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Abstract
Laing distal myopathy (MPD1) is a genetically dominant myopathy characterized by early and
selective weakness of the distal muscles. Mutations in the MYH7 gene encoding for the β-myosin
heavy chain are the underlying genetic cause of MPD1. However, their pathogenic mechanisms
are currently unknown. Here we measure the biological effects of the R1500P and L1706P MPD1
mutations in different cellular systems. We show that, while the two mutations inhibit myosin self-
assembly in non-muscle cells, they do not prevent incorporation of the mutant myosin into
sarcomeres. Nevertheless, we find that the L1706P mutation affects proper anti-parallel myosin
association by accumulating in the bare zone of the sarcomere. Furthermore, bimolecular
fluorescence complementation assay (BiFC) shows that the alpha-helix containing the R1500P
mutation folds into homodimeric (mutant/mutant) and heterodimeric (mutant/WT) myosin
molecules that are competent for sarcomere incorporation. Both mutations also form aggregates
consisting of cytoplasmic vacuoles surrounding paracrystalline arrays, and amorphous rod-like
inclusions that sequester WT myosin. Myosin aggregates were also detected in transgenic
nematodes expressing the R1500P mutation. By showing that the two MPD1 mutations can have
dominant effects on distinct components of the contractile apparatus, our data provide the first
insights into the pathogenesis of the disease.
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Introduction
Laing distal myopathy (MPD1) is an autosomal dominant disease characterized by initial
weakness of the lower leg anterior compartment that affects ankle and great toe
dorsiflexion.1,2 Although distal weakness is often noted in the first five years of life and
with time progresses to the proximal muscles without impacting life expectancy, the onset of
disease can range from birth to adulthood.3 Histological findings are often variable and
include a change in muscle fiber size with type I hypotrophy, co-expression of slow and fast
myosins, core/minicore structures, mitochondrial abnormalities, and mild necrosis and
regeneration.3,4 Recently, a study on a large cluster of MPD1 patients has shown that the
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severity of the disease has also wide variance: patients can be asymptomatic, mildly disabled
or wheelchair-confined.3

All the mutations associated with MPD1 have been mapped to the MYH7 gene that encodes
the muscle motor β-myosin heavy chain (MyHC), the primary myosin isoform expressed in
the human heart and in type I skeletal muscle fibers. Like other members of the sarcomeric
MyHC family, β-myosin is a hexameric molecule consisting of a pair of heavy chains and
two pairs of non-identical light chains (MLC). Whereas dimerization of two heavy chains
into a parallel coiled-coil rod promotes myosin assembly into thick filaments, interaction
between actin filaments and the two N-terminal motor domains of the molecule generates
force and movement.5 Ten MPD1 mutations occur in the light meromyosin (LMM) domain
corresponding to the C-terminal third of the myosin rod;6-9 two mutations showing MPD1-
like clinical and biopsy findings were also identified in the myosin motor domain.10,11

Surprisingly, despite the high level of β-myosin expression in the heart, only a minority of
patients with MPD1 rod mutations has detectable signs of cardiomyopathy.3,8,10-12

The mutations in the rod mainly consist of codon deletions or missense mutations that
introduce proline residues,6-9 but more recently, charge reversals (Glu→Lys) have also been
identified.8 The first two genetic defects are predicted to negatively impact the proper
folding and assembly of myosin coiled-coil structure. Amino acid deletions potentially
affect folding and stability of coiled-coils by changing the configuration of apolar and
charged residues along of the heptad repeat, the well defined 7-residue periodic pattern
(abcdefg)n that characterizes the typical coiled-coil structure.13 The presence of proline
residues in the middle of a coiled-coil generally introduces a kink of the α-helix axis that
results in structural deformations.14

We have recently begun the biochemical characterization of several rod mutations
associated with cardiomyopathy as well as distal myopathies and demonstrated that the
MPD1 amino acid substitution R1500P alters the thermodynamic stability and filament
forming properties of LMM in vitro.15 In an effort to broaden our insights into the
mechanisms of MPD1 pathogenesis, we have expressed myosin proteins bearing the
R1500P and L1706P missense mutations6 in cells and nematode-based systems, and
evaluated their molecular effects on myosin assembly and muscle function. For phenotypic
comparison, we have also analyzed the R1500W mutation that causes dilated
cardiomyophaty (DCM) without distal myopathy.16 The data presented here indicate that
muscle activity could be impaired by the incorporation of homo and heterodimeric mutant
myosin molecules into the sarcomere, and by their mislocalization in the bare zone of the
thick filament. Additionally, the detection of mutant cytoplasmic aggregates suggests a
potential toxic effect on muscle cell physiology.

Results
We and others have previously shown that sarcomeric MyHC expressed in non-muscle cells
can self-assemble into spindle-shaped periodic structures consisting of bundles of myosin
filaments.17,18 We have also shown that MyHC mutations linked to familial hypertrophic
cardiomyopathy (HCM) can interfere with the formation of these spindles.19 Since the
absence of other sarcomeric proteins in non-muscle cells allows us to ascribe mutation
phenotypes directly to MyHC assembly properties, we first analyzed the effects of MPD1
MyHC rod mutations in COS-7 cells. We expressed N-terminally tagged GFP or mCherry
wild type (WT) and mutant MyHC rods, which do not require specific muscle chaperones
but can fold spontaneously.20 After transient transfection, the morphology and cytoplasmic
distribution of the fluorescently-tagged rods were examined by confocal microscopy. While
the WT rod forms long filaments distributed through the cytoplasm (Figure 1A, WT), the

Buvoli et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2013 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mutant R1500P rod, carrying the mutation in the f position of the heptad repeat, fails to form
organized assemblies, and localizes in discrete foci where it forms dense aggregates (Figure
1A, R1500P). This is a new cellular phenotype not previously observed in truncated rod
mutants showing instead a diffuse pattern of distribution.21

The R1500W mutation that causes only dilated cardiomyopathy (DCM) and shows distinct
thermodynamic and structural properties compared to the R1500P mutation,15 does not
appreciably affect myosin filament formation (Figure 1A, R1500W). The other MPD1
proline mutation (L1706P), located in the a position of the heptad repeat, also forms foci as
observed for the R1500P mutant. However, these myosin aggregates contain small filaments
not detected with the R1500P mutation (Figure 1A, L1706P). These two proline
substitutions analyzed are dominant heterozygous mutations; therefore, the mutated myosin
interferes, directly or indirectly, with the function of the WT allele. To dissect these
molecular events, we co-expressed the mCherry-tagged WT myosin with the GFP mutant
constructs, and asked whether the WT would co-aggregate with the mutant or improve its
phenotype. Virtually all the cells transfected with the WT constructs show good co-
localization of the two tagged myosins in the cytoplasmic assemblies (Figure 1B, WT,
Merge panels). Although aggregates containing both tagged proteins were detected in the
majority of cells co-expressing GFP-R1500P and mCherry-WT, filamentous-like structures
consisting of mutant and WT myosins were also present in a small percentage of cells
(Figure 1B, R1500P, Merge panels). While the R1500W DCM mutation does not impair co-
assembly of the mutant with the WT myosin, (Figure 1B, R1500W, WT, Merge panels), the
presence of the mCherry-WT myosin substantially improves the cellular phenotype linked to
the other MPD1 mutation (Figure 1B, L1706P, Merge panels).

We next examined the behavior of the mutants in a more physiologically relevant context by
transfecting the C2C12 mouse muscle cell line. Consistent with the phenotype observed in
COS-7 cells, we found that the R1500P and L1706P mutations induce myosin aggregates in
myoblasts (Figure 2, D0). However, 14 days after differentiation, both mutants were
efficiently incorporated into myotube thick filaments (Figure 2, D14). Intriguingly, the bare
zone, corresponding to the central part of the thick filament where myosin molecules are
arranged in a bipolar array, was not clearly visible in cells expressing the L1706P myosin,
indicating potential accumulation/mislocalization of the mutant in proximity of the M band
(Figure 2, D14, red arrow). In order to examine muscle sarcomeres at higher resolution,22

we transfected the WT and mutant tagged constructs in neonatal rat ventricular myocytes
(NRVMs) which have more highly ordered myofibrils. This approach confirmed and
extended the results obtained in C2C12. Proper and homogeneous incorporation of both GFP
and mCherry-tagged WT myosin rods in the ~ 1.6 μm long thick filaments (A-bands) was
observed with good discrimination of the thin actin filaments (I-band) and the bare zone (H-
band) (Figure 3A, WT panels). Furthermore, exclusion of fluorescence from the H-band
indicates that the N-terminal tags are spatially located close to the endogenous myosin heads
and out of the bare zone. The two WT proteins also fully co-localize as judged by the
merged images (Figure 3A, Merge, and HMV (High Magnification View) panels) and by the
quantitative Linescan analysis plotting the intensity profile of each fluorophore along the
sarcomere topology (Figure 3A, Linescan panel). An evaluation of the three GFP-myosin
mutants reveals appropriate distribution along the A-band and good co-localization with the
mCherry-WT myosin for all constructs (Figure 3A, R1500P, R1500W, L1706P, Merge,
HMV, and Linescan panels). However, as previously observed in C2C12, the fluorescence
signal of the L1706P myosin was detected in the center of the bare zone with no effect on
the proper distribution of the mCherry-tagged WT myosin (Figure 3A, L1706P, Merge,
HMV and Linescan panels). Although scoring of NRVMs transfected with WT and mutant
myosins did not unveil any disruptive effect of the mutants on thick filament formation and
organization (Figure 3B) we found protein aggregates in a small percentage (< than 10%) of
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cells transfected with either of the two proline substitutions. Figure 4A depicts the aggregate
phenotype observed for the R1500P construct. The mutant myosin is incorporated into the
sarcomeres, but we found also cytoplasmic aggregates that partially sequester the mCherry-
WT myosin. Significantly, aggregates were never observed with the WT or the R1500W
tagged myosins in either C2C12 or NRVMs.

To investigate the ultrastructural nature of the aggregates, we performed correlative light-
electron microscopy on single transfected cardiomyocytes. Transfected NRVMs were plated
on gridded coverslips and cells showing fluorescent myosin aggregates were located (Figure
4B, top panels) and subjected to electron microscopy (EM) high-resolution analysis. In
agreement with the fluorescence light microscopy data, EM imaging shows good sarcomeric
organization with no signs of myofibrillar disarray in every cell examined (Figure 4B,
middle panels). However, this analysis also reveals two distinct sarcoplasmic aggregate
structures: amorphous matrix containing disorganized rod shaped formations, and crystalline
arrays of protein inside vacuoles (Figure 4B, bottom panels). Consistently, the biopsy of a
patient carrying the L1706P mutation also showed sarcoplasmic inclusion bodies, rod bands,
and autophagic vacuoles.4

To study in more detail the molecular basis of the disease, we assessed by bimolecular
fluorescence complementation assay (BiFC)23 whether the R1500P mutant rod can form
homodimers (mut/mut) and/or heterodimers (mut/WT) in vivo, and how these coiled-coil
combinations affect assembly and incorporation of myosin into the sarcomere. GFP was
split into two non-fluorescent fragments and each of them was fused through 2-4 nm long
linkers to the N-terminal end of WT and mutant MyHC rods (since the axial spacing
between adjacent levels of myosin heads in thick filaments is 14.3 nm, these linkers are too
short to promote BiFC between neighboring coiled-coils). Formation of homo or
heterodimeric coiled-coil myosin molecules that promote reconstitution of fluorescence by
bringing the two GFP fragments into proximity was then monitored by confocal microscopy.

Transfection of different combinations of split GFP constructs into COS-7 cells reveals that
the R1500P mutation does not prevent the coiling of homo and hetero α-helices; although
the homodimers do not assemble into spindle-like structures, the heterodimers assemble
relatively well (Figure 5, COS-7, A and B panels). Thus as previously shown (Figure 1B,
R1500P, Merge), in non-muscle cells the presence of the WT myosin molecule improves the
R1500P phenotype by assisting the incorporation of the mutant in heterodimeric coiled-coils
(Figure 5, COS-7, B panel). In contrast, the BiFC assay carried out in cardiomyocytes shows
that the R1500P mutant can be found in the sarcomeres as homodimers as well as
heterodimers (Figure 5, NRVMs, C and D panels).

To further examine and quantify the effects of proline mutations on sarcomere mechanics,
we carried out a set of genetic analyses on Caenorhabditis elegans, a platform successfully
used to study the influence of mutations located in the myosin motor domain,24 to model
Muscular Dystrophy,25 and Spinal Muscular Atrophy.26 The body wall muscle cells of C.
elegans contain two myosin isoforms: MHC A assembles in an antiparallel organization
with paramyosin and several other proteins to form the bare zone; MHC B is the major
myosin isoform, and fills the arms of the thick filament (A-band) by packing in a parallel
manner.27 MHC B null animals (lacking expression of the unc-54 gene) have disorganized
body wall musculature, reduced number of thick filaments28 and display a slow phenotype
as larvae, progressing to severe paralysis as they become adults. Since microinjection of the
unc-54 gene into the null worm rescues muscle function,29 the pathological effects of
mutations on the contractile apparatus can be quantified by monitoring sarcomere
morphology and nematode locomotion. After finding that the rod elements predicted to be
important for myosin assembly (amino acid sequence, ~28 residues periodicity, and charge
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profile) share high levels of conservation between vertebrate and MHC B myosins (Figure
S1), we generated transgenic nematodes by microinjecting in the null unc-54 background the
WT and mutant MHC B expressing the proline/tryptophan mutations in the corresponding
residues of the unc-54 rod. To insure proper level of expression and prevent tissue
mislocalization, transgene transcription was controlled by the endogeous unc-54 promoter.
To evaluate muscle cell distribution and homogenous myosin expression, rescuing proteins
were tagged at the N-terminus with GFP, a configuration that does not affect myosin motor
activity or filament formation.22,30 Although fluorescent images of transgenic nematodes
showed correct localization of WT and all mutant myosins into the A-band of the myofibrils
of body wall muscles, nematodes expressing the R1500P mutations sometimes also exhibit,
as previously detected in the cellular assays, myosin aggregates (Figure 6A). The effect of
mutations on worm motility was then assessed by analyzing the level of rescue of the
compromised sinusoidal movement observed in the unc-54 null (Figure 6B, wild type and
unc-54 null). Phenotypic comparison of the tracks imprinted on agar plates by transgenic
nematodes expressing WT and mutant MHC B, show equivalent rescue of the alternate
contraction of the dorsal and ventral body muscles that is associated with normal body
movement (Figure 6B, unc-54, R1500P*, R1500W*, L1706P*). We furthermore quantified
the effects of proline mutations on locomotion by measuring the distance traveled by the
nematodes over a 20 minute time-frame (Figure 6C). Deficiency of MHC B distinctly
compromises the motility of the unc-54 null worms that averaged only 18% of the distance
covered by the WT animals (2 versus 11 cm). Partial rescue of the paralyzed phenotype,
comparable to the functional levels previously reported,24,29,31 was obtained after
microinjection and expression of the unc-54 gene, as well as of the myosin mutant
constructs carrying both proline and tryptophan mutations. Moreover, we did not observe a
negative impact of the mutations on sarcomere function during physiological aging (worm
strains with extended lifespan were not analyzed, since longevity mutations activate the
expression of chaperones that delay the onset of diseases characterized by protein
aggregation32).

Thus, in the nematode null system, parallel thick filament formation and muscle force
generation are not affected by the presence of the MD1 mutations or, as in the case of the
R1500P, by the presence of myosin aggregates.

Discussion
It has been proposed that the R1500P and L1706P mutations could affect the incorporation
of myosin in the thick filament by hindering the formation of the coiled-coil domain of the
molecule.6 In fact, proline residues are known to destabilize and distort α-helical strands by
their inability to form hydrogen bonds and by their steric hindrance.33 Moreover, proline
substitutions have been predicted to cause short and long-range disruptive changes in the
secondary structure of keratin.34-35 Although the proper folding of the rod is probably
affected by the two proline mutations studied, the data presented in Figure 3B showing the
percentage of transfected cardiomyocytes having organized sarcomeres containing GFP-
myosin, indicate that all the mutants studied are incorporated into thick filaments as
efficiently as the wild type myosin. However, it is likely that thick filaments containing the
MPD1 mutants could be subjected to pathological instability and turn over. In fact, we have
previously shown that paracrystals formed by the R1500P mutant are less stable than those
formed with WT protein.15 Additionally, detection of sarcomeric R1500P homodimers,
predicted to cause a more severe structural and biochemical phenotype, and heterodimers
perturbing myosin mechanical performance, suggests that their relative percentage in the
thick filaments could also modulate the degree of mechanical impairment.
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Our sarcomere analysis suggests that the N-terminal GFP tag of the L1706P mutant could be
mislocalized in the sarcomere bare zone. This finding indicates that this mutation perturbs
myosin anti-parallel-more than parallel-association. In COS-7 cells both R1500P and
L1706P mutant aggregate and fail to self-organize into ordered myosin filaments that
require the presence of antiparallel- and parallel-packed rods. Their phenotype improves
however, in the presence of the WT myosin, and is suppressed in C. elegans unc-54 null,
where the bare zone is formed by paramyosin and MHC A, and the MHC B mutants
assemble only in a parallel fashion. Sequence analysis of the myosin hydrophobic core
residues of the rod domain, shows the presence of amino acid clusters (3 or more residues)
that can both stabilize or destabilize the coiled-coil structure;36 as expected, leucine, that has
ideal hydrophobic and packing properties, is the predominant residue found in the stabilizing
clusters. Interestingly, the L1706P mutation produces a new cluster of destabilizing amino
acids (thr, arg, ala, pro, thr) that could alter myosin assembly by modifying the structure and
flexibility of the rod as well as its ability to undergo conformational changes. Based on their
localization, the R1500P and L1706P mutations should not directly interfere with the
mapped interactions between the myosin rod and M-band proteins (myosin residues
1505-1673),37 myosin-binding protein-C (myosin residues 1554-1581),38 and titin (myosin
residues 1815-1831),39 as previously proposed.6 The L1706P mutation could however affect
the interaction between myosin and Myomasp/LRRC39, a novel sarcomeric component
predicted to anchor myosin to the M band.40 Thus, by disrupting the protein scaffold
ensuring proper myosin M-band localization,41 the L1706P mutation could cause myosin
rod misalignment.

There are no well-defined morphological hallmarks for MPD1 that is mainly characterized
by variation in muscle fiber diameter, a likely switch from type I to type II fiber and mild
muscular necrosis. Our data provide evidence that both R1500P and L1706P mutations
induce myosin cytoplasmic aggregation. By sequestering wild type and mutant proteins in
the cytoplasm, the mutations could cause disruption of the sarcomere structure and/or cause
haploinsufficiency over time. Accordingly, detailed ultrastructural analysis of another
MDP1 mutation (K1729del) has shown multiple areas of myofibrillar disorganization with
Z-band streaming, and sarcomere disruption.3

Considering that β-myosin is the main molecular motor in the human heart, it remains
unclear why MPD1 mutations are rarely associated with a cardiomyopathy. We have
observed that the percentage of cells with aggregates is much higher in C2C12 cells than in
NRVMs (data not shown). This finding may simply be caused by expression of the mutants
in myoblasts before activation of muscle differentiation, or it may indicate that the skeletal
muscle milieu is less tolerant of mutant MyHC misfolding or accelerated turn over. It would
be interesting to determine whether the levels of chaperones that control myosin
incorporation into thick filaments, or autophagy activity that is responsible for myosin
degradation,42 are lower in skeletal muscle. The absence of a functional phenotype in the C.
elegans motily assay, may suggest that the rhythmic contractile activity of the nematode
muscle cells is more similar to the cardiomyocytes muscle properties. Interestingly,
mathematical modeling of the nematode sinusoid motion pattern suggests the existence of a
pacemaker or Central Pattern Generator (CPG) controlling the rhythmic activity of the body
muscle cells.43

Failure to detect sarcomere disarray suggests that our assays have timing limitations and can
expose only the initial stages of the disease characterized by the absence of a manifest
muscular impairment. In fact, the two patients carrying the R1500P and L1706P mutations
developed weakness of ankle dorsiflexion, and bilateral foot drop 4 and 5 years after birth
respectively.6 Lack of aggregates in cells or nematodes expressing the R1500W mutation,
identified in a DCM patient showing the first cardiac symptoms at the age of 55,16 also
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suggests that myosin cytoplasmic accumulation could be accountable for the early onset
seen in patients carrying the R1500P and L1706P mutations.

The recent characterization of rod mutations that introduce the charge reversal Glu → Lys
causing both cardiomyopathy and distal myopathy,8 indicates that the clinical outputs of
MPD1 are modulated by the kind of amino acid replacements and the different cellular
environments and physiological demands of the two muscle compartments. Thus, each
group of MPD1 mutations probably acts through distinctive and complex pathological
mechanisms. Nevertheless, our findings provide for the first time, novel insights into the
role of a subset of MPD1 mutations affecting muscle function.

Materials and Methods
DNA constructs

EGFP and mCherry myosin rod constructs were generated by fusing each reporter gene at
amino acid 841 of the rat α-cardiac myosin (accession number: X15938). The myosin rod
was amplified from the pMT21α High-Fidelity DNA Polymerase (Bio-Rad) and cloned into
plasmid pEGFP-C2 (Clontech) as EGFP carboxy-terminal fusion. The mCherry tagged
myosin construct was obtained by replacing the EGFP gene. The myosin EGFP mutant
constructs R1500P, R1500W and L1706P were generated by inverse PCR. C. elegans
constructs used for microinjection were obtained by fusing EGFP to the amino terminus of
the unc-54 gene cloned in the expression vector pPD5-41 (gift from Andrew Fire). The
human rod mutations were introduced in the corresponding C. elegans residues (R1500P/
W=R1512P/W; L1706P=A1718P) by inverse PCR. All cloning strategies and
oligonucleotide sequences are reported in the Supplemental Material.

Cell culture and transfection
COS-7 cells (ATCC # CRL-1651) grown in DMEM (Dulbecco’s Modified Eagle’s
Medium) High Glucose (Gibco) supplemented with 10% Fetal Bovine Serum were plated on
glass coverslips, or on 35 mm glass bottom dishes (MatTek) for the BiFC assay. Cells were
transfected with 1 μg of DNA using TransIT-LT1 reagent (Mirrus) according to the
manufacturer’s instructions. Coverslips were fixed in 4% paraformaldehyde for 15 minutes
at room temperature, washed three times in PBS, then mounted with Vectashield (Vector
Laboratories). Neonatal rat ventricular myocytes (NRVMs) were prepared from Sprague-
Dawley neonatal rat hearts as previously described.44 Isolated cells (~2.5×106) were
transfected with Rat Cardiomyocyte-Neonatal Nucleofector Kit (Lonza) with 2 μg of
Endotoxin Free DNA according to the manufacturer’s protocol, and plated on 1% gelatin
coated glass coverslips, or on 35 mm glass bottom dishes (MatTek) for the BiFC assay. 18 h
post-transfection cells were washed with PBS and incubated in MEM TI-BSA supplemented
with 15 μM L-Phenylephrine. After 48 h, glass coverslips were washed, fixed and mounted
as previously described. Fixed and live cells were then analyzed by confocal microscopy.
Scoring of transfected NRVMs was carried out 96 h after transfection: cells lacking the
classical organized sarcomeric pattern were counted as non-striated while cells containing
well defined myofibrils (either aligned or misaligned) were counted as striated. For this
analysis, coverslips were directly applied onto the cells after plates were washed with PBS.
Three independent transfection experiments were performed and about 1300 cells were
scored per constructs in each experiment.

Bimolecular Fluorescence Complementation (BiFC) assay
Sequences corresponding to EGFP residues 1-157 (NGFP) and 158-230 (CGFP) were fused
to the WT and R1500P mutant myosin rod (residue 841) using the GGSGSGSS linker for
connecting the NGFP fragment and the SEASGTSSGTSSTSSGI linker for connecting the
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CGFP fragment. Cells were transfected with different construct combinations and imaged by
confocal microscopy 24 h (COS-7) or 48 h (NRVMs) later.

General C. elegans methods
The wild-type strain N2 and the MHC B null strain CB190, which carries the unc-54 (e190)
mutation, were maintained as described.45 Transgenic worms expressing the unc-54 gene
and the relative mutants were generated by standard procedures.46 For rescue experiments
GFP-tagged myosin constructs were microinjected at 40 μg/ml in the distal gonad arms.
Transgenic animals were identified by GFP expression in the body wall muscles using the
Leica MZ 16 F fluorescence stereomicroscope.

C. elegans motility assay
60 mm NGM plates were equilibrated at room temperature, layered with 1 ml of an
overnight culture of E.coli strain OP50, dried at room temperature, and used within 3 h 47.
Single young adult worms (average length = .85 mm; 20 worms for each construct) were
transferred on the center of the assay plates and allowed to crawl for 20 min at 25° C. After
worm removal, plates were photographed with a Moticam 2000 CCD camera (Motic
Instruments) connected to a Leica MZ6 stereo microscope and the total distance covered by
each worm was computed with ImageJ, after individual images were merged into a single
panorama using Photoshop.

Confocal microscopy
Cells and C. elegans body wall muscles were analyzed with a Nikon Eclipse TE 2000-U
microscope coupled with an electron-multiplying charge-coupled device camera (Cascade
II; Photometrics) and a Yokogawa spinning disc confocal system (CSU-Xm2; Nikon).
Images were taken with a 60x Nikon Plan Apo VC NA 1.4 and 100x Nikon Plan Apo VC
NA 1.4 oil objectives. MetaMorph software was used for image acquisition and image
analysis.

Correlative light-electron microscopy
Correlative light-electron microscopy was carried out as previously described.48

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The R1500P and L1706P mutations alter the formation of myosin ordered structures in
COS-7 cells. COS-7 cells were transfected with GFP-tagged myosin rod constructs as
indicated. 12 h later, cells were imaged by confocal microscopy. While micrographs of cells
transfected with GFP-tagged constructs alone (WT, R1500P, R1500W, L1706) are shown in
Panel A, co-transfections with mCherry-tagged WT myosin rod are shown in Panel B. Bar,
10 μm.
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Figure 2.
Analysis of mutants in C2C12 cells. Cells transfected with the WT and mutant GFP-tagged
myosin rod constructs as depicted, were imaged 24 h (D0) or 14 days (D14) after
transfection. Pictures shown in D0 and D14 do not correspond to the same cell followed
over time. Bar, 10 μm. D0 arrows indicate myosin aggregates; D14 white arrow indicates
sarcomere bare zone, red arrow indicates mutant accumulation in the bare zone.
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Figure 3.
Analysis of mutants in NRVMs. (A) NRVMs were electroporated with the WT/mutant GFP-
tagged and WT mCherry-tagged myosin rod constructs as indicated. Cells were imaged by
confocal microscopy 96 h later. HMV: High Magnification View of the merged images; I, I-
Band; H, H-zone (bare zone); the red arrow in the L1706P HMV panel indicates the
presence of fluorescence in the sarcomere bare zone. Bar, 10 μm. Linescan panels show a
typical graphical representation of the fluorescence intensity values of myosin constructs
expressing GFP-tagged WT, R1500P, R1500W, L1706P myosin (green line) and mCherry-
tagged WT myosin (red line) measured along 4 sarcomeres; x-axis, distance (μm); y-axis,
gray levels (avg). (B) The percentage of transfected NRVMs showing organized sarcomeres
containing GFP-myosin was scored 96 h after electroporation. Data were obtained from 3
independent transfections and a total of ~ 4000 cells/construct scored blind.
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Figure 4.
The R1500P mutation causes myosin cytoplasmic accumulation. (A) A representative
cardiomyocyte co-transfected with the GFP-tagged R1500P and WT-mCherry myosin
constructs showing myosin aggregates 96 h after electroporation. (B) Top panels: NRVMs
were plated on gridded coverslips and 3 individual cells containing myosin cytoplasmic
accumulations were identified and then retrieved for electron microscopy analysis. Bar, 10
μm. Middle and bottom panels show respectively the sarcomere organization and myosin
cytoplasmic accumulations of the first cell shown in the top left panel analyzed by electron
microscopy. Bars, as indicated. White arrows indicate myosin aggregates, black arrows
indicate amorphous matrix with disorganized rod shaped structures.
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Figure 5.
Bimolecular fluorescence complementation (BiFC) assay detects R1500P homo/
heterodimeric myosin molecules in live cells. COS-7 cells (Panels A and B) and NRVMs
(Panels C and D) were co-transfected with the combinations of myosin rods fused to the
amino (NGFP, 1-157) or carboxyl (CGFP158-230) portions of GFP as depicted in the top
panels. A, and C: formation of R1500P homodimers in COS-7 and NRVMs cells
respectively; B and D formation of R1500P/WT heterodimers in COS-7 and NRVMs cells
respectively. Cells were imaged by confocal microscopy 24 h (COS-7) and 48 h (NRVMs)
after tranfection. Bars, 10 μm.
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Figure 6.
Analysis of mutations in transgenic C. elegans. The motor domain of C. elegans myosin
heavy chain B (MHC B) was tagged with GFP and human mutations* were introduced in
the corresponding positions of the rod: R1500P*/W* →R1512P/W; L1706P* →A1718P.
Constructs were injected in the unc-54 null worms lacking MHC B (CB 190, unc-54
(e190)). (A) Fluorescence images of body wall muscles of transgenic worms injected with
the indicated constructs. Nematodes expressing the R1500P mutation displayed normal
sarcomere organization; a representative picture of the R1500P mutant aggregation
(indicated by arrow) is shown. Top bar, 100 μm, bottom bar, 10 μm. (B) Sinusoidal
movement of WT, unc-54 null, unc-54 null rescued with the unc-54 gene and the mutants as
indicated (R1500P*, R1500W*, and L1706P*). (C) Histogram showing the distance covered
by the WT, unc-54 null, and rescued transgenic worms. Error bars indicate the standard
deviations of the means (n=20 for each group). * P <0.01, one-way analysis of variance
(ANOVA) with Tukey post hoc analysis.
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