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The muscle LIM protein (MLP) is a nucleocytoplasmic shuttling protein playing important roles in the regulation of myocyte
remodeling and adaptation to hypertrophic stimuli. Missense mutations in human MLP or its ablation in transgenic mice pro-
motes cardiomyopathy and heart failure. The exact function(s) of MLP in the cytoplasmic compartment and the underlying mo-
lecular mechanisms remain largely unknown. Here, we provide evidence that MLP autonomously binds to, stabilizes, and bun-
dles actin filaments (AFs) independently of calcium and pH. Using total internal reflection fluorescence microscopy, we have
shown how MLP cross-links actin filaments into both unipolar and mixed-polarity bundles. Quantitative analysis of the actin
cytoskeleton configuration confirmed that MLP substantially promotes actin bundling in live myoblasts. In addition, bimolecu-
lar fluorescence complementation (BiFC) assays revealed MLP self-association. Remarkably, BiFC complexes mostly localize
along actin filament-rich structures, such as stress fibers and sarcomeres, supporting a functional link between MLP self-associa-
tion and actin cross-linking. Finally, we have demonstrated that MLP self-associates through its N-terminal LIM domain,
whereas it binds to AFs through its C-terminal LIM domain. Together our data support that MLP contributes to the mainte-
nance of cardiomyocyte cytoarchitecture by a mechanism involving its self-association and actin filament cross-linking.

The three vertebrate cysteine-rich proteins (CRP1, CRP2, and
CRP3, the last also known as MLP, for muscle LIM protein)

define a subset of LIM domain-containing proteins which have
been associated with a wide range of cellular processes, includ-
ing differentiation, growth, contractility, apoptosis, and motil-
ity (1–9). CRPs typically exhibit dual nuclear and cytoplasmic
localization. In the nucleus, CRPs coregulate gene expression by
interacting with transcription factors involved in myogenic differ-
entiation (1–3, 10). In the cytoplasm, they localize to actin fila-
ment (AF)-enriched structures and interact with cytoskeletal pro-
teins (11–15). Finally, a diffuse cytosolic fraction of CRPs has
repeatedly been reported. Such a diversity of localization patterns
considerably complicates the elucidation of the exact function(s)
of CRPs and of the underlying molecular mechanisms.

The skeletal and cardiac muscle-enriched MLP (1) has received
particular attention because several point mutations are associ-
ated with dilated or hypertrophic cardiomyopathy (16–21). In
addition, abnormal levels of MLP are observed in cardiomyocytes
from patients with heart failure (22, 23). In support of a direct
involvement of MLP in disease, both the ablation (knockout) of
the MLP gene and the introduction (knock-in) of a point muta-
tion relevant for human disease in mouse are sufficient to cause a
severe cardiomyopathy and heart failure phenotype, as well as
(milder) skeletal muscle pathology (24, 25). However, it remains
unclear how MLP defects lead to or increase the risk of muscle
disease.

MLP has been suggested to be part of a mechanical stress-
sensing and -signaling machinery (26). In support of that view,
MLP localizes to subcellular structures with pivotal roles in
mechanosensation and -transduction, such as the sarcomeric Z
line and the costamere (12, 18, 24, 25, 27). In addition, biome-
chanical stress has been shown to induce MLP translocation into
the nucleus (22, 28, 29), where it promotes myogenic differentia-
tion (1). Using biochemical subcellular fractionation, Boateng
and coworkers (22) provided evidence that both monomeric and

oligomeric forms of MLP are present in neonatal rat myocytes.
Interestingly, the nuclear fraction exclusively contained MLP
monomers, whereas the membrane and cytoskeleton fractions
contained MLP di- and oligomers. Although their biological sig-
nificance remains unclear, MLP di/oligomers are likely relevant to
pathogenesis, as indicated by their substantial reduction in failing
human hearts.

In the cytoplasm, CRPs were initially suggested to function as a
scaffold protein that interacts with AFs only indirectly through the
intermediate of its cytoskeletal partners (11, 13–15). However,
evidence has been provided that the two other CRP family mem-
bers, namely, CRP1 and CRP2, can bind to AFs in a direct manner
(30–32). In addition, CRP1 was shown to promote actin bundle
formation in both in vitro biochemical assays and live cell experi-
ments (32, 33). Ma and coworkers (34) recently established that
CRP1 functions in filopodium formation and dendritic growth in
neurons. Remarkably, a truncated version of CRP1 containing the
actin-bundling domain was sufficient to increase the number of
filopodia and neuritic branches as efficiently as the full-length
protein, supporting that the bundling activity of CRP1 is biologi-
cally relevant. Another recent study by Clark and Kadrmas (35)
has concluded that the Drosophila melanogaster Mlp84B protein, a
LIM protein highly related to vertebrate MLP, likely contributes to
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muscle integrity through direct stabilization of AFs at their sites of
anchorage.

Here, we addressed the question of whether and how human
MLP directly regulates actin cytoskeleton organization and dy-
namics. Using a series of in vitro biochemical assays and live cell
approaches, we have shown that MLP functions as a direct actin-
binding protein that stabilizes and cross-links AFs into bundles.
The increase in actin bundling induced by MLP expression in
C2C12 myoblasts was evaluated by a quantitative method initially
applied to plant cells (36). The formation of MLP-induced actin
bundles was followed in real time by total internal reflection flu-
orescence (TIRF) microscopy (TIRFM), allowing bundle polarity
characterization. Since several cross-linkers require dimerization
to achieve the bivalent conformation necessary to cross-link AFs,
MLP self-association was examined in intact living cells. BiFC
analyses revealed that in the cytoplasm, MLP mainly self-associ-
ates along F-actin-rich structures, such as stress fibers and Z disks
of myofibrils. Using a deletion mutant approach, we established
that the N-terminal LIM domain of MLP is required for protein
self-association but is dispensable for binding to AFs. In contrast,
the C-terminal LIM domain is crucial for the direct interaction
between MLP and actin filaments. In light of these and previously
published data, we propose that MLP contributes to the cross-
linking and anchoring of AFs at specific regions in the myocyte
and that a dysfunction in the direct actin regulatory activities of
MLP might be at the origin of heart disease.

MATERIALS AND METHODS
Plasmids and cloning. The list of PCR primers, restriction enzymes, and
vectors used in this study are listed in Table S1 in the supplemental ma-
terial. The vectors used for the expression of Arabidopsis PLIM2c in bac-
teria and YFP-ABD2 in plant cells were described in our previous articles
(37, 38).

Cell culture and transfection. Mouse myogenic C2C12 cells were cul-
tured and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml),
and streptomycin (0.1 mg/ml) at 37°C in a humidified atmosphere con-
taining 5% CO2. Mouse cardiac muscle HL-1 cells were cultured on a
fibronectin-gelatin substrate in Claycomb medium (39) (Sigma) supple-
mented with 10% FBS, norepinephrine (0.1 mM), L-glutamine (2 mM),
penicillin (100 U/ml), and streptomycin (0.1 mg/ml). Cells were plated on
coverslips and transfected in 6-well plates with 2 �g DNA diluted in 500 �l
of Opti-MEM (or Claycomb medium for HL-1 cells) containing 5 �l (8 �l
for HL-1 cells) of Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions. Forty hours after transfection, cells were trans-
ferred to Leibowitz medium for live cell imaging or fixed for staining. Cell
suspensions of Nicotiana tabacum L. cv. Bright Yellow-2 (BY2) were cul-
tured in the dark at 27°C on a rotary shaker (130 rpm) and subcultured
weekly by 1:10 dilution. Biolistic transformation of BY2 cells with 5 �g
plasmid encoding MLP fused at the C terminus or N terminus to GFP
(MLP-GFP or GFP-MLP, respectively) or yellow fluorescent protein-
tagged fABD2 (YFP-fABD2) was performed as described in our previous
article (38). Fourteen hours after transformation, BY2 cells were labeled
with rhodamine phalloidin in PME buffer [50 mM piperazine-N,N=-
bis(2-ethanesulfonic acid) (PIPES) (pH 6.9), 20 mM MgCl2, 50 mM
EGTA, 5% dimethyl sulfoxide (DMSO), and 0.03% NP-40] and subjected
to confocal microscopy.

Expression and purification of recombinant proteins. Recombinant
glutathione S-transferase (GST)-fused MLP and MLP variants, including
MLP�LIM1, MLP�LIM2, LIM1, and LIM2 (see Fig. S3 in the supplemen-
tal material), were expressed in Escherichia coli Rosetta2 (EMD Millipore)
and purified using glutathione-agarose resin (Pierce) according to the
manufacturer’s instructions. Using thrombin (GE Healthcare), GST was

cleaved off, while recombinant proteins were still bound to the resin.
Recombinant 6-His-tagged CFL2 and PLIM2c were expressed in E. coli
M15(pREP4) and purified under denaturing conditions using nickel-ni-
trilotriacetic acid (Ni-NTA) resin (Qiagen) according to manufacturer’s
instructions. Human fascin was kindly provided D. R. Kovar (40), and
CFL1 was purchased from Cytoskeleton. Recombinant proteins were buf-
fer exchanged using 10,000-molecular-weight-cutoff (MWCO) dialysis
cassettes (Pierce) against 10 mM Tris (pH 6.9), 50 mM NaCl, and 1 mM
dithiothreitol (DTT). For MLP and PLIM2c, dialysis buffer was supple-
mented with 50 �M ZnCl2 and with 50 �M ZnCl2 and 2 M urea, respec-
tively. Prior to any experiment, proteins were preclarified at 100,000 � g
during 30 min at 4°C and checked for correct molecular weight by SDS-
PAGE, and their concentrations were determined by Bradford assay (Bio-
Rad) using bovine serum albumin (BSA) as a standard.

Actin high- and low-speed cosedimentation assays. A 4 �M concen-
tration of rabbit muscle actin (�99% pure; Cytoskeleton) was copoly-
merized with various amounts of recombinant MLP, MLP variants, or
PLIM2c (the concentrations are given in the figures) for 1 h at 25°C in 5
mM Tris-HCl (pH 7.0), 0.2 mM CaCl2, 50 mM KCl, 2 mM MgCl2, 0.5
mM DTT, and 0.2 mM ATP. After polymerization, samples were centri-
fuged either at 100,000 � g in an Optima TLX ultracentrifuge (Beckman)
for high-speed cosedimentation or at 12,000 � g for low-speed cosedi-
mentation during 30 min at 4°C. The resulting pellets and supernatants
were analyzed by SDS-PAGE and Coomassie brilliant blue R staining (Sig-
ma-Aldrich). The respective amounts of MLP (high-speed cosedimenta-
tion) or actin (low-speed cosedimentation) were quantified by densitom-
etry using the ImageJ software program (National Institutes of Health).
The dissociation constant (Kd) and MLP-to-actin ratio at saturation were
calculated using data from three independent high-speed cosedimenta-
tion experiments by fitting the data of bound MLP versus free MLP to a
hyperbolic function using the SigmaPlot v10 software program (Systat
Software). Low-speed cosedimentation assays were conducted both un-
der the above-described standard conditions and with additional combi-
nations of free [Ca2�] (0.01 �M and 300 �M) and pH (6.2, 6.8, and 7.4)
conditions. Free [Ca2�] and pH were adjusted to the desired value using
morpholineethanesulfonic acid (MES), PIPES, Tris, EGTA, and/or CaCl2
according to Table S2 in the supplemental material. The results from three
independent experiments were expressed as percentages of pelleted actin.
To determine the nature of the higher-order AF structures induced by
MLP, a sample aliquot was stained with Alexa Fluor 488 phalloidin (4 �M;
Invitrogen) and subjected to fluorescence microscopy.

Actin polymerization and depolymerization assays. Following 30
min of preclarification at 100,000 � g, pyrene-labeled actin monomers
(2.5 �M, 10% pyrene labeled; Cytoskeleton) in G buffer (2 mM Tris, pH
8.0, 0.2 mM CaCl2, 0.4 mM DTT, and 0.2 mM ATP) were induced to
polymerize by addition of a 1/10th volume of 10� F buffer (500 mM KCl,
20 mM MgCl2, and 10 mM ATP) in the absence or in the presence of MLP
(1.25 to 5 �M). The increase in pyrene fluorescence due to actin polymer-
ization was recorded over 800 s using a PTI QM-4 QuantaMaster flu-
orimeter (excitation, 350 nm; emission, 407 nm; BRS). In actin depo-
lymerization assays, pyrene-labeled actin (4 �M, 30% pyrene labeled)
was copolymerized with increasing concentrations of MLP (0 to 10 �M)
in F buffer. Depolymerization was induced by diluting samples to a final
actin concentration of 0.2 �M in G buffer, and the subsequent decrease in
pyrene fluorescence was recorded over 200 s. Experiments were con-
ducted both under the above-described standard conditions and with
additional combinations of free [Ca2�] (0.01 �M and 300 �M) and pH
(6.2, 6.8, and 7.4) conditions. Free [Ca2�] and pH were adjusted to the
desired value using MES, PIPES, Tris, EGTA, and/or CaCl2 according to
Table S2 in the supplemental material. When appropriate, dilution buffer
was supplemented with 2 �M CFL1 (Cytoskeleton) or CFL2.

Cellular imaging. Confocal microscopy images were captured using a
Zeiss LSM510 Meta laser scanning confocal microscope equipped with
a �63/1.4-numerical-aperture (NA) oil immersion Plan Apochromat ob-
jective in multitrack mode. Cerulean, GFP and Alexa Fluor 488, and Ve-

Hoffmann et al.

3054 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


nus, respectively, were excited with a 458-nm, 488-nm, and 514-nm line
of an argon laser; emitted light was collected with band-pass (BP) filters
with widths of 470 to 500 nm, 505 to 550 nm, and 530 to 600 nm, respec-
tively. Rhodamine phalloidin, Acti-stain 555 phalloidin, and Alexa Fluor
568 were excited using the 543-nm helium neon laser line, and emitted
light was collected by a 560- to 615-nm BP filter. Acti-stain 670 and Alexa
Fluor 633 were excited with the 633-nm helium neon laser line, and emit-
ted light was collected by a 650-nm long-pass filter.

C2C12 cells were fixed for 20 min at 25°C with 3% formaldehyde
(Agar Scientific) in phosphate-buffered saline (PBS) and permeabilized
for 10 min with 0.5% Triton X-100 (Sigma) in PBS. The actin cytoskeleton
was labeled with Acti-stain 555 or 670 phalloidin (Cytoskeleton). One-
micrometer-thick optical sections through the nucleus or containing
stress fibers were acquired. For three-dimensional (3D) pictures, stacks of
0.4-�m optical sections were generated and, if necessary, processed for
deconvolution using Huygens essential software (SVI, Netherlands) to
enhance the signal-to-noise ratio. For immunostaining, cells were labeled
with primary antibodies (including anti-CRP3/MLP clone A-5 [Santa
Cruz], antihemagglutinin [anti-HA] clone HA-7 [Sigma], anti-Myc [Ab-
cam], and anti-sarcomeric �-actinin [Sigma]) in 0.5% BSA and subse-
quently labeled with secondary antibodies from the Alexa series (GAM-
488, GAM-633, GAM-568, and GAR-568; Molecular Probes). Following
washing, cells were mounted in Citifluor (Agar Scientific) on coverslips,
sealed with nail polish, and examined by confocal microscopy.

BiFC. C2C12 or HL-1 cells were cotransfected with 2 �g of each bi-
molecular fluorescence complementation (BiFC) pair construct and 2 �g
pFlag-Cerulean (transfection control) and prepared for cell imaging as
previously described. For BiFC quantitative analyses, epifluorescence im-
ages were captured using a monochromatic camera (AxioCam HRm;
Zeiss) with a combination of two filters for cyan and yellow fluoro-
chromes (filter set 51, excitation, 458/10; BP 485/30; and filter set 53,
excitation, 514/10; BP 575/50). Acquisition time was set to 25 ms for
Cerulean and 800 ms for Venus. The BiFC efficiency of each BiFC pair
tested was determined by quantifying fluorescence intensity in the Venus
channel and normalization to the Cerulean signal. Data correspond to 3
independent experiments, including 50 cells each, and are expressed as the
means of BiFC efficiency. Since the number of averaged measurements
was higher than 100, the mean values were compared by t test using the
R/Bioconductor software program. In addition, a corresponding box
plot was generated to show the distribution of individual BiFC effi-
ciency values.

Skewness analyses. C2C12 cells transfected with vectors allowing the
expression of MLP-GFP, GFP only (control), or untagged MLP or with an
empty vector (control) were stained with Acti-stain 555 phalloidin (Cy-
toskeleton). To control its expression and localization, untagged MLP was
immunolocalized using a mouse anti-CRP3/MLP monoclonal antibody
and an Alexa Fluor 488 – goat anti-mouse secondary antibody. Fluores-
cent-phalloidin-labeled actin stress fibers were imaged by confocal mi-
croscopy using optimized (to avoid signal saturation) and identical set-
tings for all analyzed cells. The skewness of signal intensity distribution of
AF pixels in a 13- by 13-�m region of interest (ROI) was calculated using
the software plug-in Kbi_Filter2d (ThinLine), developed by Higaki and
coworkers (36) (available at http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi
/HigStomata). Three independent experiments, including at least 20 mea-
surements, were conducted for each transfection condition (n � 60). The
normality of skewness values was validated by the Shapiro-Wilk test (41).
Skewness average values were compared by t test, and a box plot was
generated to show the distribution of skewness values using the R/Biocon-
ductor software program.

For in vitro-reconstituted bundling assays conducted with MLP vari-
ants (see Fig. 7D and E), skewness average values were calculated from two
independent experiments, each including at least 50 total internal reflec-
tion fluorescence microscopy (TIRFM) images acquired 40 min after the
loading of the copolymerization mixture in the visualization chamber (see
“TIRFM,” below, for details).

Dual-labeling fluorescence microscopy assays. To determine AF rel-
ative orientation in MLP-induced bundles, we used a dual-labeling fluo-
rescence assay similar to that described by Harris and coworkers (42). In
brief, 1 �M actin was polymerized for 10 min in the presence of 3 �M
MLP or 250 nM fascin in F buffer. Samples were subsequently labeled for
5 min with 1 �M Alexa Fluor 488-phalloidin (Molecular Probes), washed
in F buffer to remove unbound fluorescent phalloidin, and centrifuged at
55,000 � g for 5 min to concentrate MLP-induced bundles. Elongation
was resumed for an additional 15-min period in F buffer and in the pres-
ence of 1 �M actin monomer, 4 �M profilin, 3 �M MLP (or 250 nM
fascin), and Alexa Fluor 568-phalloidin (Molecular Probes). Finally, bun-
dles were diluted in 2 volumes of F buffer supplemented with 100 mM
DTT, 0.5% methylcellulose, 20 �g/ml catalase, 100 �g/ml glucose oxi-
dase, and 15 mM glucose, mounted on poly-L-lysine-coated slides, and
imaged by confocal microscopy. Two independent experiments including
25 bundles each were performed.

TIRFM. Actin polymerization and bundle assembly were analyzed by
TIRFM using a Zeiss Axiovert 200M inverted microscope equipped with
a �100/1.46-NA Alpha Plan-Apochromat TIRF objective. A 1:1 mixture
of cold and Alexa Fluor 488-labeled actin (1 �M; Invitrogen) with 3 �M
MLP or 250 nM fascin was prepared in fluorescence buffer (100 mM DTT,
0.5% methylcellulose, 20 �g/ml catalase, 100 �g/ml glucose oxidase, and
15 mM glucose) supplemented with 1� standard polymerization F buffer
(50 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 10 mM imidazole, pH 7.0),
flowed into a visualization chamber coated with 2.5 nM N-ethylmaleim-
ide (NEM)–myosin (43), and immediately imaged. An excitation ray (488
nm) was provided by an argon laser, and emission light was collected with a
525/50 BP filter. Time-lapse images were acquired at 5-s intervals over 25 min
with a Zeiss Axiocam HRm camera. Typical exposure time was 700 ms with a
5% laser filter. Images were analyzed using the ImageJ software program.
When necessary, xy drift during time-lapse acquisition was corrected using
the TurboReg plug-in (http://bigwww.epfl.ch/thevenaz/turboreg/). Kymo-
graphs were built along actin bundles using the MultiKymograph plug-in
(http://www.embl.de/eamnet/html/body_kymograph.html).

RESULTS
MLP binds to, stabilizes, and cross-links actin filaments inde-
pendently of calcium and pH. The ability of human MLP to di-
rectly bind to AFs and modify AF organization and dynamics was
assessed in a series of in vitro assays. It is worth noting that the GST
tag used to purify bacterially expressed MLP was cleaved off before
subsequent analyses in order to exclude any potential artifacts due
to GST dimerization. In binding (high-speed cosedimentation)
assays, increasing amounts of MLP were incubated with polymer-
ized AFs from rabbit skeletal muscle and subsequently centrifuged
at 100,000 � g. The resulting pellet and supernatant fractions were
analyzed by SDS-PAGE. As shown in Fig. 1A, MLP accumulated in
the pellet together with AFs (two lower panels), whereas it mostly
remained in the supernatant in the absence of AFs (two upper
panels). From three independent experiments, we calculated an
apparent equilibrium dissociation constant (Kd) of 1.18 � 0.27
�M and an MLP-to-actin ratio at saturation of 1.56 � 0.22 (Fig.
1B). Similar data were obtained using other commercially avail-
able sources of actin, including chicken gizzard smooth muscle,
human platelet nonmuscle, and bovine cardiac muscle actin (Cy-
toskeleton), indicating that MLP has no selectivity for actin iso-
forms (data not shown).

Pyrene-actin assays revealed that MLP does not modify the rate
of actin polymerization (see Fig. S4A in the supplemental mate-
rial). In contrast, MLP stabilized AFs against dilution-mediated
depolymerization in a concentration-dependent manner (Fig.
1C). Full AF stabilization occurred at MLP/actin molar ratios of
�1:1. Since MLP was recently shown to colocalize with cofilin 2
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(CFL2) at the sarcomeric Z line of human striated muscles and to
directly interact with CFL2 in vitro (44), additional pyrene-actin
depolymerization assays were conducted in the presence of CFL1
or CFL2. Results indicate that MLP strongly reduces the ability of
CFL1 and CFL2 to enhance actin depolymerization, supporting
that MLP protects AF from depolymerization (see Fig. S4B and C).
In contrast to the findings of Papalouka et al. (44), who reported
that at specific MLP/cofilin ratios MLP enhances CFL2 depo-
lymerizing activity, our data support that CFL2 and MLP have
opposite effects on AF dynamics irrespective of their relative con-
centrations.

Low-speed cosedimentation assays revealed that MLP pro-
motes the formation of higher-order actin structures that sedi-
ment at 12,000 � g (Fig. 1D and E). Fluorescence microscopy
identified these structures as bundles of AFs, indicating that MLP
functions as an actin-bundling protein in vitro (Fig. 1F).

Calcium concentration and pH play critical roles and can un-
dergo significant fluctuations during muscle activity. Since both
factors regulate the activities of many actin-binding proteins, we
investigated whether they influence MLP activity. To do so, we
conducted pyrene-actin depolymerization assays using diverse

combinations of free [Ca2�] (0.01 �M and 300 �M) and pH (6.2,
6.8, and 7.4). The data indicate that MLP stabilizes AFs with very
similar efficacies under all conditions tested (see Fig. S5A in the
supplemental material). In contrast, the stabilizing activity of a
plant-related LIM protein that was previously shown to respond
to calcium and pH, namely, Arabidopsis AtPLIM2c (37), was se-
verely downregulated upon an increase of [Ca2�] and/or pH (see
Fig. S5B). Consistent with these data, MLP induced low-speed AF
sedimentation irrespective of [Ca2�] and pH conditions, whereas
AtPLIM2c was active only at low [Ca2�] and pH (see Fig. S5C and
D, respectively). In conclusion, MLP displays AF-binding, -stabi-
lizing, and -bundling activities, and these activities are not directly
regulated by calcium and pH.

MLP-GFP associates with the actin cytoskeleton and pro-
motes actin bundling in diverse cell types. The actin regulatory
activities of MLP were first investigated with undifferentiated
C2C12 skeletal myoblasts in which endogenous MLP is not ex-
pressed (1). C2C12 cells were transiently transfected with a con-
struct encoding MLP fused at its C terminus to GFP (MLP-GFP).
As shown by F-actin colabeling (Acti-stain 555 phalloidin), MLP
localized mainly along actin stress fibers (Fig. 2A to C). Diffuse

FIG 1 MLP directly binds to, stabilizes, and bundles actin filaments. (A) High-speed cosedimentation assay. After centrifugation at 100,000 � g, MLP
accumulates in the pellet fraction in the presence of actin filaments (4 �M; two lower gel panels) but not in the absence of AFs (two upper gel panels). (B)
Apparent equilibrium dissociation constant (Kd) determined from the high-speed cosedimentation experiments shown in panel A. The amount of MLP present
in the pellet and the supernatant was quantified, and the concentration of F-actin-bound protein was plotted against the concentration of free protein.
Experimental data were fitted with a hyperbolic function from which Kd and maximal binding capacity (Bmax) values were deduced. (C) Depolymerization assay.
Pyrene-labeled actin filaments (4 �M) were copolymerized with increasing amounts of MLP (0 to 10 �M) and induced to depolymerize by a 10-fold dilution.
Initial fluorescence was set to 1. (D) Low-speed cosedimentation assay. After centrifugation at 12,000 � g, actin filaments (4 �M) sediment in an MLP
concentration-dependent manner (0.25 to 10 �M). (E) Quantification of three independent experiments as shown in panel D. Results are expressed as the
percentages of total actin in the pellet as a function of MLP concentration (error bars indicate SD; n 	 3). (F) Direct visualization of actin bundles induced by MLP
after Alexa Fluor 488 –phalloidin staining. Bar 	 10 �m.
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cytoplasmic and nuclear fluorescent signals were also observed in
most transfected cells. Similar data were obtained when GFP was
fused to the N-terminal extremity of MLP (data not shown). No-
ticeably, MLP-GFP-expressing cells exhibited thicker actin stress
fibers than the surrounding nontransfected cells (Fig. 2B). Such an
observation is consistent with the above-characterized MLP actin-
bundling activity. However, the interpretation of cellular data is
complicated by the presence of MLP cytoskeletal partners that can
potentially mask/interfere with the direct effects of MLP on the
actin cytoskeleton. To address this question, we ectopically ex-
pressed GFP-fused MLP in plant cells. Noticeably, mammalian
and plant actins are highly conserved, with more than 90% amino
acid identity, and there is no equivalent to the main cytoskeletal
partners of MLP, including �-actinin, zyxin, and telethonin (T-
CAP), in plant genome/proteome databases. Accordingly, plant
cells represent a useful experimental system for confirming the
autonomous actin-binding and -bundling activities of human
MLP. As shown in Fig. S6A to D in the supplemental material,
MLP-GFP decorated the actin cytoskeleton of tobacco BY2 cells.
Similar results were obtained with an N-terminally fused GFP
construct (GFP-MLP) (see Fig. S6E). In contrast, GFP alone ex-
hibited only a diffuse cytosolic distribution (data not shown). Re-
markably, MLP-labeled bundles (see Fig. S6D and E) were sub-
stantially thicker than those labeled with the fimbrin-derived
fusion protein YFP-fABD2 (see Fig. S6F), a reliable actin marker

widely used in plants (45). These data therefore support that MLP
binds to AFs and promotes actin bundling independently of its
cytoskeletal partners.

To confirm MLP actin-bundling activity in C2C12 cells by a
quantitative and statistically relevant method, MLP-GFP- and
“GFP only”-expressing cells (control) were labeled with Acti-stain
555 phalloidin and subjected to confocal microscopy analysis us-
ing identical acquisition parameters. Thick optical sections com-
prising stress fibers on their whole thickness were skeletonized,
and the skewness of the red fluorescence intensity distribution (a
reliable indicator of actin bundling) was calculated, following the
procedure described by Higaki and coworkers (36). As shown in
Fig. 2D to G and L, MLP-GFP increased the skewness value by a
factor 2 compared to results with GFP alone, confirming the pre-
viously noticed increase of stress fiber thickness. Importantly, a
similar shift of skewness was induced by an untagged version of
MLP (Fig. 2H to L).

Endogenous MLP is expressed predominantly in differentiated
cardiac muscle cells (1). We thus extended the above data by ex-
pressing MLP-GFP in the HL-1 cardiac muscle cell line developed
by Claycomb and coworkers (39, 46). This cell line was shown to
retain a differentiated cardiac phenotype as well as the ability to
spontaneously beat. Beside its diffuse cytoplasmic distribution,
MLP-GFP decorated sarcomeric structures and colocalized with
AFs (Fig. 3A to C). In addition, MLP-GFP colocalized with �-ac-

FIG 2 MLP promotes actin bundling in C2C12 cells. (A) Subcellular distribution of MLP-GFP in transfected C2C12 cells. (B) Actin cytoskeleton organization
(as visualized by Acti-stain 555 phalloidin staining) in the MLP-GFP-expressing cell shown in panel A and in the surrounding, nontransfected cells. Arrowheads
indicate very thick actin stress fibers in the MLP-GFP-expressing cell. (C) Merged image of panels A and B. (D to K) Examples of ROI (13 by 13 �m) used for
skewness measurements in Acti-stain 555 phalloidin-stained cells transfected with GFP only (D and F), MLP-GFP (E and G), empty vector (H and J), or untagged
MLP (I and K). Both the green (D, E, H, and I) and the red (F, G, J, and K) channels are shown. For empty vector- and untagged MLP-transfected cells, MLP was
immunolocalized using an anti-MLP antibody (H and I). (L) The left chart shows the skewness average calculated for each transfection condition from three
independent experiments (n � 60). Error bars denote 95% confidence intervals. Some t test P values are indicated. The right chart shows the corresponding box
plot depicting the distribution of skewness values. Bars 	 20 �m (A to C) or 4 �m (D to K).
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tinin in nascent myofibrils (Fig. 3D to G), an observation that is
well consistent with the previously reported localization of endog-
enous MLP at the Z line of muscle cells (18, 24, 44, 47). In support
of MLP also functioning as an actin cross-linker/stabilizer in dif-
ferentiated muscle cells/tissues, MLP-GFP-expressing HL-1 cells
frequently exhibited more prominent actin-based structures than
the surrounding nontransfected cells (Fig. 3B).

MLP cross-links actin filaments in unipolar and mixed-po-
larity bundles. To characterize the properties of MLP-induced
bundles, AFs were polymerized in the presence of MLP and im-
aged by real-time total internal reflection fluorescence (TIRF) mi-
croscopy. In the course of their polymerization, AFs assembled
into long and thick bundles resembling those produced by the
bundling protein fascin (Fig. 4A to C; see also Movie S7 in the
supplemental material). However, the bundles induced by MLP
(Fig. 4B) had a wavier appearance and formed more reticulated
networks than those induced by fascin (Fig. 4C), suggesting mech-
anistic differences between the two actin-bundling proteins. We
then investigated how MLP-induced bundles assemble and grow.
Most frequently, the elongating extremity of one filament con-
tacted the side of another filament or bundle and continued to
grow while remaining associated with this filament/bundle (Fig.
4D; see also Movie S8). In some other cases, the two filaments/
bundles fused over a long distance by a zippering mechanism (Fig.
4E; see also Movie S9) that has previously been described for other
cross-linking proteins, including villins (48) and one plant formin
(49).

The relative orientation of AFs within MLP-induced bundles
was determined by following the fast-growing barbed end of indi-
vidual AFs. Some MLP-induced bundles exclusively contained
AFs of identical polarity (Fig. 4F and H; see also Movie S10 in the
supplemental material), whereas others contained AFs of opposite
polarities (Fig. 4G and I; see also Movie S10). This strikingly con-
trasted with bundles induced by fascin, which exclusively exhib-
ited AFs elongating in the same direction (data not shown). The
polarity of MLP- and fascin-induced bundles was further analyzed
in a dual-fluorescence microscopy assay (42). AFs were copoly-
merized with MLP or fascin, and the resulting bundles were sta-
bilized and stained with Alexa Fluor 488 phalloidin (green). Then,
polymerization was resumed by the addition of profilin-bound
actin monomers (1 �M actin and 4 �M profilin). Under such
conditions, the elongation at the AF pointed end was strongly
reduced, whereas barbed ends could efficiently polymerize. Alexa
Fluor 568 phalloidin (red) was used to label the newly grown sec-
tions of AFs. In good agreement with TIRFM data, about 50% of
MLP-induced bundles resumed growth at both extremities (Fig.
4J to L), whereas the remaining 50% exclusively reelongated at
only one extremity (Fig. 4M to O). In contrast, the vast majority
(�90%) of fascin-induced bundles reelongated at only one ex-
tremity (Fig. 4P to R). In conclusion, MLP exhibits no intrinsic
selectivity for AF polarity and, contrary to the case with fascin, can
promote the formation of mixed-polarity bundles.

MLP self-associates along the filamentous actin cytoskele-
ton. Some AF cross-linkers, e.g., �-actinin, require dimerization

FIG 3 MLP localizes to sarcomeric structures in HL-1 cardiac muscle cells. (A) Subcellular distribution of MLP-GFP in transfected HL-1 cells. (B) Actin
cytoskeleton organization in the MLP-GFP-expressing cell shown in panel A and in the surrounding, nontransfected cells. (C) Merged image of panels A and B.
(D to G) Colocalization of MLP and alpha-actinin in nascent myofibrils. Actin cytoskeleton (E) or immunolocalized sarcomeric �-actinin (F) in one MLP-GFP-
expressing HL-1 cell (D) is shown. The corresponding merged image is shown in panel G. Bars 	 10 �m.
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to cross-link AFs. Using subcellular fractionation followed by
Western blotting under nondenaturing conditions, Boateng and
coworkers (22) have previously reported the presence of endoge-
nous MLP di- and oligomers in membrane and cytoskeletal frac-

tions of myocytes. Interestingly, MLP was detected mostly as a
monomer in the nuclear fraction. From these data and the here-
characterized MLP actin-binding and -bundling activities, we an-
ticipated that MLP self-associates along the filamentous actin cy-

FIG 4 MLP-induced actin bundling in reconstituted assays. (A to C) Actin filament network after 18 min of polymerization of 1 �M actin alone (A) or with 3 �M MLP
(B) or 250 nM fascin (C). (D and E) Typical examples of actin bundling induced by MLP. (F and G) Typical examples of unipolar (F) or mixed-polarity (G) bundles
induced by MLP. (H and I) Ten-minute kymographs corresponding to the bundles shown in panels F and G, respectively. (J to R) Dual-fluorescence labeling assays
showing that MLP induces both mixed-polarity (J to L) and unipolar (M to O) bundles, whereas fascin exclusively induces unipolar bundles (P to R). Arrows indicate
the newly grown actin bundle sections (in red) after addition of profilin-bound actin monomers (1 �M actin, 4 �M profilin) and Alexa Fluor 568-phalloidin staining.
Arrowheads in panels D and F to I indicate the fast-growing end of actin filaments. Bars 	 10 �m (A to C), 5 �m (D), 3 �m (E and F), or 2 �m (J to R).
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toskeleton to promote actin bundling. However, the precise
subcellular distribution of MLP complexes in individual, intact
and living cells has not been reported so far. To do so, we con-
ducted bimolecular fluorescence complementation (BiFC) exper-
iments (50). Plasmid vectors encoding MLP fused by its C termi-
nus to N-terminal or C-terminal fragments of the fast-maturing
YFP variant Venus (MLP-VN155 and MLP-VC155, respectively)
were cotransfected in myogenic C2C12 cells. A third plasmid, en-
coding the fluorescent protein Cerulean (51), was used as a trans-
fection control. It is noteworthy that we used an improved version
of Venus containing the I152L mutation, which was recently
shown to dramatically reduce self-assembly between the Venus N-
and C-terminal fragments and to increase the signal-to-noise ratio
of the BiFC assay (52). Western blotting using an anti-human
MLP antibody confirmed the expression of the BiFC constructs
with the expected molecular weights and with similar levels (data
not shown). Confocal microscopy analyses revealed that Cerule-
an-expressing cells exhibited strong Venus fluorescence, indicat-
ing the formation of BiFC complexes (Fig. 5A to D). Remarkably,

cells exhibited a prominent BiFC signal along their actin stress
fibers (Fig. 5A and I to L), whereas the fluorescence was much
weaker in the rest of the cytoplasm and the nuclear compartment
(Fig. 5C). This contrasted with the substantial diffuse signal ob-
served in the cytosol and nucleus of control cells expressing MLP
fused to full-length Venus (MLP-Venus) (Fig. 5E to H). The pres-
ence of MLP BiFC complexes along actin stress fibers was con-
firmed using combinations of N-terminally and C-terminally
fused Venus fragments (VN155-MLP and MLP-VC155; MLP-
VN155 and VC155-MLP) or exclusively N-terminally fused Ve-
nus fragments (VN155-MLP and VC155-MLP; see Fig. S11 in the
supplemental material). We noticed, however, that compared to
the sharp and strong actin cytoskeleton decoration observed with
the C-terminally fused MLP BiFC pair, most cells exhibited overall
lower fluorescence intensity. In addition, they showed nonnegli-
gible cytosolic and nuclear fractions of fluorescence. Nevertheless,
the BiFC signal was always highest along stress fibers, supporting
that MLP complexes preferentially form and/or localize along the
actin cytoskeleton. MLP self-association was confirmed in differ-

FIG 5 MLP BiFC complexes localize along the actin cytoskeleton. (A and C) Typical BiFC signal in actin stress fiber-containing (A) or nucleus-containing (C)
optical sections of C2C12 cells following cotransfection with Cerulean and BiFC vectors encoding MLP fused via its C terminus to N-terminal (MLP-VN) and
C-terminal (MLP-VC) fragments of Venus, respectively. (E and G) Typical localization of full-length Venus-fused MLP (MLP-Venus) in actin stress fiber-
containing (E) or nucleus-containing (G) optical sections of C2C12 cells. (B, D, F, and H) Cerulean signal (used as a transfection and expression-level control)
in the cell regions shown in panels A, C, E, and G, respectively. Note that panels A to D and E to H were acquired using identical acquisition settings. (I to L)
Colocalization of MLP BiFC complexes with the actin cytoskeleton following Acti-stain 670 phalloidin staining. (K) Merged image of panels I and K. (L) Cerulean
transfection control. n, nucleus. Bars 	 10 �m.
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entiated cardiac muscle HL-1 cells (see Fig. S12A and B in the
supplemental material). As seen in C2C12 cells, the BiFC signal
concentrated mostly on AF-containing structures, including
those labeled by �-actinin (see Fig. S12E to H).

MLP self-associates via its N-terminal LIM domain. Since
LIM domains function primarily as protein interaction domains
(11, 53), we evaluated their role in MLP self-association and bun-
dling activity. We generated additional BiFC vectors allowing the
expression of MLP mutants lacking either the first LIM domain
(LIM1), the second LIM domain (LIM2), or a section of the C-ter-
minal domain (Ct) (control) fused to the Venus C-terminal frag-
ment (MLP�LIM1-VC155, MLP�LIM2-VC155, and MLP�Ct-
VC155, respectively; see Fig. S3 in the supplemental material).
Each of these vectors was coexpressed in C2C12 cells with the
complementary full-length MLP BiFC construct (MLP-VN155)
and Cerulean (to normalize the transfection and protein expres-
sion levels; Fig. 6A to D). Both Venus and Cerulean signals were
quantified, and the BiFC efficiency (Venus-to-Cerulean ratio) for
each BiFC pair was calculated and compared to the BiFC efficiency
obtained for the reference BiFC pair MLP-VN155/MLP-VC155
(Fig. 6F). From three independent experiments, we determined a
BiFC efficiency of 0.96 � 0.09 for the reference BiFC pair. In
striking contrast, the MLP-VN155/MLP�LIM1-VC155 pair gen-
erated a BiFC efficiency of only 0.21 � 0.04 (Fig. 6B and F). More-
over, when LIM1 was deleted from both complementary BiFC
constructs (i.e., MLP�LIM1-VN155/MLP�LIM1-VC155), Ve-
nus complementation was virtually abolished, with a BiFC effi-
ciency of 0.05 � 0.01 (Fig. 6F). As exemplified in Fig. 6E, the
expression of complementary BiFC constructs was systematically
controlled using immunocytochemistry. We therefore concluded
that LIM1 plays a critical role in MLP self-association. No sub-
stantial modification in BiFC efficiency was noticed for the control
BiFC pair MLP�Ct-VC155/MLP-VN155 (1.11 � 0.16), support-
ing that the C-terminal domain is dispensable for MLP self-inter-
action (Fig. 6D and F). Interestingly, we observed a moderate yet
significant reduction in BiFC efficiency (0.74 � 0.09) for the BiFC
pair MLP�LIM2-VC155/MLP-VN155 (Fig. 6C and F). Although
the BiFC efficiency further decreased when LIM2 was deleted
from both complementary BiFC constructs (i.e., MLP�LIM1-
VN155/MLP�LIM1-VC155), it remained much higher (about
8-fold) than the value calculated for the LIM1-deleted BiFC pair
(i.e., 0.39 � 0.07 versus 0.05 � 0.01, respectively). In conclusion,
MLP self-association is driven mainly by LIM1, whereas LIM2 has
only a facilitating/enhancing role. Importantly, the prominent
role of LIM1 in MLP self-association was validated in cardiac mus-
cle HL-1 myocytes (see Fig. S12C and D).

MLP actin-bundling activity relies on both N- and C-termi-
nal LIM domains. Contrary to the case with MLP�LIM1 and
MLP�Ct, MLP�LIM2 failed to decorate the actin cytoskeleton in
C2C12 cells (Fig. 6G to I). Thus, the moderate yet significant re-
duction in BiFC efficiency calculated for the BiFC pair MLP-
VN155/MLP�LIM2-VC155 (Fig. 6C and E) likely reflects that,
contrary to the case with MLP, MLP�LIM2 does not bind to the
actin cytoskeleton, lowering the efficiency of BiFC complex
formation at this location. In other terms, this suggests that AFs
facilitate MLP self-association by bringing MLP monomers in
close proximity (via LIM2-AF interaction) and thereby pro-
moting their association (via LIM1-LIM1 interaction). It re-
mained uncertain, however, if LIM2 functions as an intrinsic and
direct actin-binding domain. To address this question, we

conducted high-speed cosedimentation analyses with both
MLP�LIM1 and MLP�LIM2. Contrary to the case of
MLP�LIM1, which retained substantial actin-binding activity
(Fig. 7A), MLP�LIM2 was unable to bind to and sediment with
AFs (Fig. 7B). Surprisingly, used as single domains, neither LIM1
nor LIM2 could bind to AFs (Fig. 7C). Thus, although MLP binds
directly to AFs via LIM2, the latter domain is not sufficient to
trigger autonomous actin-binding activity. Consistent with the
above data, MLP�LIM2 was unable to induce the formation of
actin bundles (Fig. 7D and E). More interestingly, MLP�LIM1
could promote actin bundling, although with a strongly reduced
efficiency compared to that of full-length MLP (Fig. 7D). Accord-
ingly, using quantitative analyses, we calculated a skewness aver-
age value for MLP�LIM1 which was �50% lower than the one
obtained for full-length MLP (Fig. 7E). Noticeably, the bundles
induced by MLP�LIM1 were qualitatively dissimilar from those
induced by full-length MLP, with a thinner and wavier appearance
(Fig. 7D). We thus conclude that both LIM2 (actin-binding) and
LIM1 (self-association) are required for MLP actin-bundling ac-
tivity.

DISCUSSION

Based on its localization to various sarcomeric structures and its
ability to shuttle to the nucleus in response to mechanical stress
(22, 28, 29), MLP has been proposed to serve as a stress sensor and
signaling molecule between myocyte compartments (26). Collec-
tively, our data point to an additional role for MLP in the main-
tenance of cell cytoarchitecture, through direct regulation of actin
cytoskeleton organization and dynamics. Indeed, we found that,
like its relatives CRP1 and CRP2 (30, 32), MLP binds directly to
AFs in vitro without the requirement of any other protein. In ad-
dition, it autonomously cross-links AFs into bundles and protects
them from dilution- and cofilin-mediated depolymerization.
Consistent with its intrinsic activities, MLP decorates the actin
cytoskeleton and significantly increases the cellular actin-bun-
dling level when transfected into C2C12 and HL-1 cells.

Supporting that MLP contributes to the maintenance of mus-
cle cell integrity through an actin-based mechanism, endogenous
MLP has repeatedly been localized at critical mechanical elements
where AFs are anchored and cross-linked, including the Z disk and
costamere (12, 18, 22, 24, 25, 27, 54). Moreover, the functional
and structural cardiac alterations observed in mouse after MLP
gene ablation (1, 18, 55) or substitution (knock-in) by a mutated
version carrying a missense mutation (10T ¡ C; W4R) identified
in human patients with cardiomyopathy and heart failure (25) are
reminiscent of a deficiency in AF cross-links, e.g., increased com-
pliance, impaired resistance to mechanical stress, irregular cardi-
omyocyte shape, and disorganization of myofibrils. At the Z disk,
AFs from adjoining sarcomeres are assumed to be primarily cross-
linked by homodimers of �-actinin, the most abundant Z-disk
component (56). However, a recent study has suggested that the
MLP-related Drosophila protein Mlp84B has a function similar
and complementary to that of �-actinin in muscle stabilization
through the cross-linking of AFs at the Z-disk and muscle-mem-
brane attachment sites (35). Although the biochemical activity of
Mlp84B has not been directly assessed, the forced accumulation of
Mlp84 in muscle nuclei induced the formation of actin cables
independently of �-actinin, supporting that, like human MLP,
Mlp84 is an autonomous AF-bundling protein. Interestingly,
MLP and �-actinin physically interact (13, 35), and cardiomyo-
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cyte-associated mutations have been shown to disrupt their inter-
action (19, 57), pointing to a close functional link. Beside the
colocalization of MLP and �-actinin in HL-1 cells (Fig. 3D to G;
see also Fig. S12E to H in the supplemental material), our data
point to additional and striking similarities between both proteins
supporting that they coregulate AF stability. First, like cardiac
�-actinin (58), MLP cross-links AFs irrespective of calcium con-
centration. This lack of calcium responsiveness is consistent with

their (putative) role of AF stabilizers/cross-linkers during muscle
activity. Second, contrary to selective AF cross-linkers, like fascin,
which promote the formation of unipolar bundles (40, 59–61),
both MLP and �-actinin (60, 62, 63) are able to generate mixed-
polarity bundles. It is therefore conceivable that they cooperate at
the Z disk to cross-link antiparallel AFs coming from adjoining
sarcomeres.

Using subcellular fractionation followed by nonreducing

FIG 6 MLP self-association mainly relies on the N-terminal LIM domain. (A to D) Typical BiFC signal (right panels, yellow) in C2C12 cells transfected with the
following BiFC pairs: MLP-VN plus MLP-VC (A), MLP-VN plus MLP�LIM1-VC (B), MLP-VN plus MLP�LIM2-VC (C) and MLP-VN plus MLP�Ct-VC (D).
The left panels (blue) show Cerulean signals (used as transfection and expression-level controls for quantitative analyses). (E) Immunolocalization of MLP-VN
(using anti-c-Myc antibodies) and MLP�LIM1-VC (using anti-HA antibodies) in cotransfected C2C12 cells. Note that both BiFC constructs decorate actin stress
fibers (see the “Merge” panel). (F) BiFC efficiency (Venus/Cerulean) average calculated from three independent experiments (n � 125) using the BiFC pairs
shown in panels A to D and the two additional BiFC pairs MLP�LIM1-VN plus MLP�LIM1-VC and MLP�LIM2-VN plus MLP�LIM2-VC. Error bars denote
95% confidence intervals. Some t test P values are indicated. The inset shows a box plot depicting the distribution of the BiFC efficiency values calculated for each
BiFC pair. (G to I) Typical subcellular distribution of full-length Venus-fused MLP�LIM1 (G), MLP�LIM2 (H), or MLP�Ct (I) in transfected C2C12 cells. Note
that only MLP�LIM2-Venus exhibits no AF colocalization. Bars 	 20 �m.
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Western analysis, Boateng and coworkers (22) previously estab-
lished that endogenous MLP self-associates in the cytoplasm,
while it remains mostly monomeric in the nuclear compartment.
However, the roles of MLP complexes are not clear. Based on our
data, we propose that one of these roles is the cross-linking/stabi-
lization of AFs. First, our BiFC data indicate that MLP complexes
preferentially localize along actin-rich structures, supporting the
link between MLP self-association and the actin cytoskeleton pre-
viously suggested by Boateng’s biochemical analyses (22). Second,
we found that the deletion of MLP C-terminal LIM domain
(LIM2) is sufficient to abolish the interaction between MLP and
AFs both in live cells and in reconstituted assays. This strongly
suggests that LIM2 is the main actin-binding interface of MLP,
which in turn implies that MLP has to self-associate in order to
reach the bi-/multivalent conformation required to cross-link
AFs. It is noteworthy, however, that a LIM2-only peptide (which
includes the glycine-rich region following LIM2) (see Fig. S3 in the
supplemental material) was unable to bind to AFs in high-speed

cosedimentation assays, indicating that LIM2 is sufficient for an
actin-binding domain. In further support of a link between MLP
self-association and actin-bundling activity, our biochemical data
indicate that under saturating conditions, MLP-induced bundles
contained �1.5 molecule of MLP of per actin subunit.

The finding that the N-terminal LIM domain (LIM1) plays a
critical role in MLP self-association suggests a model in which
MLP self-associates via its N-terminal LIM domain and cross-
links AFs via interacting C-terminal LIM (LIM2) domains. Inter-
estingly, some of our data suggest that the actin cytoskeleton fa-
cilitates MLP self-association to some extent. First, and as
previously stated, the highest BiFC signals are detected along actin
stress fibers, whereas lower signals are detected in the cytosol and
the nucleus. Second, the deletion of LIM2 (i.e., the domain that
interacts with AFs) induces a moderate but statistically significant
reduction of BiFC, indicating that fewer MLP complexes are
formed when the protein is not bound to AFs. The fact that the
deletion of LIM1 was sufficient to abrogate Venus complementa-

FIG 7 C-terminal LIM domain is necessary for actin-binding activity, and both N- and C-terminal LIM domains are required for optimal actin-bundling
activity. (A to C) High-speed cosedimentation assays conducted with 4 �M AFs and MLP�LIM1 (A), MLP�LIM2 (B), or the individual LIM domains LIM1 and
LIM2 (C). Note that although LIM2 is required for MLP actin-binding activity (B), it does not bind to AFs as an isolated domain (C). The upper gel panels show
control experiments for each protein conducted in the absence of AFs. (D) Direct visualization using TIRFM of AFs (1 �M) alone or in the presence of MLP,
MLP�LIM1, or MLP�LIM2 (3 �M). Bar 	 10 �m. (E) Quantitative analysis of the actin-bundling activity of MLP, MLP�LIM1 or MLP�LIM2 using the
skewness parameter. The left chart shows the skewness average calculated for each transfection condition from at least two independent experiments (n � 85).
Error bars denote 95% confidence intervals. Skewness average values and some t test P values are indicated. The right chart shows the corresponding box plot
depicting the distribution of skewness values.
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tion in BiFC assays indicates that LIM2 does not trigger MLP
dimerization per se. Therefore, LIM2 likely acts as a facilitator of
MLP self-association by locally increasing the concentration of
MLP monomers along AF-rich structures.

In conclusion, the present study strongly supports the view
that, in addition to its signaling functions, MLP plays a structural
role through the cross-linking of AFs. So far, the mechanism(s) by
which point mutations identified in human MLP contributes to
heart disease remains unclear. In light of our data, it is highly
conceivable that (some of) these mutations affect the ability of
MLP to self-associate and/or to cross-link AFs. This hypothesis
should be tested in future studies.
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