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Abstract . We have investigated accumulation of
a-actinin, the principal cross-linker of actin filaments,
in four Drosophila fliA mutants . A single gene is vari-
ably spliced to generate one nonmuscle and two mus-
cle isoforms whose primary sequence differences are
confined to a peptide spanning the actin binding do-
main and first central repeat . In fliA3 the synthesis of
an adult muscle-specific isoform is blocked in flight
and leg muscles, while in fliA4 the synthesis of non-
muscle and both muscle-specific isoforms is severely
reduced . Affected muscles are weak or paralyzed, and,

THE cellular and developmental roles of the spectrin
superfamily ofproteins are being clarified by genetics .
Hemolytic diseases of humans are known to result

from spectrin defects that weaken the erythrocyte plasma
membrane, predisposing the cells to collapse in the face of
circulatory system shear forces (Knowles et al ., 1983 ;
Marchesi et al ., 1987) . Analyses of humans, dogs, and mice
having muscular dystrophies have correlated dystrophin
defects with syndromes of muscle wasting (Hoffman et al .,
1987; Cooper et al ., 1988) . These results suggest that mutant
dystrophins engender muscle necrosis by failing to localize
or anchor sarcolemmal glycoproteins (Ervasti et al ., 1990) .
Genetic investigations of the third spectrin superfamily
member and principal actin filament cross-linking protein,
a-actinin, have not been as informative. Gene knockout ex-
periments performed in Dictyostelium did not confer a de-
tectable phenotype (Wallraff et al ., 1986 ; Noegel and Witke,
1988; Schleicher et al ., 1988) . This result almost certainly
signifies that the role of a-actinin in nonmuscle cells is
largely redundant, but does not clarify the function of the
protein . aActinin mutations in Drosophila engender either
lethal or flightless phenotypes (Fyrberg et al ., 1990) . No
nonmuscle cell phenotypes have been noted, but within mus-
cles disruptions of Z-discs and attachments of muscle fibers
to epithelial tendon cells are readily apparent (Fyrberg et al .,
1990) .
Our understanding of a-actinin functions in muscle cells

remains rather limited . Immunolocalizations of muscle
a-actinin have demonstrated conclusively that it is within
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in the case offliA3 , atrophic. Their myofibrils, while
structurally irregular, are remarkably normal consider-
ing that they are nearly devoid of a major contractile
protein . Also surprising is that no obvious nonmuscle
cell abnormalities can be discerned despite the fact
that both the fliA'- andfliA4-associated mutations
perturb the nonmuscle isoform . Our observations sug-
gest that a-actinin stabilizes and anchors thin filament
arrays, rather than orchestrating their assembly, and
further imply that a-actinin function is redundant in
both muscle and nonmuscle cells .

Z-discs, where it has been proposed to cross-link ends of
both parallel and antiparallel arrays of actin filaments
(Suzuki et al ., 1976 ; Endo and Masaki, 1982 ; Duhaiman and
Bamburg, 1984 ; for review see Blanchard et al ., 1989) . In
vitro studies have shown that at very low (0-4°C) tempera-
tures, antiparallel dimers of a-actinin do indeed cross-link
actin filaments (Goll et al ., 1972 ; Bennett et al ., 1984), but
the length of these cross-links (350 Á) is considerably
greater than those of analogues visualized in image recon-
structions of bee Z-discs (170-240 Á), suggesting that in
vitro and in vivo a-actinin conformations can be rather dis-
tinct (Cheng and Deatherage, 1989 ; Deatherage et al .,
1989) . One means by which to reconcile these results is to
propose that thin filament cross-links are comprised ofaddi-
tional proteins that modify the conformation of a-actinin. In
support of this hypothesis, Goll et al . (1990) recently have
shown that controlled digestions of Z-discs with the neutral
protease calpain release both a-actinin and actin intact . This
result may imply that at least one additional protein facili-
tates binding ofactin to a-actinin, and raises questions as to
how directly a-actinin participates in cross-link formation .
To evaluate in vivo a-actinin functions and relate them to

syndromes ofabnormalities we are investigating severalDro-
sophila fliA mutants . In this paper, we detail effects of the
associated mutations on a-actinin mRNA and protein ac-
cumulation, correlating these changes with abnormalities in
myofibril morphology. We demonstrate that one exon within
the Drosophila a-actinin gene is variably spliced to generate
one nonmuscle and two muscle isoforms whose primary se-



quence differences are confined to a peptide that spans the
actin binding domain and first central repeat . fiiA 3 has a
single G>A transition within the variable exon, adjacent to
an internal donor site, that prevents splicing of the mRNA
specifying the adult muscle-specific isoform . Consequently,
the appropriate a-actinin isoform is not expressed within
adult fibrillar and tubular muscles, and only a small amount
of supercontractile muscle isoform accumulates . Initially the
organization of most flight muscle sarcomeres is surprisingly
normal, considering that they have severely reduced amounts
of a major contractile protein . However, the fibers are para-
lyzed and myofibrils degenerate as flies age . In fiiA4 an
A>T transversion within the acceptor site of the last intron
severely reduces the accumulation of normal a-actinin
mRNA in both muscle and nonmuscle cells . Adult muscles
are weak and paralyzed, but there is no discernible as-
sociated nonmuscle phenotype. On the basis of comparisons
of fourfiiA mutants we conclude that reductions and pertur-
bations of a-actinin have at most only subtle effects on non-
muscle cells and unexpectedly minor effects on myofibril
structure . However, these same mutations cause muscle
weakness, paralysis, and, in one case, atrophy. Our results
are most compatible with the hypothesis that a-actinin rein-
forces and stabilizes microfilament arrays, rather than or-
chestrating alterations in their organization during develop-
ment and morphogenesis .

Materials and Methods

Drosophila Strains
fliAl , fiiA2 , fliA3 , and fliA4 strains were obtained from Dr. Ted Homyk
(University of Virginia) . Stocks were maintained as homozygotes on yeast-
cornmeal-agar medium . The Canton-S strain was taken to be wild type in
every instance.

Hybridization to Southern-blotted DNA
Hybridizations were performed at 42°C in 50% (vol/vol) formamide, 5x
SSC (SSC is 0.15 M NaCl, 0.015 M Nacitrate, pH 7.0), 5x Denhardt's solu-
tion, 50 mM NaPO4 (pH 6.8) containing 40 fig denatured calf thymus
DNA/ml . Filters were washed twice at room temperature and three times
at 68°C in 2x SSC, 0.1% (wt/vol) NaPO4, 0.1% (wt/vol) sodium
pyrophosphate, 0.1% (wt/vol) SDS . Hybridizing fragments were visualized
by exposure to X-ray film .

RNA Preparation, Electrophoresis, and Blotting
RNA was extracted from synchronously developing Drosophila cultures by
the SDS-phenol technique (Spradling and Mahowald, 1979) . Poly(A) + -
containing RNA was prepared from early (0-4-h), mid (8-12-h), and late
(20-24-h) embryo stages ; early (145-h), mid (169-h), and late (186-h) pupal
stages; Schneider's cells ; second instar larvae ; and newly eclosed adults.
All times are postfertilization at 25°C. RNAs to be separated were dena-
tured by heating for 15 min at 65°C in a buffer containing 50% formamide
and 17 % formaldehyde . Electrophoresis buffer contained 20 mM sodium
acetate, 1 mM EDTA . For details of RNA transfer and hybridization, see
Fyrberg et al . (1983) .

Sequencing offiiA Mutations
fliA mutations weresequenced by constructing genomic libraries fromDNA
of each strain, isolating their a-actinin genes, and then determining se-
quences of all exons, intron donor sites, and intron acceptor sites . Library
construction and screening were done according to standard protocols
(Maniatis et al ., 1978) . DNA sequencing was performed using the dideoxy-
terminator method (Sanger et al ., 1977), in conjunction with a set of oligo-
nucleotide primer sequences that collectively allowed sequencing of all
exons and flanking intronic sequences .
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Preparation ofProteinsfor Gel Electrophoresis
Flight muscles were removed from thoraces and homogenized in buffer O
of O'Farrell (1975) . To cleanly separate indirect flight muscles (termed
"fibrillar muscles") from other thoracic muscles they were shrunken by im-
mersing whole flies in -20°C acetone for2-3 d before dissection (Mogami
et al ., 1982) . Proteins of other muscle types were obtained by homogenizing
heads, legs, or whole thoraces in buffer O. Tissue homogenates were boiled
for 2 min and then centrifuged at 12,000 g for 30 s . Bromphenol blue was
added to samples, and proteins were electrophoresed on 10% SDS-poly-
acrylamide gels according to Laemmli (1970) .

Immunoblotting
Gels were rinsed for 15 min in transfer buffer (0.0125 M Tris, pH 10.5,
0.096 M glycine) containing0.1% SDS, and then electroblotted 24hat 150 V
according to Towbin et al . (1979) . After transfer, filters were rinsed in
deionizedwaterand stored for at least 1 h in blocking solution (50 mM Tris,
pH 7.4, 3% wt/vol BSA, 0.9% wt/vol NaCl, 0.04% wt/vol sodium azide)
at roomtemperature or 4°C. Blots were incubated for 2 h at room tempera-
ture with either a monoclonal antibody raised against waterbug a-actinin
(provided by Dr. B . Bullard) or a polyclonal antibody recognizing chicken
a-actinin (provided by Dr. K. Burridge), andthen for 1 h with a 1:200 dilu-
tion of peroxidase-conjugated rabbit anti-rat or goat anti-rabbit secondary
antibody. Secondary antibody binding was visualized by developing blots
in a solution containing 1 part 3 mg/ml chloronapthol in methanol and
5 parts TBS (50 mM Tris, pH 7.5, 150 mM NaCl) plus 0.5% vol/vol hydro-
gen peroxide, or using the enhanced chemiluminescence system marketed
by Amersham Corp . (Arlington Heights, IL) .

Isolation of aActinin cDNAs
Early embryo and larval cDNA libraries (kindly provided by T. Kornberg ;
refer to Poole et al ., 1985) were screened with aDrosophila a-actinin mid-
pupal stage cDNA . Isolated cDNAs were subcloned in the pUC19 vector
and sequenced using the method of Sanger et al . (1977) .

Pblymerase Chain Reaction Amplification of
aActinin cDNAs
a-Actinin cDNAs were synthesized from staged poly(A)+ RNA prepara-
tions of wild-type and liA3 flies using the polymerase chain reaction
(PCR) I method . 2 kg ofpoly(A)+ RNA was denatured by heating to 70°C,
annealed to 10 mg/ml of an appropriate antisense oligonucleotide primer,
and transcribed using highly purified reverse transcriptase (Boehringer
Mannheim Biochemicals, Indianapolis, IN) for90 minat 37°C. The cDNA
product was heated to 95°C for 5 min, and 25% was amplified as described
below. PCR amplifications were carried out in 10 mM Tris-HCI, pH 8.3,
50 mM KCI, 1 .5 MM MgC12, 0.2 mM nucleotide triphosphates, and 0.01%
gelatin . Sense and antisense primers were added to a final concentration of
100 pM (-I fig each in a final volume of 100 wl), and the mixture was in-
cubated for 30 cycles of denaturation, renaturation, and extension (94°/1
min, 55°/1 min, and 72°/3 min, respectively) in the presence of highly
purified Taq polymerase. The following primers were used : codons
228-235 (sense orientation) of the nonmuscle alternative exon-5' ATCTC-
CAGAATACAGCTTTGC 3' ; codons 228-234 (sense orientation) of the
muscle alternative exon-5' ATTTGATCAACACTCCGAAACC 3' ; codons
307-314 (antisense orientation, referred to herein as the codon 300
primer)-5' CTTCTGCACACCTGCCAGCGAGTT 3; codons 819-825
(sense orientation)-5' ATGACCCGCGAGAGCACCGAT 3; and 3' un-
translated region (antisense orientation and incorporating a Sall restriction
site)-5' GGTCGACCTTCGGATGCGGGTGGTGCC 3 :

Recovered cDNA products were analyzed by electrophoresis in 1.5%
agarose. To determine the nucleotide sequences of amplified products one
strand was selectively replicated using asymmetric PCR, and then se-
quenced using the method of Sanger et al . (1977) . Asymmetric PCR was
performed like the standard PCR protocol, except that the limiting primer
was present in only 1/50th the concentration of the nonlimiting primer, and
twice as much Taq polymerase was used. The selectively amplified strand
was annealed to the limiting primer and sequenced using the method of
Sanger et al . (1977) .

1 . Abbreviation used in this paper : PCR, polymerase chain reaction .
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Electron Microscopy ofIndirect Flight Muscles
ourprotocol is based uponthat ofReedy and Reedy (1985) . Wholethoraces
were fixed in 3 % (vol/vol) glutaraldehyde, 0.2% (wt/vol) tannic acid in
buffered Ringer's (110 mM NaCl, 2 mM KCI, 3 MM MgC12, 20 mM
KMOPS (pH 6.8) at 4°C overnight . Hemithoraces were rinsed once with
buffered Ringer's, and then twice with 0.1 M NaPO4, 10 MM MgCIZ (pH
6 .0) . Hemithoraces were postfixed in 1% OsO4, 0.1 M NaP04, 10 MM
M9C12 (pH 6.0) for 1 h on ice, rinsed in cold water three times, and de-
hydrated through a 50, 70, 95, and 100% ethanol series . After infiltration
with Epon 812/dodecenylsuccinic anhydride/araldite (1 :7:2 by vol), fibers
were removed by dissection, placed in a drop of resin containing catalyst,
and the resin was polymerized by incubation at 45°C for 12 h and 70°C
for 12 h . Silver-gold sections were cut, stained with uranyl acetateand lead
citrate, and observed in the electron microscope .

Results

ASingle Drosophila a-Actinin Gene
Specifies Nonmuscle, Larval Muscle, andAdult
Muscle Isoforms
We have previously reported the isolation of a Drosophila
a-actinin gene, located within the 2C subdivision of the X
chromosome, and correlated it with both lethal(1)2Cb and
fliA mutations (Fyrberg et a] ., 1990) . To elaborate how these
mutant alleles cause phenotypic abnormalities it was essen-
tial to establish whether isoforms of Drosophila a-actinin
existed, and to document how they were specified . We ob-
tained evidence that the 2C subdivision gene encoded both
nonmuscle and muscle-specific a-actinin mRNAs by hybrid-
izing a cDNA probe to a developmentally staged series of
Drosophila RNAs (Fig . 1 ; see Materials and Methods for
staging of embryos and pupae) . We observed strong hybrid-
ization both to stages having (mid-to-late embryos, larvae,
and mid-to-late pupae) and lacking (early embryos and early
pupae) developing muscle fibers. We emphasize that the em-
bryonic muscle pattern is not prefigured until 5.5 h after fer-
tilization, hence 0-4-h embryos have no differentiating myo-
blasts (Bate, 1990) . Likewise, while no stage of pupation
lacks myoblasts completely, 145-h postfertilization (25-h
postpupariation) pupae have little muscle tissue because lar-
val body wall fibers have been histolyzed and adult muscle
fibers have not yet appeared (Fernandes et al ., 1991) . To en-
sure that the staged animals lacking muscles were not con-
taminated with a small percentage of older animals having
developing muscles, the a-actinin probe was removed by
boiling, and the blot rehybridized with a muscle-specific
(troponin T) probe . No trace of hybridization could be de-
tected in either early embryos or early pupae, demonstrating
that animals in these preparations were staged properly and
were indeed devoid, or nearly devoid, of muscles. Our
finding that the same a-actinin gene encodes both nonmuscle
and muscle-specific mRNAs, taken together with our failure
to isolate related Drosophila genes or cDNAs during an ex-
tensive series of low-stringency hybridization screens of
libraries with the most highly conserved portion of the
original cDNA, suggested that a single Drosophila a-actinin
gene encoded both nonmuscle and muscle-specific isoforms .
To verify that distinct nonmuscle and muscle a-actinin iso-

forms were encoded by a single gene, we compared the se-
quence of a cDNA isolated from pupae having developing
adult muscles to one isolated from early embryos collected
before the initiation of muscle formation . Sequence differ-
ences were confined to codons 229-257, which specify a
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Figure 1 . Developmental profile ofDrosophila a-actinin mRNA ac-
cumulation. Poly(A)+ mRNA extracted from the illustrated stages
(refer to Materials and Methods for the precise staging) was reacted
with a '2P-labeled a-actinin cDNA (left) . mRNA having the ex-
pected size was seen in all stages, including early embryos and
early pupae, which lack myoblasts and developing muscle fibers,
respectively. To be certain that hybridization during these stages
was not due to contamination of these preparations with animals
having developing muscles, the blot was stripped of the original
probe and rehybridized to a muscle-specific gene (troponin T) . No
hybridization to the 1.9-kb mRNA was seen in early embryo and
early pupal preparations, confirming that they do not contain
mRNA derived from developing muscles.

peptide located at the junction of the actin binding domain
and the first central repeat (see Blanchard et al ., 1989 ; Fyr-
berg et al ., 1990) . Localization of the corresponding geno-
mic DNA revealed that the distinct sequences were specified
by two alternatively spliced exons, as depicted in Fig . 2, the
muscle-specific exon being located 5' to that specifying the
nonmuscle sequence .
We found additional heterogeneity within the muscle-

specific exon when we investigated the sequence of larval
a-actinin cDNA. Larval cDNA fragments that included the
muscle-specific exon were noted to be larger than their non-
muscle and pupal muscle counterparts . We discovered that
both larval and some adult muscle a-actinin mRNAs specify
the insertion of22 residues after Gln257. The larger mRNA
is generated by recognition of a splice donor site located 66
nucleotides downstream from that utilized within adult tubu-
lar and fibrillar muscles (see the hatched region in Figs. 2
and 6) . The sequences of the junction peptides encoded by
nonmuscle, larval muscle, and adult muscle cells are shown
in Fig . 3. The nonmuscle and adult muscle peptides are 72
identical . The Drosophila nonmuscle isoform sequence is
more similar to chicken fibroblast/smooth muscle a-actinin
(21 of 29 residues identical ; see Arimura et al . [1988] for the
chicken a-actinin sequences) than to the chicken skeletal
muscle isoform (18 of 29 residues identical) . Likewise, the
Drosophila adult muscle isoform peptide is more similar to
the chicken skeletal muscle isoform (24 of29 residues identi-
cal) than to the fibroblast/smooth muscle isoform (19 of 29
residues identical) . These comparisons suggest that func-
tional differences between muscle and nonmuscle a-actinin
isoforms have structural correlates within the variably
spliced peptide that extend over the evolutionary distance
separating invertebrates and vertebrates . The 22 residues in-
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NONMUSCLE :

15 kb

TAA

MUSCLE

serted within the larval isoform are not highly similar to any
a-actinin sequence, or any peptide sequence present in se-
quence databases . We note, however, that the larval peptide
contains three proline residues, and therefore must adopt an
open, or nonhelical, conformation .
The observed heterogeneity in the larval and adult

a-actinin mRNA and protein sizes corroborates immuno-
blotting analyses of Z-disc protein distribution in various
Drosophila muscles reported by Vigoreaux et al . (1991) .
They found two distinct sizes of a-actinin in Drosophila
muscles . The larger of the pair predominates in larval body
wall and adult muscles of heads and abdomens, but is absent
from adult indirect flight muscles and tubular jump and leg
muscles . Hence, their evidence strongly suggests that the
more slowly migrating a-actinin isoform is found within su-
percontractile muscles of the larva and adult, fibers having
perforated Z-bands through which thick filaments protrude
during extreme shortening (Crossley, 1978) . The more rap-
idly migrating a-actinin isoform specifically accumulates
within adult fibrillar and tubular muscles .
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Figure2 . Schematic representation of alternatively spliced Drosophila a-actinin mRNAs. The upper line illustrates the chromosomal ar-
rangement ofexons in the Drosophila a-actinin gene. Solid and hatched blocks represent protein coding regions, while open blocks denote
untranslated regions . Directly below we show the structures of nonmuscle, larval (supercontractile) muscle, and adult muscle mRNAs,
as deduced from cDNA sequences . mRNA recovered from nonmuscle sources (Schneider's cells, early embryos, early pupae) includes
the distal 5' untranslated region exon and a protein-encoding exon (including codons 229-257) that is not utilized in muscle cells . Larval
and adult supercontractile muscles transcribe the more proximal 5' untranslated exon and a distinct coding region exon that is 22 codons
longer than, but otherwise identical to, that utilized in adult tubular and fibrillar muscles . In the lower portion of the diagram we show
an expanded diagram ofthe alternately spliced muscle and nonmuscle exons . Directly above the exons we show the locations of oligonucleo-
tide primers used to amplify portions of cDNAs .

fiiAl andfliA4 Mutants Fail to Accumulate Normal
Levels ofaActinin

To correlate phenotypic abnormalities with a-actinin defects
we have analyzed four fliA mutant strains . fliA mutants are
flightless, due to abnormalities within their indirect flight
muscles. They fail to complement lethal (1)2Cb mutants hav-
ing chromosome rearrangements within their a-actinin
genes, suggesting that both the lethal and flightless syn-
dromes are due to mutations ofthe same a-actinin gene (Ho-
myk and Emerson, 1988 ; Fyrberg et al ., 1990 ; our unpub-
lished results) . Southern blot analyses offíiA mutants did not
reveal any DNA rearrangements within the a-actinin gene
(data not shown), however, and all were presumed to have
point mutations.
We began our investigation offliA mutants by examining

the accumulation of a-actinin using Western blots . We dis-
sected indirect flight muscles from newly eclosed adults, and
separated component proteins using SDS-PAGE . Proteins
were transferred to nitrocellulose and reacted with either
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a monoclonal antibody recognizing waterbug a-actinin (pro-
vided by Dr. Belinda Bullard), or a polyclonal antibody
raised against chicken a-actinin (provided by Dr. Keith Bur-
ridge) . As can be seen in Fig . 4, the reactions of both anti-
bodies were identical . We found normal levels of a-actinin
in fliA' flight muscles, slightly increased levels of a-actinin
in fliA2 , and only barely detectable amounts in fliA3 and
fliA4 flight muscles . We also noted that the small amount of
fliAl product has a slightly greater apparent molecular
weight than that of Canton-S or the otherfliA mutants, sug-
gesting that fliAl mutants synthesize the supercontractile
muscle isoform in flight muscles .
Western blots ofproteins isolated from other types ofDro-

sophila muscles demonstrated that fliAl abnormalities are
limited to fibrillar and tubular flight and leg muscles, while
fliAl apparently has reduced a-actinin accumulation in all
adult muscles (refer to Fig. 5) . Neither a-actinin accumula-

Figure 4. Western blot analy-
sis of a-actinin accumulation
infliA flight muscles . The left-
hand panel shows Coomassie
blue-stained proteins from iso-
lated flight muscles of wild-
type (Canton-S) and fliA mu-
tants . The middle panel is a
Western blot ofthe same prep-
aration reacted with a mono-
clonal antibody raised against
waterbug a-actinin . Note the
slightly elevated level of a-ac-
tinin in fliA 2 , and the virtual
absence of reactive protein in
fliAl and fliA 4 mutants . The
rightpanel is a duplicate Wes-
tern blot reacted with a poly-
clonal antibody raised against
chickena-actinin . Again, very
little a-actinin can be detected
infliA3andfliA4 flight muscles.

tion nor its apparent molecular size was affected in head
muscles offliA3 mutants, while thefliA4 protein was sharply
reduced . In legs, which contain only tubular muscles, results
were essentially identical to those seen in flight muscles, ex-
cept that a doublet of a-actinin is clearly visible infliA 3 . In
whole thoraces, which contain fibrillar and tubular muscles,
bothfliA 3 andfliA4 have a-actinin reductions, and a doublet
offliA3 product is again apparent . In neither whole thoraces
nor legs does the loss of a-actinin infliA 3 mutants appear to
be as severe as in fibrillar indirect flight muscles, indicating
that the mutant a-actinin is more efficiently synthesized or
inherently more stable in tubular muscles than within fibril-
lar flight muscles . In sum, the series of Western blots re-
vealed thatfliA 3 mutants have reduced levels of more slowly
migrating a-actinin within adult fibrillar muscles, and re-
duced levels ofa more slowly migrating a-actinin doublet in
tubular muscles ; other tissues appear normal . In contrast,

Figure S. Western blot analy-
sis of a-actinin accumulation
in various adult muscles . Tho-
races, legs, and heads were
homogenized, and component
proteins separated by SDS-
PAGE. Each ofthese prepara-
tions containsboth muscle and
nonmuscle tissues, but «-acti-
nin isconsiderablymore abun-
dant in muscle cells than in
nonmuscle, and in our experi-
ments peroxidase-conjugated
secondary antibodies typically
reveal only muscle protein un-
less more sensitive methods
are used. Proteins were trans-
ferred to nitrocellulose and

reacted with the anti-waterbug a-actinin . In thoraces, reduced levels of an apparent doublet ofmore slowly migrating protein accumulate
in fiiA3 , and severely reduced levels of protein accumulate infliA4 . More or less the same result is seen in legs. Head muscles appear
unaffected infliA 3 , while a-actinin is severely reduced in fliA4 .

Roulier et al . Drosophila aActinin Mutations
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Figure 6. Sequence alterations
in fliA 3 and fliA 4 a-actinin
genes. (A) The variably spliced
muscle-specific exon, with the
exon-intron borders for the
larval muscle and adult muscle
mRNAs indicated . InfliA3 the
G of the glutamine codon is
converted to A . This al-
teration changes the context of
the adjacent intron donor se-
quence . (B) InfliA4 the A of
the acceptor site of the 3' in-
tron is changed to T.

fliA4 mutants have sharply reduced levels of a-actinin it, all
muscles examined, and, as we show below, in nonmuscle tis-
sues as well (see Figs . 8 and 9) .

fliA 3 andfliA4 Synthetic Failures Are Due to
Splicing Defects
To precisely define the a-actinin gene defects in eachfliA mu-
tant we sequenced all exons, as well as intron donor and ac-
ceptor sites, of each allele . InfliA' andfliAz the identities of
single codons were altered . In fliA' glycine86 is converted
to serine, while in fliAz serine 245 is converted to phenyl-
alanine (data not shown) . The effects of these mutations on
a-actinin function are not yet known . ThefliA' mutation is
within a constitutively utilized exon that encodes a portion
ofthe actin binding domain, and must hence affect a-actinin
function, most likely actin binding, in both nonmuscle and
muscle cells . The fliAz mutation is within the muscle-spe-
cific alternative exon, and accordingly should disrupt func-
tioning of this peptide in muscle, but not affect nonmuscle
tissues . From Western blots (see Fig . 4), it is clear that nei-

ther mutation prevents a-actinin accumulation during myo-
genesis .

In both fliA3 and fliA4 we found mutations that could
potentially affect splicing. In fliA3 the third base of the
glutamine codon that immediately precedes the alternatively
utilized internal intron donor site of adult muscle (Fig . 6 A)
is changed from G to A. As we show below, this mutation
abolishes production of the isoform characteristic of adult
tubular and fibrillar muscles . In fliA 4 the penultimate
nucleotide of the last intron is changed fromA to T. This mu-
tation eliminates 3' portions of all Drosophila a-actinin
mRNAs, and must alter the sequence of the a-actinin COOH
terminus in both nonmuscle and muscle cells (see Fig . 8) .

To verify that the fliA 3 and fliA4 mutations affected
a-actinin RNA splicing we PCR-amplified portions of
cDNAs representing mRNAs of various Drosophila stages .
In the case of fliA3 we used three oligonucleotide primers
(see Fig. 2), one hybridizing to the 5' end of the nonmuscle
exon (sense orientation), one to the 5' end of the muscle exon
(sense orientation), and one to codon 300 (specifically,
codons 307-314) of a constitutively utilized exon located 3'
to the alternate exon (antisense orientation) . The results of
experiments performed using these primers are summarized
in Fig . 7 . The top portion of the figure illustrates amplifica-
tions ofwild-type (Canton-S) RNA. Whenwe amplify cDNA
using a sense primer that includes codon 228 at the start of
the nonmuscle variable exon, and an antisense primer in-
cluding codons 307-314 (codon 300 primer), we find the ex-
pected 234-nucleotide pair band in all stages as well as in
Schneider's cells, consistent with cytoskeletal, rather than
muscle-specific, function . In late embryo and larval prepara-
tions we occasionally detect a second band of 300 nucleo-
tides . This observation may indicate that an as-yet-undocu-
mented exon is utilized in some cytoskeletal transcripts .
However, several attempts to sequence asymmetrically am-
plified transcripts of this band in our laboratory have failed,

Figure 7. PCR analyses of al-
ternative Drosophila a-actinin
mRNA splicing in wild-type
and mutant strains. To exam-
ine the utilization ofalternative
proteincodingexons, anoligo-
nucleotide primerrecognizing
codons 228-235 within the 5'
region ofthe putative nonmus-
cle coding region alternative
exon was used to amplify
cDNA in conjunction with an
antisense primer bound to co-
dons 307-314. A band of the
expected size is recovered from
all developmental stages, as
well as Schneidees cells, con-
sistent with a nonmuscle role.
Inthe converse experiment the

5'primerannealed to codons 228-235 ofthe muscle exon . Bands of 300 and 234 nucleotides wererecovered only in stages having developing
muscles . Based upon our immunoblotting analyses and those ofVigoreaux etal . (1991), we believe that the larger mRNA sequence typically
accumulates only in larval and adult supercontractile muscles, while the lower band accumulates within adult tubular and fibrillar muscles .
The lower portion of the figure illustrates an identical experiment performed using temporally staged fliA3 mRNAs . The accumulation of
the nonmuscle and larval muscle mRNAs are unaffected, but no adult tubular/fibrillar mRNA can be detected . Bands at the bottom ofeach
lane are unhybridized primers .
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Figure 8. PCR analyses of 3'
a-actinin mRNA sequences in
wild-type andfliA4 early em-
bryos and late pupae . The
figure illustrates results of
PCR amplifications of early
embryo and late pupal RNAof
wild type and fliA° using a
pair of primers that span the
last intron . In both stages the
expected 273-nucleotide band
is present in wild type and ab-
sent from fliA4, demonstrat

ing that one or both regions to which these primers anneal is absent
fromfliA4 mRNA. The 348-nucleotide band present in fliA4 and
some Canton-S preparations is apparently amplified because of
genomic DNA contaminating the mRNA preparations, since pre-
treatment of mRNA with DNase eliminates it, and also because it
can be amplified without prior reverse transcription of mRNA.

suggesting that it is not derived from Drosophila a-actinin
mRNA.
When we used the same 3' primer just described in con-

junction with one annealing to codon 228 of the muscle-
specific variable exon, we found that two products accumu-
lated during stages when Drosophila muscles develop. The
more slowly migrating 300-nucleotide band was found to in-
clude the 22 codons present in larval mRNA. That this same
band can be amplified from pupal stages demonstrates that
these codons are included in some adult muscle mRNAs, al-
most certainly those found within supercontractile muscles
of the head and abdomen (see Fig . 5 of this manuscript ;
Vigoreauxet al ., 1991) . DNA sequencing ofthe more quickly
migrating band has demonstrated that it contains the muscle-
specific sequence without the 22 codons . These observations
validate the alternative splicing pattern illustrated in Figs . 2
and 6, and serve as a reference to which to compare mutants .
We next examined the pattern ofamplified fragments seen

in fliA] mutants . An identical series of staged mRNAs was
prepared and annealed with the same three primers . Results
are illustrated in the lower portion of Fig . 7. Accumulation
of the nonmuscle sequence is unaffected, as we expected
from the fact that the mutation is within the muscle-specific
exon . When amplifications were performed using the muscle
exon sequence we found that only the more slowly migrating
supercontractile muscle sequence is present ; none of the
adult fibrillar/tubular muscle cDNA can be discerned . To
confirm the identity ofthe 300-nucleotide pair band, we de-
termined its sequence and found that it indeed included the
extra 22 codons of supercontractile muscle mRNA. Thus,
muscle-specific splicing offliA] a-actinin mRNA is limited
to the supercontractile muscle mode, and as a consequence
adult tubular and fibrillar muscles do not synthesize the cor-
rect isoform . Western blots illustrated in Figs . 4 and 5 sug-
gest that a more slowly migrating protein, which we believe
is identical to the larval isoform, accumulates to low levels
in flight and leg muscles ; whetherthe second reactive protein
seen in tubular muscles of the thorax and leg is a proteolytic
product or aberrant protein is not yet known .

To evaluate the effects of thefliA4 mutation we prepared a
setofoligonucleotide primersthat spanned the most 3' intron,
and amplified the intervening mRNA sequence . Before un-
dertaking PCR analyses, we used Northern blots of fliA4
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Figure 9. Western blots of ot-actinin from wild-type andfliA' em-
bryos . The left halfofthe figure illustrates Coomassie-stained pro-
teins of Schneider cells, Canton-S early embryos (aged 2 h), fliA4
early embryos, Canton-S late embryos (aged 18 h), andfliA" late
embryos . In the right panel, proteins were reacted with either of
the anti-a-actinin antibodies described in the text . Marked reduc-
tions of a-actinin in fliA4 preparations were seen using either anti-
body, demonstratingthat the mutation lowers accumulation ofnon-
muscle and larval muscle isoforms.

pupal mRNA to demonstrate that normal levels of a-actinin
message are present, but the mRNA is substantially larger
than that seen in wild-type flies (data not shown) . Compari-
son of wild-type and fliA4 PCR products (Fig . 8) revealed
that in both early embryos and pupae the expected 273-
nucleotide band is sharply reduced or absent. This result
demonstrates thatfliA" mRNA lacks all or part of the inter-
vening DNA, which includes codons 819-897. We find a
band of 348 nucleotides in somefliA 4 and Canton-S prepa-
rations . We have sequenced this band and shown that it in-
cludes codons 819-897 as well as the 75-nucleotide intron .
Most or all of this product appears to be copied from small
amounts of genomic DNA that copurify with mRNA, be-
cause it can be amplified without prior reverse transcription
of RNA or eliminated by pretreatment of RNA with DNase
(data not shown) . We emphasize, however, that the recovery
of this band demonstrates that primers used in this experi-
ment anneal to fliA4 DNA and are therefore competent to
amplify corresponding mRNA sequences . In experiments
that have used three additional sense primers that anneal 5'
to the intron, we have conclusively demonstrated that por-
tions offliA4 a-actinin mRNÀs upstream of this intron are
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missing, and consequently that the mRNA cannot specify
synthesis of normal a-actinin isoforms (data not shown) .
However, it is possible that the presumed splicing defect is
suppressed at least occasionally, and that a small amount of
normal protein is produced, as the Western blots shown in
Figs . 4 and 5 suggest .
To more rigorously establish that fliA4 nonmuscle cells

have severely reduced levels of a-actinin, we reacted early
embryo and late embryo proteins with both antibodies de-
scribed in the legend to Fig . 4 . Antigen could be readily de-
tected in Schneider-2 cells, and in Canton-S early and late
embryos . However, only small amounts could be detected in
early or late fliA4 embryos using either antibody (Fig. 9) .
We note that one of these antibodies is a polyclonal raised
against chicken a-actinin and, therefore, might be expected
to be broadly cross-reactive . The failure of this antibody to
detect normal levels of a-actinin in fliA4 early embryos
strongly suggests thatthe a-actinin gene described here is the
only Drosophila gene that specifies this protein in nonmuscle
cells .

Assembly and Maintenance offliAI Myofibrils
To extend our initial analyses offliA muscle defects (see Fyr-
berg et al ., 1990), we have used transmission electron mi-
croscopy to evaluate sarcomeric organization in both young
(2-d posteclosion) and old (17-d posteclosion) fliA mutants .
Although abnormalities are readily apparent, myofibrillar
lattices of recently eclosed fliAj flight muscles are remark-
ably normal (Fig. 10 A), considering that they contain so lit-
tle a-actinin . Most sarcomeres consist of well-arranged
thick and thin filaments, as evidenced by the regular occur-
rence of M-lines and Z-discs . In transverse sections of
myofibrils most thick and thin filaments are precisely packed
in double hexagonal arrangement (data not shown) . Z-discs
are occasionally discontinuous, or punctate, consistent with
the fact that a-actinin is an integral component, and M-lines
are not straight, suggesting that the lateral registration of
thick and thin filaments is imperfect . These abnormalities
evidently suffice to preclude contraction, as fliAj flight
muscles are paralyzed and mutants are flightless. Mutant
homozygotes also jump poorly, and have difficulty walking
vertically, demonstrating that functioning oftubular leg mus-
cles is impaired, consistent with reductions ofa-actinin seen
in these fibers (see Fig . 5) . These observations almost cer-
tainly signify that perturbations of myofibrillar structure are
sufficient to paralyze flight muscles, but only impair the
function ofjump and leg muscles . The ability ofmutantjump
and leg muscles to contract may be attributable to the re-
duced amounts ofa-actinin within them, or to other proteins
that serve an analogous thin filament-linking function .
When olderfliAj flies are examined, it is clear that severe

degeneration of myofibrils, and in particular of Z-discs, has
occurred . Fig. 10, B and C, illustrates longitudinal sections
of flight muscles from mutant adults aged 17 d . In dor-
solateral fibers the most prominent difference, in comparison
to muscles of younger fliAj mutants, is the dissolution of
Z-discs (Fig . 10 B) . M-lines have also disappeared, demon-
strating that thick and thin filaments have become mis-
registered, possibly by sliding uncontrollably with respect to
one another. We have noted these same defects in tubular
jump and leg muscles (data not shown) . In dorsoventral
flightmuscles we frequently find sarcomeres wherein Z-discs
are essentially absent, yet thick and thin filaments remain
well registered (Fig. 10 C). When whole dorsolateral flight
muscle fibers are viewed in the dissecting microscope, their
normal smooth cylindrical shape is interrupted by constric-
tions indicative ofatrophy (data not shown) . Despite viewing
a large number of sections cut from young fliAj flies, we
have never seen such defects in any of their flight muscles .
It is clear that fliAj flight muscles profoundly degenerate
during the first 2 wk after eclosion, either because myofibrils
cannot bear the requisite mechanical loads, or because the
mutant myofibrils are subject to necrosis . The breakdown
probably is not due merely to reductions of a-actinin, be-
cause myofibrils of 17-d-oldfliA 4 mutants are stable despite
the severity of both nonmuscle and muscle a-actinin deficits
(Fig . 10 D) . This observation probably signifies that it is a
qualitative property of fliAj a-actinin, rather than the re-
duction of a-actinin, that causes myofibrillar breakdown and
fiber atrophy .

aActinin is the principal and most studied actin filament
cross-linking protein (for review see Blanchard et al ., 1989),
but its functions in muscle and notunuscle cells remain
largely conjectural . To further elaborate its in vivo roles we
are correlating particular a-actinin defects with syndromes
of abnormalities that they engender. Here we report the char-
acterization of four Drosophila a-actinin mutations . Two of
the four, those associated withfliAj andfliA4 , are especially
informative because they cause splicing defects that elimi-
nate particular a-actinin isoforms . In fliAj a single nucleo-
tide alteration abolishes expression of the appropriate
a-actinin isoform within adult flight and leg muscles. Inflight
muscles, wherelow levels ofpresumed supercontractile mus-
cle isoform accumulate, paralysis and atrophy ensue . In tubu-
lar muscles ofthe leg the effects on contraction are not as se-
vere, and the main consequence of the mutation is muscle
weakness, as evidenced by the inability offlies to jump (see
Homyk and Emerson, 1988) . The fliA4 splicing defect
markedly reduces the accumulation of both muscle and non-

Figure 10. Electron micrographs of fliAj and fliA 4 flight muscles. A illustrates flight muscle myofibrils of recently eclosed fliAj
homozygotes . Z-discs are somewhat thin and punctate, and Wines are occasionally discontinuous, but overall sarcomere morphology
is surprisingly normal . Note in particular that thick and thin filaments are in transverse register, as evidenced by the regular spacing of
Z-discs and Wines, B and C show comparable sections of 17-d-old flight muscles . Skewing and dissolution of the Z-discs are readily
apparent (B and C) . At low magnification (B), it can be seen that nearly all Z-discs are poorly organized, and thick and thin filaments
frequently are not in register. Occasionally we find sarcomeres wherein the Z-disc has degenerated, but thick and thin filaments are intact
(C) . Dillustrates 17-d-old fliA^ sarcomeres . No myofibrillar degeneration can be seen, demonstrating thatfliAj atrophy is not due to the
mere reduction of a-actinin . Bars : (A, B, and D) 1 am ; (C) 0.5 gm .
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muscle a-actinin mRNAs. We can discern no obvious effect
ofthismutation in nonmuscle tissues ; embryogenesis appears
normal, as does adult morphology. However, adult muscles
are weakened and paralyzed . Our observations support the
hypothesis that a-actinin cross-links play an essential role in
anchoring and stabilizing thin filaments in muscles, but do
not illuminate the functions ofnonmuscle a-actinin isoforms .
To document whether there are indeed subtle nonmuscle
phenotypes infliA4 mutants, we have begun to analyze in de-
tail the structure and biology of their nonmuscle cells .
The a-actinin gene described here almost certainly en-

codes all isoforms ofDrosophila . We have conducted an ex-
tensive search for related genes by hybridizing, at low strin-
gency, the most highly conserved portion of the a-actinin
gene described here to Drosophila genomic and cDNA
libraries and have not found closely related sequences. Were
there other Drosophila genes encoding a-actinin they would
be expected to crosshybridize with this probe, based upon
results ofSchulze etal . (1989) . These authors have shownthat
a comparable fragment of the Dictyostelium a-actinin gene
hybridizes efficiently even to mRNA encoding distantly
related rat a-actinin . On the basis ofour library screens, and
taking into consideration the observation that very little
a-actinin can be detected infliA4 embryos using a polyclonal
anti-chicken a-actinin antibody, we are reasonably certain
that the a-actinin gene described here is unique.

Remarkably, the only primary sequence differences spec-
ified by the three distinctcDNAs described here occur within
a short peptide that spans the actin binding domain and first
central repeat . Other portions of the primary sequence, in-
cluding the bulk of the actin binding domain, central repeats
2, 3, and 4, and the EF hand-like sequences, are invariant .
Hence, the three encoded a-actinin isoforms must be
adapted for their tissue-specific roles by the sequences of the
junction peptide, and in the most extreme instance by the
eight residues that differ between the nonmuscle and adult
tubular/fibrillar muscle isoforms . This peptide may be well
placed to modulate molecular functions . It may serve as a
hinge between the actin binding head domain and the "rod"
portion of the molecule formed by the internal repeat seg-
ments (see Blanchard et al ., 1989 ; Koenig and Kunkel,
1990) . Alternatively, the conformation of the head may be
strongly determined by the character ofthe junction peptide .
It should be noted also that the peptide could well-moderate
the influences of calcium binding to EF hand-like sequences
located within the COOH terminus (residues 752-821),
since they may be closely apposed to it in the native an-
tiparallel dimers (see Fig . 1 in Blanchard et al ., 1989) . Fur-
ther speculation must await more detailed characterizations
of this portion of the a-actinin molecule . Finally, we note
that Barstead et al . (1991) have recently reported the se-
quence of Caenorhabditis elegans a-actinin . The nematode
protein has an insertion of 27 residues, relative to previously
sequenced a-actinins, in precisely the same location as does
the Drosophila supercontractile muscle isoform . Although
localized identically, the sequence of the C. elegans peptide
is not similar to that of Drosophila, beyond having a high
proline content (10 of 27 residues) suggesting that it is serv-
ing as a nonhelical spacer or hinge region of the protein .

It is surprising that the reduction of the nonmuscle a-acti-
nin mRNA seen infliA 4 does not discernibly affect nonmus-
cle tissues . Both Schneider's cells and early embryos have
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substantial amounts of this mRNA, and its virtual elimina-
tion would be expected to have a deleterious effect . Elimina-
tion of a-actinin in Dictyostelium by gene disruption did not
confer a noticeable phenotype, suggesting that its function
was largely redundant (Wallraff et al ., 1986 ; Noegel and
Witke, 1988 ; Schleicher et al ., 1988) . Our results are com-
patible with these observations, but do not clarify their
significance . Assuming that the function of nonmuscle
a-actinin is indeed largely redundant, two points should be
emphasized . First, as stated above, we do not think that there
are additional a-actinin genes in the Drosophila genome .
Hence, any functional redundancy is almost certainly en-
coded by proteins whose primary sequences are unlike that
of a-actinin . Second, although it is possible that fliA 4 mu-
tants synthesize small amounts of normal a-actinin, it is
probably not responsible for the observed normal develop-
ment of nonmuscle cells in these embryos . Several lethal al-
leles of the Drosophila a-actinin gene are presently being
characterized in our laboratory. At least one of these has an
inversion breakpoint within the transcribed region, after
codon 38, and could not possibly encode functional protein
(our unpublished results) . This allele lethal(1)2Cb4 (alias
l(1)EA82"C2°~, causes death well after the completion of
embryogenesis, even when the maternal complement of
a-actinin mRNA and protein is eliminated by creating germ-
line clones homozygous for the mutation (refer to Perrimon
et al ., 1985) . Our preliminary analyses ofthe cause of larval
death suggest that it is due to progressive muscular paralysis
accompanied by structural defects in muscles . Therefore, al-
though warranting further direct investigation, most notably
by analyses of somatic homozygous null clones, all of the
available classical and molecular genetic evidence suggests
that the function of a-actinin in Drosophila nonmuscle cells
is largely or wholly redundant, and the selective value of this
protein remains enigmatic . Our work does, however, make
possible searches for interacting loci whose characterization
may elucidate the role of nonmuscle a-actinin .
Why do all four fliA mutations paralyze indirect flight

muscles but only weaken leg muscles? The trivial explana-
tion is that flight muscle function is more sensitive to the ob-
served structural perturbations than are leg and jump mus-
cles. Unlike leg muscles, full activation of indirect flight
muscles requires that they be alternately stretched by con-
tractions of antagonistic fibers, and the efficient functioning
of this oscillatory system critically depends on the mechani-
cal resonance derived in part from myofibrillar elasticity
(Pringle, 1978) . All four mutations documented here proba-
bly reduce myofibril stiffness rather nonspecifically by per-
turbing their integrity. However, the principal effects of the
mutations on flight muscles may be fairly specific, arising
from their alterations of thin filament connectivity, or
weakening of myofibrillar attachments to the sarcolemma
(Fyrberg et al ., 1990) . Both of these effects may increase the
elasticity ofthe fibers to the point where they cannot respond
to stretch, and are hence paralyzed . These same alterations
of elasticity would have a smaller effect on more conven-
tionalmuscles, suchas those ofDrosophila legs. This hypoth-
esis is testable . Flight and leg muscles offliA homozygotes
and heterozygotes mounted in a force transducer and sub-
jected to rapid length changes (Jewell and Ruegg, 1966 ;
Peckham et al ., 1990) should exhibit significantly less resis-
tance than that displayed by wild-type fibers .
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That the single G>A transition in fliA3 disrupts alterna-
tive splicing of Drosophila a-actinin mRNAs illustrates how
profoundly exon sequences can influence utilization of adja-
cent donor sites . Our finding is most similar to that of
Hodges and Rosenberg (1989), who reported that changing
the last nucleotide ofthe fourth exon of the mouse ornithine
transcarbamylase gene from G to A reduced usage of an ad-
jacent donor site to 5 % of its normal level and activated a
cryptic splice donor site within the same intron . Whether
these nucleotide alterations act by lowering the intrinsic
strength of the splice donor sequence or by changing the
physical properties of DNA in the exon-intron border is not
known. However, we note that the wild-type sequence ofthe
internal splice donor site (AG :GTTGGA) is a poor match for
the eucaryotic consensus sequence (AG:GTGAGT) (Mount,
1982) . It is possible that the G>A transition renders the do-
nor site unrecognizable by the Drosophila splicing ma-
chinery.
The phenotypes offliA mutants, and in particular those of

fliAl and fliA4 flight muscles, suggest that a-actinin plays
only a minor role in orchestrating the organization of thin
filaments during myofibril formation, but has a principal role
in stabilizing or anchoring them once localized within the
sarcomere. We believe that these two alleles disrupt or re-
duce the accumulation ofboth muscle and nonmuscle «-acti-
nin isoforms, and should hence perturb all phases ofmuscle
development . However, myofibril assembly is surprisingly
normal, and a-actinin therefore is unlikely to play a major
role . Our only caveat regarding this theory is that it remains
possible that the hypothetical orchestrating or organizing
role is more redundant than the stabilizing role, and is ac-
cordingly more difficult to elicit using a genetic approach .
However, the theory that a-actinin is primarily a thin fila-
ment stabilizer is consistent with roles proposed for its clos-
est relatives, spectrin and dystrophin (see Byers et al ., 1989,
and Blanchard et al ., 1989 for a discussion ofsequence simi-
larities) . In the case of spectrin, immunofluorescent localiza-
tion duringDrosophila embryogenesis has shown that spectrin
is recruited into regions defined by preexisting high concen-
trations of actin filaments, suggestive of a stabilizing, rather
than organizational, role (Pesacreta et al ., 1989) . In the case
of dystrophin, immunolocalization experiments and pheno-
typic analyses suggest that it is a cytoskeletal component that
stabilizes the plasma membrane and associated protein
(Koenig et al ., 1988 ; Ervasti et al ., 1990 ; Menke and Jock-
usch, 1991 ; Ervasti and Campbell, 1991), and that in its ab-
sence muscle fibers are more susceptible to work-induced in-
jury (Stedman et al ., 1991) . Also, because muscle fibers
form normally in Duchenne muscular dystrophy patients and
subsequently degenerate (Cullen and Fulthorpe, 1975), dys-
trophin would seem more likely to have a stabilizing or an-
choring function than an organizing role .
A final point for consideration concerns the basis for myo-

fibrillar degeneration seen in fliA3 . In theory, these effects
could be caused by either a mechanical failure wherein weak-
ened connections between thin filaments of adjacent sar-
comeres caused them to break frequently, or by either local
or global enhancement of necrotic activity within muscle
fibers . Because both fliA3 and fliA4 mutants accumulate
more or less equivalent low levels of a-actinin in flight mus-
cles, degeneration is unlikely to result from mere reduction
of a-actinin . Rather, atrophy must be triggered by a qualita-
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tive difference between a-actinin synthesized infliA3 flight
muscles and those synthesized within the same fibers in the
other threefliA mutants . Further commentary on the specific
cause of the observed degeneration must await more detailed
histological studies, but it is remarkable that the most dis-
ruptive fliA mutant syndrome, that associated with fliA3 ,
may be due to the expression ofthe inappropriate (supercon-
tractile) isoform in flight muscles, rather than the accumula-
tion of mutated a-actinin .

We thankKeith Burridge and Belinda Bullard forproviding antibodies ; Ted
Homykfor mutant strains; TomKomberg for cDNA libraries ; Anne-Marie
Murphy for preparing Schneider cell RNA and preliminary restriction
mapping ofonecDNA ; Elizabeth Ball for initiating portions of this work;
and Michael Sepanski for performing electron microscopy . We thank the
Embryology Department of the Carnegie Institute for providing electron
microscopy facilities, and Larry Goldstein, Sandy Bernstein, and Mary
Reedy for advice . Some of our work was initiated at Oxford University in
the Imperial Cancer Research Fund Developmental Biology Branch . We
thank David Ish-Horowicz for providing laboratory space and supplies .

This work was supportedby grants fromthe National Institutes ofHealth
and Muscular Dystrophy Association to Eric Fyrberg.

Received for publication 11 September 1991 and in revised form 14
November 1991 .

References

Arimura, C., T. Suzuki, M . Yanagisawa, M. Imamura, Y. Hamada, and T.
Masaki . 1988 . Primary structure of chicken skeletal muscle and fibroblast
alpha-actinin deduced from cDNA sequences . Eur. J. Biochem. 177:649-
655.

Barstead, R. J., L. Kleiman, andR. H. Waterston. 1991 . Cloning, sequencing,
and mappingofan alpha-actinin genefrom the nematode Caenorhabditis ele-
gans . Cell Motil. Cytoskeleton. 20:69-78 .

Bate, M. 1990. The embryonic development of larval muscles in Drosophila.
Development (Carob.) . 110:791-804 .

Bennett, J. P., K. S. Zaner, and T. P. Stossel . 1984. Isolatio n and some proper-
ties of macrophage alpha-actinin : evidence that it is not an actin gelling pro-
tein . Biochemistry. 23:5081-5086 .

Blanchard, A., V. Ohanian, andD. Critchley . 1989 . The structure andfunction
of alpha-actinin . J. Muscle Res. Cell Motil. 10 :280-289 .

Byers, T. J., A. Husain-Chisti, R. R. Dubreuil, D. Branton, and L. S. B. Gold-
stein. 1989. Sequence similarity of the amino-terminal domain of Drosophila
beta spectrin to alpha-actinin and dystrophin . J. Cell Biol. 109:1633-1649 .

Cheng, N., and J. F. Deatherage . 1989 . Three-dimensional reconstruction of
the Z-disk of sectioned bee flight muscle . J. Cell Biol. 108:1761-1744 .

Cooper, B. J., N. J. Winand, H. Stedman, B. A. Valentine, E. P. Hoffman,
L. M. Kunkel,M.-O. Scott, K. H. Fishbeck, J. N. Komegay, R. J . Avery,
J. R. Williams, R. D. Schmickel, and J. E. Sylvester . 1988 . The homologue
of the Duchenne locus is defective in X-linked muscular dystrophy of dogs .
Nature (Zond.) . 334:154-156.

Crossley, A. C. 1978 . The morphology and development of the Drosophila
muscular system . In The Genetics and Biology ofDrosophila . Vol. 2b . M.
Ashburner and T. R. F. Wright, editors . Academic Press, New York . 499-
560.

Cullen, M. J., and J . J. Fulthorpe. 1975 . Stages in fibre breakdown in Duchenne
muscular dystrophy : an electron microscopic study. J. Neural. Sci. 24 :179-
200.

Deatherage, J. F., N. Cheng, and B. Bullard . 1989. Arrangement of filaments
and cross-links in the bee muscle Z disk by image analysis of oblique sec-
tions . J. Cell Biol. 108 :1175-1182 .

Duhaiman, A. S., and J . R. Bamburg. 1984 . Isolation of brain alpha-actinin .
Its characterization and comparison of its properties with those of striated
muscle alpha-actinins . Biochemistry. 23:1600-1608.

Endo, T., and T. Masaki . 1982 . Molecular properties and functions in vitro of
chicken smooth muscle alpha-actinin in comparison to those of striated mus-
cle alpha-actinins . J. Biochem. (Tokyo) . 92:1457-1468 .

Ervasti, J . M., and K. P. Campbell . 1991 . Membrane organization of the dys-
trophin-glycoprotein complex. Cell. 66 :1121-1131 .

Ervasti, J . M., K. Ohlendieck, S. D . Kahl, M. G. Gaver, and K. P. Campbell .
1990 . Deficiency of a glycoprotein component ofthe dystrophin complex in
dystrophic muscle. Nature (Zond.). 345:315-319 .

Fernandes, J., M. Bate, and K. Vijayraghavan . 1991 . Developmentof the indi-
rect flight muscles of Drosophila. Development (Comb.). 113:67-77 .

Fyrberg, E. A., J. W. Mahaffey, B. J. Bond, and N. Davidson . 1983 . Tran-
scripts of the six Drosophila actin genes accumulate in a stage- and tissue-

92 1



specific manner. Cell. 33 :115-123 .
Fyrberg, E., M . Kelly, E . Ball, C . Fyrberg, and M . C . Reedy . 1990 . Molecular

genetics of Drosophila alpha-actinin: mutant alleles disrupt Z disc integrity
and muscle insertions . J. Cell Biol. 110 :1999-2011 .

Goll, D . E ., A . Suzuki, J . Temple, and G . R . Holmes . 1972 . Studies on purified
alpha-actinin. I . Effect of temperature and tropomyosin on the alpha-actinin/
F-actin interaction . J. Mol. Biol. 67 :469-488 .

Goll, D . E ., W . R . Dayton, I . Singh, and R . M . Robson . 1990. Studie s of the
alpha-actinin/actin interaction in the Z-disc using calpain . J. Biol. Chem .
266 :8501-8510 .

Hodges, P . E., and L . E . Rosenberg. 1989 . The spf"" mouse : a missense mu-
tation in the ornithine transcarbamylase gene also causes aberrant mRNA
splicing . Proc. Natl. Acad. Sci . USA . 86 :4142--4146 .

Hoffman, E . P., R. H. Brown, Jr ., and L. M . Kunkel . 1987 . Dystrophin : the
protein product of the Duchenne muscular dystrophy locus . Cell. 51 :919-
928 .

Homyk, T ., and C . P . Emerson, Jr. 1988 . Functional interactions between un-
linked muscle genes within haplo-insufficient regions of the Drosophila
genome . Genetics . 119 :105-121 .

Jewell, B . R ., and J . C . Ruegg . 1966 . Oscillatory contraction of insect fibrillar
flight muscle after glycerol extraction . Proc . Roy. Soc . Lond. B Biol . Sci .
164 :428-459 .

Knowles, W . J ., J . S . Morrow, D . W . Speicher, H . S . Zarkowsky, N . Mohan-
das, W. C . Mentzer, S . B . Shohet, and V . T . Marchesi. 1983 . Molecular
and functional changes in spectrin from patients with hereditary pyropoikilo-
cytosis . J. Clin . Invest. 71 :1867-1877 .

Koenig, M., and L . M . Kunkel . 1990 . Detailed analysis of the repeat domain
of dystrophin reveals four potential hinge segments that may confer flexibil-
ity . J. Biol. Chem. 265 :4560-4566 .

Koenig, M ., A . P . Monaco, and L . M . Kunkel . 1988 . The complete sequence
of dystrophin predicts a rod-shaped cytoskeletal protein . Cell . 53 :219- 228 .

Laemmli, U . K . 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4 . Nature (Gond.) . 277 :680-685 .

Maniatis, T ., R . D . Hardison, E . Lacy, J . Lauer, C . O'Connell, D . Quon,
G . K . Sim, and A . Efstradiatis . 1978 . The isolation of structural genes from
libraries of eucaryotic DNA . Cell. 15 :687-701 .

Marchesi, S . L ., J . T . Letsinger, D . W . Speicher, V . T . Marchesi, P . Agre,
and G . Gulati . 1987 . Mutant forms of spectrin alpha-subunits in hereditary
elliptocytosis . J. Clin. Invest. 80 :191-198.

Menke, A ., and H. Jockusch . 1991 . Decreased osmotic stability of dystrophin-
less muscle cells from the mdx mouse . Nature (Lond.). 349 :69-71 .

Mogami, J ., S . Fujita, andY . Hotta . 1982 . Identification of Drosophi la indirect
flight muscle myofibrillar proteins by means of two-dimensional gel electro-
phoresis . J. Biochem. (Tokyo) . 91 :643-650 .

Mount, S . M . 1982 . A catalogue of splice junction sequences . Nucleic Acids
Res . 10 :459-472 .

Noegel, A . A ., and W . Witke. 1988 . Inactivation of the alpha-actinin gene in
Dictyostelium. Dev. Genet. 9 :531-538 .

O'Farrell, P . H . 1975 . High resolution two-dimensional gel electrophoresis of

The Journal of Cell Biology, Volume 116, 1992

proteins . J. Biol. Chem . 250:4007-4021 .
Peckham, M., J . E . Malloy, J . C . Sparrow, and D . C . S . White. 1990 . Physio-

logical properties ofthe dorsal longitudinal flight muscle and tergal depressor
of the trochanter muscle of Drosophila melanogaster. J. Muscle Res. Cell
Motil . 11 :203-215 .

Perrimon, N ., L . Engstrom, andA . P . Mahowald . 1985 . Developmenta l genet-
ics of the 2C-D region of the Drosophila X-chromosome . Genetics. 111 :
23-41 .

Pesacreta, T . C ., T . J . Byers, R. Dubreuil, D . P. Kiehart, and D . Branton .
1989 . Drosophila spectrin : the membrane skeleton during embryogenesis .
J. Cell Biol. 108 :1697-1709 .

Poole, S ., L . M . Kauvar, B . Drees, and T . Kornberg. 1985 . The engrailed
locus of Drosophila : structural analysis of an embryonic transcript. Cell.
40 :37-43 .

Pringle, J . W . S . 1978 . Stretch activation of muscle: function and mechanism,
Proc. R. Soc. Lond. B Biol. Sci. 201 :107-130 .

Reedy, M . K ., and M . C . Reedy . 1985 . Rigor crossbridge structure in tilted
single filament layers and flared-X formations from insect flight muscle . J .
Mol. Biol. 185 :145-176 .

Sanger, F ., S . Nicklen, and A . R . Coulson . 1977 . DNA sequencing with chain-
terminating inhibitors. Proc. Nad . Acad. Sci. USA . 74 :5463-5467 .

Schleicher, M ., A . Noegel, T . Schwartz, E . Wallraff, M . Brink, J . Faix, G .
Gerisch, andG . Isenberg. 1988 . A Dictyostelium mutant with severe defects
in alpha-actinin : its characterization using cDNA probes and monoclonal
antibodies . J. Cell Sci. 90 :59-71 .

Schulze, H ., A . Huckriede, A . A, Noegel, M . Schleicher, and B . M . Jockusch .
1989 . Alpha-actinin synthesis can be modulated by antisense probes and is
autoregulated in nomnuscle cells . EMBO (Eur. Mol. Biol. Organ.) J. 8 :3587-
3593 .

Spradling, A. C ., and A . P. Mahowald . 1979 . Identification and genetic local-
ization of mRNAs from ovarian follicle cells of Drosophila melanogaster.
Cell. 16 :589-598 .

Stedman,H . H ., H .L . Sweeney, J . B . Shrager,H . C . Maguire, R. A . Panettieri,
B . Petrof, M . Narusawa, J . M . Leferovich, J . T . Sladky, and A . M . Kelly .
1991 . The mdx mouse diaphragm reproduces the degenerative changes of
Duchenne muscular dystrophy . Nature (Lond.) . 352 :536- 539 .

Suzuki, A ., D . E . Goll, I. Singh, R . E. Allen, R . M . Robson, and M . H .
Stromer . 1976 . Some properties of purified skeletal muscle alpha-actinin. J .
Biol. Chem . 251 :6860-6870.

Towbin, H ., T . Staehelin, and J. Gordon . 1979 . Electrophoretic transfer of pro-
teins from gels to nitrocellulose sheets : procedure and some applications .
Proc. Nad. Acad. Sci. USA . 76 :4350-4354 .

Vigoreaux, J . O ., J . Saide, and M . L . Pardue . 1991 . Structurall y different
Drosophila striated muscles utilize distinct variants of Z-band-associated
proteins . J . Muscle Res . Cell Motil. 12 :340-354 .

Wallraff, E., M . Schleicher, M . Modersitski, D . Regier, G . Isenberg, and G .
Gerisch . 1986 . Selection of Dictyostelium mutants defective in cytoskeletal
proteins : use of an antibody that binds to the ends of alpha-actinin rods .
EMBO (Eur . Mol. Biol, Organ .) J. 5 :61-67 .

922


