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We have sequenced a cDNA clone for the Drosophila melanogaster gene Dsrc28C, a homolog of the vertebrate
gene c-src. The cDNA contains a single open reading frame encoding a protein of 66 kilodaltons which contains
features highly conserved within the src family of tyrosine protein kinases. Novel structural features of the
Dsrc28C protein include a basic pI and a polyglycine domain near the amino terminus. Cell-free translation of
in vitro-transcribed RNA yielded a protein of the predicted size which could be immunoprecipitated by
anti-v-src antisera. RNA blot hybridization revealed that the gene is expressed predominantly during
embryogenesis, in imaginal disks of third-instar larvae, and in adult females. In situ hybridization showed that
expression in adult females is largely confined to nurse cells and developing oocytes.

Members of the src tyrosine protein kinase family make up
a major fraction of known cellular oncogenes (1). This gene
family, characterized by extensive homology ta the kinase
domain of the transforming gene of Rous sarcoma virus
(v-src), appears to have been highly conserved during evo-
lution and contains representatives in the genomes of orga-
nisms as phylogenetically diverse as chickens and fruit flies.
Although the function(s) of the intracellular members of the
tyrosine protein kinase family are not known, the ability of
retrovirally transduced members of the gene family to induce
neoplastic transformation, the homology with the kinase
domain of several growth factor receptors (9), and the high
degree of evolutionary conservation within the gene family
all suggest that tyrosine kinases play important roles in the
control of cell growth.

The genome of the fruit fly, Drosophila melanogaster,
contains three distinct genes with homology to v-src (10, 24).
Hybridization and DNA sequence analyses have revealed
that two of these genes, designated Dsrc and Dash, appear to
be homologous to the vertebrate oncogenes src and abl,
respectively (10, 23). Transcripts from these genes are
maternally inherited and are present on polyribosomes in
preblastoderm embryos, indicating that they encode gene
products active during early embryonic development (13,
28). In addition, transcripts from Dsrc and Dash have been
shown to be most abundant in embryos and pupae and to be
present in lower amounts in larval and adult stages, except in
adult ovarian tissue (23, 26, 28). This pattern of expression
correlates well with the periods of maximal cell division
during Drosophila development and suggests, by analogy
with vertebrate src family genes, that these genes may play
a role in the regulation of cell proliferation. However,
examination of the tissue-specific expression of Dsrc showed
that, after the first 8 h of development, transcripts of this
gene accumulate predominantly in neural tissue and in
differentiating smooth muscle. This result suggests that the
Dsrc gene product may not participate in the regulation of
cell division but may instead be involved in the differentia-
tion of specific tissues (23).

The structure and expression of the third D. melanogaster
src homolog, which we have designated Dsrc28C because of
its location at position 28C in the polytene chromosome
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map, have only been partially characterized (28). Dsrc28C
mRNA is also maternally inherited and is present on
polysomes in developing embryos (28). In this study we
present the complete primary structure and developmental
expression of the Dsrc28C gene. Our results indicate that the
protein encoded by the Dsrc28C gene bears extensive ho-
mology to the src and abl classes of vertebrate oncogenes. In
addition, our sequence analyses have revealed that the
Dsrc28C protein has structural features unique among the
extensive src gene family. Hybridization results indicate that
maximal expressjon of Dsrc28C occurs during embryo-
genesis and oogenesis while lower levels of expression occur
in imaginal disks and during the first 24 h of metamorphosis.

MATERIALS AND METHODS

Isolation and sequencing of cDNA clones. cDNA clones
were isolated from libraries and analyzed according to
Maniatis et al. (15). Two separate bacteriophage libraries
were screened for Dsrc28C cDNA. The first (obtained from
Larry Kauvar and Tom Kornberg) contained 5 X 10° inde-
pendent clones prepared from poly(A)-containing RNA iso-
lated from 3- to 12-h-old embryos. The second library
(obtained from Barry Yedvobnick) contained 3 x 10° inde-
pendent clones and was prepared with poly(A)-containing
RNA from adult females. Both libraries were constructed by
using the Agt10 vector system. The genomic Dsrc28C probe
used for screening the libraries was the 3.3-kilobase (kb)
EcoRI fragment previously described (28; see Fig. 1). This
clone was previously referred to as Dsrc4. Sequence analy-
sis was performed according to Sanger et al. (21) on restric-
tion fragments subcloned into M13mp series vectors (17).
The sequence presented in Fig. 2 was determined from both
strands, except for positions 2458 to 2755 in the noncoding 3’
extension.

RNA blot analysis. Extraction of RNA from various devel-
opmental stages was performed according to Wadsworth et
al. (28). After a 1-h precollection, embryos were collected
for 30 min or 1 h and staged from the midpoint of the
collection. White prepupae were collected for staging of
pupal development. Imaginal disks were supplied by James
Fristrom. Total RNA (5 pg) was analyzed on 1%
agarose—formaldehyde gels and transferred to nitrocellulose
as described by Wadsworth et al. (28). Synthesis of the
antisense RNA and hybridization to the RNA blot were
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performed according to Melton et al. (16). The probe was
synthesized with phage SP6 RNA polymerase from a 0.6-kb
Xbal-Pstl genomic restriction fragment (Fig. 1) cloned into
plasmid pSP64 (Promega Biotec).

In vitro analysis of the Dsrc28C gene product. For tran-
scription of the Dsrc28C cDNA, plasmid pWV411l was
constructed by inserting approximately 2.2 kb of A-6311,
from the 5’ EcoRlI site to the 3’ Hincll site, into Bluescrybe
M13+ (Stratagene). Truncation of this plasmid with HindIII
allowed transcription of a 2.2-kb RNA from the T7 pro-
moter. Transcription was carried out according to the pro-
tocol of the supplier, except that cap structure analog,
TmeGpppG (Bethesda Research Laboratories), was added to
a final concentration of 1 mM to the reaction mixture and the
GTP concentration was reduced to 100 puM. From 5 pg of
plasmid, about 25 pg of RNA was obtained. The presence or
absence of cap structure analog had no effect on either RNA
yield or fidelity of protein translation at high levels of RNA
in the translation mix. The RNA was translated in 25-pl
reactions of message-dependent rabbit reticulocyte lysate
containing 1 mCi of [**S]methionine (Amersham Corp.) per
ml. Portions representing 10% of the reaction mixture were
analyzed on 10% sodium dodecyl sulfate-polyacrylamide
gels according to Laemmli (12).

For immunoprecipitation, portions (40%) of the reaction
mixture were diluted 10-fold with Tris-buffered saline and
reacted with 5 pl of tumor-bearing rabbit (TBR) serum
(supplied by Joan Brugge) overnight at 4°C. Protein A-
Sepharose was used to precipitate the antibody-antigen
complex. The precipitated Dsrc28C protein was then eluted
with 0.2 M glycine, pH 3.0, neutralized, and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

In situ hybridization. The template for the synthesis of
antisense RNA probes was the same as that described above
for RNA blot analysis. The cloned DNA was truncated at the
polylinker Sall site before in vitro transcription with SP6
RNA polymerase, according to the instructions provided by
the manufacturer, to produce a 0.6-kb RNA probe. To
construct the Drosophila epidermal growth factor receptor
transcription template, a 3.5-kb EcoRI-HindIIl genomic
fragment containing virtually all of the amino acid coding
sequences (29) was cloned into the Riboprobe pSP65 vector.
The clone was truncated at the HindIII site before transcrip-
tion to produce a 3.5-kb probe. The DNA templates were
removed by brief DNase treatment, and the probes were
then extracted with phenol and chloroform, ethanol precip-
itated, and suspended in distilled water. The probes were
hydrolyzed to approximately 150 bases before hybridization
(5). Ovaries were dissected from adult females and were
transferred to O.C.T. embedding medium (Miles Laborato-
ries) on a cryostat specimen holder, frozen by placing the
specimen holder on dry ice, and stored at —70°C. Embedded
tissue was sectioned in a cryostat at —20 to —24°C. Sections
measuring 8 to 10 wm were collected on poly-L-lysine-coated
slides (5) and placed on a slide warmer at 42°C for 25 to 45
min. The tissue sections were fixed to the slides and made
permeable by the method of Hafen et al. (8).

For in situ hybridizations, the method of Cox et al. (5) was
modified as follows. The RNA probe, carrier RNA (calf liver
tRNA), and poly(A) were heated at 80°C for 3 min in distilled
water before the other ingredients were added to yield the
following final concentrations: 50% formamide, 0.6 M NacCl,
10 mM Tris hydrochloride (pH 7.5), 1 mM EDTA, 1x
Denhardt solution (0.02% each of Ficoll, polyvinylpyr-
rolidone, and bovine serum albumin), 10% dextran sulfate,
1.5 mg of tRNA per ml, 0.5 mg of poly(A) per :nl, and 0.2 to
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FIG. 1. Restriction maps of Dsrc28C genomic and cDNA clones.
Colinear restriction maps of the genomic Dsrc28C restriction frag-
ment isolated by Wadsworth et al. (28) and Dsrc28C cDNA clones
described in this study. Introns are indicated by thin lines within the
cDNA map. The actual size of intron 1 is not known but is greater
than 5 kb, as determined by analysis of overlapping genomic DNA
clones. Another intron(s) totaling approximately 100 base pairs also
occurs between the BamHI and Hincll sites, as determined by
comparative restriction mapping, but has not been precisely placed
within the primary sequence. The Xbal site in the genomic DNA
clone occurs within an intron. The extra EcoRI fragment within the
cDNA sequence is created when intron 5 is spliced from the primary
transcript. Abbreviations: E, EcoRI; X, Xbal; P, Pstl; B, BamHI;
H, Hincll.

0.3 mg of RNA probe per ml. Hybridizations were per-
formed overnight at 48°C in a volume of 20 pl per slide,
under baked cover slips sealed with rubber cement. Cover
slips were removed, individual slides were treated with a
solution containing RNase (20 pg/ml) in 0.6 M NaCl, 10 mM
Tris hydrochloride (pH 7.5), and 1 mM EDTA at 37°C for 30
min, and then groups of slides were washed in the RNase
buffer at 37°C for 30 min, in 2X SSC (1x SSCis 0.15 M NaCl
plus 0.015 M sodium citrate) at room temperature for 30 min,
and in 0.1X SSC at 48°C for 30 min, and dehydrated in a
graded ethanol series. Autoradiography was as described by
Pardue and Gall (18).

RESULTS

Isolation of Dsrc28C c¢DNA clones. Drosophila Dsrc28C
cDNA clones were isolated from lambda phage libraries by
hybridization with genomic Dsrc28C sequences. Two inde-
pendent clones (A-6311 and A-6111) were recovered from the
embryo library, and a single clone (A-bud) was isolated from
the adult female library. A-6311 contained two EcoRI restric-
tion fragments totaling 2.45 kb of insert cDNA, and \-bud
contained two EcoRI fragments totaling 0.65 kb of insert
cDNA (restriction mapping indicated that clone 6111 was
entirely contained within A-6311). A-bud was shown by DNA
sequencing to overlap the 3’ end of A-6311 by 150 nucleo-
tides, so that the combined clones contained 2.95 kb of
unique Dsrc28C cDNA. A comparative restriction map of
the Dsrc28C genomic and cDNA clones is presented in Fig.
1. The positions of introns within the genomic sequence,
deduced from sequence comparisons (see below), are also
indicated.

Sequence analysis of Dsrc ¢cDNA clones. The Dsrc28C
cDNA sequence derived from A-6311 and A-bud is presented
in Fig. 2. Although no poly(A) sequences were isolated with
the ¢cDNA clones, a potential polyadenylation site
(AATAAA) is located approximately 25 nucleotides up-
stream from the 3’ end of the cDNA sequence. The EcoRI
site at the 3’ end of the cDNA sequence corresponds to the
EcoRlI site at the 3’ end of the 3.3-kb genomic clone. This
suggests that sequences 3’ to the end of the genomic clone
may be transcribed in vivo and were not recovered in our
cDNA clones. By comparing cDNA sequences with those
from selected genomic DNA fragments, six intron positions
were located, and their positions are indicated in Fig. 2. As
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GAATTCCCCCCCCCCCCCAAAAATAAATCGAGTTAAAAAACGCGTGTGCAACGCCAGCGTTTTTGGTTAGCCATCTCAGC
CGTTCCCAAATGATTCCCTGCGTGAGTTTGGAGAAACGAGCGTCATTGGCAACEIQAAGGAGCGGGTCAA?GAAATGAAG
GTGTTCGGCTGCCGACTCAACTTCTGGAACCACATTGGTCACGAGCCTGACCAGTTCCAAAACCAAAGAAGGCAACGGCG
AGTTCTCCAGCCCAGAATTCAACGCGCAGCAGTCAGTCCCAACAGCTCCACAACCAACAGTCAGTTCAGCTTGCAGCACA
ACAGCTCGGGGAGTCTCGGCGGAGGAGTGGGCGGCGGA?TGGGAGGTGGAGGCAGCCTTGGCCTAGGCGGCGGAGGAGGA
GGTGGCGGCAGTTGCACGCCCACATCGCTACAGCCTCAGTCCTCGCTGACAACTTTCAAGCAGTCCCCAACTCTATTGAA
CGGCAACGGAAATCTATTGGATGCCAATATGCCTGGCGGTATACCCACTCCCGGAACTCCAAATTCCAAAGCCAAGGACA
ATTCCCACTTTGTCAAGCTGGTGGTGGCTCTCTATTTAGGCAAGGCCATCGAAGGCGGCGATTTATCCGTTGGGGAAAAG
AATGCCGAATACGAAGTGATAGATGACTCACAAGAGCACTGGTGGAAGGTCAAAGATGCCTTGGGGAATGTCGGCTATAT
ACCCAGCAACTATGTCCAAGCCGAAGCTCTTCTGGGCCTGGAGCGCTATGXATGGTATGTGGGCTACATGTCACGACAGA
GAGCCGAATCGCTGCTGAAGCAAGGTGATAAGGAGGGCTGCTTTGTGGTCAGGAAGTCATCGACCAAGGGTCTCTACACA
CTATCGCTGCATACCAAAG;TCCACAGTCGCATGTGAAGCACTACCACATCAAGCAAAATGCTCGCTGCGAGTATTATTT
GAGTGAGAAGCACTGCTGTGAAACAATTCCGGATCTGATTAACTACCATCGCCACAACTCTGGGGGTTTGGCTTGCCGAC
TCAAATCCTCGCCCTGCGATCGCCCAGTTCCACCGACGGCGGGATTGTCCCACGACAAATGGGAGATCCATCCGATCCAA
CTGATGCTGATGGAGGAGCTTGGATCGGGACAGTTTGGTGTTGTGCGGCGCGGCAAGTGGCGTGGGTCTATCGACACAGC
GGTCAAGATGATGAAGGAAGGAACCATGTCCGAGGACGATTTCATTGAGGAGGCCAAGGTGATGACCAAGCTGCAGCATC
CAAATCTTGTGCAGCTATATGGCGTCTGCACCAAGCACCGGCCCATCTACATTGTGACCGAGTACATGAAGCACGGATCC
TTGTTGAATTACTTGCGACGGCATGAGAAGACCCTGATTGGTAATATGGGTCTACTCCTTGACATGTGCATACAGGTTAG
CAAGGGAATGACCTACCTGGAGCGCCATAACTACATTCACCGGGATCTGGCTGCCCGCAACTGTCTCGTGGGTTCCGAGA
ATGTCGTTAAAGTGGCCGACTTTGGATTGGCCCGATACGTTCTCGACGATCAGTATACCAGCTCTGGCGGAACCAAGTTC
CCCATCAAGTGGGCCCCGCCCGAAGTGCTCAACTACACGCGCTTCTCCTCTAAGAGCGATGTGTGGGCATACGGTGTGCT
GATGTGGGAGATCTTCACTTGCGGCAAGATGCCATACGGTCGCCTAAAGAATACCGAGGTTGTGGAGCGTGTGCAGCGCG
GAATTATCCTAGAAAAACCAAAGTCGTGTGCCAAGGAGATTTATGATGTCATGAAGTTGTGCTGGTCACATGGACCCGAG
GAGCGTCCCGCGTTCCGTGTGCTCATGGATCAGTTGGCTCTTGTGGCCCAAACGCTAACCGACTAAGGAGCGGACCAGAT
TGCGGCACCCATCGCTGAAATTAACACGCACTGAACACACTGAAGCATCTTAAGATATTGAAGAACGTTAAAGGCATTAC
ATTTAAGGTTACAAAAGCGGCGAAAGAAAGATATATTTAGATTTATACATATATGTATATGAAGCATAAGATTTAGTTAA
GCGCGAGCCAGTTTACATTACGGCACAAGCCCCATATGATTATGGCATATTTGGATTATATGATAGAGCTAGAGCTGAGC
AAATGATATCATTATGTTTATGAACGCGTTAACTGTTAGACGATGAGATACGAAGCGCAACAACTGACAGTCACATATAG
TAACTATATTAAATGAGAAAACGGAAATGCATTAAAGTATAGAGAACTGTAGTTAATAGTCAAATTTTTGATACATTTCA
CATACCGAAAGCGATATAAAAAAATTATAACGATAGATGCATATGATACGATATTTAAATGTGCTTTTTTAAATAGCGAG
CCACTGTGCTAAGTAAAATATGATTGGATCTCTAAAGAAACAACAAACAAGAAAACGGTTATGCATTAAATATTAAATGT
AAGCCTCAAGTCGAAAGCGAAATGTTTGCACAACTGATAAAGGATGAAGGAACCGAAGGATGATATGAAAAGAGTTAGCC
AAGAAACATAAACGATTTTTAGACTAGATTTGTACGTGCGTAGTTTAAGTTTTGTGATTTATTGTTTAATTCTTGCAGAC
GATTTTTATTTTTATTTAATTTTCATCTTGCATGGCGATCACCCACGCTCAAAGTATGAATCAAGTACGGTATAATTACG
AGAAATTTATACGTTTATGCTTTATATTTTAACTGAA;TL111001111111GCAATGTCTATGCGATATAAATCTATAT
ATCTATACACATATTTTACCGTATTTTTATGAACGTTTTACTTAATTAATTTTAGCATTTGATTAAGCAACCAGAAATAC
AAAAAAGAAAAGAAAAAACAGAAAATCAAATAAAATGTACGATAAACATTT;AAGAATTC

FIG: 2. Primary structure of Dsrc28C cDNA. The initiation and termination codons of the 590 codon open reading frame are boxed. A
potential polyadenylation signal (AATAAA) is underlined. The positions of known introns in the genomic sequence are indicated with arrows.
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the complete sequence of the genomic Dsrc28C clone was
not determined, additional introns may be present within the
genomic Dsrc28C DNA. Analysis of the nucleotide sequence
revealed the presence of a 590-amino-acid open reading
frame starting 140 nucleotides downstream from the 5’ end
of the \-6311 insert. This open reading frame is initiated by
an ATG codon whose flanking sequences conform well to
the D. melanogaster initiator consensus (D. Cavener, per-
sonal communication). A single in-frame stop codon is
present 67 nucleotides upstream of the potential initiator.

Homology of Dsrc28C with src family tyrosine protein
kinases. In Fig. 3, we present a conceptual translation of the
Dsrc28C open reading frame and compare this protein with
the prototypical member of this gene family, p60°~*"“. Several
gaps have been introduced into the sequences to maximize
homologies. This comparison reveals that Dsrc28C bears
considerable homology to c-src throughout 70% of its length;
only the N-terminal 140 amino acids of Dsrc28C appear
completely unrelated. Of these 140 amino acids, 58 make up
an N-terminal extension compared with c-src, resulting in a
protein with a molecular mass 6 kilodaltons larger than that
of the c-src gene product. Within the kinase domains of these
two proteins, defined here as extending from amino acid 270
to 470 of p60°~", identical amino acid residues are present at
54% of the positions. Several features found to be highly
conserved in src family tyrosine kinases (11, 27, 30), includ-
ing lysine-295, tyrosine-416, and leucine-516, are present in
Dsrc28C. The kinase domain segment of the Dsrc28C open
reading frame was also compared with other members of the
src kinase family. Although Dsrc28C did appear to be more
closely related to the src and abl class of kinases, this
comparison revealed no clear evolutionary relationship of
Dsrc28C with a specific member of this gene family (Table
1).

Cell-free translation of Dsrc28C RNA sequences. A segment
of Dsrc28C cDNA containing the complete open reading
frame was transferred to a plasmid vector downstream from
a bacteriophage T7 promoter in the translational sense
orientation. Increasing amounts of in vitro-transcribed RNA
from this construct (pWV411) were translated in a rabbit
reticulocyte message-dependent lysate (19), and the prod-
ucts were displayed on sodium dodecyl sulfate-polyacryl-
amide gels (Fig. 4). At the lower Dsrc28C RNA levels, the
predominant translation product corresponded to the molec-
ular weight predicted from the cDNA sequence shown in
Fig. 3. With increasing amounts of RNA added, additional
translation products were observed. The apparent molecular
weights of the less abundant translation products were
consistent with translational initiation at internal methionine
residues in the Dsrc28C cDNA sequence. The appearance of
these translation products was dependent on the addition of
Dsrc28C RNA. Homology of the Dsrc28C protein to the src
gene product is further substantiated by the fact that the
cell-free translation products were recognized by two inde-
pendent antisera (TBR sera) from rabbits bearing Rous
sarcoma virus-induced tumors (Fig. 4, lanes E and F). Four
additional TBR sera tested did not recognize the Dsrc28C
polypeptides (data not shown). The ability of the two anti-
sera to recognize the smaller Dsrc28C translation products
resulting from internal initiation, as well as the full-length
protein, indicates that the antisera are recognizing epitopes
within the carboxyl half of the intact protein, the segment
containing the highly conserved kinase domain.

Developmental expression of Dsrc28C mRNA. The temporal
pattern of Dsrc28C RNA expression was determined by
hybridization of a cRNA probe with total RNA from various
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developmental stages (Fig. 5). This probe hybridizes to the
3.5-kb RNA species previously identified as Dsrc28C RNA
(28). From each developmental stage, 5 pg of total RNA was
electrophoresed in denaturing formaldehyde gels, trans-
ferred to nitrocellulose, and hybridized with the 32P-labeled
probe. The results of these experiments revealed that
Dsrc28C RNA levels are highest during early to middle
embryogenesis and decline thereafter. Dsrc28C RNA is not
detectable in total larval RNA (larval RNA lanes not shown).
However, imaginal disks, which represent a minor propor-
tion of cells within third-instar larvae, preferentially express
Dsrc28C RNA. After a minor peak of expression during the
first 24 h of metamorphosis, Dsrc28C RNA levels decline to
undetectable levels. As previously determined (28), expres-
sion in adult males is nearly undetectable and in females is
primarily confined to ovarian tissue (see below), indicating
that the Dsrc28C RNA expressed in early embryos is of
maternal origin. However, the presence of comparable lev-
els of Dsrc28C RNA per microgram of total RNA during
early and midembryogenesis indicates that transcription of
Dsrc28C also takes place in the developing embryo. Control
experiments using an RNA probe complementary to the
protein-coding region of the actin 5C gene yielded expres-
sion patterns comparable to published studies (data not
shown; 7). We have not determined the origin of the bands
seen in addition to the major 3.5-kb transcript in Fig. 5.
These bands were not consistently observed and may repre-
sent either artifacts of the electrophoresis conditions or low
levels of transcripts arising from alternative processing such
as takes place with transcripts from the Dash and Drosophila
epidermal growth factor receptor genes (22, 26).

Spatial distribution of Dsrc28C transcripts. To learn if the
Dsrc28C RNA species were preferentially expressed in
certain tissues, in situ hybridizations were performed. Even
though the highest levels of Dsrc28C RNA are expressed
during embryogenesis, we have not observed preferential
expression in any region of the embryo. Dsrc28C transcripts
appear to be uniformly distributed throughout the cells of
embryo regardless of developmental stage (data not shown).
Likewise, in situ hybridizations carried out on 24-h pupae
have not revealed significant concentrations of the Dsrc28C
transcripts in any tissue.

After early metamorphosis, Dsrc28C RNA levels fall to
undetectable levels until adulthood, when ovarian tissue
preferentially expresses Dsrc28C transcripts. Results of in
situ hybridizations on ovaries from adult females revealed
that Dsrc28C RNA sequences are localized within the cyto-
plasm of nurse cells and developing oocytes and are absent
from the adjacent layer of follicle cells (Fig. 6a through d).
As a control for nonspecific binding of probe, in situ hybrid-
izations were performed with antisense RNA transcripts
from the Drosophila epidermal growth factor receptor
homolog (14, 29). This probe hybridizes to ovarian tissue in
a pattern complementary to that observed with probes
specific for Dsrc28C (Fig. 6e and f; K. L. Kammermeyer and
S. C. Wadsworth, Development, in press). These results
suggest that within the ovary there is cell lineage-specific
expression of the Dsrc28C gene.

DISCUSSION

The Dsrc28C cDNA clones isolated in this study comprise
approximately 3 kb of unique sequence. As the mRNA for
Dsrc28C is approximately 3.5 kb long, we have not isolated
the complete cDNA sequence. However, since the sequence
presented here contains a complete 590-amino-acid reading



VoL. 7, 1987

1-MKE RVKEMK VFGCRL NFWN HIGHEP DQFQNQRRQRRVLQPRIQRA AVSPN SST TN SQFSLQHNSSGSLG
e

1-MGSSK

GGVGG?LGGGGSLGLGGGGGGGGSCTPT?L?PQSSLTTﬁ?QSPTLLNGNGNLLD?NM?GGIPTPGTPNS?A
s e ] . .

SKPKDPSQRRRSLEP PDSTHHG GFP ASQTPNKT AAPDTH RTPSRSFGTVATEPKLFGGFNTSDTVTSPQRA

KDNSHF VKLV VALYLGKAIEGGDLSV--GEKNAEYEVID DSQEHWWKVKD- ALGNVGYIPSNYVQAEALLG
¢ sses sse s LV s | s| esseesss

GALAGGVTTFVALYDYE SRTETDLSFKKGE RL-——QIVNNTEGDWWLAHSLTTGQTGYIPSNYVAPSDSIQ

LERYEWYVGYMSRQRAES-LLKQGDKEGCFV VRKSS-TKGLY TLSL HTK--VPQSHVKHYHI-KQNARCEY
| ees s o s se | & s|se s sss|s 0o | sess ¢ ¢ | .

AE--EWYFGKITRRESERL LLNPENPRGTFLVRESETTKGAY CLSVSDFDNAKGLNVKHY KIRKLDSGGF Y

L 2R 2R X 2R

YLSEKHCCETIPDLINYHRHN SGGLACRLKS SPCDRPVPPT AGLSHDKWE IHPIQLMLMEELGSGQFGV VR
. || ¢ | oo oo & &5 & 20 s s S8 % 80 8

ITSRTQFSSLQQLVAY YSKHAD-GLCHRLTNVCPTSK-PQTQGLAK DAWE IPRESLRLEVKLGQGCFGEVW

+ 4 ] ¢ L ]

RGKWRGSIDTAVKMMKEGTMSEDDFIEEAKVMTKLQHPNLVQLYG VCTKHRPIYIVTEYMKHGSLLNYLRR
Y| s|s & ssss | || o0 20 & sesss & & sessesses sess||s |

MGTWNGTTRVAIKTLKPGTMSPEAFLQEAQVMKKLRHEKLVQLYAVVS-EEPIYIVTEYMSKGSLLDFL-K

+ + 2% ¢ IR 2]
HEKTLIGNMGLLLDMCIQVSKGMTYLERHNYIHRDLA ARNCLVGSENVV-KVADFGLARYVLDDQYTSSGG
. | #|ss [8] oo s|ss ss|ssss o & 20 s4|s soossstss | o]||se o

GEMGK YLRL PQLVDMAAQI ASGMAY VE RMNY VH RDLRAANILVG-ENLVCKVADFGLARLIEDNEYTARQG

1z 22 ¢ + i

seEe s

STRUCTURE AND EXPRESSION OF A DROSOPHILA src GENE

2123
Dsrec28C

c-sre
(1-5)

Dsrc28C

c-sre
(6-76)

Dsrc28C

c-sre
(717-144)

Dsrc28C

c-sre
(145-213)

Dsrc28C

c-sre
(214-282)

Dsrc28C

c-sre
(283-352)

Dsrc28C

c-sre
(353-421)

TKFPIKHAPPEVLNYTRFSSKSDVHAYGVLMHEIFTCGKMPYGRLKNTEVVERVQRGIILEKPKSCAKE{ Dsrc28C

so|| o o8] sseee o] | & o] 2o & es]|]| o]0 . o

AKFPIKWTAPE AALYGRFTIKSDVWSFGILLTELTTKGRVPYPGMVNREVLDQVERGYRMPCPPECPESL c-src

(422-491)
+ (X 2N I
YDVMKLCWSHGPEERP AFRVLMDQLAL VAQTLTD-5 90 Dsrc28C
s|s ss  esess s = o |
HDLMCQCWR RD PEERPTFEYLQAFLED YFTSTEPEYQGPGENL-534 ?-ggg
492-534)

#= jdentical amino acids
|= conserved amino acids

FIG. 3. Comparison of the predicted product of the Dsrc28C gene with the sequence of pp60°*. The conceptual translation of the
Dsrc28C gene product is compared with the amino acid sequence of the c-src gene product as described by Takeya and Hanafusa (25).
Conserved amino acids have been assigned according to Chambon et al. (3). Highly conserved features of tyrosine-protein kinases, noted by
Van Beveren and Verma (27) and Yaciuk and Shalloway (30), are indicated with arrows.

frame, the bulk of the missing sequence is apparently de-
rived from the 5’ and 3’ untranslated regions of the mRNA.
We have determined by comparison with limited sequence
data from genomic clones that the primary transcript of the
Dsrc28C gene contains at least six introns of various sizes.

The intron(s) nearest the 5’ end of the gene (Fig. 1) appears
to be at least 5 kb long, as we were unable to locate
sequences from the 5’ end of the cDNA within genomic
lambda clones extending over 5 kb upstream. Since the
entire protein-coding sequence of the Dsrc28C gene was
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TABLE 1. Homology comparison of the kinase domain of
Dsrc28C with that of other src family genes®

%
Gene Homology
[ 2ol 54
Dash. ... ... e 54
DSIC oo e 51
R -7 P S1
V-abl. ... 50
£ 7 44
VoSS e 43
L2 27 X 39
[ 27 28

< The kinase domain is defined here as corresponding to amino acids 270 to
470 of pp60°-*"<. The percent homology was calculated by dividing the number
of exact matches by 200 (the length of the compared segments).

obtained from the cDNA clones, no further attempt was
made to locate 5’ noncoding sequences within the genomic
DNA. However, only 33 amino acids of coding sequence
from the amino terminus were not verified by comparison
with the genomic DNA sequence. As only one cDNA clone
having the extreme 5’ DNA sequences was isolated, and this
segment was not analyzed in the genomic DNA, the formal
possibility exists that the 33 amino-terminal amino acids of
the open reading frame do not represent the structure of the
primary Dsrc28C gene product in vivo.

The protein encoded by the Dsrc28C open reading frame
has several interesting properties. Among these is a stretch
of 27 amino acids in the N-terminal third of the protein which
is 74% glycine, including 8 consecutive glycine residues.
This segment of the protein should be relatively unstruc-

B

abecd e f

FIG. 4. In vitro translation of Dsrc28C RNA and immunoprecip-
itation of the translation products. RNA transcripts containing the
complete Dsrc28C open reading frame were synthesized in vitro and
translated in a rabbit reticulocyte message-dependent lysate con-
taining [**S]methionine. Samples were either directly analyzed by
electrophoresis through denaturing sodium dodecyl sulfate-
polyacrylamide gels (lanes a to d) or immunoprecipitated with
anti-src sera from TBR before electrophoresis (lanes e and f). Lane
a, No RNA added to message-dependent lysate; lanes b through d,
~0.2, 0.8, or 2 pg of Dsrc28C RNA added to each reaction; lanes e
and f, proteins precipitated from reactions of Dsrc28C RNA and
message-dependent lysate with two independent TBR sera. Lanes a
to d were exposed for 1 day, and lanes e and f were exposed for 30
days. Molecular weight markers of 66,000, 45,000, and 29,000 are
indicated on the right side of the figure.
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FIG. 5. Developmental expression of Dsrc28C mRNA. Total
RNA (5 ng) was prepared from animals at progressive stages of
development, fractionated on formaldehyde-agarose gels, trans-
ferred to nitrocellulose, and hybridized with an antisense RNA
probe transcribed from a 0.6-kb Xbal-Pstl segment of Dsrc28C
genomic DNA (Fig. 1). This probe hybridizes predominantly to a
3.5-kb RNA species previously identified as Dsrc28C mRNA (28).
No hybridizing RNA was detected in whole first-, second-, or third-
instar larvae. The exposure times are equivalent for all lanes. The
embryonic time points represent the number of hours after egg
laying. Other time points represented are imaginal disks from third
instar larvae (Imag. disc, 24 h postpupariation (24 h pupae). adult
males. and adult females.

tured, allowing the amino-terminal region considerable free-
dom of movement with respect to the rest of the protein. The
protein encoded by the open reading frame is quite basic (pl
of 10.2). The amino-terminal segment of the protein preced-
ing the glycine-rich region contains an unusual number of
basic amino acids, resulting in a pI of 12.2 for this portion of
the protein. By comparison, the pls of c-src and Dsrc are 8.7
and 6.8, respectively. In addition, the glycine at position 2 of
the avian src protein, which serves as the myristylation site
responsible for anchoring p60°™ to the cell membrane (6), is
not present adjacent to the potential initiator methionine of
Dsrc28C. The conceptual translation also reveals no N-
terminal hydrophobic domain capable of anchoring the pro-
tein to a cell membrane. Thus, Dsrc28C may not be mem-
brane associated, or it may instead interact with another
membrane-bound component. In contrast, the Dsrc gene
product is predicted to have glycine in position 2 and thus
may be anchored to the membrane by myristylation of this
amino acid (23). Although in vitro translation initiates pri-
marily at methionine codon 1 of the open reading frame, it is
possible that many of the unusual features of the amino
terminus of Dsrc28C might not be expressed in vivo if the
protein initiates at methionine-115 of the open reading frame.
The lack of homology with other tyrosine kinases upstream
of this point indicates that initiation from this methionine is
a possibility, although the sequences surrounding this me-
thionine codon do not match the D. melanogaster initiator
consensus as well as the sequences surrounding methionine-
1 of the open reading frame do (D. Cavener, personal
communication). Because of a slightly shorter carboxyl
terminus, Dsrc28C also lacks the amino acid equivalent to
tyrosine-527 of c-src, an amino acid conserved in Dsrc.
Phosphorylation of this amino acid has been implicated as a
mechanism for negatively regulating p60°~*" kinase activity
(4). While the close correlation between the predicted size of
the Dsrc28C protein and the cell-free translation product
derived from the cDNA indicate that these unique structural
features of the protein are present in at least the primary in
vitro translation product, immunological analyses will be
necessary to verify the expression of these features in vivo.
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FIG. 6. Insitu hybridization of Dsrc28C and DER antisense probes to sections of ovary. (a and ¢) Giemsa-stained sections hybridized with
antisense Dsrc28C probe; (¢) Giemsa-stained section hybridized with antisense Drosophila epidermal growth factor receptor probe; (b, d, and
f) dark-field illumination of the same sections shown in a, c, and e, respectively. Autoradiographic exposure was S to 7 weeks for both probes.

Abbreviations: O, oocyte; N, nurse cells; F, follicle cells.

Homology comparisons of the Dsrc28C kinase domain
with other members of the tyrosine protein kinase family
revealed that the protein is most closely related to the src
and abl kinases. Although Dsrc28C sequences had previ-
ously been shown to hybridize to a probe from the v-fps

oncogene (24), the sequence comparisons shown in Table 1
clearly indicate that this is a more distant relationship.
Interestingly, the degree of homology of Dsrc28C with
chicken c-src is as high or higher than its homology with
either Dsrc or Dash (Table 1), the D. melanogaster



2126 GREGORY ET AL.

homologs of src and abl, respectively. The divergence of
Dsrc28C from the other D. melanogaster src family genes is
therefore probably an evolutionarily distant event and sug-
gests that these kinases have evolved to fulfill different roles
in Drosophila development. The amino-terminal regions of
the various members of the tyrosine kinase gene family have
diverged significantly compared with the kinase domain,
suggesting that each protein has a specialized function.
However, the homology of Dsrc28C with the src and abl
members of the kinase gene family extends into the N-
terminal regions of these proteins, although at a lower level
than within the kinase domain. This homology includes a
sequence of eight amino acids (GYIPSNYV) that is identical
in ¢c-src and Dsrc28C but is only partially conserved in Dsrc.
Only src, yes, and abl have been shown to have homology in
this region (2), pointing to a common origin for these
proteins and Dsrc28C. In addition, the point at which the
Dsrc28C and c-src sequences appear to diverge within the
N-terminal region is also the point at which the sequences of
src and abl appear to diverge (2). Between this amino-
terminal homology and the kinase domain is an extended
region of approximately 90 amino acids centered on the
sequence FVVRKSSTKGLYTLS with homology to the
cytoplasmic members of the tyrosine-protein kinase gene
family. This domain, absent in tyrosine kinases that span the
plasma membrane, may play a role in the interaction of
cytoplasmic tyrosine kinases with specific effector molecules
within the cell (20). A further indication of the relatedness of
Dsrc28C and vertebrate src family genes is the ability of two
of six tested antisera from rabbits bearing Rous sarcoma
virus-induced tumors to recognize the in vitro translation
product of the Dsrc28C gene.

The RNA blots shown in Fig. 5 illustrate that Dsrc28C
mRNA is expressed predominantly in early to middle
embryogenesis. Wadsworth et al. (28) have previously
shown that Dsrc28C mRNA is maternally inherited, and the
in situ hybridization results presented here confirm this
mode of expression of the Dsrc28C gene. The data presented
in this report indicate that transcription of the gene continues
during much of embryonic development such that the rela-
tive level of Dsrc28C mRNA remains approximately con-
stant until late embryogenesis. However, because in situ
hybridization experiments did not reveal preferential expres-
sion of the gene in any cell lineage or tissue, no inference
about the functional role of the gene product during
embryogenesis can be drawn from these studies. Neverthe-
less, because of the abundant maternal expression of the
RNA and because of its continual expression during
embryogenesis, we hypothesize that the primary functional
period for the Dsrc28C protein is during early embryonic
development.

In third-instar larvae, we were able to demonstrate pref-
erential expression of Dsrc28C transcripts in imaginal disks,
suggesting a role for the Dsrc28C protein in these mitotically
dividing cell populations rather than in polytene cells which
constitute the bulk of the larva. The Dsrc28C transcripts
seen in 24-h pupae could represent conserved imaginal disk
transcripts or new gene transcription. As in developing
embryos, in situ hybridizations failed to reveal preferential
distribution of the Dsrc28C RNA in any tissue, suggesting
that the pupal transcripts are present in many cell types at
low levels.
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