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Abstract. In this report we show that Drosophila
melanogaster muscles contain the standard form of the
thick filament protein paramyosin, as well as a novel
paramyosin isoform, which we call miniparamyosin.
We have isolated Drosophila paramyosin using previ-
ously established methods. This protein is =105 kD
and cross-reacts with polyclonal antibodies made against
Caenorhabditis elegans or Heliocopris dilloni para-
myosin, The Heliocopris antibody also cross-reacts
with a =55-kD protein which may be miniparamyosin.
We have cloned and sequenced cDNA’s encoding both
Drosophila isoforms. Standard paramyosin has short
nonhelical regions at each terminus flanking the ex-
pected alpha-helical heptad repeat seen in other para-
myosins and in myosin heavy chains. The COOH-ter-
minal] 363 amino acids are identical in standard and
miniparamyosin. However, the smaller isoform has 114
residues at the NH, terminus that are unique as com-

pared to the current protein sequence data base. The
paramyosin gene is located at chromosome position
66E]. It appears to use two promoters to generate
mRNA’s that have either of two different 5' coding se-
quences joined to common 3’ exons. Each protein iso-
form is encoded by two transcripts that differ only in
the usage of polyadenylation signals. This results in
four size classes of paramyosin mRNA which are ex-
pressed in a developmentally regulated pattern con-
sistent with that observed for other muscle-specific
RNA's in Drosophila. In situ hybridization to Drosoph-
ila tissue sections shows that standard paramyosin is
expressed in all larval and adult muscle tissues whereas
miniparamyosin is restricted to a subset of the adult
musculature. Thus miniparamyosin is a novel muscle-
specific protein that likely plays a role in thick fila-
ment structure or function in some adult muscles of
Drosophila.

generated by contractile proteins that are organized

into highly ordered filamentous arrays. Typically, a
variety of muscle types exist within an organism, each with
different physiological requirements and concomitant differ-
ences in ultrastructure. Protein isoforms of each of the struc-
tural components of muscle are believed to accommodate
these various functional requirements (Epstein and Fisch-
man, 1991). To understand how muscle is fashioned into a
biological force generator, it is necessary to identify all of
the proteins involved, including the muscle-specific isoforms
of each protein, and elucidate the role of specific polypeptide
sequences in assembly and function.

Paramyosin is a thick filament protein found in all inver-
tebrates which has no known vertebrate homologue. This
protein is a rodlike molecule with high alpha-helical content
in which two ~100 kD monomers interact to form a coiled
coil (Cohen and Holmes, 1963; Lowey et al., 1963; McCub-
bin and Kay, 1968). Dimers assemble in a “gap-overlap”
manner, building into a helical-net structure (Bear, 1944,
Bear and Selby, 1956) which occupies a portion of the core
of a thick filament, directly underlying myosin (Cohen etal.,
1971; Szent-Gyorgyi et al., 1971; Nonomura, 1974; Epstein
et al., 1985). Paramyosin filaments are bipolar and interact

THE force required to produce muscular movement is
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strongly with myosin, specifically with the alpha-helical rod
of light meromyosin and not with heavy meromyosin, sug-
gesting that the paramyosin core provides the foundation for
assembly of myosin into the thick filament (Szent-Gyorgyi
et al., 1971; Bennett and Elliott, 1984; Epstein et al., 1977,
Harris and Epstein, 1977).

In molluscs, paramyosin may play a role in the specialized
function described as catch, in which some muscle types can
generate strong isometric contractions for long periods of
time, using very little energy (Twarog, 1976; Szent-Gyorgyi
et al., 1971; Cohen et al., 1971). However, paramyosin is
present in other invertebrate muscles which do not display
catch-like characteristics (Bullard et al., 1973; Waterston et
al., 1974; Levine et al., 1983; Hinkel-Aust et al., 1990).
Caenorhabditis elegans paramyosin is required for proper
assembly and function of the body wall muscle (Waterston
et al., 1977), and there is indirect evidence that paramyosin
is involved in determining thick filament length and stability
(Ikemoto and Kawaguti, 1967, Mackenzie and Epstein,
1980). Nevertheless, the precise function of paramyosin re-
mains unclear.

We have chosen to study paramyosin in the genetically
tractable organism Drosophila melanogaster. In this report
we describe the purification of Drosophila paramyosin pro-
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tein, the cloning of paramyosin cDNASs, and the tissue-
specific distribution of paramyosin mRNAs. We show that
Drosophila produces a standard ~105-kD paramyosin pro-
tein and transcripts that encode this product accumulate in
all larval and adult muscle tissues. Surprisingly, Drosophila
also produces a novel form of paramyosin that is ~v55 kD and
has a unique NH,-terminal sequence. Transcripts encoding
this novel protein, which we call miniparamyosin, are mus-
cle specific and are found in most pupal/adult muscles, but
not in larval muscles. The paramyosin isoforms arise as a re-
sult of alternative RNA splicing.

Materials and Methods

Purification of Drosophila Paramyosin Protein

The ethanol precipitation method described by Levine et al. (1982) was
modified to isolate Drosophila melanogaster paramyosin protein. Approxi-
mately 16 g of wild type (Canton S.) larvae or adult flies were ground to
homogeneity in 50 ml of H buffer (0.1 M KCl, 40 mM Tris-HCI, pH 7.3,
10 mM EDTA, 1 mM DTT, 1 mM PMSF) in an ice-cold Waring blender
for ~2 min. This material was further homogenized with five to six passes
of a motor-driven dounce homogenizer (Eberbach, Ann Arbor, MI). The
actomyosin was pelleted by centrifugation at 16,500 g for 10 min at 4°C.
The pellet was resuspended in 50 ml of H buffer and centrifuged at 16,500 g
for 10 min at 4°C. Following resuspension in 50 ml of R buffer (0.6 M KCl,
40 mM Tris-HC], pH 7.3, 10 mM EDTA, 1 mM DTT, 1 mM PMS), the
sample was slowly stirred on ice for 30 min. The precipitate was removed
by centrifugation at 16,500 g for 10 min at 4°C. Actomyosin was preferen-
tially denatured by the slow addition of 150 ml of 95% ethanol, 0.5 M DTT
to the supernatant while stirring on ice. The denatured actomyosin and pre-
cipitated paramyosin were collected by centrifugation at 16,500 g for 30 min
at 4°C. The pellet was resuspended in 4 ml of R buffer and then dialyzed
overnight against 500 ml of R buffer at 4°C. The dialysate was centrifuged
at 16,500 g for 30 min at 4°C, and the actomyosin pellet was discarded.
To precipitate the paramyosin, 0.1 N HC] was added in a drop-wise fashion
to the slowly stirring supernatant on ice, until the pH reached 5.8. At that
point the solution was stirred on ice for 15 min and the precipitated para-
myosin was pelleted by centrifugation at 16,500 g for 15 min at 4°C. The
paramyosin pellet was subsequently dissolved in 3 ml of R buffer.

Protein Gels and Western Blots

One-dimensional SDS-polyacrylamide gels were run according to standard
procedures (Sambrook et al., 1989). Two-dimensional protein gel elec-
trophoresis was performed as described by Mogami et al. (1982). Protein
gels were transferred to nitrocellulose or nylon membranes using an ABN
(Emeryville, CA). Polyblot semi-dry electroblotter as per the manufac-
turer’s recommendations. Western blots were performed using the protocol
published in the Promega (Madison, WI) catalogue and applications guide
(1988/89).

Isolation of Drosophila Paramyosin cDNA Clones

A bacteriophage Agtll expression library (provided by Dr. P. Salvaterra,
Beckman Research Institute, City of Hope, Duarte, CA) made using poly
A* RNA isolated from adult heads was screened with an antibody (pro-
vided by Dr. B. Bullard, EMBL, Heidelberg, Germany) made against para-
myosin protein from Heliocopris dilloni (dung beetle). Approximately
100,000 plaques were screened using the protocol published in the Promega
catalogue and applications guide (1988/89). A Drosophila embryonic cDNA
library made and provided by Dr. N. Brown (Brown and Kafatos, 1988) was
screened for clones using a paramyosin cDNA insert isolated from the ex-
pression library screen (pPara; see Fig. 2). The full-length clone, C2-1, iso-
lated in this screen was subsequently used as a DNA probe to screen the
Salvaterra library for miniparamyosin cDNA's. Hybridization, probe prep-
aration, and DNA library screening were performed by standard protocols
(Sambrook et al., 1989).

Subcloning and Sequencing

The ¢cDNA clones isolated from the Drosophila embryonic library were
mapped for positions of restriction endonuclease cleavage using enzymes
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from Stratagene (La Jolla, CA), Promega, and Boehringer-Mannheim Bio-
chemicals (Indianapolis, IN). cDNA inserts were subcloned using standard
methods (Sambrook et al., 1989). For sequencing, both overlapping dele-
tions (made using the Exolll/Mung bean deletion kit from Stratagene) and
c¢DNA sequence-specific primers (synthesized on a 380B instrument: Ap-
plied Biosystems, Foster City, CA) were used in conjunction with the Se-
quenase kit (United States Biochemicals, Cleveland, OH).

RNA Isolation and Northern Blots

To isolate RNA from embryonic, larval, and pupal stages, fertilized eggs
were collected on grape juice plates (1:1 mixture of grape juice and water,
1.5% agar) for 2-4 h and were aged at 25°C. Adult flies were collected
within eight hours post-eclosian. Total cellular RNA was isolated using a
slightly modified version of the LiCl precipitation method of Sambrook et
al. (1989). Briefly, the aged organisms were ground in 1 ml of lysis buffer
(6 M urea, 3 M LiCl) in a 1 m! homogenizer (#411; Radnoti Glass Technol-
ogy, Monrovia, CA). The homogenate was transferred to a 1.5-ml tube,
mixed with 0.5 ml of lysis buffer used to wash the homogenizer, and placed
on ice for at least 2 h (preferably overnight). The RNA and total cellular
debris were pelleted in a microcentrifuge for 10 min at 4°C. The pellet was
dissolved in 300 ul of resuspension buffer (10 mM Tris-HCI, pH 7.5,
10 mM EDTA, 1% SDS). This was extracted twice with 300 ul of phenol/
chloroform (1:1, the phenol is equilibrated with 0.1 M Tris-base and contains
0.01% 8-hydroxy quinoline; Sigma Chemical Co.), then once with chloro-
form. The RNA was precipitated by adding 30 pl of 3 M NaAc, 1 ml of
ice cold 100% ethanol and storing at ~70°C for at least 30 min. The RNA
was pelleted in a microcentrifuge, washed with 80% ethanol in TE (10 mM
Tris-HCI, pH 7.4, 1 mM EDTA), dried, and resuspended in TE. The optical
density, at 260 nm, was measured for each RNA sample and concentrations
determined. Northern transfer, hybridization and autoradiography were
preformed as described by Sambrook et al. (1989).

In Situ Hybridization

Biotinylated DNA preparation, salivary gland chromosome squashes, and
in situ hybridization to polytene chromosomes were performed as detailed
in Ashburner (1989). Preparation of tissue cryosections and hybridization
were as described previously (O'Donnell et al., 1989).

Probe Preparation

RNA probes labeled with digoxigenin (Boehringer-Mannheim Biochemi-
cals) were prepared from linear DNA templates by mixing 4.0 pl 5X tran-
scription buffer (supplied commercially along with the polymerase), 2.0 ul
100 mM DTT, 1.0 ul Inhibit-ACE (5 prime 3 prime, West Chester, PA), 2.0
¢l 10x digoxigenin-UTP mix (3.5 mM Dig-UTP, 6.5 mM UTP), 1.0 ul 10
mM CTP, 1.0 ul 10 mM ATP, 1.0 gl 10 mM GTP, 2.0 ul DNA (0.5-10 ug),
1.0 pl 1:10 diluted {o32P]GTP (stock solution is 800 Ci/mM, 10 mCi/ml),
40 pl Hy0O (diethyl pyrocarbonate treated) and 1.0 ul RNA polymerase
(T3 or T7, Promega, Madison, WI). The reaction was allowed to proceed
at 37°C for 2 h. To remove the unincorporated nucleotides 80 ul of diethyl
pyrocarbonate-treated HO were added to the reaction and the sample was
passed over a prepared RNase-free Sephadex GSO column (5 prime 3
prime). The RNA was size reduced to an average of ~150-200 bases as
per Cox et al. (1984). After precipitation the RNA was dissolved in 20 ul
of H,0 (diethyl pyrocarbonate treated), then added to 280 ul of hybridiza-
tion buffer (50% deionized formamide, 0.3 M NaCl, 20 mM Tris-HCI, pH
7.5, 1X Denhardt’s solution, 500 ug/ml yeast tRNA, and 10% dextran
sulfate).

Post-hybridization Washes and Signal Detection

After hybridization, the slides were briefly washed twice in PBSM (1x PBS
[0.13 M NaCl, 0007 M Na,HPOq4, 0.003 M NaH;POq4], 10 mM MgCly)
at 37°C. Excess RNA probe was removed by treatment with 20 pg/ml
RNase A made fresh in 1x NTE (0.5 M NaCl, 10 mM Tris-HCI, pH 7.5,
1 mM EDTA) for 30 min at 37°C. Subsequent washes were as follows: 15
min 1X NTE, 37°C; 15 min at 50°C in 2x SSC (20x SSC is 3 M NaCl,
0.3 M sodium citrate, pH 7.0), 50% formamide, 10 mM Tris-HCI pH 7.5,
1 mM EDTA, 10 mM DTT; 15 min, at 50°C in 1x SSC, 50% formamide,
10 mM Tris-HCI pH 7.5, 1 mM EDTA, 10 mM DTT; 30 min at 37°C in
0.1x SSC, 50% formamide, 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 10 mM
DTT. Finally, the slides were washed briefly twice in PBSS (PBS + 0.1%
saponin) (Sigma Chemical Co.). Dilute anti-digoxigenin antibody (1:500 in
PBSS) was applied and the slides were incubated with coverslips for 2 h at
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room temperature. To remove excess antibody the slides were washed with
eight changes of PBSS, 5 min each. Signal was detected by washing twice
with buffer 3 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCL, pH 9.5)
for 2 min at room temperature. Then 80 ul of color solution (4.5 ul NBT,
3.5 ul X-phosphate, 1.0 ml buffer 3) was added to each slide. Slides were
covered and stored in a moist box at room temperature for up to 24 h. The
reaction was stopped by rinsing the slides in TE for 5 min. The preparations
were dehydrated through an ethanol series, washed in xylene, and were sub-
sequently mounted with Poly-mount (Polysciences, Warrington, PA) and
coverslips.

Results

Drosophila melanogaster Has Two Forms
of Paramyosin Protein

Our initial studies focused on the isolation and analysis of
paramyosin protein from Drosophila melanogaster. Purifica-
tion was performed using the ethanol precipitation method
(Levine et al., 1982) with the addition of the protease inhibi-
tor PMSF to both the homogenization and resuspension buf-
fers. This greatly increased the yield of intact paramyosin
protein. Acid precipitation of paramyosin (de Villafranca
and Haines, 1974) was added as the last step in the purifica-
tion scheme. Our protocol yielded relatively pure Drosoph-
ila paramyosin (Fig. 1 A) with an apparent molecular weight
of ~98 kD, a value similar to the molecular weights of
paramyosin of other insects (Bullard et al., 1973) and mol-
luscs (Olander et al., 1967, McCubbin and Kay, 1968;
Woods, 1969).

A polyclonal antibody made against paramyosin from the
nematode, Caenorhabditis elegans (kindly provided by R.
Barstead and R. Waterston, Washington University School
of Medicine, St. Louis, MO) cross-reacts with the Drosoph-
ila protein (data not shown). Unlike the purified protein, the
molecular weight of Drosophila paramyosin in whole-orga-
nism homogenates of both larvae and adults is 105-107 kD.
Recently, Vinds et al. (1991) have also purified paramyosin
protein from Drosophila melanogaster. These authors report
the molecular weight of the purified protein to be 107 kD.
The smaller size of our purified protein is likely because of
proteolysis, since paramyosin is particularly susceptible to
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degradation once it is separated from myosin (Levine et al.,
1982; Stafford and Yphantis, 1972; Waterston et al., 1974).

Purified paramyosin protein migrates at an isoelectric
point of ~6.25 on a two-dimensional gel (Fig. 1 A). On a
Western blot of a two-dimensional gel containing whole
adult fly homogenate, the antibody to C. elegans paramyosin
reacts with a triad of closely spaced Drosophila muscle-
specific proteins (#19, 20, and 21 in the nomenclature of
Mogami et al., 1982, and data not shown). The isoelectric
point of proteins #19, 20, and 21 is 6.2, in good agreement
with that of purified paramyosin. Vinds et al. (1991) also de-
tect these same spots using an antibody prepared against
purified Drosophila paramyosin protein. These authors pre-
sent evidence that one of these paramyosin proteins is post-
translationally phosphorylated as is the case for paramyosin
in C. elegans (Schriefer and Waterston, 1989) and molluscs
(Achazi, 1979).

A polyclonal antibody (provided by B. Bullard) made
against the 100-kD paramyosin protein from the dung beetle,
Heliocopris dilloni (Bullard et al., 1977), cross-reacts strongly
with a Drosophila protein of ~105 kD, providing further evi-
dence that this protein is indeed paramyosin (Fig. 1 C). This
antibody also cross-reacts with proteins of 200 kD and ~55
kD (Fig. 1 C). The 200-kD protein is myosin heavy chain
(MHC)! based upon binding by a polyclonal anti-MHC an-
tibody, and upon the absence of this band in thoraces of
MHC-null mutants (data not shown). The ~55-kD protein
is weakly cross-reacting with the anti-paramyosin antibody
and does not react with the anti-MHC antibody (not shown).
In the subsequent text we present evidence that Drosophila
has a 55-kD isoform of paramyosin that has not previously
been characterized in any other organism.

Isolation of cDNA'’s Encoding Drosophila Paramyosins

The antibody made against Heliocopris paramyosin was used
to screen a Agtll expression library made from Drosophila
head RNA (kindly provided by P. Salvaterra). Since this anti-

1. Abbreviations used in this paper: AHM, abdominal hypodermal muscles;
IFM, indirect flight muscles; MHC, myosin heavy chain; TDT, tergal de-
pressor of the trochanter muscle.

Figure 1. Analysis of D. mela-
nogaster paramyosin protein.
(A) Purified Drosophila para-
myosin protein isolated from
adult flies is shown after gel
electrophoresis in two dimen-
sions. (B) Total proteins from
the adult thorax separated on
a SDS-10% polyacrylamide
gel and stained with Coomas-
sie blue. (C) An identical gel
as shown in B was transferred
to nylon membrane and re-
acted with a polyclonal anti-
body made against paramyosin
from the dung beetle, Helio-
® @ opris dilloni. This antibody

crossreacts with MHC (200

kD), standard paramyosin ()

and a 55-kD protein likely to
- be miniparamyosin (¢4).

—
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Figure 2. Structure of Drosophila paramyosin. (A) cDNA's isolated
from embryonic and adult cDNA libraries. The adult cDNA clone
pPara was isolated in an initial screen using an antibody prepared
against paramyosin protein from the dung beetle, Heliocopris dil-
loni. The insert is 2 kb and encodes a portion of standard paramyo-
sin. The full-length embryonic clones C2-1 (3.6 kb) and D1-1 (3.2
kb) encode the entire standard paramyosin protein. The only differ-
ence between C2-1 and D11 is the position at which polyadenyla-
tion occurs. The cDNA clone designated mPM encodes the entire
miniparamyosin protein. As aligned, identical sequences are marked
by a stippled box. (B) Diagrammatic representation of the two para-
myosin protein isoforms found in Drosophila melanogaster. Amino
acid sequences generated from cDNA sequence data were analyzed
with the Chou and Fasman algorithm (Chou and Fasman, 1978a,b).
The nonhelical regions are shown as black boxes. All other regions
are predicted to be highly alpha helical in nature. The larger protein
is 879 residues with a predicted molecular weight of 102,337 dal-
tons, and a pl of 5.39. The smaller protein is 477 residues with a
predicted molecular weight of 54,889 daltons, and a pl of 7.83. The
COOH-terminal 363 amino acids are identical in both proteins and
are underlined by stippled boxes. The NH,-terminal 114 residues
of the smaller protein are not conserved compared to paramyosins
of other species and are unique when compared to the current pro-
tein data bases.

body cross-reacts with MHC (Fig. 1 C), positive clones were
rescreened with an anti-MHC antibody (kindly provided by
D. Kiehart, Harvard University, Cambridge, MA), and those
clones that did not react with the myosin antibody were cho-
sen for further analysis. One such clone contained a 2-kb
cDNA insert, which was subcloned and is denoted pPara
(Fig. 2 A). DNA sequence obtained from each end of the
pPara insert identified open reading frames that have a high
degree of amino acid identity to the sequence of Caenorhab-
ditis elegans paramyosin (Kagawa et al., 1989). Based upon
its size and sequence, pPara encodes only a portion of stan-
dard Drosophila paramyosin.

To isolate full length cDNA’s, we used gel-purified pPara
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insert to probe a cDNA library made from 12-24-h embryos
(Brown and Kafatos, 1988). Larval muscle differentiation
occurs during late embryogenesis, so it is expected that
paramyosin transcripts would be represented in this library.
Six paramyosin clones were isolated from ~100,000 primary
colonies screened. Extensive restriction mapping and se-
quence analysis (see Fig. 5) showed that all six cDNA’s en-
code all or a portion of the 105-kD paramyosin protein. Two
of the cDNA's represent full-length transcripts and are shown
in Fig. 2 A. Both of these cDNA inserts begin at the same
5" nucleotide, share the same consensus for a Drosophila
translational start site (Cavener, 1987), and have the same
coding potential. The 3-untranslated regions are identical in
both clones up to the last base pair of the DI-1 insert, after
which the C2-1 clone continues for 432 bp. The D1-1 and
C2-1 clones end 14 and 38 bp, respectively, downstream of
consensus signals for polyadenylation. Evidence confirming
the differential usage of the two polyadenylation signals is
presented below.

Sequence analysis shows that none of the six cDNA’s en-
code a 55-kD protein as is observed in Fig. 1 C. Further-
more, hybridization to Northern blots of total cellular RNA
indicates that transcripts with the potential to encode the
55-kD paramyosin are not present during embryonic devel-
opment; such transcripts share 3’ but not 5’ sequences with
transcripts that produce the 105-kD paramyosin protein (see
below). By screening the adult head ¢cDNA library from
which pPara was cloned, we isolated a full-length cDNA
clone (mPM, Fig. 2 A) which encodes the 55-kD isoform of
Drosophila paramyosin.

A Single Paramyosin Gene Produces Four
mRNA Size Classes

The developmental time course of paramyosin gene expres-
sion was determined by using radiolabeled antisense RNA
to probe Northern blots of total cellular RNA from staged
Drosophila (Fig. 3). During embryogenesis, paramyosin
transcripts of 3.2 and 3.6 kb are first detected at 10 to 12 h
post-oviposition, with the expression levels increasing to a
maximum at 16 to 20 h (Fig. 3 A). This pattern of expression
is consistent with the observed time course of larval muscle
differentiation and growth (Poulson, 1950; Crossley, 1978,
Bate, 1990) as well as the early developmental expression of
the Drosophila MHC gene (Rozek and Davidson, 1983;
Bernstein et al., 1986) and the troponin I gene (Barbas et al.,
1991).

Paramyosin gene expression in larval, pupal, and adult
stages occurs during the periods of larval muscle growth and
during differentiation and maintenance of adult muscle tis-
sues (Fig. 3 B). In addition to the 3.2- and 3.6-kb paramyosin
mRNA, very low levels of two new transcripts (2.0 and 2.4
kb) are detected during the late larval stages. As is the case
for Drosophila MHC and troponin I transcripts, virtually no
paramyosin mRNA accumulates during pupariation. This is
the beginning of larval muscle histolysis, and adult muscles
are not yet being formed (Crossley, 1978). Paramyosin
mRNAs accumulate at maximal levels during mid to late
pupal stages, and expression is maintained into adulthood.
All four paramyosin mRNA's are detected during pupal and
adult stages.

Fig. 4 shows that the four size classes of paramyosin
mRNA's can be grouped into two pairs based upon their cod-
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Figure 3. Developmental expression of the Drosophila paramyosin
gene. Total cellular RNA was isolated from various developmental
stages of the wild-type Drosophila strain Canton S. grown at 25°C.
RNA (5 pg/lane) was separated by electrophoresis through a 1.0%
agarose gel containing formaldehyde, blotted to nylon membrane
and probed with radiolabeled antisense transcripts made from the
full-length cDNA clone, C2-1. (4) Paramyosin RNA accumulation
during embryogenesis, with h post-oviposition indicated. (B) Para-
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ing potential. The 5’ non-coding and coding sequences pres-
ent in the mPM and C2-1 cDNA' are unique to each clone
(Fig. 5). Using these specific 5’ regions as templates, we
made radiolabeled antisense RNA to probe Northern blots
of total cellular RNA. The mPM probe hybridizes only to
the 2.0- and 2.4-kb transcripts (Fig. 4, probe I), whereas,
the C2-1 specific probe hybridizes only to the 3.2- and 3.6-kb
mRNAs (Fig. 4, probe 2). Overexposures of these blots re-
veal no cross hybridization to any other bands, indicating
that the 5’ ends of the two paramyosin cDNA clones are
unique (data not shown). Based upon the hybridization evi-
dence and cDNA sequence analysis, the 3.2- and 3.6-kb
mRNAs encode the 105-kD paramyosin protein, and the
20- and 2.4-kb transcripts encode the 55-kD paramyosin
isoform.

The size difference between the transcripts in each pair
results from the differential use of polyadenylation signals.
Both mPM and D1-1 have a poly-A stretch starting 14 bases
downstream of the most 5' AATAAA sequence. cDNA clone
C2-1 continues for 432 bp beyond the first polyadenylation
site to a second site. Northern blots probed with antisense
RNA specific to the entire 3’ untranslated region of clone
C2-1, show hybridization to all four paramyosin mRNA size
classes (Fig. 4, probe 3). However, when a similar blot is
probed with antisense RNA specific to the 432 nucleotide
extension present exclusively in clone C2-1, only the 3.6- and
2.4-kb transcripts hybridize (Fig. 4, probe 4). Thus, the 2.0~
and 3.2-kb transcripts use the more 5’ signal for polyadenyla-
tion and the 2.4- and 3.6-kb mRNA’s use the 3’ polyadenyla-
tion signal.

All of the data presented above are consistent with the four
paramyosin transcripts being derived from a single paramyo-
sin gene, with expression initiated from two different
promoters. This would be followed by splicing of the unique
5' sequences to common 3' exons. However, another possibil-
ity is that two genes that are nearly identical at their 3’ end
encode the two paramyosin isoforms. Three pieces of evi-
dence support the former hypothesis. First, in situ hybridiza-
tion to polytene chromosomes with a biotin labeled C2-1
probe detects only a single band at position 66El on the left
arm of chromosome 3 (data not shown). Secondly, Fenerjian
et al. (1989) previously identified two open reading frames
at this site which encode a portion of a myosin-like protein.
Probes from both open reading frames hybridize to adult
mRNASs of 2.4, 3.2, and 3.6 kb. These two open reading
frames are the 3' exons common to both mPM and C2-1 (C.
Swimmer, personal communication; Becker et al., unpub-
lished data). The published restriction map of this genomic
region shows that a 1.6-kb BamHI fragment has its centro-
mere-distal end within the adjacent chorion gene cluster and
its proximal end 41 bp upstream of the paramyosin stop

myosin RNA accumulation in larvae, pupae and adults: first instar
larvae (48-h post-oviposition), second instar larvae (72-h post-
oviposition), third instar larvae (96-h post-oviposition), early pu-
pae (12-24-h post-pupariation), red eye pupae (=75-h post-puparia-
tion), pharate adults (=100-h post-pupariation), 1-d-old adults,
head RNA (from 2-4-d-old adults). Paramyosin mRNA size classes
of 2.0, 2.4, 3.2, and 3.6 kb are shown (arrows). Approximately
equal amounts of RNA are present in all lanes as detected by ethid-
ium bromide staining (not shown).
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Figure 4. Northern blots of Drosophila RNA probed with various portions of the paramyosin and miniparamyosin cDNA’s. The positions
of the probes used for each blot are shown at the bottom of the figure. Antisense RNA probes labeled with 3P were hybridized to total
cellular RNA from the stages shown. Probe 1 contains 425 bp of the 5’ sequence unique to the miniparamyosin cDNA, mPM. Probe 2
has 780 bp of sequence specific to the standard paramyosin cDNA, C2-1. The pattern of hybridization of these two probes indicates that
the 2.0- and 2.4-kb mRNAs are probably using a different promoter than the 3.2- and 3.6-kb transcripts. Probe 3 is derived from C2-i,
and is complementary to the last 30 bp of coding sequence and all sequences 3’ of this position. This probe hybridizes to all four mRNA
size classes. Probe 4 contains sequences distal to the first polyadenylation signal and hybridizes only to the 3.6- and 2.4-kb transcripts.
Thus, all four transcripts have common 3’ sequences and use one of two different polyadenylation sites.

codon. On a genomic Southern blot (not shown), this 1.6-kb
fragment is the only band that hybridizes to probe 3 (Fig. 4)
supporting the single gene hypothesis. Lastly, we have re-
cently isolated genomic clones that contain most of the Dro-
sophila paramyosin gene (Becker et al., unpublished data).
The sequences unique to the 5’ end of miniparamyosin are
located just upstream of the common exon sequences and are
within an intron for the standard paramyosin transcriptional
unit. It thus appears that only a single paramyosin gene exists
per haploid genome in Drosophila.

Structure of Drosophila Paramyosin and
Miniparamyosin Protein Isoforms

Fig. 5 A presents the entire sequence of the cDNA insert of
clone C2-1 which is 3,624 bp in length. The only long open
reading frame in this clone encodes a protein of 879 amino
acids with a molecular weight of 102,337 daltons, and pI of
5.39. Posttranslational modifications of the paramyosin pro-

The Journal of Cell Biology, Volume 116, 1992

tein are observed in molluscs (Achazi, 1979) and in nema-
tode (Schriefer and Waterston, 1989) and may account for
the difference in the observed (105 kD) and predicted size of
the Drosophila protein. The discrepancy between the ob-
served (6.25) and the predicted isoelectric point likely results
from the tendency of paramyosin to precipitate out of solu-
tion as it approaches its pI under isoelectric focusing condi-
tions (H. Epstein, personal communication).

The Chou-Fasman (1978a,b) secondary structure program
predicts that the NH, terminus and COOH terminus of the
Drosophila paramyosin protein form random coil structures,
while the remaining portion of the protein is predicted to
form an alpha helix with 91% helical nature (Fig. 6). This
value is very close to the helical content of paramyosins from
Drosophila (Vinés et al., 1991), and the dung beetle (Bullard
etal., 1973) and molluscs (Cohen and Szent-Gyorgyi, 1957)
as measured by circular dichroism. In Drosophila paramyo-
sin the ratio of charged to apolar amino acids is 1.2, which
is typical of proteins with an extended rod conformation (Co-
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A

GAGTAGATCACCAGCCTTACTCCGACGTTTATTACGAATTTTCTCGGTGACTCGGTGACAACTACARAACTGCGTGCGGTGCTGTATAGATTTTCGCT TGAGAGGAACACACAAATCATAATACTAGATACGCGAACCGATCGCACATTA
10 30 50 10 90 110 150
M S S 5 QAVRSSKYSYRATSTG?PGTA ADVVHNTIETYTIOQDTILSSL
ATTTATAGAACCAAAATCGAAAATCTGACCTAGCAAACATGTCGTCATCGCAGGCTGTCCGCTCCTCGARATACTCCTACCGTGCCACGTCCACCGGACCCGGTACCGCCGATGTGAACATCGAGTACATCCAGGACCTGAGCTCGCTCT
170 190 210 230 250 270 290
S R LEDZEKTIRLTLG QDU DTLTEVEHRTETLZRGQRTIETREI KADTLSVQVIQMS5ERTLEEAR AEG GG GATE
CCCGCTTGGAGGACAAGATCCGTTTGCTCCAAGATGATCTTGAAGTTGAACGTGAGT TGCGTCAAAGGATCGAGCGCGAGAAAGCCGATC TCAGCGTTCAGGTCATTCAGATGTCCGAGCGTCTCGAGGAGGCCGAGGGTGGTGCTGAAC
310 330 350 370 390 410 430 450
HQFE®ANRIEKRDAETLLIE KTLRIKTLILEDVHILESEETTILTLTILIEKZEKI KU HNETITITDTFQEAQVE
ATCMTTTGAAGCCAACC(;%AAGCGCGACGCTGAGCTGCTGMGCTGCGCMGCTGCTTGAGGATG']‘TCATC]‘TGAGTCGGAGGAGACCAC]"!‘TGCT ‘TTTGAAGAAAAAGCACAACGAAATTATCACGGATTTCCAGGAACAGGTTGAAA
q 490 510 530 550 570 590
I LT KNI KA ARAETIKT DI KA AMEKTFOQTEVYETLTLSOQIESJYNZEKETZKTIVSETZKHTISIZ KTILTEVWVSTISE
TCCTAACGAAAAACAAGGCCAGAGCCGAAAAGGACAAGGCCAAATTCCAGACCGAAGTCTACGAGCTGCTCTCCCAGATCGAGTCCTACAACAAGGAGARGATCGTGTCGGAGAAGCACATCTCCAAAC TGGAGGTCTCGATCTCCGAGC
610 €30 650 670 690 710 730 750
LNVEKTIEETLU®NRTUVTIDTISSHRS®RLSQENTIETLTHE KDVQDILEKVQLDTUVSFSZKSZOQV
TCAACGTGAAGATCGAGGM;C'I‘TMCCGCACCGTTATCGACATTAGCTCCCACCGATCCCGCCTCTCGCAGGMMCATTGAGCTGACCAAGGACGTCCAAGATC']‘GAAGGTTCAGC’I‘GGACACGGTCI‘CGTTCTCCMGAGCCAGGTCA
770 790 830 850 870 830
I1 $Q LEDARRRTLETDET DR RRRSILILESTSSTLHOQVETIETLDSVRNQOQILETETESEA ARTIDTLTE
TTTCCCAGCTGGAGGACGCCCGCCGTCGCTTGGAGGACGAGGACCGTCGTCGCTCGCTGCTCGAATCCTCTCTGCATCAGGT TGAGATCGAATTGGACTCGGTTCGTAATCAACTCGAGGAGGAGTCCGAGGCCCGCATCGACT TGGAAC
910 930 950 970 990 1010 1030 1050
R QL VKA ANADA AT S WQNJIEKWNSEVAARAETEV I RRKYQUVRTITETLETEHTIES STILTI
GTCAGTTGGTCAAGGCCAATGCCGATGCCACCTCCTGGCAGAACAAGTGGAACTCCGAGGTGGCTGCCCGCGCCGAGGAGGTCGAGGAGATCCGTCGCMGTACCAGG’ICCGCATCACCGAGCTGGAGGAGCACATCGAGTCCCTCATCG
1070 1090 1110 1130 1150 1170 1190
M K TRVLASEVEV I DLEIZKSNNSZSC CRETLTH KSVNTTLEIKUHNUVETL K
TCAAGGTCAACAATCTGGAGAAGATGMGACGCGCCTGGCCAGCGAAGTGGAGGTGCTCA’I‘CATCGATCTGGAGAAGI‘CGAACAACAGCTGCCGCGAGCTGACCAAGTCGGTCAACACCCTCGAGAAGCACMCGTTGAGCTGAAGAGCC
1210 1230 1250 1270 1290 1310 1330 1350
R LDETTITITULYZETS S QRDTILTI KNI KUHADTLV VR RTVHETLDIEKVI KDNVNNAOQLTRENIEKTE KTLGDD
GTCTGGACGAGACCATCATCCTGTACGAGACCAGCCAGCGCGACCTGAAGAACAAGCACGCCGACCTCGTCCGCACTGTCCACGAACTGGACAAGGTCAAGGACARCAACAACCAGCTGACCCGCGAGAACAAGAAACTGGGAGATGATC
1370 1390 1410 1430 1450 1470 1490
L HE AKGA ATINETLNRARLUHEETLETZLETLRA®RLENEARDETLTAAYIKEA AEA AGRIEKAETEZQ QRSGEG
TTCATGAGGCCAAGGGTGCCATCAACGAACTGAACCGTCGTCTGCACGAAT TGGAACTGGAGCTGCGTCGCCTGGAGAACGAGCGTGATGAGC TGACCGCTGCCTACAAGGAAGCCGAGGC TGGCCGCAAGGCTGAGGAGCAGCGCGGAC
1510 1530 1550 1570 1590 1610 1630 1650
Q RLAADTFNO QYR HDAERRLAETIKTPDTETETIEA ATIRIEKI QTS STIETIEOLNARV VIEAETRIL
AGCGCCTGGCCGCCGACTTCAACCAGTACCGCCACGACGCCGAGCGTCGTCTGGCCGAGMGGATGAGGAGATCGAGGCCATTCGCAAGCAGACCTCGATCGAGATCGAGCAGCTCMTGCCCGCGTCATCGAGGCGGAGACCCGGCTGA
1670 1690 1710 17 30 1750 1770 179
K TEVTRTIZKIKIKILOIOQTITETLEMSTLDVAN T NI DLQKUVIKI KZ QSLOQLTETLZ QA AIH Y
AGACCGAGGTGACCCGCATCAAGMGAAGCTGCAGATCCAGATCACCGAGCTGGAGATGTCGCTGGATGTGGCCAACAAGACCAACATCGATCTGCAGAAGGTGATCMGAAGCAGTCGCTGCAGCTGACCGMCTGCAGGCCCACTACG
1810 1830 1850 1870 1890 1910 1930 1950
EDVQRQLGQ@ATTLDG QYA AV AQRIRILAGTLNGETLETEVR RS SHLDSANRAKRTVETLO® QYE
AGGATGTCCAGCGCCAGTTGCAGGCCACCTTGGACCAGTATGCCGTTGCCCAGCGCCGTCTGGCCGGTCTCAATGGCGAGCTGGAGGAGGTGCGCTCGCACCTGGACAGCGCCARCCGTGCCAAGCGCACCGTGGAGCTGCAGTACGAGG

1970 1990 2010 2030 2050 2070 2090
EAASRINETULTTA ANVSLV K S KLEQETLSUVVASDTYEEVSKETLRTIZSDERYOQK
AGGCTGCCTCCCGCATCMCGN\CTGACCACCGCCAATGTCAGCCTCGTCTCCATCAAGTCCAAGCTGGAGCAGGAGCTCTCCGTGGTCGCC’I‘CCGACTACGAGGAGGTGTCCMGGAGCTGCGCATCAGCGACGAGCGCTACCAGAAGG

2110 2130 2150 2170 2190 2210 2230 2250

VQVELIZ KU HVYVVEG QVHEEG QEHRTIVEKTLETTIZEKTZ K STLEVEVEKNLSTIRLETEVETLNDNA AVASG
TCCAGGTGGAGCTCAAGCATGTCGTCGAGCAGGTGCATGAGGAGCAGGAGCGCATCGTTAAGC TGGAGACCATCAAGAAGTCCTTGGAAGTCGAAGTCAAGAACTTGTCCATCCGC TTGGAGGAGGTCGAGCTGAACGCCGTCGCCGGCA

2270 2290 2310 2330 2350 2370 2390
S KR I I S KL E A D LELETLTETETEIZ KRRHAETTIZKTILRIEKIEKERTUVIKEVILVQCETETSD
GCMGCGCATCATCAGCMGCTGGMGCCCGCATCCGCGATCTGGAGCTGGAGCTGGAGGAGGAGAAGCGCCGCCACGCCGAGACCATCAAGATTCTGCGCAAGAAGGAGCGCACCGTCMGGAGGTGCTGGTGCAGTGCGAGGAGGACC
2410 2430 2450 2470 2490 2510 2530

Q K NL I LLOGOQDA ALTUDTIEK STA AZEKTNTIYRRQLSEZ QETG GV SQQTTTR®RVRRFIQRETLEAARAETE
AGAAGAACCTCATCCTGCTGCAGGACGCGCTGGACAAGTCCACTGCCAAGATCAACATCTACCGCCGCCAGCTGTCCGAGCAGGAGGGTGTCTCCCAGCAGACCACCACCCGTGTGCGCCGCTTCCAGCGCGAGCTGGAGGCTGCCGAGG
2570 2590 2610 2630 2650 2670 2690
DRADTAESSLUNTITIRAKAHARTFUVTTSTVPGSQQVYTIAQE E
ATCGCGCCGACACCGCCGAGTCCAGCCTGAACATCATCCGCGCCAAGCACCGCACATTCGTCACCACCTCGACGGTGCCCGGATCCCAGGTGTACATCCAGGAGACCACAAGGACGATCACCGMTAGAGCCCCACGC‘I‘CCGCACCGAGA
2710 2730 275 2790 2810 2830 2850
TCATTTCATTATCAAACGCTAACCGAAGAATCGAACACAACCAATCCCGAACCCATGAAGAAGACCATCTGGCGGAGGGCAGAGTTCAGAGTGCAGGACGAGAACGAGAAT TGCGTGAGAAAGTTTTTATAATTTAAATTTTTTTGTCAA
2930 2950 2970 2990
ACCCCCAAAACGCCGCGGCAGCGATCAAGMCCCAGTGGACTTCGGCGGGGGCTCGTATAGGCTACACACT}\’1‘AAATACATAACACTACACATCCTATCTATATMTAATAATACTATTTTGMGTTCATGTAATTTAATTAAAATMTG
3010 3050 3070 3090 3110 3130 3150
AACCTGAAAMCCTAAAAACAWACAMCCAACGAAN\CTTGGCAGAGTTTTGCTAGCGCTAGAGATATGATATATACCATATACCATATACCACATACGATATATAATAL TTGTACGTAGAGAGAT ATCAACCGAG
3170 3190 3210 3230 3250 3270 3290
TTGGCTGAACAATAACGTTTAATGGAAATGGAGCCCATTTGAACGAAAAGCACTAAAACT TAATAACTTGAAATGGAAATGATAATCGTCACCGAAATATCCCACTAAGCACGCCACCGCAGCATCGAGTTAACCGAGT TACAACCGCTT
3330 3350 3370 3390 3410 3430 3450
CTACTATTTGTTTTTAGTTCACTTTATGTTTAGTAGGTAAATT TCTGTGTGCTCGTAACGAAT TTGAATTTTACAT TAAATCAGCATCAACAAAACTGAGCAATTTTCACATTTTTTACTTGTATCTTGCAATAAAARCGAAATTCTATT
3470 3490 3510 3530 3550 3570 3590
CATAATAATAACAATAAGAAATTG
3610

B
D D
CMCCGGACACAGTTGTCGAAAGATCGCGCCACGCCGCCGTCGCCGTCAGGAGGAGCTCGAGGATCTGATCAAACGCGACACTCTGAAGATATTGCAGCGTATCCGTAAGATTGAATTGGATAACGMC‘I‘CGACAAGATGTCCGACGA‘;‘E
10 30 110 130 1
F KR 8§ I RGKSASAIAQALTLSTET SETZEKNTIIKTA AZ KT KETETEDYTIAQTTLVRSSRAVSRA
TCAAGCGCTCGATTCGCGGCAAATCCGCCAGTGCCATCGCCCAGGCGCTGCTCTCCGAATCGGAGAAGAACATCAAGACGGCCAAGAAGGAGGAGGAGGACTATATCGCCCAAACTT TAGTGCGC TCGAGTCGTGCAGTTTCGCGTGCCC
170 190 210 230 250 270 290
R SRS S S PLDGGQZYRAHALUHTIETLMDDRILVYVDZEKTLHDUHRVSSSLHNVIEKROQLSTTLN
GTTCGCGTTCCTCCTCCCCCCTCGATGGCCAGTATCGCGCCCATGCGCTCCACATCGAGC TCATGGACGACCGGCTGGTGGACAAGCTGGACCATCGCGTCTCCTCGTCCCTTCACAATGTGAAGCGCCARTTGTCGACACTGAATCAGC
310 330 3% 410 430 450

R TVETFVYADSSEKO QTS STIETIE®QLNARVYVIEA BAETRTYIEKTEVTRTIZKIEKTE KTLOQIQTITETLE
GCACTGTGGAGTTCTI\CGCGGACAGCAGCAAGCAGACCTCGATCGAGATCGAGCAGCTCAATGCCCGCGTCATCGAGGCGGAGACCCGGCTGAAGACCGAGGTGACCCGCATCMGAAGAAGCTGCAGATCCAGATCACCGAGCTGGAGA
470 490 550 570 590
M § L DVANZEKTNTIUDTILTG QI KU VTIZEKTI KT SLOQLTETLO QAHTYEDVQRQLOQATTLDGGYA AVARQR
TGTCGCTGGATGTGGCCAACAAGACCAACATCGATCTGCAGAAGGTGATCAAGAAGCAGTCGCTGCAGC TGACCGAACTGCAGGCCCACTACGAGGATGTCCAGCGCCAGT TGCAGGCCACCTTGGACCAGTATGCCGTTGCCCAGCGCC
610 630 650 670 6 710 730 750
R LAGULNGETLETEV VRS SHLDSANRAIKRTVETLAO QYZEEA AASRTINETLTTA ANV VSILUVSTI
GTCTGGCCGGTCTCAATGGCGAGCTGGAGGAGGTGCGCTCGCACCTGGACAGCGCCAACCGTGCCAAGCGCACCGTGGAGCTGCAGTACGAGGAGGC TGCCTCCCGCATCAACGAACTGACCACCGCCAATGTCAGCCTCGTCTCCATCA
770 790 810 830 850 870 890
K S KL EQETLSVVASDTYEEVSI KTETLR RTISDERY QEKVOQVETLI KUHVVE QVHETEZ® QERTI
AGTCCAAGCTGGAGCAGGAGCTCTCCGTGGTCGCCTCCGACTACGAGGAGGTGTCCARGGAGC TGCGCATCAGCGACGAGCGC TACCAGAAGGTCCAGGTGGAGC TCARGCATGTCGTCGAGCAGGTGCATGAGGAGCAGGAGCGCATCG
910 930 950 970 990 1010 1030 1050
VKLETTIZ K KSLEVEVI KU NTILSTIRILEEVETLNAVAGS K RTITISIK KTILEA ARTIRDILEL L
TTMGCTGGAGACCATCAAGAAGTCCTTGGAAGTCGAAGTCAAGAACTTGTCCATCCGCTTGGAGGAGGTCGAGCTGAACGCCGTCGCCGGCAGCMGCGCATCATCAGCAAGCTGGMGCCCGCATCCGCGATCTGGAGCTGGAGCTGG
1070 1090 1110 1130 1150 1170 1190
EEEEKRRHAETTI KTIILRIEKIEKEIRTVIKEVLVOQCEEDG QI KNTLTITLILODATLDIEKSTAIEKTIN
AGGAGGAGAAGCGCCGCCACGCCGAGACCATCAAGATTCTGCGCAAGAAGGAGCGCACCGTCAAGGAGGTGCTGGTGCAGTGCGAGGAGGACCAGAAGAACCTCATCCTGCTGCAGGACGCGCTGGACAAGTCCACTGCCAAGATCARCA
1210 1230 0 1270 12 1310 1330 1350
I YRRQL SEQEGV SQQTTT TRV VRRFOQRETLZEA AMAMETDR RADTAESSILUNTITIRAIKIHR RT
TCTACCGCCGCCAGCTGTCCGAGCAGGAGGGTGTCTCCCAGCAGACCACCACCCGTGTGCGCCGCTTCCAGCGCGAGCTGGAGGCTGCCGAGGATCGCGCCGACACCGCCGAGTCCAGCCTGAACATCATCCGCGCCARGCACCGCACAT
1370 1390 1410 1430 1450 1470 1490
FVTTSTVPGS QQVYTIOQETTRTTITE *
TCGTCACCACCTCGACGGTGCCCGGATCCCAGGTGTACATCCAGGAGACCACAAGGACGATCACCGAATAGAGCCCCACGCTCCGCACCGAGATCATTTCATTATCAAACGCTAACCGAAGAATCGAACACAACCAATCCCGAACCCATG

1510 1530 1550 1570 1590 1610 1630 1650
AAGAAGACCATCTGGCGGAGGGCAGAGTTCAGAGTGCAGGACGAGAACGAGAATTGCGTGAGAAAGTTTTTATAATTTAAATTTTTTTGTCAAACCCCCAAAACGCCGCGGCAGCGATCAAGARCCCAGTGGACTTCGGCGGGGGCTCGT
1670 1690 1710 1750 1770 1790
ATAGGCTACACACTATAARTACATAACACTACACATCCTATCTATATAATAATAATACTATTTTGAAGTTCATGTAATTTAATTAAAATAATGAACCTGAAAAACCTARAAACAARATAABAACAAACCAACGAARA
1830 1850 1870 1890 1910 1930

Figure 5. Sequence of the Drosophila paramyosin isoforms deduced from the nucleic acid sequences. (4) The DNA sequence of clone
C2-1 (Fig. 2 A) encodes standard paramyosin. A portion of this sequence has recently been reported by Vinds et al. (1991). (B) The DNA
sequence of clone mPM encodes miniparamyosin. Although both strands of the clones were sequenced only the coding strand is shown.
The single letter amino acid sequence is printed above the corresponding open reading frame. The consensus signal sequences for polyade-
nylation are underlined. These sequence data are available from EMBL/GenBank/DDBJ under accession number X62590 for A and X62591
for B.
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Figure 6. Comparison of the Drosophila paramyosin amino acid sequence to that of all other known paramyosin sequences. The paramyosin
sequence of Drosophila melanogaster (Dm) is compared with paramyosin of two nematodes, Caenorhabditis elegans (Ce) (Kagawa et al.,
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repeat, and is thought to relieve some of the superhelical
strain on the molecule (McLachlan and Karn, 1982, 1983).
The positions of skip residues in Drosophila paramyosin are
conserved with all other published paramyosin sequences
(Fig. 6).

Drosophila paramyosin shares a high degree of amino
acid identity to paramyosin sequences from other species.
Nematoda paramyosins from Caenorhabditis elegans and
Dirofilaria immitis are 92% identical with one another, and
both of these proteins share 49 % amino acid identity and are
79% conserved with Drosophila paramyosin. The other
known paramyosin sequence is from the platyhelminth
Schistosoma mansoni. This protein shares 33% identity and
is 75% conserved with the Drosophila protein.

The mPM cDNA (Fig. 5 B) encodes a 477 residue protein,
which we call miniparamyosin. This protein has a predicted
molecular weight of 54,887 daltons and a pl of 7.83. The 363
COOH-terminal amino acids of miniparamyosin are identi-
cal to those found in standard paramyosin, having the heptad
repeat, the 28-residue charge repeat and the conserved skip
residues. The NH,-terminal 114 amino acids are unique in
comparison to all other paramyosins. This portion of the pro-
tein does not have either an extended region of heptad repeat
or the 28-residue charge repeat. Only two small regions, of
approximately 20 residues each, are predicted to have an
alpha-helical secondary structure (Fig. 2 B), yet the ratio of
charged to apolar amino acids is 1.1, suggesting that this re-
gion may have an extended rod conformation. A search
of the current protein and nucleic acid data bases reveals
that the NH,-terminus of miniparamyosin does not have
significant similarity to any peptide region with an ascribed
function.

Both Paramyosin and Miniparamyosin mRNA'’s
Accumulate in Muscle Tissues

The tissue-specific distribution of paramyosin mRNAs was
determined by probing cryosections of larvae, pupae, and
adults with digoxigenin-labeled antisense RNA’s. Standard
paramyosin mRNA's are detected in larval body wall muscles
(data not shown) as well as in all muscle types of the aduit
(Fig. 7 C, E, and G) including the musculature associated
with the sexual organs and viscera (not shown). Minipara-
myosin transcripts are not detected in larval muscle by in situ
hybridization (data not shown), which correlates with the
very low levels of these transcripts observed on Northern
blots of larval RNA (Fig. 3). Miniparamyosin transcripts are
detected in all of the adult musculature except for the indirect
flight muscles (IFM) (Fig. 7, D and F) and a set of temporary
abdominal muscles (Fig. 7 H).

Since both standard paramyosin and miniparamyosin
probes yield approximately equal signals in the tergal de-
pressor of the trochanter muscle (TDT) (Fig. 7, E and F),
we can use this as a baseline for comparison of relative hy-
bridization levels. In all other tissues which express both iso-
forms, the amount of signal detected by the standard para-
myosin probe is higher than the signal derived from the
miniparamyosin probe. Thus the various proboscis, leg, and
abdominal body wall muscles accumulate less miniparamyo-
sin transcript relative to standard paramyosin transcript than
in the TDT. In the IFM the intensity of signal from the stan-
dard paramyosin probe is much less relative to standard
paramyosin in other muscle types and is also very low com-
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pared to MHC RNA levels in the IFM (Fig. 7, B and C). No
miniparamyosin RNA is observed in the IFM (Fig. 7, D and
F). However, based upon the relative differences in signal in-
tensity observed with the standard paramyosin and mini-
paramyosin probes in other adult muscles, it is possible
that miniparamyosin is present but not detectable in the IFM.
In contrast, the temporary abdominal hypodermal muscles
(AHM) produce a high level of signal from both the MHC
and standard paramyosin probes, even though no signal is
detected using the miniparamyosin probe. This may be due
to the unique ontogeny of these muscles (see Discussion).
Our data indicate that, aside from the IFM, miniparamyosin
expression occurs in all the permanent muscles of the adult.

Discussion

In this report we show that, like other invertebrates, Dro-
sophila melanogaster has a standard paramyosin protein
which is ~102 kD. Surprisingly, Drosophila also has a novel
~55-kD isoform of paramyosin, that we call miniparamyo-
sin. The newly discovered isoform has 363 COOH-terminal
amino acids in common with standard paramyosin, and 114
NH;-terminal residues which are unique as compared to
the current protein sequence data base. Standard paramyosin
has been well characterized in several invertebrates (Weisel
and Szent-Gyorgyi, 1975; Bullard et al., 1973; Waterston et
al., 1977, Kagawa et al., 1989; Limberger and McReynolds,
1990; Vinés et al., 1991), and there is some evidence for
limited heterogeneity of this molecule (Walker and Stewart,
1975; Costello and Govind, 1984). However, this is the first
report of a miniparamyosin protein that differs so substan-
tially in size and sequence from the standard form.

Drosophila Paramyosin Isoforms Accumulate at
Different Levels in a Muscle-specific Manner

Transcripts encoding standard Drosophila paramyosin are
expressed in a pattern that matches the developmental time
course of muscle differentiation and growth, and are detect-
able in all muscle tissues (Figs. 3, 4 and B and 7 C).
Miniparamyosin transcripts are muscle specific as well, and
are detected in all adult muscles except the IFM and the tem-
porary AHM (Fig. 7 D). The AHM derive from the fusion
of pupal myoblasts with existing larval muscle cells which
have lost their contractile apparatus (Crossley, 1978). Fol-
lowing fusion the reconstruction of the AHM during mid-
pupation produces muscles that have the same structure and
supercontractile properties as do the muscles of the larval
body wall. The AHM aid in adult eclosion from the pupal
case, subsequently help to inflate the wings, and then de-
generate within the first two days of adulthood. Since stan-
dard paramyosin mRNA’s are found at high levels in these
muscles in red eye pupae, but miniparamyosin transcripts are
not detected (Fig. 7, G and H), it is possible that the pre-
existing larval nuclei direct the adult nuclei to express the
larval muscle gene repertoire. A similar situation occurs
when nonmuscle nuclei are stimulated to express muscle
genes after being fused with differentiated muscle cells in
vitro (Blau et al., 1985).

In the IFM, the other tissue in which miniparamyosin tran-
scripts are not detectable, only low levels of the standard
paramyosin mRNA’s are observed (Fig. 7, E and F). Pre-
vious studies have shown that relatively small amounts of the
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102-kD paramyosin protein accumulate in Drosophila IFM
(Beinbrech et al., 1985; Vinés et al., 1991).

High levels of both standard paramyosin and minipara-
myosin mRNA’s are found in the TDT (Fig. 7, E and F). This
may be a requirement for the unique physiology of this mus-
cle, which generates tension slowly followed by a quick re-
lease (Chapman, 1982). Protein data from Peckham et al.
(1990) agree with our in situ hybridization results, in that a
55-kD protein (likely to be miniparamyosin) is found in the
TDT at levels approximately equivalent to that of standard
paramyosin; the 55-kD protein is not present in the IFM, al-
though low levels of standard paramyosin are.

Paramyosin Protein Levels Correlate
with Thick Filament Structure

The low level of paramyosin in Drosophila IFM correlates
well with the apparently hollow nature of thick filaments in
this muscle (Beinbrech et al., 1985; O’Donnell and Bern-
stein, 1988). A direct relationship between increasing para-
myosin content and increased density of thick filament cores
can be made for the IFM filaments of other insects as well
(Bullard et al., 1973; Reedy et al., 1973; Ashhurst and
Cullen, 1977; Beinbrech et al., 1985, 1988; Hinkel-Aust et
al., 1990). The amount of paramyosin in thick filaments may
also reflect its distribution within the filaments. In molluscan
muscles and nematode body wall muscles paramyosin ap-
pears to be present throughout the length of the thick fila-
ment, and these filaments have electron-dense cores (Szent-
Gyorgyi et al., 1971; Waterston et al., 1977; Epstein et al.,
1985). However, paramyosin is apparently restricted to the
central M line region of thick filaments in nematode pha-
ryngeal muscles (Waterston et al., 1977). Thick filaments in
these muscles appear to be hollow in the polar region. By
analogy, the Drosophila TDT and other tubular muscles have
paramyosin protein throughout their thick filaments (Vinds
et al., 1991), while “hollow” IFM thick filaments may have
standard paramyosin localized to the M line.

Possible Functions of the Drosophila
Paramyosin Isoforms

Based upon the COOH-terminal sequence identity shared
with standard paramyosin, it is probable that miniparamyo-
sin is also a thick filament component. Miniparamyosin may
be the Drosophila analog of one of the “core” proteins that
underlies paramyosin in C. elegans thick filaments (Epstein
et al., 1985, 1988). Alternatively, miniparamyosin could be
a part of the Drosophila paramyosin filament. Paramyosin
isoforms might form heterodimers or may be spatially sepa-

rated, like MHCs A and B in thick filaments of C. elegans
body wall muscle (MHC A is localized to the central, bipolar
portion of the thick filament while MHC B is present in the
polar regions) (Mackenzie et al., 1978). Determining the lo-
cation of the Drosophila paramyosin isoforms should eventu-
ally be possible using antibodies made to peptides specific
to each isoform. It will also be interesting to know if mini-
paramyosin is present in other organisms. Muscle-specific
proteins in the 50- to 60-kD range have been identified but
not well characterized in other invertebrate species (Costello
and Govind, 1984; Epstein et al., 1988).

As in the case for the myosin molecule (Kuczmarski and
Spudich, 1980; Winkelman and Bullard, 1977; Beinbrech,
1977; Bérdny and Bérdny, 1980), phosphorylation of the
paramyosin isoforms may modulate the role that these pro-
teins have in assembly and/or function of thick filaments.
Paramyosin from C. elegans is phosphorylated at serine
residues in the NH,-terminal non-alpha helical portion of
the molecule (Schriefer and Waterston, 1989), and the stan-
dard form of Drosophila paramyosin is phosphorylated
(Vinés et al., 1991). Both isoforms of Drosophila paramyo-
sin have high numbers of serine residues in their NH, ter-
mini, and these may serve as phosphorylation sites.

Currently, there are no mutations at the Drosophila
paramyosin locus. However, mutations in the C. elegans
paramyosin gene have been isolated (Brenner, 1974; Water-
ston et al., 1977), and mutant analysis indicates that single
amino acid changes in the paramyosin molecule can disrupt
body wall muscle structure and function (Gengyo-Ando and
Kagawa, 1991). Similar studies in Drosophila, coupled with
introduction of in vitro engineered paramyosin genes into the
Drosophila germline (Rubin and Spradling, 1982), should
pinpoint sequences required for proper thick filament assem-
bly and muscular function for both paramyosin and mini-
paramyosin. This approach will also provide the opportunity
to determine whether expression of one paramyosin isoform
is sufficient to rescue muscle defects in paramyosin/mini-
paramyosin null mutants.

We are deeply indebted to Robert Sartor for excellent technical assistance.
We thank Carolyn Cohen, Richard Cripps, Greg Harris, William Kronert,
Dianne Hodges, and Phil Singer for their critical comments on the manu-
script, as well as Candace Swimmer, Jim Posakony, and Charles Zuker for
helpful discussions. We are grateful to Nicholas Brown for providing the
late embryo cDNA library, Paul Salvaterra for the Drosophila head cDNA
library, Jim Posakony for confirming the polytene chromosome location
of the paramyosin gene, Robert Barstead and Robert Waterston for the
C. elegans paramyosin antibody, Dan Kiehart for the Drosophila MHC an-
tibody, and Belinda Bullard for the Heliocopris paramyosin antibody.

Figure 7. In situ hybridization to parasagittal cryosections of late-stage pupae shows the tissue-specific distribution of paramyosin and
miniparamyosin transcripts. RNA probes labeled with digoxigenin-UTP were hybridized to sections of wild-type (Canton S.) pupae. In
all cases anterior is to the right and dorsal is up. (4) Sense-strand control probe specific to the 5’ unique sequences in mPM (template
is probe 1 in Fig. 4). No hybridization signal is detected. Identical results were obtained when sense-strand probes specific for standard
paramyosin (probe 2, Fig. 4) and all myosin heavy chain (MHC) transcripts were used (not shown). (B) Antisense probe complementary
to exons 4, 5, and 6 in MHC transcripts detects signal in all muscle types. (C, E, and G) Antisense probe specific to standard paramyosin
(probe 2, Fig. 4). (D, F, and H) Antisense probe specific to miniparamyosin (probe 1, Fig. 4). (A-D) Whole pupae. (E and F)) Magnification
of the thoracic section. (G and H) Magnification of the abdominal region. IFM and temporary AHM hybridize to antisense probes from
MHC and paramyosin, but not miniparamyosin. Proboscis (P), jump (7DT), leg (L), and intra-abdominal muscles (/M) hybridize to all

three antisense probes.
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