant suppression of
CFL2 activity on F-actin (P 	 0.003, t test, two-tailed; n 	 3).
These findings suggest that the MLP/CFL2 molecular ratio is an
important determinant of the rate of F-actin depolymerization,
with important implications in muscle cell physiology and patho-
physiology.

The minimal interacting domain of MLP does not suffice for
mediating CFL2 F-actin depolymerization activity. To investi-
gate whether the minimal interacting domain of MLP alone
can affect CFL2 depolymerization activity, we performed in
vitro depolymerization assays using the recombinant proteins
MBP-MLP, MBP-inter-LIM, and GST-CFL2 under optimal
conditions, i.e., at pH 8.0 and a MLP/CFL2 molecular ratio of
2:1. In contrast to the full-length MLP, we found that the
inter-LIM domain per se does not affect the CFL2 F-actin
depolymerization curve (Fig. 5A). This was further supported
by evidence of a significant difference in the slope of CFL2-
driven F-actin depolymerization in the presence of the MLP-
inter-LIM domain or full-length MLP (P 	 0.003, t test, two-
tailed; n 	 3) (Fig. 5B). These date combined imply the need
of additional MLP domains for regulation of the CFL2 activity.

MLP rescues CFL2 depolymerization of F-actin at low pH.
pH-dependent F-actin depolymerization is an important prop-
erty of the members of the ADF/cofilin family and is maximal
at pH 8.0 and almost abolished at pH 6.5 (38, 39). To evaluate

FIG. 2. In vivo localization of MLP and CFL2 at the Z-line of
human skeletal muscle sections. (A) Coimmunolabeling of MLP
and CFL2 with the specific antibodies shows that they interact in
vivo at the Z-line of the sarcomere. (B) Immunostaining of �-acti-
nin with CFL2 shows that the two proteins colocalize at the Z-line.
(C) Costaining of CFL2 with rhodamine-phalloidin shows that
CFL2 is not localized across the full length of the thin filaments.
(D) MLP is localized at the Z-line, as shown with the colabeling
with the marker of Z-line, �-actinin. Scale bar, 5 �m.
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the effect of MLP on CFL2-dependent F-actin depolymeriza-
tion in an acidic environment, we used the in vitro pyrene–F-
actin depolymerization assay, at pH 6.8, with a 2:1 ratio of
recombinant MBP-MLP/GST-CFL2. Similar to our observa-
tions with an alkaline environment (pH 8.0), the addition of
MLP significantly increased the effect of CFL2 on F-actin
depolymerization at pH 6.8 (P 	 0.003, t test, two-tailed; n 	
3) (Fig. 5C). Importantly, the presence of MLP at pH 6.8
appeared to restore the CFL2 F-actin depolymerization activ-
ity to the same levels as that for CFL2 alone at pH 8.0 (Fig. 5C
and D, left panel). Finally, comparison of the effects of MLP
on CFL2-dependent F-actin depolymerization at different pH
levels did not show a statistically significant difference, indicat-
ing that this MLP effect is independent of the pH (P 	 0.102,
t test, two-tailed; n 	 3) (Fig. 5D, right panel).

MLP has a limited effect on F-actin depolymerization upon
CFL2 phosphorylation. The activity of cofilin is negatively reg-
ulated by phosphorylation (2, 62). To evaluate the effect of
CFL2 phosphorylation on MLP/CFL2 F-actin depolymeriza-
tion, we performed in vitro depolymerization assays using
phosphorylated CFL2 at optimal conditions, pH 8.0 and an
MLP/CFL2 molecular ratio of 2:1 (Fig. 5E). As opposed to
unphosphorylated CFL2, phosphorylated CFL2 alone had no
effect on F-actin depolymerization (P 	 0.002, t test, two-
tailed; n 	 3). The addition of MLP showed a limited, nonsig-
nificant increase in F-actin depolymerization, but it did not
fully rescue the CFL2 activity (Fig. 5E).

Evaluation of CFL2-MLP interaction in a mouse model of
cardiomyopathy. The interaction of CFL2 and MLP could be
implicated in muscle pathologies. To investigate this hypothe-
sis, we used the Des�/� mouse model, which develops dilated

FIG. 3. In vitro, the interaction of MLP with CFL2 is pH depen-
dent and is stronger when CFL2 is phosphorylated but is not affected
by alterations in calcium concentrations. (A) In vitro binding assays
between full-length MBP-MLP, attached to amylose resin beads, and
GST-CFL2 at different pH levels (from 6.8 to 8.5). The interaction was
evaluated by Western blot analysis with the anti-CFL2 antibody. (B) A
graphical representation of the levels of MLP/CFL2 interaction against
pH fits well to a sigmoid kinetic curve, with a pK� of 7.4. (C) Schematic
model of the MLP/CFL2 interaction according to the protonation/
deprotonation status of CFL2. (D) In vitro phosphorylation assays
were performed using mouse cardiac homogenates. The native kinases
present in the homogenate phosphorylate the GST-generated full-
length CFL2, as shown by Western blot analysis with the specific
anti-phospho-CFL2 antibody before (left) and after (right) the assay.
(E) Equivalent amounts of phosphorylated and unphosphorylated
GST-CFL2 were subjected to SDS-PAGE, transferred to nitrocellu-
lose membranes, and incubated with recombinant MBP-MLP. Bound
MBP-MLP was detected by Western blotting with anti-MBP antibody.
(F) Graphical representation of the MLP/CFL2 interaction before and
after phosphorylation. The results of three independent sets of exper-
iments pointed to a significant increase of approximately 40% in the
binding strength of phosphorylated CFL2 with MLP, compared to
results for unphosphorylated CFL2. (G) In vitro assays were per-
formed to explore if the interaction of MLP and CFL2 was affected by
alterations in calcium concentrations. For this purpose, equal amounts
of GST-CFL2 and MBP-MLP bound to amylose resin beads were
incubated at various pCa concentrations (5 to 8, representing concen-
trations of 10�5 M to 10�8 M). Western blot analysis with the anti-GST
antibody shows that the interaction of the complex is not affected by
the calcium concentration. (H) Graphical representation of the inter-
action of the two proteins at various concentrations of calcium.
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cardiomyopathy (28, 59). Specifically, cardiac protein extracts
from wild-type and Des�/� mice were coimmunoprecipitated
with protein A-Sepharose beads bound to anti-CFL2 antibody
and subsequently analyzed by Western blotting (Fig. 6A) using
the MLP antibody. Our findings demonstrate that MLP inter-
acts with CFL2 in both wild-type and Des�/� hearts. However,
the observed signal was markedly increased in the Des�/�

cardiac homogenates. We further evaluated the protein levels
of MLP and CFL2 through Western blot analysis in the cardiac
homogenates and determined a considerable increase in MLP,
while CFL2 remained unaltered between the Des�/� and wild-
type cardiac homogenates (Fig. 6B).

DISCUSSION

We identified herein MLP as a novel binding partner of
CFL2 in human cardiac and skeletal muscles. This interaction
was evidenced by GST pull-down experiments with cardiac and
skeletal muscle homogenates, in vitro blot overlay assays, and

subcellular colocalization in human skeletal muscles. The in-
teraction is direct and specific, and it implicates, for the first
time, the inter-LIM domain of MLP as well as two domains of
CFL2, suggesting that these two proteins may be part of a
larger protein complex. Furthermore, this interaction appears
to be regulated by pH and phosphorylation. Importantly, it is
directly involved in F-actin depolymerization, thus unveiling a
new mechanism of actin dynamics regulation. The MLP/CFL2
complex is therefore anticipated to play a significant role in
cardiac and skeletal muscle function and in disease pathogen-
esis.

In previous reports, MLP localization had not been clearly
defined, and several different patterns of MLP subcellular dis-
tribution had been suggested, including the Z-line (46), the
costameres (27), a diffuse localization in the cytosol (31), or a
translocation to the nucleus (16). It has been proposed that the
use of polyclonal rabbit antisera affects the MLP localization
findings, since these antibodies have the risk of unspecific bind-
ing on top of cross-reaction with other members of the LIM
family of proteins (29). Herein, we used the polyclonal chicken-
generated anti-MLP, immunoglobulin Y antibodies to reduce
the possibility of unspecific binding. Using appropriate mark-
ers, we have demonstrated a Z-line distribution of MLP and
CFL2 and have determined their colocalization. CFL2 was
previously found to colocalize with actin (63), suggesting an
I-band distribution. Our findings have narrowed down CFL2
localization to the Z-line of human skeletal myocytes.

Importantly, the protein domains of MLP involved in the
interaction with CFL2 were determined to include amino acids
94 to 105, which represent the inter-LIM domain. While sev-
eral binding partners of MLP have been identified to date, the
vast majority involve one of the two LIM domains of MLP.
These include interaction between MLP molecules (89), inter-
action with �-actinin (30), MyoD (47), histone deacetylases
(36), F-actin (7), �I-spectrin (27), zyxin (51) and integrin-
linked kinase (69). To the best to our knowledge, this is the
first report implicating the inter-LIM domain in an MLP pro-
tein-protein interaction. This finding leads to the hypothesis of
a scaffold multimeric organization of the MLP/CFL2 complex
with other MLP-LIM-interacting proteins, similar to the model
of simultaneous MLP interaction with �I-spectrin and �-acti-
nin (27).

The CFL2 region involved in the interaction with MLP in-
cludes the N-terminal aa 1 to 105. Importantly, two separate
fractions, 1 to 55 and 55 to 105, of this region can bind inde-
pendently to MLP (Fig. 7). The first domain contains the CFL2
phosphorylation site (Ser-3) (2, 61), the first of the two G/F-
actin interacting domains (aa 3 to 12) (34), and the N-terminal
first third of the actin depolymerization (ADF) domain (65).
The second fraction contains the middle part of the ADF
domain, including aa 93 to 97, which are involved in F-actin
binding (34). Two additional actin binding sites have been
reported on cofilin, the C-terminal G/F-actin interacting do-
main (aa 109 to 141) and the F-actin binding responsible ele-
ments (aa 149 to 157) (34), but based on our findings these
domains are not directly implicated in the MLP/CFL2 inter-
action. The interaction of two different CFL2 fractions with the
inter-LIM domain of MLP suggests the presence of two inde-
pendent surfaces on CFL2 for MLP, thus raising the possibility
that two MLP molecules may interact with each CFL2.

FIG. 4. MLP regulates CFL2 F-actin depolymerization. (A) In
vitro depolymerization assays at pH 8.0 show how the presence of
various concentrations of MBP-MLP (from 0.5 �M to 2 �M) affects
GST-CFL2 F-actin depolymerization over time. (B) Calculation of the
slope of F-actin depolymerization relative to the MLP/CFL2 molecular
ratio. A maximal effect of F-actin depolymerization was seen at a 2:1
ratio (P 	 0.014, t test, two-tailed; n 	 3), while a ratio of 4:1 led to
significant suppression of CFL2 activity on F-actin (P 	 0.003, t test,
two-tailed; n 	 3) compared to results with the 1:1 ratio.

6052 PAPALOUKA ET AL. MOL. CELL. BIOL.



FIG. 5. Role of the MLP-inter-LIM domain, acidic pH, and phosphorylation in in vitro pyrene–F-actin depolymerization. (A) In vitro
depolymerization assays at pH 8.0 in the presence of MBP-MLP or MLP-inter-LIM-MBP with CFL2-GST at a ratio of 2:1. (B) Graphical
representation of the ratio of F-actin depolymerization in the presence of MLP and the MLP-inter-LIM domain alone. There was a significant
difference between the effect of the full-length protein and that of the MLP-inter-LIM domain on F-actin depolymerization activity (P 	 0.003,
t test, two-tailed; n 	 3). The MLP-inter-LIM domain is not sufficient for the regulation of CFL2-driven F-actin depolymerization. (C) Fluores-
cence experiments of F-actin depolymerization at pH 6.8 with a 2:1 ratio of recombinant MBP-MLP/GST-CFL2. The addition of MLP appeared
to restore CFL2 F-actin depolymerization activity to the same levels as those for CFL2 alone at pH 8.0. (D) Left: graphical representation of the
slope of F-actin depolymerization with or without the presence of MLP. The addition of MLP significantly increased the CFL2 effect on F-actin
depolymerization (P 	 0.003, t test, two-tailed; n 	 3). Right: graphical representation of the slope of F-actin depolymerization by comparison of
the MLP effect at different pH levels. We observed no statistically significant difference, indicating that this MLP effect is independent of the pH
(P 	 0.102, t test, two-tailed; n 	 3). (E) In vitro F-actin depolymerization assays at pH 8.0 with a 2:1 ratio of recombinant MBP-MLP and
phosphorylated GST-CFL2. (F) Graphical representation of the slope of F-actin depolymerization by comparison of phosphorylated GST-CFL2
in the presence or absence of MBP-MLP. No statistically significant changes were observed, suggesting that MLP has a limited effect on
phosphorylated CFL2 F-actin depolymerization activity (P 	 0.002, t test, two-tailed; n 	 3).
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The activity of the ADF/cofilin proteins on actin is thought
to be regulated by pH both in vitro (38, 39, 86, 87) and in living
cells (14). Most of the ADF/cofilins exhibit stronger F-actin
depolymerizing activity at alkaline pH values than in neutral to
acidic environments (1, 18, 38, 39, 87). Specifically, they tend to
bind more strongly with F-actin at pH 6.5 and with G-actin at
pH 8.0 (42, 87). Our data indicate that the MLP/CFL2 inter-
action is stronger under relatively acidic conditions than in
neutral and alkaline environments. The kinetic curve of MLP/
CFL2 complex formation for different pH levels results in a
sigmoid pattern that falls within the pKa range of histidine
(49). However, the only histidine residue in CFL2 is the con-
servative His-133, and it has been suggested by nuclear mag-
netic resonance studies of cofilin 1 that its protonation/depro-
tonation state results to three-dimensional conformation
changes of the whole protein (68). Such a conformational
change may therefore explain the pH sensitivity of the MLP/
CFL2 complex. Overall, our results reveal that MLP could bind
to either protonated or deprotonated CFL2, although this in-
teraction is much stronger with the former (Fig. 3C). There-
fore, changes of the physiological intracellular pH in the myo-
cyte could affect MLP/CFL2 binding affinity, with implications
for cardiac and skeletal muscle physiology (Fig. 8). Such
changes in pH have been observed in skeletal muscle during
acute high-intensity (66, 70) or chronic exercise (56) and in
cardiac muscle during increased contraction rates of the heart.

Phosphorylation of ADF/cofilins affects their ability to inter-
act with other proteins, such as actin (2, 62), or molecules, such
as PIP2 (34, 41). Four different kinases catalyze the phosphory-
lation of ADF/cofilins at Ser-3, namely, the LIM kinases,
LIMK1 (6, 85) and LIMK2 (53, 74), and the testis-specific
kinases TESK1 (77) and TESK2 (78). Dephosphorylation of

ADF/cofilins is caused by several phosphatases, including type
1, type 2A (5), type 2B (58), type 2C (88), Slingshot phos-
phatase (64), and the novel cofilin phosphatase, chronophin
(33). We showed that the phosphorylated CFL2 has an affinity
for MLP that is increased by approximately 40% compared to
that of the unphosphorylated form. Interestingly, since the
CFL2 phosphorylation site at Ser-3 is present within the MLP/
CFL2 interacting region, it is possible that the phosphorylation
of CFL2 could enhance its interaction with MLP through elec-
trostatic (62) or structural (34) changes. These findings unveil
at least one aspect of the clinical significance of CFL2 phos-
phorylation changes under different physiological conditions,
such as increased muscle stretch, where CFL2 phosphorylation
increases (4) (Fig. 8).

Muscle contraction is regulated mainly by intracellular cal-
cium ion (Ca2�) changes, which affect excitation-contraction
coupling (26) and the amplitude of the contractile force (12).
Our analysis showed that the MLP/CFL2 interaction is inde-
pendent of pCa alterations within the relevant physiological
levels observed during muscle contraction/relaxation (52), sug-
gesting that the MLP/CFL2 interaction could persist through-
out the (cardio)myocyte contraction/relaxation cycle.

The main molecular function of ADF/cofilin family proteins,
including CFL2, is the regulation of actin dynamics (6). Mean-
while, MLP can bind actin and has been suggested to partici-
pate in the regulation of actin cytoskeleton architecture (7),
while other members of this family, namely, CRP1 and CRP2,
have been linked with actin bundling (35, 79). The precise
mechanisms of how MLP might be implicated in these pro-
cesses have not been determined. We hypothesized that MLP,
through its interaction with CFL2, might affect actin dynamics.
For this reason, we examined F-actin depolymerization in the
presence of both CFL2 and MLP. We found that the addition
of an equal amount of MLP to CFL2 enhances the depolymer-
ization of F-actin compared to that with CFL2 alone, indicat-
ing that the MLP/CFL2 complex can directly affect the F-actin
cytoskeleton dynamics. The maximum effect of MLP on CFL2
F-actin depolymerization activity was observed at a molecular

FIG. 6. Coimmunoprecipitation experiments with mouse cardiac
homogenates. Coimmunoprecipitation was preformed with cardiac
protein extracts from wild-type and Des�/� mice, using protein A-
Sepharose beads bound to anti-CFL2 antibody. The resulting protein
complex was then analyzed by Western blotting using antibodies
against MLP. (A) MLP coprecipitated with CFL2 in wild-type and
Des�/� cardiac homogenates, although the signal was increased in the
latter. (B) Western blot experiments show increased levels of MLP but
not of CFL2 in Des�/� samples. �-Actin was used as a loading control.

FIG. 7. Three-dimensional structure model of CFL2 using the
Cn3D software program, adjusted from the nuclear magnetic reso-
nance structure of human cofilin 1 (1Q8G). The MLP-interacting
domains are depicted. (A) CFL2 aa 1 to 166 (blue). (B) CFL2 aa 1 to
55 (yellow). (C) CFL2 aa 56 to 105 (yellow). Alpha helixes are shown
in green; beta sheets are shown in brown. C-term, C-terminal; N-term,
N-terminal.

6054 PAPALOUKA ET AL. MOL. CELL. BIOL.



ratio of MLP/CFL2 equal to 2:1. This finding clarifies the
importance of having two MLP binding sites on CFL2.

Higher ratios of MLP to CFL2 appear to have a decreasing
F-actin depolymerization activity, with ratios of 3:1 returning
the activity to baseline levels (the same as that with CFL2
alone) and ratios of 4:1 leading to suppressed depolymeriza-
tion. The suppressive effects of MLP saturation on CFL2 F-
actin depolymerization could be explained by MLP multimer-
ization (16). Interestingly, MLP/MLP dimmers have been
suggested to interact with F-actin and to stabilize its formation
(7). Therefore, the development of a scaffold multimer at the
Z-disk of the sarcomere between MLP and CFL2 may promote
either depolymerization or stabilization of F-actin according to
the complex stoichiometry.

The minimal interacting domain of MLP for CFL2 (MLP-
inter-LIM) alone has no effect on CFL2-driven F-actin depo-
lymerization in vitro under optimal conditions. The need for
full-length MLP to regulate CFL2 activity suggests the involve-
ment of multiple MLP domains in the regulation of CFL2
F-actin depolymerization. Furthermore, we found that phos-
phorylation of CFL2 abolishes its activity for F-actin depoly-
merization in vitro. In contrast to results with unphosphory-
lated CFL2, the presence of MLP has only a limited effect on
phosphorylated CFL2 F-actin depolymerization activity. Inter-
estingly, the rate of F-actin depolymerization in the presence
of MLP and phosphorylated CFL2 at a 2:1 ratio was highly
similar to that of MLP and unphosphorylated CFL2 at a 4:1
ratio. This observation is consistent with the increased binding
of MLP to phosphorylated CFL2 and suggests that although
the presence of MLP overall promotes CFL2 F-actin depoly-
merization, increased binding of MLP and CFL2 reverses this
effect. Importantly, in addition to unveiling a novel molecular

aspect of (cardio)myocyte physiology, this interaction of MLP
with CFL2, its regulation by CFL2 phosphorylation and pH
levels, and its direct implication in actin dynamics shed light on
the elusive mechanisms of cardiac and skeletal muscle disease
pathogenesis.

Specifically, the histological characteristics of NM are indic-
ative of perturbations in actin dynamics which, based on our
findings, could be the outcome of MLP/CFL2 complex aber-
rations. In support of this, the recently identified, first NM
causative mutation in CFL2 involved an amino acid substitu-
tion (Ala35Thr) shown to significantly change the CFL2 con-
formation, leading to reduced stability or degradation of the
CFL2 protein (3). Furthermore, MLP overexpression, a con-
sistent finding in NM skeletal muscles (72), would also be
expected to disturb intracellular MLP/CFL2 ratios. Similarly,
MLP mutations have been associated with DCM and HCM,
which is occasionally accompanied by skeletal myopathy (9, 31,
32, 46). In these cases the myofibers display severe cytoarchi-
tectural perturbations and sarcomeric disarray, which could be
explained by the structural or stoichiometric aberrations in
MLP/CFL2 complex formation. Imbalances in this delicately
regulated system through function-altering mutations or ex-
pression changes could have deleterious consequences for the
actin cytoskeleton and myocyte function, ultimately leading to
the (cardio)myopathic phenotype (Fig. 8). Future studies will
explore the validity of this hypothesis with suitable disease
models.

The clinical importance of the MLP/CFL2 interaction in
striated muscle physiology and pathophysiology is further
emphasized by the enhancement of CFL2 F-actin depolymeriza-
tion activity at acidic pH upon MLP addition. While it is well
documented that CFL2 exhibits diminished actin depolymer-
ization activity at a pH of 
7.0 (1, 18, 38, 39, 87), our data
showed that the presence of specific MLP concentrations re-
stores the CFL2 actin depolymerization activity to its pH 8.0
levels (Fig. 5). This can be explained by the stronger interac-
tion of MLP with CFL2 under acidic conditions (Fig. 3). Re-
duced intracellular pH levels have been found in a variety of
different diseases, such as heart failure (44), cardiac isch-
emia/reperfusion (21), chronic administration of sodium/
hydrogen exchanger selective inhibitors in myocardial hy-
pertrophy (11, 20, 43), and chronic acidosis. Meanwhile,
abnormally increased pH levels have been detected in cer-
tain muscular dystrophies (e.g., Duchenne, Becker, and
myotonic) (45, 50, 75). These disease-related pH changes
would be anticipated to affect MLP/CFL2 interaction and
actin depolymerization, with direct implications for myocyte
cytoarchitecture and function (Fig. 8).

Finally, the observed effect of CFL2 phosphorylation on the
MLP/CFL2 interaction is likely to represent yet another role
for this complex in disease pathogenesis, since it can vary
considerably under different conditions. Specifically, phosphor-
ylated CFL2 is undetectable in the skeletal muscles of NM
patients (3), and LIMK2 is significantly changed in Duchenne
muscular dystrophy patients (37). CFL2 phosphorylation is
also significantly reduced in smooth muscles following expo-
sure to inflammatory mediators, such as platelet-derived
growth factor, interleukin 1�, ET1, and tumor necrosis factor
alpha (22). Of note, inflammation is a hallmark of numerous

FIG. 8. Hypothetical model of the different mechanisms through
which the MLP/CFL2 complex could contribute to the pathogenesis of
cardiac and skeletal muscle diseases. Characteristic examples of such
diseases for which mutations, expression changes, CFL2 phosphoryla-
tion, or intracellular pH level variations have been described are pre-
sented. MD, muscular dystrophy; CM, cardiomyopathy.
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types of myopathy (e.g., inflammatory myopathy) and dystro-
phy (e.g., Duchenne).

To evaluate the potential involvement of the MLP/CFL2
complex in muscle pathology, we used the Des�/� mouse
model, which presents with dilated cardiomyopathy and ulti-
mately heart failure (28). Our findings demonstrate that CFL2
protein expression levels remain unchanged while MLP is
markedly increased, similar to other myopathy models (71, 82).
Coimmunoprecipitations using the CFL2 antibody showed an
increase in the levels of the MLP/CFL2 complex, indicating
that an excess of MLP was bound to CFL2. These data suggest
a change in the MLP/CFL2 stoichiometry, potentially altering
F-actin dynamics through modification of CFL2 activity, and
implicate this novel protein complex in the Des�/� mouse
model of cardiomyopathy. Future studies will need to explore
exactly how the MLP/CFL2 complex might be affected in other
cardiomyopathies and skeletal myopathies.

In conclusion, we showed that CFL2 is a novel binding
partner of MLP. This interaction has direct implications in
F-actin depolymerization, and it could serve as one of the
underlying mechanisms maintaining actin dynamics. The stoi-
chiometry of this complex appears to be critical for its activity,
which is optimal at MLP/CFL2 ratios equal to 2:1. The discov-
ery of the MLP/CFL2 complex and its role in actin depolymer-
ization contributes to a better understanding not only of myo-
cyte molecular physiology but more importantly of the
pathogenic mechanisms involved in a range of cardiac and
skeletal muscle diseases. Perturbations in MLP/CFL2 complex
formation or stoichiometry by mutations or altered expression,
such as those we observed in the Des�/� mouse model for
cardiomyopathy, are expected to directly affect the actin cy-
toskeleton and myocyte function. Further work will explore the
possible therapeutic significance of the MLP/CFL2 interaction
in striated muscle diseases.
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