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ABSTRACT The sequences of twitchin and titin identify a
superfamily of muscle proteins whose functions are not com-
pletely understood. In spite of their shared structural features,
twitchin and titin appear to differ in function. Genetic and
molecular evidence suggests that twitchin has a regulatory role
in muscle contraction, whereas it has been proposed that titin
has a structural function. We report here that Drosophila has
a single-copy gene containing the two-motif amino acid se-
quence pattern that characterizes twitchin and titin. This gene
appears to encode projectin, a muscle protein that is thought to
play a structural role in asynchronous flight muscle but may
have a role like that of twitchin in synchronous muscle. Thus
Drosophila appears to be a case where the apparently diverged
functions of twitchin and titin are encoded by a single gene.

Recent studies have characterized several new proteins as-
sociated with the contractile apparatus of muscle. One no-
table class of these proteins is represented by the very large
polypeptides titin (1000-3000 kDa) in vertebrate muscle (1, 2)
and twitchin (753.570 kDa) in muscle of the nematode Cae-
norhabditis elegans (3). Both of these polypeptides contain
large numbers of two conserved amino acid sequence motifs
(motifs I and II) that occur in regular arrays (refs. 4 and 5; Fig.
1). Motif I is similar to fibronectin type III domains and motif
II is similar to the C2 set of immunoglobulin domains (4).
Twitchin, titin, and five other proteins [smooth muscle and
nonmuscle myosin light chain kinases (6, 7), C-protein (8), an
86-kDa protein (9), and skelemin (10)] make up an intracel-
lular subset (mainly muscle) of the immunoglobulin super-
family.

In spite of the structural similarities between titin and
twitchin, the two proteins may have different roles in muscle.
Titin extends from the Z band to the M line of the sarcomere
(11, 12), and it has been proposed to act in positioning the
thick filaments and in providing for resting tension in the
sarcomere (13, 14). In contrast, twitchin is detected only
within the myosin-containing regions of the sarcomere. Mu-
tant animals lacking twitchin have a characteristic, nearly
constant, "twitching" of the body wall muscles, suggesting
that twitchin is involved in the regulation of the contraction-
relaxation cycle (3).

Projectin is a Drosophila muscle protein, similar in size to
twitchin. Projectin was first identified (15) as a component of
the connecting filaments in insect flight muscle (an asynchro-
nous muscle). These filaments connect the thick filaments to
the Z band and may be structural adaptations for stretch
activation, the mechanism that allows for the exceedingly
rapid contractions characterizing asynchronous flight mus-
cles (16, 17). Most Drosophila muscles (referred to as syn-
chronous muscles) are not stretch-activated, yet unexpect-
edly projectin is also present in these muscles. In synchro-

nous muscles projectin is localized in the region ofthe myosin
filaments, rather than between these filaments and the Z band
as it is in flight muscle (18). The difference in projectin
localization in the two muscle types suggests that the protein
may play different roles in the two muscles. Projectins from
flight muscle, leg muscle, and supercontractile muscle differ
somewhat in size, but analyses of partial proteolytic digests
indicate that these proteins are, nevertheless, very similar
over much of the molecule (19).
The localization of projectin within the myosin-containing

regions in the synchronous muscles in Drosophila resembles
the localization of twitchin in the muscles of the nematode.
This, in addition to the similarity in size of the two proteins,
suggested that projectin and twitchin might be related. The
suggestion is further supported by evidence that projectin is
recognized by a polyclonal antibody against twitchin. This
antibody binds to a Drosophila muscle protein that comi-
grates with projectin on gels; the twitchin antibody also binds
to both flight muscle and synchronous muscle of Drosophila
in the same patterns seen with antibodies against projectin
(19). We now report that the Drosophila gene that appears to
encode projectin contains sequences with homology to both
motif I and motif II of twitchin and titinA

MATERIALS AND METHODS
PCR and Library Screening. The PCRs were performed

either on genomic DNA or on cDNA reverse-transcribed
from total RNA by using random primers for the reverse
transcription (20). Phage were selected from a Drosophila A
phage library (21) with gel-isolated PCR 186-base-pair (bp)
fragments (Fig. 2) as probe, by using conventional techniques
(22).
DNA Sequencing. Sequencing was done by the dideoxy-

nucleotide method (23) using as templates either M13 single-
stranded DNA or double-stranded DNA (pGEM-3 subclones
using Sp6 and T7 primers; Promega).

Polytene Chromosome in Situ Hybridization. Hybridization
to polytene chromosomes was performed as described (24).
RNA Analysis. Total RNA was prepared from adult Dro-

sophila as described (25). Total RNA (10 ,g) was electro-
phoresed on a formaldehyde/agarose gel and transferred as
described (22). The probes were sense and antisense RNA
from the B region (Fig. 3).
RNA in Situ Tissue Hybridization. Frozen sections of adults

and late pupa were processed for hybridization as described
(26). The probe was antisense [3H]RNA (24) from the B
region (Fig. 3). After hybridization at 55°C, sections were
washed twice at 55°C in 2 x standard saline citrate (SSC)/50%
(vol/vol) formamide for 30 min, treated with RNase (20
,ug/ml, 25°C, 30 min), rinsed in 2x SSC, dehydrated, and
covered with emulsion (24).

tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M73433-M73435).
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FIG. 1. Schematic representation ofthe arrangement ofmotifs I and II in the nematode protein twitchin and the vertebrate protein titin. Motif
I sequences are dark gray; motif II sequences are light gray. The twitchin sequence (4) is complete except for a short region at the N terminus.
The titin sequence (5) is incomplete.

RESULTS
Isolation of a Drosophila Gene Related to the C. ekgans

Twitchin Gene. The strong evidence that projectin is related
to twitchin led us to use DNA sequences from the twitchin
gene as primers to isolate and clone Drosophila DNA seg-
ments containing related sequences. Comparison of all the
copies of twitchin motif I has produced a consensus amino
acid sequence (4). Of the 100 amino acids composing motif I,
one region of 12 amino acids and another of 13 amino acids
are particularly well conserved. Degenerate primers based on
the consensus sequence from these two regions were syn-
thesized and used in a PCR to amplify Drosophila genomic
DNA. As predicted from the twitchin motif I sequence, an
amplified fragment of 186-bp was the major product of the
PCR (Fig. 2). This 186-bp fragment was used to screen a
Drosophila genomic library (21) and the resulting five clones
all overlapped to produce a contig of -30 kb (Fig. 3). By in
situ hybridization to polytene chromosomes, the contig
mapped on the fourth chromosome at 102C/D.
When the PCR was performed with the twitchin primers,

in addition to the 186-bp fragment, five other products were
obtained. Five of the six PCR products hybridized within the
cloned contig (Fig. 3). The sixth product, a 380-bp fragment,
was not detected within the cloned contig. When used for in
situ hybridization to polytene chromosomes the 380-bp probe
did not hybridize to the 102C/D site with the other PCR
fragments. Instead the 380-bp fragment hybridized to a single
site at 63B/C and thus came from an entirely different gene.
A genomic DNA probe containing the 380-bp fragment rec-

Primers -_-1 b
1 b R

-1 aR

ognized a rare message on a Northern blot of adult poly(A+)
RNA that was too small to encode projectin (data not shown);
however, we have not determined whether this 63B/C gene
encodes a muscle-specific protein.
An initial sequencing of one of the 186-bp PCR products

confirmed the perfect homology with the twitchin motif I
consensus (Fig. 4B, sequence 8). Therefore, two restriction
fragments (fragments A and B in Fig. 3) that hybridized with
the other PCR products were chosen for sequencing to
determine their relationships with twitchin motifs I. The
deduced amino acid sequence of these fragments (Fig. 4)
showed that perfect copies of motif I were present in both
segments. These motifs I were interspersed with the second
motif (motif II) that was also found in twitchin. The pattern
of interspersion is identical to the predominant pattern in
twitchin, namely, two motifs I followed by one motif II (Fig.
4A). The alignment between the various copies of each motif
and the twitchin consensus is presented in Fig. 4 B and C.
Drosophila motifs I are identical to twitchin motif I in their
overall organization. The Drosophila amino acid sequences
follow the twitchin consensus at least as well as most of the
twitchin copies. The two regions that are the best conserved
in twitchin are also the best conserved in Drosophila and,
conversely, the regions of maximum divergence in twitchin
are very variable in Drosophila. Motifs II are generally less
conserved but still fit the consensus derived from twitchin.
An example of the degree of the conservation between the

Drosophila and the C. elegans sequences is seen in compar-
ing the sequences of the motif I; in both species these motifs
can be grouped into two subsets. In Fig. 4B, the motif I
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FIG. 2. Alignment of the PCR products obtained from Drosophila DNA using twitchin-derived primers with the most common interspersion
pattern ofmotifs I and II found in twitchin (4). Motif I is dark gray; motif II is light gray. Hatched areas in motif I represent the two best conserved
regions of 12 and 13 amino acids, respectively (used for PCR primers). Bars underneath represent PCR products obtained by two sets ofprimers.
Primers lb and laR yield set 1; primers lb and lbR yield set 2. Both genomic and cDNA PCRs yielded the same sets of fragments. The PCR
380-bp product, obtained in set 2, is not represented in this diagram since its length is not predictable from any combination of motifs I and II.
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FIG. 3. Schematic map of the cloned region of DNA. Overlapping clones 2C, 6A, 8A, 11C, and 12A cover 30 kilobases (kb) of DNA. Solid
boxes beneath map indicate fragments binding PCR 186-bp probes; open boxes represent fragments binding all other PCR products shown in
Fig. 2. Arrow indicates direction of transcription. The two regions in brackets are fragments A and B for which the sequence is presented
(Fig. 4).

sequences were numbered 1 and 2 (fragment A) and 3-7
(fragment B) based on their order within the fragments from
N to C terminus. Sequences 1, 2, 4, and 6 (called set Ia) have
an extra leucine at position 10, whereas in sequences 3, 5, and
7 (called set Ib) a gap was introduced at position 10 to
maintain the maximum alignment. In twitchin also the odd-
numbered motif I sequences are like Drosophila set Ia and
even-numbered motif I sequences are like Drosophila set Ib.
The order is such that the motif I sequences that are C-ter-
minal to a motif II contain the extra leucine whereas motif I
sequences that are N-terminal to a motif II do not. This
pattern is lost in twitchin at the position where the regular

A
Fragment A

II

1

Fragment B

3
3

II
3

pattern of two motifs I to one motif II is disrupted (4). The
extra amino acid is always a leucine (except for isoleucine in
one twitchin repeat) and, at least in Drosophila, even the
codon is conserved (CUU) although leucine can be specified
by any of six codons. In terms of evolution, the existence of
these two subsets of motif I may indicate that the actual unit
of duplication is motif Ia-motif II-motif lb. The effect of the
leucine on protein folding and/or function is more difficult to
assess, but the conservation of this feature between C.
elegans and Drosophila suggests that the extra leucine plays
an important role. The argument is stronger because of the
high degree of divergence observed elsewhere in the copies
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I APPSKPRGPLDVKDVTKDSCKFKWKKPEDDGGKP SAYPGSK...
2 DKPSKPEGPLESPTFIKRG

3 GVPTKPGVP EPTDWTANKVELAWPEPASDGGSPIQGYIVEVKDKYSPLWEKALDTNSPTPTATVQGL IEGNAYQFRVVAVNIGGLSEPSDPSKI FTAKPRY
4 DKPSPPNGPLOISDVHKEGCHLKWKRPTDDGGTPIEYPQIDKLEPETGCWIPSCRS TEPQVDVTGLSPGNGYKPRVSAVNAEGESQPLVGDESIVARNPF

5 DEPGKPENL KATDWDKDHVDLAWTPPLIDGGSPISCYIIEKODKY GKWERALDVPADQCKATIPDLVEGQTYKFRVSAVNAAGTGEPSDSTPPIIAKARN
6 OKPAPPNGPLKVDEINSESCTLHWNPPDDDGGSPI .YGPVTALKVGGLTPGHKYKFRVRAKNROGTSEPLTTAQAIIAKNPF
7 DVPTKPGTP TIKDFDKEFVDLEWTRPEADGGSPITGYVVEKRDKFSPDWEKCAEISDDITIAHVPDLIEGLKY

8 DDGGAPIDYYEIEKLNPHTGOWLPCGKSTEPEA KVIGLHEGKAYKFRVKAVNKAG

C: D-PG-P--P EV-DV---D- L W--PP-DDGGAPI--YVVEK-D---G-W--V------- T---V-GL-EG-EYEFRV-AVN-AG-SDPS ------- AK-P-
D S Ii E C N P K G R

C
1 ;KLKPLLIRAGKPIRYDVNVRGEPAPVITWYONDKELKPEELPSSSEIKNiFtYN-TKISIIETVRKHTGIYKI IAVNEHGQDEATVEVNIL

2 VKPYINRDKMKPIKVRAGQPVKFDVDVKGEPAPSLTWFLKEDTELTSTGOVRLENI DYNTK|LTLLDTDRKQSGQYKL RAENINGVDEAVVDVI IL

3 1APKIDR ...RNITLSSGTALKLDANITGEPAPKVEWKLSNYHLQSG KNVTIETP DYYTKLVIRPPORSDSGEYLVTATNTSGKDSVLVNVVIT
4 KPP IIDRSS5VEVRIKAGQSFTFDCKVSGEPAPQTKWLLKKKEVYSKDNVKVTNV JYNTKLKVNSATRSDSGIYTV FAENANGEDSADVKVTVI

C: --P-I --------VKAG----F-V-V-G-P-P-V-W-KNG--I---K--I--- ---L-l--A-R-DAG-YTI -A-N--G-D---V-V-V-

F L F G L R V V S KV V A L

FIG. 4. Alignment of the amino acid sequence of Drosophila motifs I and II for comparison with the twitchin motif I and II consensus
sequences. (A) Diagram showing location of individual motifs within the Drosophila sequenced regions. Motif I, dark gray; motif II, light gray.

Unsequenced regions, open. (B and C) Numbers represent Drosophila motifs. C, consensus sequence derived from twitchin motifs (4). Shaded
amino acids agree with the twitchin consensus. Dots indicate unsequenced regions. Blank spaces are gaps introduced for alignment. (B)
Alignment of Drosophila motif I sequences. Arrows point to leucine 10 and the other amino acids differentiating the two subsets of motif I.
Sequence 8 is the motif I sequence derived from one ofthe PCR 186-bp fragments. (C) Alignment ofDrosophila motif II sequences. Boxed regions
arwadditional sequences conserved between the four Drosophila copies but absent in twitchin.
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of motif I. This distinction of two subsets that was originally
recognized by the leucine residue holds true for several other
amino acids along the motif I sequence, especially within the
first 50 amino acids (indicated by arrows in Fig. 4B).
The Drosophila Twitchin-Related Gene Encodes Projectin.

The twitchin gene encodes an mRNA of 21,614 nucleotides
(G.B., unpublished results). Projectin is approximately as
large as twitchin (19) and, therefore, if the Drosophila
twitchin-related gene that we have isolated encodes projec-
tin, we would expect the mRNA to also be on the order of 20
kb. In two Drosophila RNA preparations, we have detected
hybridization to a probe that binds the strand that should be
transcribed into mRNA (as determined from the sequence
data); probes for the nontranscribed strand did not detect any
RNA. In those experiments the band of hybridization was at
the limit of migration, as expected of an RNA >20 kb. In
other preparations we have failed to detect any hybridization.
(We presume that there has been degradation of the very
large RNA in these latter preparations, although smaller
mRNAs, complementary to probes from other genes, were
still present.) We have never seen hybridization to any band
smaller than 20 kb with probes from the 102C/D gene (data
not shown) and, therefore, conclude that the transcript of the
102C/D gene is large enough to encode projectin.
To determine whether the Drosophila 102C/D gene is

transcribed in muscle, we have probed tissue sections from
Drosophila adults and pupae with segments of RNA com-
plementary to the predicted mRNA sequences (Fig. 5). The
hybrids were detected only over muscle tissue. All types of
muscle, both synchronous and asynchronous, showed hy-
bridization as expected from the distribution of the projectin
protein (19).

DISCUSSION
Our experiments to date show that Drosophila has a muscle-
specific gene that is clearly related to twitchin and titin on the
basis of the amino acid sequence. Although we have not yet
completed the sequence of the gene, the size of the RNA
predicts that the encoded protein will be equivalent in size to
twitchin and to projectin. Thus, with the result that twitchin
antibodies recognize projectin, this is strong evidence that
the Drosophila 102C/D twitchin-related gene encodes pro-
jectin. Recently, Lakey et al. (27) have reported that anti-
bodies to Lethocerous p800 (which appears to be projectin)
bound a polypeptide encoded by a partial cDNA with se-
quence homology to motif II. This result also supports the
hypothesis that projectin is the insect equivalent of twitchin
and titin. Further evidence that projectin is a member of the
twitchin/titin family is provided by the recognition of cray-
fish projectin by a monoclonal antibody to chicken titin (28).
When the PCR-generated 186-bp fragment was used to

identify Drosophila genomic clones, all of the clones selected
were located in one contiguous region of the genome (at
102C/D). This result argues that there is only one twitchin-
equivalent gene. This conclusion is supported by results from
in situ hybridization on polytene chromosomes that also
show a single site of hybridization at 102C/D. The only
fragment amplified in the PCR from the twitchin primers that
is not found in the 102C/D gene defines a second gene located
at 63B/C. The transcript from 63B/C is too small to encode
projectin. The product of this gene has not been further
defined.
Our evidence that the 102C/D gene encodes projectin

raises some interesting questions. The gene is single copy yet
we have found muscle-type-specific forms of projectin that
differ both in size and in apparent function (19). These
muscle-type-specific forms must be produced posttranscrip-
tionally, perhaps by alternative splicing or by modification of
the protein. Understanding the structures of these alternative
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FIG. 5. Autoradiographs showing muscle-specific expression of
the 102C/D gene. All sections were probed with antisense transcript
offragment B. (A) Pupal section through the thorax (T) and the brain
(B), showing heavy hybridization on all thoracic muscles but no
hybridization to the brain. (B) Adult section through the indirect
flight muscles showing hybridization throughout the muscle with
concentration of label over the linearly arranged nuclei (e.g., ar-
rows). We assume this represents nascent transcripts. Because ofthe
large size of the mRNA, nascent transcripts should represent a

significant nuclear accumulation. (C) Pupal section through the
abdomen. Hybridization is localized over the gut muscles. Gut
parenchymal cells (arrowheads) and fat cells (arrow) do not show any
hybridization. (Bars = 10,m.)

forms and how the structures relate to the different functions
of projectin in synchronous and asynchronous muscle may
give insights into the apparent divergence of function be-
tween twitchin and titin. The localization of the projectin
gene to 102C/D is a first step toward a genetic analysis of the
protein. We note that there are two known mutations (29) in
this region that have defects in wing posture, a phenotype
that has been associated with defects in other known muscle
genes. The mutations are bent (bt) and bent Dominant (btD).
If the bt and btD mutations can be shown to be in the projectin
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gene, they may offer important clues to the functions of the
projectin isoforms.
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