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Assembly of thick filaments and myofibrils occurs in
the absence of the myosin head
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We investigated the importance of the myosin head in
thick filament formation and myofibrillogenesis by
generating transgenic Drosophila lines expressing
either an embryonic or an adult isoform of the
myosin rod in their indirect flight muscles. The headless
myosin molecules retain the regulatory light-chain
binding site, the α-helical rod and the C-terminal
tailpiece. Both isoforms of headless myosin co-assemble
with endogenous full-length myosin in wild-type muscle
cells. However, rod polypeptides interfere with muscle
function and cause a flightless phenotype. Electron
microscopy demonstrates that this results from an
antimorphic effect upon myofibril assembly. Thick
filaments assemble when the myosin rod is expressed
in mutant indirect flight muscles where no full-length
myosin heavy chain is produced. These filaments
show the characteristic hollow cross-section observed
in wild type. The headless thick filaments can assemble
with thin filaments into hexagonally packed arrays
resembling normal myofibrils. However, thick filament
length as well as sarcomere length and myofibril shape
are abnormal. Therefore, thick filament assembly and
many aspects of myofibrillogenesis are independent of
the myosin head and these processes are regulated by
the myosin rod and tailpiece. However, interaction of
the myosin head with other myofibrillar components
is necessary for defining filament length and myofibril
dimensions.
Keywords: Drosophila/muscle/myofibril/myosin/thick
filament

Introduction

During muscle development, the synthesis and assembly
of myofibrillar components are precisely regulated to yield
filaments and sarcomeres of defined geometry. Myosin
molecules assemble into hexamers, composed of two
myosin heavy chains (MHCs) and four light chains, that
polymerize into thick filaments of specific dimensions.
Thick filaments in turn are organized into the A-band of
the muscle sarcomere, where they interdigitate with thin
filaments to yield myofibrils with uniform sarcomere
length and diameter. The globular heads of the myosin
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molecules projecting from the thick filaments power
muscle contraction via ATP-dependent interaction with
the actin-containing thin filaments. Although some insights
into myofilament assembly and interaction have resulted
from in vitro studies, the protein domains involved in
orchestrating in vivo myofibril assembly are largely
unknown.

The ability of native myosin to form thick filaments
in vitro (Huxley, 1963; Mooset al., 1975) permits analysis
of myosin subfragments that are capable of, or required
for, filament assembly. Myosin rods can assemble into
filaments and other higher-ordered structuresin vitro
(Lowey et al., 1969) indicating that the primary
determinant of filament formation lies in this part of the
molecule. Recent studies identified a small region near
the C-terminus of the rod that is required for normal
assembly (Nyitrayet al., 1983; Maedaet al., 1989; Sohn
et al., 1997), and a conserved 29 amino acid domain of a
skeletal muscle myosin rod is both required and sufficient
for assembly of myosin subfragments into higher-ordered
structures (Sohnet al., 1997). A difficulty with the
interpretation of many of these experiments is that
although myosin fragments can assemble into insoluble
structures, many do not form true filaments and instead
accumulate into paracrystals. Furthermore, thein vitro
formation of these structures is markedly dependent upon
temperature, pH and ionic conditions, making it difficult
to apply the conclusions obtained to thein vivo situation
(reviewed in Davis, 1988; Bandmanet al., 1997).

Hoppe and Waterston (1996) used anin vivo approach
to mapping MHC rod domains critical to thick filament
assembly in body wall muscles ofCaenorhabditis elegans.
They demonstrated that either of two regions in the rod
of one isoform of MHC is necessary for thick filament
formation. These regions may contain amino acid residues
that permit antiparallel interactions required for thick
filament nucleation.

The role of the myosin head in thick filament and
myofibril assembly in vivo is uncertain. A naturally
occurring isoform ofDrosophila MHC contains a novel
N-terminal extension fused to the rod and tailpiece of
full-length MHC (Standifordet al., 1997). This molecule
co-assembles with full-length MHC into muscle fibers,
indicating that all myosin molecules within a thick filament
need not have a globular head for filament and myofibril
assembly to proceedin vivo. In contrast, data from
C.elegansattest to an important function for the myosin
head in thick filament assembly. Mutations in theC.elegans
unc-54 MHC gene strongly interfere with assembly of
both wild-type and mutant MHC into thick filaments
(Bejsovec and Anderson, 1988). Many of the lesions are
in functionally important domains of the myosin head,
including the binding sites for ATP and actin (Bejsovec
and Anderson, 1990). These studies suggest that myosin



R.M.Cripps, J.A.Suggs and S.I.Bernstein

with a functionless head does not assemble into thick
filaments and such molecules may interfere with the
association of normal MHC into thick filaments. Thus,
although the myosin rod is capable of assemblyin vitro
into thick filament-like structures, the function of the
myosin head may be requiredin vivo for normal filament
formation.

Thick filaments co-assemble with thin filaments and
other myofibrillar proteins to form sarcomeres during
muscle development. A number of myosin-binding
proteins affect the organization of thick filaments formed
either in vitro or in non-muscle cells (Mooset al., 1975;
Seiler et al., 1996) and several myosin-binding proteins
are thought to be important to sarcomere assembly in
muscle (reviewed in Epstein and Fischman, 1991). Regions
of myosin that bind these proteins can be determined
through in vitro solid-phase binding assays (see for
example Labeitet al., 1992; Obermannet al., 1997), but
whether these domains are critical to sarcomere assembly
is not known. Since myofibrillogenesis has not been
reproduced outside of a muscle cell, it is not possible to
approach this question using anin vitro system.

Here we describe a model system designed to address
questions of thick filament and myofibril assembly in
muscle cells in an intact organism. We produced transgenic
Drosophila lines whose indirect flight muscles (IFMs)
express one of two different isoforms of MHC that are
N-terminally truncated and therefore lack the enzymatic
function of the myosin head. These molecules retain the
regulatory light-chain binding site, the myosin rod and
the C-terminal tailpiece. We studied the functional proper-
ties of these molecules both in a wild-type background
and in a mutant background where no endogenous MHC
is produced in the IFMs.

Using this system we show that both embryonic and
adult headless myosin molecules can co-assemble with
endogenous adult myosin into thick filaments and myo-
fibrils. However, the rod interferes with normal muscle
assembly resulting in cracked and frayed myofibrils that
are poorly functional. In the myosin-null background, both
isoforms of the headless myosin assemble into hollow
thick filaments, although the lengths of these filaments
are not well regulated. Myofibrils containing hexagonally
packed thick filaments are also observed, but these
myofibrils show irregularities in length and shape. Our
results demonstrate that the myosin head is dispensable
for thick filament assembly and many aspects of myo-
fibrillogenesis, but that the interaction of the head with
other myofibrillar components is likely to be required for
defining the precise geometry of the sarcomere.

Results

Generation of transgenic lines expressing myosin
rod isoforms
To determine the role of the myosin head in myo-
fibrillogenesisin vivo, we generated two constructs that
direct the expression of headless myosin molecules (Figure
1). Both constructs share the 59 regulatory region, the first
exon, the first intron and the translational start site of the
Act88Factin gene. This region is sufficient for high levels
of expression in the IFMs of the adult fly (Geyer and
Fyrberg, 1986; Barthmaier and Fyrberg, 1995), the only
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tissue in which this gene is expressed (Hiromi and Hotta,
1985). Each construct also contains a 1.5 kb 39 region of
Mhc. This Mhc gene segment includes polyadenylation
signals and was used successfully in transgenic expression
of Mhc in Drosophilamuscles (Hess and Bernstein, 1991;
Wells et al., 1996; Hodgeset al., 1999). Both constructs
encode MHC sequence extending from 45 amino acids
upstream of the head–rod junction through the C-terminus.
Thus all of the globular head is missing from the
expressed protein, as is part of the binding region for the
essential light chain. The regulatory light-chain binding
site is intact. The light-chain binding domains are inferred
from their locations in the analogous chicken myosin
head structure (Raymentet al., 1993a,b; Bernstein and
Milligan, 1997).

The two expressed rod molecules differ only in the
hinge region (encoded by exon 15a or 15b) and at the
C-terminus (encoded by exon 18 or 19). Construct R57-24
expresses a transcript encoding the major adult form of
the myosin rod, in which exon 15a is included and in
which a splicing choice is retained for exon 18 (Figure
1). Exon 18 is alternatively spliced in a stage- and
tissue-specific manner (Bernsteinet al., 1986; Rozek and
Davidson, 1986; Kazzaz and Rozek, 1989), and previous
experiments demonstrated that the genomic sequence used
here is sufficient for inclusion of this exon in adultMhc
transcripts (Hess and Bernstein, 1991). The predicted
molecular mass for the encoded protein is 142 kDa.
Construct R21-1 is based upon an mRNA abundant in
embryonic body wall muscles (Wellset al., 1996). It
contains exon 15b and is prespliced at the 39 end such
that exon 18 is excluded from the mature mRNA (Figure
1, bottom), altering the amino acid sequence at the
C-terminus so that it matches the embryonic isoform. The
predicted molecular mass for this protein is 139 kDa.

We generated transgenic lines expressing either of these
two constructs. We analyzed seven lines expressing the
adult rod and nine lines expressing the embryonic rod.
Lines expressing the adult rod have the prefix Y (Y31,
Y55-1, Y55-2, Y57, Y81, Y84 and Y97), whereas lines
expressing the embryonic rod have the prefix V (V18,
V55, V98, V104, V115, V119, V124, V138andV143).

Accumulation of myosin rod in a wild-type
background
To determine if the truncated myosin molecules accumu-
late in adult muscles, we dissected the IFMs from the
thoraces of young adult heterozygotes for each transgene
insert and separated their constituent proteins by SDS–
PAGE. We then either stained the gels with Coomassie
Blue or transferred the proteins to nitrocellulose membrane
for Western blotting with an anti-MHC antibody (Figure
2). By Coomassie staining, bands of apparent relative
molecular mass ~130–150 kDa (labeled Rod in Figure 2A
and C) accumulate in all of the transgenic lines but
not in wild-type control flies. The anti-MHC polyclonal
antibody recognized this ~130–150 kDa polypeptide in
all of the transgenic samples (Figure 2B and D). The size
of these polypeptides, their presence only in the transgenic
lines and their reaction with the anti-MHC antibody
demonstrate clearly that our constructs express high levels
of the myosin rod. Furthermore, the rod accumulates
stably in the IFMs.
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Fig. 1. Map of constructs designed to express myosin rod in indirect flight muscles. The top line shows the sources of DNA fragments and the
restriction enzymes used in construction of the clones. Below are diagrams of the two constructs generated.Act88Fexons are filled,Mhc exons are
open. Both constructs share theAct88Factin gene 59 regulatory region and promoter, and theMhc 39 end to ensure high levels of expression in
adult indirect flight muscles. TAA represents the stop codons used in exons 18 (adult rod construct) and 19 (embryonic rod construct).

Fig. 2. All transgenic lines express the myosin rod in IFMs. SDS–
PAGE of unskinned IFM proteins from lines expressing either the
adult (A) or embryonic (C) isoforms of the myosin rod reveals that the
rod polypeptides accumulate in the IFMs. Myosin heavy chain (MHC),
actin and the ~140 kDa rod polypeptide are indicated. Anti-MHC
antibody recognizes full-length MHC and the rod in Western blots of
these samples (B andD). M, relative mass markers (200 kDa, 97 kDa,
68 kDa, 43 kDa, 29 kDa); C-S, Canton-S wild-type proteins.

The gels in Figure 2 suggest that each independent line
expresses a distinct amount of rod protein. To quantify
the levels of expression, we subjected the gels to scanning
densitometry and calculated the average amounts of
MHC and myosin rod relative to the levels of actin for
each line (Table I). The MHC:rod ratios demonstrate that
the levels of rod protein differ between the transgenic
lines. We also estimated the relative accumulation of MHC
molecules to rod molecules in the IFMs of different lines
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(see footnote to Table I). The lowest level of expression
is in line V98/1 (~6.8:1, MHC:rod ratio) and the highest
level of expression is in lineV55/1 (~1.2:1, MHC:rod
ratio). In all of the transgenic lines, the level of MHC
relative to actin is slightly decreased compared with
wild type, suggesting that the presence of expressed rod
polypeptide influences the accumulation of full-length
MHC in a minor way. In addition to studying young adults,
we determined the accumulation of the rod polypeptide by
SDS–PAGE during the late pupal stage in four transgenic
lines. Myosin rod accumulates at similar levels relative to
full-length MHC at both stages (data not shown).

To determine if the rod protein is incorporated into
the IFM myofibrils, we chemically demembranated the
dissected IFMs and purified the myofibrillar component
after homogenization and centrifugation. Separation of
these ‘skinned’ myofibrillar preparations by SDS–PAGE
indicates whether the rod protein co-purifies with myo-
fibrillar proteins under these conditions. Figure 3 shows
the results for all of the adult rod lines and for two of
the embryonic rod lines. Clearly, a large proportion of
the rod protein remains associated with the myofibrils
after demembranation, suggesting that the protein is
incorporated into the myofibrillar lattice.

Antimorphic effects of myosin rod upon muscle
function and myofibril assembly
To determine if expression of the rod polypeptide in the
IFMs results in defects in muscle function, we flight-
tested adults from each line that carries a single transgene
in a wild-type background. All lines showed a reduction
in flight ability compared with wild-type controls (Table
I). For both the adult rod and the embryonic rod, the
degree of flight impairment correlates well with the level
of rod accumulation. For example,V55/1 accumulates
the most rod protein of all of the transgenic lines and is
essentially flightless; in contrastV98/1 shows only a slight
reduction in flight ability, consistent with it expressing a
much lower level of rod protein. Lines that are only mildly
flight-impaired as heterozygotes are more flightless when
tested as homozygotes (data not shown). These results
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Table I. Expression of myosin rod in transgenic lines and effects upon flight ability

Line (chromosome) MHC:actin ratioa MHC:rod ratiob MHC:rod moleculesc Flight ability (percentage)d

n U H D N

Adult rod
Canton-S 2.8 – 1:0 124 79 19 1 1
Y31/1 (3) 2.5 3.4 2.1:1 117 0 0 3 97
Y55-1/1 (1) 2.5 5.2 3.2:1 73 0 29 64 7
Y55-2/1 (3) 2.5 3.2 2.0:1 85 0 0 20 80
Y57/1 (1) 2.4 3.2 2.0:1 64 0 0 2 98
Y81/1 (1) 2.4 3.6 2.2:1 89 0 0 6 94
Y84/1 (2) 2.4 7.2 4.4:1 117 32 55 11 2
Y97/1 (3) 2.4 3.5 2.1:1 113 0 0 7 93

Embryonic rod
Canton-S 2.5 – 1:0 124 79 19 1 1
V18/1 (3) 2.2 4.6 2.9:1 102 0 0 24 76
V55/1 (3) 2.6 1.9 1.2:1 116 0 0 6 94
V98/1 (2) 2.4 10.8 6.7:1 118 52 31 16 2
V104/1 (2) 2.5 7.8 4.9:1 117 3 15 71 10
V115/1 (3) 2.4 4.5 2.8:1 106 0 0 13 87
V119/1 (3) 2.1 4.0 2.5:1 117 0 0 15 85
V124/1 (3) 1.9 3.6 2.2:1 120 0 0 3 98
V138/1 (3) 2.2 2.5 1.5:1 114 0 0 4 96
V143/1 (3) 2.5 5.6 3.5:1 108 17 15 15 54

aLevels of myosin heavy-chain, myosin rod and actin were determined by scanning densitometry and expressed in arbitrary units; all samples were
then normalized based on the levels of actin in each lane and the MHC:actin ratio was determined.
bFor the myosin rod, normalized levels of rod protein in the transgenic lines were calculated as described above. The normalized reading obtained
from the same region of the gel in the Canton-S sample (where no rod protein is expressed) was subtracted from the levels of rod, to compensate for
background signal. MHC:rod ratios were then determined. By definition the level in the Canton-S sample is zero.
cThe MHC:rod molecular ratio was determined after assuming that the affinities for Coomassie stain were similar for MHC and for the rod. The
number of MHC molecules relative to each rod was determined by dividing the level of MHC (in arbitrary units) by the ratio of the calculated
relative molecular masses of MHC:rod (1.64 for the adult rod and 1.60 for the embryonic rod) prior to calculating the MHC:rod ratio.
dFlight ability was determined as described in Materials and methods: U, upward flight; H, horizontal flight; D, downward flight; N, no flight.
n, number tested.

Fig. 3. The myosin rod molecules are associated with the myofibrillar fraction of chemically demembranated muscles. Left panel shows IFM
proteins of lines expressing the adult rod. Right panel shows IFM proteins of unskinned and skinned wild-type Canton-S (C-S), and two
representative lines expressing the embryonic rod. M, relative mass markers (200 kDa, 97 kDa, 68 kDa, 43 kDa, 29 kDa).

demonstrate that the expressed rod molecules interfere
with flight muscle function.

Comparisons of lines expressing different constructs
but with similar levels of rod protein accumulation demon-
strate that the embryonic rod has a more severe effect
upon flight ability than the adult rod. LinesV104/1 and
Y84/1 have similar levels of expression, yet 81% ofV104/
1 fly either Down (D) or Not-at-all (N) whereas only
13% of Y84/1 fly in a similar manner (Table I). Similar
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conclusions can be drawn by comparing linesV143/1
andY55-1/1. Thus the embryonic and adult rods display
isoform-specific properties.

To determine the effects upon myofibrillogenesis of
expression of headless myosin molecules, we studied
pupal IFMs from representative lines by transmission
electron microscopy. We used pupal samples to ensure
that any observed defects are due to abnormal assembly
rather than to use- or time-dependent degeneration, as has
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been observed in some other mutants (Fyrberget al.,
1990; Beall and Fyrberg, 1991; Kronertet al., 1995; Wells
et al., 1996).

Electron microscopy revealed that thick filaments and
myofibrils assemble when rod molecules are co-expressed
with endogenous wild-type MHC, but that the myofibrils
are structurally defective (Figure 4). In wild-type pupal
IFMs, the hollow thick filaments are arranged in a regular
hexagonal manner, and thin filaments are interdigitated
between the thick filaments (Figure 4A and B). In lines
expressing each of the rod isoforms, sarcomeres form
although frequent cracks occur in the myofilament lattice;
sarcomere length and width are more variable than in
wild-type (Figure 4C and E). In transverse section, hollow
thick filaments accumulate and most of these are assembled
into hexagonally packed arrays of myofilaments. However,
there are clear defects in the packing of these filaments
and the myofibrils are frequently not round in cross-
section (Figure 4D and F).

To quantify the phenotypic effects of expressing the
myosin rod in a wild-type background, we measured
sarcomere lengths, myofibril diameters and the number of
thick filaments perµm2 for wild type and a line expressing
each of the transgenes (Table II). While average sarcomere
length is not affected by the adult rod, expression of the
embryonic rod significantly decreases the sarcomere length
(p , 0.05 by Student’st test). Most notably the variability
of the sarcomere length, as shown by the standard error
values, is increased by 25–85% as a result of transgene
expression. Sarcomere length variability directly reflects
increased variability in thick filament length, since thick
filaments extend nearly the entire length of the sarcomere
in insect IFMs. Myofibril diameter is increased by ~20%
(statistically significant differences) as a result of expres-
sion of either transgene in a wild-type background and
the variability increases 2- to 3-fold. Transgene expression
yields a statistically significant reduction (~40%) in the
number of thick filaments per cross-sectional area.

Our data demonstrate that headless myosin does not
prevent the assembly of the endogenous wild-type MHC
into thick filaments but that headless molecules interfere
with the higher-ordered assembly of myofibrils. Resulting
defects in flight ability occur even at very low levels of
transgene expression. These phenotypes do not arise
simply from increased protein accumulation, since
doubling of theMhc gene dosage is necessary for IFM
defects and flight impairment to occur (Crippset al.,
1994). We conclude that the expressed rod molecules
interfere with myofibril assembly and function in a wild-
type background.

Assembly of myosin molecules
Based on thein vivo accumulation of the myosin rod
molecules and their association with the myofibrillar
protein fraction, the rods appear to assemble with the
endogenous myosin into the myofibrils. We therefore
determined whether the rod molecules form heterodimers
with full-length MHC in vivo. We purified native IFM
myosin from wild-type, from lines expressing the adult
or embryonic rods in a wild-type background, and from
lines expressing the rod molecules in anMhc10 mutant
background that lacks MHC in the IFM (Collieret al.,
1990). SDS–PAGE of the purified myosin is shown in
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Figure 5, top panel. Both full-length MHC and myosin
rod are visible in these preparations, demonstrating that
the rod can be purified using this method, even in
the absence of endogenous MHC. Smaller bands likely
correspond to MLC2 (myosin light chain 2 or regulatory
light chain) and the MLCA (alkali myosin light chain or
essential light chain).

Under native conditions, myosin from Canton-S wild-
type flies migrates as a single band, designated complex
1, corresponding to the native hexameric myosin molecule
(Figure 5, bottom two panels). Myosin rod expressed in
an MHC-null background also forms a single band,
designated complex 3, which migrates more quickly than
complex 1. The protein in complex 3 is likely to be a
homodimer of the rod molecule for the following reasons:
(i) it has similar solubility properties to full-length native
myosin; (ii) it can assemble into thick filaments and
myofibrils when expressed in an MHC-null background
(see following section); (iii) previousin vivo studies
showed that myosin rods form homodimeric molecules in
Drosophilamuscles (Standifordet al., 1997).

In myosin prepared from muscles in which the rod and
full-length MHC are co-expressed, complexes 1 and 3 are
the major bands observed, indicating that the majority of
the myosin rod expressed in the IFMs exists as a homo-
dimer. A much fainter band with intermediate mobility
(complex 2) is observed consistently. Its migration pattern
suggests that complex 2 represents a heterodimer of full-
length MHC with the rod molecule. Analyses of bands
excised from the gel and re-electrophoresed under denatur-
ing conditions are consistent with this conclusion (data
not shown).

Assembly of myosin rod in a myosin-null
background
To determine whether thick filament and myofibril
assembly are dependent upon the presence of the myosin
head, we analyzed flies expressing myosin rods in an
Mhc10 mutant background. InMhc10 control flies, arrays
of thin filaments and malformed Z-discs accumulate in
IFMs; however, no thick filaments form since MHC is
not produced in these muscles (Collieret al., 1990; Cripps
et al., 1994; Figure 6A and B). In contrast, rod molecules
clearly are capable of assembly into higher-ordered struc-
tures, since they can be purified as high salt extracts from
skinned IFMs (Figure 3).

In Mhc10 flies expressing the adult rod (w; Mhc10;
Y97), longitudinal sections reveal the presence of thick
filaments that are associated into myofibril-like structures
(Figure 6C). These myofibrils have Z-discs and occasional
M-lines; however, sarcomere length is variable, as is the
length of the thick filaments. The Z-discs are thicker than
in wild-type, suggesting that they do not form normally,
or lose integrity after assembly. In transverse section
(Figure 6D), all of the thick filaments show hollow centers,
a characteristic of IFM thick filaments. In addition, many
of these filaments are packed in a hexagonal manner and
frequently are interdigitated with thin filaments. Often,
six thin filaments surround each thick filament, as in wild
type. However, the myofibrils are rarely circular in cross-
section and show a variability in size compared with the
regularity found in normal IFM.

In lines expressing the embryonic rod in anMhc10
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Fig. 4. Expression of myosin rod in a wild-type background causes defects in myofibril assembly. (A) Wild-type, longitudinal section. Sarcomeres of
regular width and length are separated by darkly stained Z-lines and bisected by M-lines. (B) Wild-type, transverse section. Hollow thick filaments
are packed in a hexagonal array; each is surrounded by six thin filaments. (C) Adult rod transgene (Y97/1) expressed in a wild-type background,
longitudinal section. Cracks in the sarcomere lattice and irregularities in sarcomere length and diameter occur. M-lines are disrupted. (D) Y97/1
transverse section. Filament packing is less uniform than wild type with irregular myofibril border. (E) Embryonic rod transgene (V138/1) expressed
in a wild-type background, longitudinal section. Cracks and irregularities in myofibril diameter are evident. (F) V138/1 transverse section. Filament
packing is disrupted and interfilament distance is noticeably increased compared with wild type. All samples are of late pupal IFMs. Bars, 0.5µm.

background (w; Mhc10; V138), hollow thick filaments and
myofibril-like structures are also formed, although to a
lesser extent (Figure 6E and F). Hexagonal packing of
thick filaments is observed in transverse sections with
arrays of six thin filaments surrounding each thick filament
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(Figure 6F). This also is limited to smaller localizations.
As expected, neither adult nor embryonic rod molecules
rescue flight in theMhc10 background, proving that the
myosin head is required for muscle function.

Quantitative analysis (Table II) shows that the sarcomere
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Table II. Effects of myosin rod expression on myofibril dimensions

Genotype Stage Sarcomere length (µm) Myofibril diameter (µm) Thick filaments/µm2

w1118: wild type (wt) pupal 2.646 0.018 (51) 0.8136 0.026 (20) 1115.66 17.9 (20)
Y97/1: adult rod, wt background pupal 2.646 0.033 (56) 0.9786 0.088 (20) 675.76 12.9 (20)
V138/1: embryonic rod, wt background pupal 2.296 0.022 (53) 0.9696 0.053 (23) 727.36 25.4 (23)
w1118: wild type young adult 3.316 0.017 (55) 1.0066 0.011 (20) 938.36 16.1 (20)
Mhc10: MHC null young adult 0.996 0.047 (57) NDa 0
Mhc10;Y97: adult rod, MHC null background young adult 2.206 0.086 (49) ND 792.46 24.9 (21)
Mhc10;V138: embryonic rod, MHC null young adult 2.016 0.096 (48) ND 560.86 21.8 (21)
background

Mean values are given6 the standard error of the mean. Number of samples measured is given in parentheses.
aND, not determined due to the irregular shape of myofibrils.

Fig. 5. Analysis of myosin subunit structure by native gel
electrophoresis. Top: SDS–polyacrylamide gel stained with Coomassie
Blue to show the purified myosins. The positions of MHC, rod,
MLC2, the regulatory light chain and MLCA, the essential light chain
are indicated. Myosin from lines expressing the rod in theMhc10

background contains MLC2 but not MLCA. M, relative mass markers
(200 kDa, 97 kDa, 68 kDa, 43 kDa, 29 kDa, 18 kDa); C-S, Canton-S
wild type. Center and bottom: native polyacrylamide gel stained with
Coomassie Blue to determine myosin subunit structure. Complexes
detected are: 1, homodimer of full-length MHC; 2, heterodimer of
MHC and rod; 3, homodimer of rod. There is little formation of
heterodimers of rod and full-length MHC when either the adult rod
(center;Y97) or embryonic rod (bottom;V138) is co-expressed with
wild-type myosin.

lengths of myofibrils containing either the embryonic or
the adult rod are significantly (~30%) shorter and several-
fold more variable than in wild type (p , 0.05). Interest-
tingly, the length of the sarcomeres is significantly longer
in the transgenics compared with myosin-null IFMs,
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indicating that thick filaments are important in dictating
this property. Due to the irregularity of the myofibrils in
cross-section, it was not possible to determine their average
diameter. However, the number of thick filaments perµm2

is significantly smaller in the transgenics (~30%) than in
wild-type adults.

While both isoforms of the rod are capable of
producing hollow thick filaments that interdigitate appro-
priately with thin filaments, the adult rod is superior in
restoring sarcomeric structure (Figure 6) and thick filament
packing density (Table II). Overall, our results clearly
demonstrate that many aspects of thick filament assembly
and myofibrillogenesis can proceedin vivo in the absence
of the myosin head.

Discussion

Thick filaments of insect IFMs are characteristically
hollow in cross-section and are packed into myofibrils in
a hexagonal arrangement. Thin filaments interdigitate so
that six of them surround each thick filament. This
precisely ordered array is likely to be a requirement for
the novel mechanical properties of insect IFMs (Wray,
1979). The mechanism by which the macromolecular
assembly of muscle proteins is orchestrated in this muscle,
or in other muscles, is largely unknown.

Here, we determined if the globular head of the
myosin molecule is required in a muscle cell for thick
filament assembly. We find that headless myosin molecules
can assemble into filaments in the IFM ofDrosophila
melanogaster, and that they display the hollow cross-
section characteristically found in this muscle type. While
earlier studies showed that headless myosins can assemble
into higher order structuresin vitro (Lowey et al., 1969;
Nyitray et al., 1983; Sohnet al., 1997), ours is the first
such demonstration within a muscle cell. Our results
contrast with evidence that the function of the head is
required for filament formation inC.elegansbody wall
muscles (Bejsovec and Anderson, 1988, 1990), and
possibly inDrosophila IFM (Kronert et al., 1994). Also
in apparent disparity with theC.elegansdata, we find that
the presence of headless myosin in muscle cells does not
interfere dramatically with the accumulation of endogen-
ous MHC. We propose two explanations for these differ-
ences. One is that theC.elegansmutations do not simply
inactivate ATPase activity or actin-binding functions of
the mutant MHCs but instead induce novel interactions
that prevent thick filament assembly. Alternatively, there
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Fig. 6. Headless myosin assembles into IFM thick filaments and myofibrils in an MHC null background. (A) and (B) Phenotype ofMhc10 mutants.
A longitudinal section (A) of IFM from theMhc10 mutant shows skeins of thin filaments that accumulate with Z-body material. In transverse section
(B) no thick filaments are present. (C) and (D) Homozygotes for the adult rod isoform transgene (Y97) in Mhc10 mutants. In longitudinal section (C)
numerous thick filaments associate into myofibril-like structures, although thick filament length is highly variable, as is sarcomere length and width.
In transverse section (D) thick filaments are clearly hollow and are packed in a roughly hexagonal manner. They frequently interdigitate with thin
filaments so that six thin filaments surround each thick. (E) and (F) Homozygotes for the embryonic rod transgene (V138) in Mhc10 mutants.
Longitudinal section (E) reveals that filaments also form myofibril-like structures, although to a lesser extent than adult rod filaments. In transverse
section (F) thick filaments are generally hollow and are commonly packed in a manner similar to wild type. Some electron-dense thick filaments are
present and these are surrounded by dense thread-like structures of unknown origin. All samples are of young adult IFMs. Bars, 0.5µm.

may be fundamental differences in the mechanisms of thick
filament assembly betweenC.elegansandDrosophila. This
may reflect different roles of myosin-associated proteins
in the two species.

Our data indicate that thick filaments assembledin vivo
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from headless myosins are capable of co-assembly with
thin filaments into myofibrils. Many thick filaments are
packed in a hexagonal manner and there is the normal
arrangement of six thin filaments surrounding each thick
filament. Thus, despite the presence of known sites of
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actin interaction in the myosin head, proper organization
and interdigitation of myofilaments do not require this
portion of the myosin molecule. Since re-assembly of
myofibrils from constituent proteins has not been achieved
in vitro, our study represents the first demonstration that
a specific domain of the myosin molecule is dispensable
for many aspects of myofibril assembly. The regions of
the myosin rod required for higher order assembly can be
dissected eventually using theDrosophilamodel system.

Despite the regulated assembly of headless myosin
molecules into the myofibrillar lattice, the presence of the
myosin head appears to be required for completely normal
sarcomere structure. When the myosin rod is expressed
in a wild-type background, sarcomere fraying, lack of
uniformity in thick filament and sarcomere lengths,
irregularity in myofibril diameters and thick filament
spacing, myofibril cracking and loss of flight ability
occur. These defects are unlikely to result simply from
inappropriate levels of expression of myosin relative to
other sarcomeric components. Reductions in flight ability
are observed in this study even at very low levels of
expression of the transgene in a wild-type background,
whereas previous studies demonstrated that severe flight
abnormalities require that theMhcgene dosage be doubled
(Cripps et al., 1994). Furthermore, the phenotypes we
observe are different compared with the defects observed
when MHC is overexpressed: in this study the myofibrils
show cracks and disruptions to the hexagonal packing
throughout their lengths and diameters, whereas defects
caused by overexpression are limited to the periphery of
the myofibrils (Crippset al., 1994). We also determined
directly if reducing endogenous MHC levels to compensate
for the amount of rod protein present could rescue the
flight defects observed. We crossed lines expressing the
rod molecules to homozygousMhc10 flies to generate
Mhc10/1 individuals containing one copy of the
transgene. In no case was there rescue of flight ability
(our unpublished observations), suggesting that the flight
defects observed are not related to overexpression of
myosin.

The importance of the myosin head to myofibril
assembly is most dramatically demonstrated by the vari-
ability in length and shape of sarcomeres formed from
myosin rod expression in the MHC-null background.
Again, it does not appear that these effects arise from
inappropriate levels of rod expression, since we chose to
study lines in which the accumulation of myosin rod was
close to levels expected for intact MHC (see Table I).

An alternative possibility to explain myofibril assembly
defects arising from rod accumulation is an inappropriate
time of expression of the transgenes. TheAct88Fpromoter
used in this study is active at 16 h of pupariation, ~10 h
prior to the wild-typeMhc promoter (Fernandeset al.,
1991). However, it is unlikely that this explains all of the
abnormalities in muscle development, since there is no
evidence for myofibril assembly in wild-type IFMs during
these early hours of development; thick and thin filaments
are not observed until ~38 h of pupariation at 25°C (42 h
at 22°C; Reedy and Beall, 1993).

The likely explanation for the myofibril assembly
defects we observe is that headless myosin is deficient in
its interactions with other components of the sarcomere.
Numerous proteins are implicated in the regulation of

1801

muscle assembly, including the myosin-binding proteins
titin, myomesin, C-protein and H-protein (reviewed in
Epstein and Fischman, 1991; Vikstromet al., 1997).
H-protein and C-protein organize myosin filaments
generated in non-muscle cells (Seileret al., 1996), and
the myosin rod binds to C-protein (Mooset al., 1975) and
myomesin (Obermannet al., 1997)in vitro. Although the
major interaction of titin is with the myosin rod (Houmeida
et al., 1995), there is also evidence that titin interacts with
the myosin head (Wanget al., 1992). None of these
proteins, except for titin (Machadoet al., 1998) and a
titin analog named projectin (Ayme-Southgateet al., 1991;
Fyrberget al., 1992), has been found inDrosophila. In
insect IFM, a tropomyosin isoform named troponin-H has
a C-terminal extension that contacts the myosin cross-
bridge (Reedyet al., 1994), and the thick filament-
associated protein flightin might also play a role in muscle
assembly (Vigoreauxet al., 1998). Interactions between
the myosin rod and some of these factors are likely to be
normal in the absence of the myosin head, permitting
interdigitation of thick and thin filaments. However, inter-
action of the myosin head with such proteins may be
required to regulate sarcomere growth during development,
yielding the defects we observe when the head is absent.

We demonstrated that when myosin rod and full-
length myosin are co-expressed in the IFM there is little
heterodimer formation to generate single-headed myosin
molecules. While it is possible that heterodimers formed
but were not efficiently purified by high salt extraction,
this seems unlikely since homodimers of both full-length
myosin and of myosin rod were efficiently extracted using
standard procedures. Our observations contrast with those
of Burns et al. (1995) who expressed myosin rod in
Dictyostelium discoideum, and found that the rod
molecules rarely formed homodimers and instead were
associated predominantly with endogenous full-length
myosin as heterodimers. They hypothesized that this was
due to heterodimer formation occurring much more quickly
than the formation of rod homodimers in these cells. One
possible explanation for these differences might be that
myosin molecules are rapidly sequestered into thick fila-
ments and myofibrils during IFM development, whereas
the cytoplasmic myosin inD.discoideummay remain
cytosolic for some time. It is possible that the rapid
assembly ofDrosophila components into muscles either
stabilizes or promotes the formation of the rod homodimer.

In agreement with our observation that myosin–rod
heterodimers rarely form, Standifordet al. (1997) recently
reported that a naturally occurring myosin rod protein
(MRP) accumulates as a homodimer in a number of
Drosophila muscle types (it is not present in IFM). This
protein contains a unique N-terminal extension, and forms
mixed filaments with standard myosin. Standifordet al.
(1997) propose that MRP reduces the maximal power
output of muscles in which it is expressed since MRP
would not be capable of forming cross-bridges with thin
filaments. Direct flight muscles containing MRP have thin
filaments that ‘wander’ from their thick filament partner,
probably because of the absence of some cross-bridges.
In support of observations and hypotheses regarding MRP,
our data demonstrate that myosin lacking its globular
head can have disruptive effects upon myofibril structure
and function.
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Both embryonic and adult rod isoforms disrupt wild-
type IFM assembly and physiology. Further, each isoform
can assemble into thick filaments and myofibrillar struc-
tures in the absence of endogenous myosin. The identity
of the MHC isoform does not influence the thin filament
orbital number, a property that differs between embryonic
muscle and IFM (Wellset al., 1996). However, there are
also isoform-specific properties displayed by the embry-
onic and adult rods: the embryonic isoform is more
antimorphic to wild-type myosin function and rescues
thick filament and myofibril structure less well than the
adult rod. Thus the two isoforms are not completely
interchangeable. This is consistent with our earlier study
demonstrating that adult and embryonic MHCs display
isoform-specific properties in stabilizing myofibril struc-
ture (Wellset al., 1996). In our current work, the pheno-
typic differences resulting from expression of the two rod
proteins must result from variations in the hinges and/or
C-termini, the only areas that differ between the isoforms.

In summary, we demonstrated that the myosin head is
not requiredin vivo for assembly of the thick filament,
nor for initial ordered association of these filaments
into a mature myofibril. However, the myosin head is
required to properly regulate the morphology of the
sarcomere. We obtained these results using a model system
in which the mechanisms of myofibril assembly can be
dissected readily in intact musclesin vivo, and where
muscle function is not required for viability of the organ-
ism. We anticipate that this system will prove valuable in
the future for identifying functional domains of known
contractile proteins and novel factors that are essential to
myofibrillogenesis.

Materials and methods

Generation and transformation of constructs expressing the
myosin rod
To produce a fusion of theAct88Fpromoter and translational start site
with the Mhc cDNA expressing the embryonic form of the myosin rod
(Figure 1), we first generated a PCR product containing theAct88F
promoter and ~2 kb of 59 upstream sequence; the 39 primer (sequence
59-GCGCGAGCTCCATCTTGGCAGTTGTTTATCTGG-39) yielded a
unique SacI site immediately after the ATG initiation codon. This
fragment was cloned into pBluescript II KS (pKS, Stratagene) as an
XbaI–SacI fragment. This plasmid, pL116-4, was then cut at theSacI
site and the protruding end was removed with mung bean nuclease (New
England Biolabs). The plasmid was then cleaved withXbaI to release
the promoter fragment and translational start site.

To generate a cDNA fragment corresponding to the embryonic myosin
rod, a full-length embryonic cDNA cloned in pKS (Wellset al., 1996)
was cleaved at aBstEII site in exon 12, which corresponds to 45 amino
acids upstream of the head–rod junction in the protein. TheBstEII
protruding end was filled-in using Klenow fragment (New England
Biolabs) and this DNA was then cut withXbaI to release the head-
coding sequences and to allow insertion of theAct88Fpromoter fragment
isolated above as anXbaI blunt-ended insert. Ligation of the treated
SacI site to the filled-inBstEII site resulted in an in-frame fusion of the
Act88F promoter and ATG codon to theMhc cDNA sequence. The
fusion regenerated theBstEII site and was confirmed by sequencing. All
other cloning steps used standard procedures (Sambrooket al., 1989)
making use of the restriction sites shown in Figure 1. The completed
construct encoding the embryonic rod is designated R21-1.

The adult rod construct, R57-24, was constructed using R21-1; we
switched the exon 15 region by replacing theEcoRV–HindIII fragment
with the similar fragment from cD301 (Georgeet al., 1989). The C-
terminus was switched as anHindIII–EcoRI fragment to remove the
pre-spliced exons 17–19 and replace them with a genomic fragment
retaining the normal exon 17-18-19 structure with introns. We showed
(Hess and Bernstein, 1991) that this fragment is sufficient to carry out
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the correct stage- and tissue-specific splicing of exon 18 observed
for the endogenousMhc gene (Bernsteinet al., 1986; Rozek and
Davidson, 1986).

We cloned each construct into a P-element transformation vector,
pCaSpeR K [a modified form of pCaSpeR that contains a uniqueKpnI
(Acc65I) site in place of the uniqueEcoRI site]. Germline transformation
was performed essentially as described by Rubin and Spradling (1982),
using the helper plasmid delta2-3 (Robertsonet al., 1988). Embryos of
the genotypew1118 were injected and potential transformants were
recovered in the G1 generation as orange-eyed individuals. Transformed
lines were mapped and made homozygous by standard crosses. Linkage
group analysis was performed usingw; SM1/Sco; TM2/MKRS, and this
stock was also used to cross some of the transformed lines into the
Mhc10 background.

Fly culture
Gene and chromosome symbols are as described by Lindsley and Zimm
(1992). Flies were grown on Carpenter’s medium (Carpenter, 1950)
either in 100325 mm glass vials or in half-pint milk bottles at 25°C.

Flight testing
Flight testing was performed as described by Drummondet al. (1991),
upon 1- to 2-day-old flies. Briefly, flies were released inside a clear
plastic box illuminated from the top. Flies were scored for whether they
flew Upward toward the light (U), Horizontally (H), Downward but still
with some small flight ability (D) or Not-at-all (N).

Protein preparation and electrophoresis under denaturing
conditions
SDS–PAGE was performed as described by Laemmli (1970), using a
Bio-Rad Mini-Protean II minigel apparatus. Gels were stained with
Coomassie Blue R-250 and dried in cellophane. Protein levels were
quantified by scanning densitometry using a Molecular Dynamics densito-
meter model PD. Myosin and rod levels were quantified relative to actin,
and all results are the average of scans from two separate gels.

For unskinned samples of IFM proteins, the dorsal longitudinal
muscles (DLMs) from two to four flies were dissected from the thorax
as described by Peckhamet al. (1990) and homogenized in 60µl of
SDS–PAGE sample buffer; the equivalent of the protein from the DLMs
of a quarter of a fly were loaded per lane. Some IFM samples were
chemically demembranated (skinned) following the protocol of Cripps
and Sparrow (1992); the equivalent of the DLMs from half a fly were
loaded in each lane of the gel.

Western blotting
Western blotting was performed essentially as described by Sambrook
et al.(1989). Briefly, proteins were transferred from SDS–polyacrylamide
gels to nitrocellulose membrane using a semi-dry blotting apparatus
(American Bionetics, Inc.). Myosin polypeptides were detected using a
1:500 dilution of rabbit anti-Drosophila MHC polyclonal antibody
(Kiehart and Feghali, 1986) and an alkaline phosphatase-linked goat
anti-rabbit secondary antibody diluted to 1:1000 (Bio-Rad). Localized
alkaline phosphatase activity was detected using nitro-blue tetrazolium
and X-phosphate (Boehringer Mannheim).

Purification of native myosin
Myosin was purified from 10–20 young adult flies as previously described
(Kronertet al., 1995), with minor modifications. Briefly, the IFMs were
dissected from flies in York Modified Glycerol (YMG; Peckhamet al.,
1990) and homogenized in this buffer. After centrifugation at 14 000g
for 5 min at 4°C, the supernatant was removed and the pelleted myofibrils
were washed once with 100µl of YMG. They were then pelleted
as above. Myofibrils were washed with 100µl of relaxing solution
(Peckhamet al., 1990) and pelleted as before; the aim of this step was
to release any myosin heads which were bound to actin filaments,
thereby reducing the amount of actin that was co-purified with myosin.
Myosin was extracted from the pellet in 25µl of high salt buffer
(800 mM KCl, 50 mM potassium phosphate buffer pH 7.0, 1 mM
dithiothreitol) for 5 min on ice. Undissolved myofibrillar material was
pelleted at 14 000g for 5 min at 4°C, and the supernatant containing
the myosin was carefully removed to a fresh tube. Myosin was then
precipitated by the addition of 250µl of cold water, and this mixture
was left overnight on ice. Myosin was pelleted at 14 000g for 15 min
at 4°C, and the supernatant was discarded. The myosin pellet was
resuspended in 20µl of myosin storage buffer [Butler-Browne and
Whalen, 1984; 40 mM sodium pyrophosphate, 50% (v/v) glycerol
pH 8.5] and stored at –20°C. Typically, 2µl of this preparation was
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used for visualization by SDS–PAGE and 8–10µl for electrophoresis
under native conditions.

Electrophoresis under native conditions
Native PAGE of purified myosins was essentially as described by Butler-
Browne and Whalen (1984), except that higher concentrations of
ammonium persulfate andN,N,N’,N’-tetramethyl ethylenediamine were
used (d’Albiset al., 1979);β-mercaptoethanol was also included in the
running buffer at a final concentration of 1.4 mM (Whalenet al., 1981).
Electrophoresis of native gels was performed in a Bio-Rad Mini-Protean
II minigel apparatus for 3 h at 50 V and at 4°C. Gels were stained with
Coomassie Blue R-250 and destained. They were photographed wet.

Electron microscopy
For electron microscopy of pupal samples, pupae within 12 h of eclosion
were collected. Thoraces were isolated using a double-edged razor blade
to remove anterior and posterior tissues. For samples of young adult
flies, thoraces were isolated using a double-edged razor blade to remove
the head, abdomen and a ventral portion of the thorax. Tissues were
fixed overnight and then post-fixed. Following dehydration with acetone,
samples were embedded in EMbed-812 resin (Electron Microscopy
Sciences). Samples were infiltrated with resin by first placing them in a
mixture of 50% resin/50% acetone (v/v) for at least 3 h. This was
replaced with a 75% resin/25% acetone (v/v) mixture and left overnight.
The following day, samples were transferred into 100% resin for several
hours, then put in embedding molds with fresh resin and placed under
vacuum for 3 h. Samples were oriented within the molds and polymerized
at 60°C under vacuum overnight. Other details of sample preparation
and observation were according to O’Donnell and Bernstein (1988).

We quantified myofibril defects by measuring micrographs of trans-
verse and longitudinal sections of IFMs. The former were used to
determine myofibril diameter and thick filaments per square micron, and
the latter to determine sarcomere length. Mean values and standard
errors were calculated using data from multiple samples. Student’st-tests
were performed to determine whether mean value differences are
statistically significant (p ,0.05).
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