Cell, Vol. 41, 449-456, June 1985, Copyright © 1985 by MIT

0092-8674/85/060449~-08 $02.00/0

Isolation of the Proto-oncogene c-myb

from D. melanogaster

Alisa L. Katzen,* Thomas B. Kornberg,” and

J. Michael Bishop?

* Department of Biochemistry and Biophysics
tDepartment of Microbiology and Immunology and the
G. W. Hooper Foundation

University of California Medical Center

San Francisco, California 94143

Summary

We have isolated the proto-oncogene c-myb from Dro-
sophila melanogaster. This gene is represented by a
single locus at position 13E-F on the X chromosome,
and is expressed in early embryos by transcription
into two polyadenylated RNAs with lengths of approxi-
mately 3.0 and 3.8 kb. The gene may encode a protein
with a molecular weight of at least 55,000 that shares
a domain with c-myb(chicken) in which 91 of 125 (or
73%) of the amino acids are identical in the Drosophila
and chicken genes. These findings represent the first
rigorous identification of a Drosophila proto-onco-
gene that can encode what may be a nuclear protein,
and they set the stage for a genetic analysis of how
c-myb serves the normal organism.

Introduction

The oncogenes of retroviruses arose by transduction of
cellular genes now known as proto-oncogenes or cellular
oncogenes (reviewed in Bishop, 1983; Bishop and Var-
mus, 1982 and 1985). Representative proto-oncogenes
have been found in every metazoan species examined to
date, and the family of ras proto-oncogenes is also rep-
resented in Saccharomyces cerevisiae (Gallwitz et al.,
1983; DeFeo-Jones et al., 1983; Powers et al., 1984). The
remarkable conservation of individual proto-oncogenes
across vast distances of evolutionary time has prompted
the hypothesis that these genes provide vital functions for
the organisms in which they are found. Moreover, several
lines of evidence indicate that abnormalities of proto-
oncogenes may contribute to the development of malig-
nant tumors (reviewed in Varmus, 1984). It is therefore pre-
sumed that, in their normal state, proto-oncogenes are
components of the genetic program that regulates the
multiplication and differentiation of cells.

In order to explore the functions of proto-oncogenes, we
have turned to the use of Drosophila melanogaster. Shilo
and Weinberg first reported the presence of proto-
oncogenes in the genome of Drosophila (1981), and six of
these genes have now been isolated from Drosophila
DNA—three representing the family of c-ras (Newman-
Silberberg et al., 1984) and three related to c-src (Simon
et al., 1983; Hoffman-Falk et al., 1983; Hoffman et al.,
1983). All of these proto-oncogenes encode proteins that
are likely to reside and act at the plasma membrane. The
products of c-ras gene bind (Papageorge et al., 1982) and

hydrolyze (McGrath et al., 1984; Sweet et al., 1984) GTP
while influencing the activity of adenyl cyclase (Kataoka et
al., 1985; Toda et al., 1985), whereas c-src and its relatives
encode tyrosine-specific protein kinases whose physio-
logical functions are presently obscure (Hunter, 1984;
Bishop and Varmus, 1982, 1985).

We now report the isolation and preliminary charac-
terization of a Drosophila gene that corresponds to the
proto-oncogene c-myb, described previously in birds and
mammals (Klempnauer et al., 1982; Leprince et al., 1983;
Franchini et al., 1983). Both ¢-myb and the retroviral on-
cogene v-myb, engendered by é-myb, encode proteins
that are found in the nuclear matrix of the cell (Klemp-
nauer et al., 1984; unpublished data of G. Ramsay and
J. M. Bishop). The action of these proteins appears to be
directed toward hemopoietic tissues, as these are the
principal tissues in which expression of the cellular gene
has been found (Gonda et al., 1982; Westin et al., 1982,
Sheiness and Gardinier, 1984) and in which the viral gene
induces tumors (Moscovici, 1975; Moscovici et al., 1981;
Graf and Beug, 1978; Durban and Boettiger, 1981). Our
findings enlarge the variety of proto-oncogenes found in
D. melanogaster and set the stage for a genetic analysis
of how. C-.myb serves the normal organism.

Results

Detection of c-myb in the DNA of D. melanogaster
The proto-oncogene c-myb was first encountered as a
chicken gene that shared nucleotide sequences with the
oncogene v-myb of avian myeloblastosis virus (Roussel
et al., 1979; Klempnauer et al., 1982). The shared se-
quences represent six complete exons and part of a sev-
enth exon in chicken c-myb (Figure 1A). In an effort to de-
tect ¢c-myb in Drosophila DNA, we used an isolated
fragment from a molecular clone that encompasses the
entirety of v-myb (diagrammed in Figure 1A) to prepare a
radioactive probe. We then hybridized the probe, under
conditions of low stringency, to restriction fragments of
Drosophila DNA that had been fractionated by electropho-
resis in agarose gels (Figure 2A). A single fragment was
detected in DNA that had been digested with Eco Rl, Hind
111, or a combination of these two enzymes. We concluded
that Drosophila might possess a single genetic locus with
appreciable homology to v-myb.

Isclation of c-myb(Drosophila)

The v-myb probe (Figure 1A) was used to screen a library
of Drosophila DNA, prepared in the lambda phage Charon
4A. A single genetic locus was isolated repeatedly as a se-
ries of overlapping clones. Each of these clones contained
a2.45kb Eco Rl fragment that hybridized with the radioac-
tive probe for v-myb (see Figure 2D). By contrast, a 4.8 kb
Eco RI fragment was detected in biots of Drosophila DNA
(Figure 2A). This discrepancy can be attributed to the use
of different strains of D. melanogaster in the two proce-
dures. The c-myb loci of these strains are distinguished by
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Figure 1. The Topographies of c-myb(chicken) and v-myb

Schematic representations of c-myb(chicken) and v-myb(AMV).
Hatched boxes numbered 1 to 7 denote known exons of c-myb(chick-
en). The open box represents a small portion of v-myb that is derived
from an intron of c-myb (Klempnauer et al., 1982; Klempnauer and
Bishop, 1983a). The remainder of v-myb is derived from exons of c-myb,
shown in the hatched boxes. Portions of viral structural genes in the
AMV genome are denoted by pol and env. The designated Kpn | and
Sac | sites define the 1.3 kb fragment that was used for preparation of
v-myb probes. The restriction map of v-myb is shown below the
schematic representation, with the following cleavage sites: B, Bam HI;
K, Kpn |; P. Pst I; Py, Pvu II; R, Eco RI; S, Sal |; and Sc, Sac 1.

a restriction site polymorphism for Eco Rl (unpublished
observations of the authors).

The DNA encompassed by the molecular clones was
mapped with restriction endonucleases and by molecular
hybridization with the radioactive probe for v-myb (Figure
3). These data and subsequent results with nucleotide se-
quencing (see below), indicated that the bulk of homology
with v-myb is on a 0.35 kb domain of Drosophila DNA de-
fined by Sau 3A and Eco RI restriction sites (Figure 3).
Analysis of restriction digests with a probe prepared from
this Sau 3A-Eco RI fragment revealed identical patterns
of fragments from either Drosophila DNA or the clones of
Drosophila DNA in phage lambda (Figures 2C and 2D).
We concluded that the molecular clones had suffered no
substantial damage during their isolation.

In an effort to detect Drosophila DNA related more dis-
tantly to v-myb, the probe for the Sau 3A-Eco Rl fragment
was also hybridized to restriction fragments of Drosophila
DNA under conditions of low stringency. The resulting pat-
terns were identical to those obtained by hybridization
with either the same probe under conditions of high strin-
gency (data not shown) or a probe for v-myb under condi-
tions of low stringency (Figures 2A and 2B). These data
indicate that Drosophila contains a single genetic locus
with detectable homology to v-myb and that part or all of
this locus has been isolated without substantial perturba-
tion of its structure.

c-myb(Drosophila) Is Located on the

X Chromosome of D. melanogaster

We determined the position of the c-myb(Drosophila) lo-
cus on the polytene chromosomes of D. melanogaster by
hybridization in situ. The locus mapped to a single site
near the border of bands 13E and 13F on the X chromo-
some. Similar results were obtained with either a 3H-
labeled probe prepared from a lambda clone of c-myb(Dro-
sophila) (Figure 4) or a *S-labeled probe prepared from
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Figure 2. Identification of c-myb(Drosophila)

The autoradiograms were exposed for 2 days (A), 1 day (B), 2 days (C),
and 1 hr (D). Molecular weight markers represented by Hind IIl frag-
ments of A phage DNA and Hae |1l fragments of ¢ X-phage DNA are indi-
cated in kilobases. Also indicated are the sizes of the hybridizing Eco
RI fragments from each of the two strains.

(A) and (B) Hybridization with a probe for v-myb. D. melanogaster
genomic DNA (strain: yellow, multiple wing hair, javelin; 8 ug) was
digested with Eco Rl (lane 1), Eco Rl and Hind Il (lane 2), Hind il (lane
3), and 2 ug of S. cerevisiae was digested with Eco RI (lane 4), frac-
tionated on a 0.8% agarose gel, transferred to nitrocellulose, and hy-
bridized under low stringency conditions with the %2P-fabeled Kpn 1-
Sac | fragment of v-myb (A) and the 3?P-labeled Eco RI-Sau 3A frag-
ment of ¢-myb(Drosophila) (B).

(C) and (D) Hybridization with a probe for ¢-myb(Drosophila). D. melano-
gaster genomic DNA (strain: Canton S; 3 ug) (C), and 0.2 ug of phage
DNA prepared from one of the Drosophila genomic clones, AM8 (the
library was prepared with Canton S DNA) (D), were digested with Eco
RI (lane 5), Eco Rl and Hind Il (lane 6), Eco Ri and Cla | (lane 7), Eco
RI and Xho | (lane 8), Eco Rl and Sal | (iane 9), and Bam Hl and Hind
Il (lane 10), fractionated on a 1.0% agarose gel, transferred to nitrocel-
lulose, and hybridized under stringent conditions with the *?P-labeled
Eco RI-Sau 3A fragment of c-myb(Drosophila).

a plasmid subclone of the 2.45 kb Eco Rl fragment that
carries the homology with v-myb (data not shown).

Transcription of c-myb(Drosophila)

In order to detect and characterize transcription of ¢c-myb
(Drosophila), subclones in phage M13 were prepared that
represented separately the two strands of the 0.35 kb Sau
3A-Eco RI fragment from c-myb(Drosophila) (see Figure
3). Radioactive probes prepared with these clones were
used to analyze polyadenylated RNA isolated from a pool
of Drosophila embryos that had been collected 0 to 6 hr
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Figure 8. The Mapping and Sequencing of c-myb(Drosophila)

(A) Topography of phage clones. The relative positions of the inserts
from four of the overlapping lambda phage clones isolated when a li-
brary of D. melanogaster DNA was screened with a v-myb probe are
shown. Locations of Eco Rl sites are indicated.

(B) Restriction map of the region containing homology to v-myb. The
designated restriction fragment defined by Sau 3A and Eco Rl sites
contains the bulk of the homology and was used for preparation of
c-myb(Drosophila) probes. Key to restriction enzyme cleavage sites: B,
Bam HI; Bg, Bgl II; C, Cla I; H, Hind IlI; R, Eco RI; S, Sal [; X, Xho I.
(C) Sequencing strategy. Fragments were cloned into M13 phage vec-
tors and sequenced by the Sanger primer extension method. The re-
striction enzyme cleavage site from which each sequence was started
is noted on the left.

after oviposition (Figure 5). The results indicated that
c-myb(Drosophila) is transcribed in a single direction,
from left to right as the gene is portrayed in Figure 3. The
stable products of transcription include a predominant
species with a size of approximately 3.8 kb and a much
less abundant RNA of approximately 3.0 kb (Figure 5).

The Nucleotide Sequence of ¢-myb(Drosophila)
We focused our sequencing efforts on the region of c-myb
(Drosophila) that displays detectable homology with v-myb.
The strategy for sequencing is outlined in Figure 3. The
nucleotide sequence is portrayed as the strand of DNA
that presumably er codes the protein of c-myb(Drosophila)
(Figure 6). The coding strand was identified by reference
to both the transcription of the gene (Figure 5) and the se-
quence of c-myb(chicken) (Klempnauer et al., 1982).
Alignment of the c-myb(Drosophila) sequence with the
available sequence of c-myb(chicken) revealed homology
between the two genes that extends from the first nucleo-
tide of the first identified codon of the chicken gene to resi-
due 61 within the third known exon of the chicken gene.
Across that domain, 253 of 375 nucleotides (or 67%) are
identical in the Drosophila and chicken genes (Figure 6).
This domain includes the entire region within v-myb that
hybridized with a probe prepared from a phage clone of
c-myb(Drosophila) (data not shown). However, the homol-
ogy with vertebrate c-myb may be more extensive than

%

Figure 4. Cytogenetic Mapping of c-myb(Drosophila)

The phage clone AM10 was nick-translated with tritiated nucleotides
and hybridized to salivary gland polytene chromosomes prepared from
third-instar Oregon R larvae. A single site of hybridization was detected
in each nucleus and is designated by an arrow. The entire X chromo-
some is shown in (A), the pertinent region enlarged in (B).

illustrated here because additional, presently unse-
quenced exons lie upstream in the chicken gene (Gonda
and Bishop, 1983). In order to align the sequences of the
chicken and Drosophila genes, it was necessary to ex-
clude two previously identified introns from the chicken
sequence. By contrast, the sequence of the Drosophila
gene could be used without interruption to achieve the
alignment. It therefore appears that c-myb(Drosophila)
lacks at least two of the introns found in the homologous
chicken gene.

The Amino Acid Sequence Encoded by

¢-myb (Drosophila)

The nucieotide sequence encodes an open reading frame
that begins at residue 39 and extends rightward to the end
of the sequence at residue 1430 (Figure 6). Additional
provisional data (not shown) suggest that this same frame
may continue for another 54 nucleotides or more, so the
available sequence may encode a protein containing at
least 482 amino acids (Figure 7). The protein may be even
larger, since the reading frame may extend into regions of
c-myb(Drosophila) that we have yet to identify and se-
quence (see Discussion). The five other possible reading
frames are all interrupted repeatedly by termination
codons, suggesting that none of these frames encodes a
protein (analysis not shown).
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Figure 5. Transcription of c-myb(Drosophila)

Polyadenylated RNA from embryos collected between 0 and 6 hr after
oviposition was fractionated on an agarose gel, transferred to a
nitrocellutose filter, and hybridized with strand-specific 32P-labeled
DNA of the Sau 3A-Eco Rl fragment of c-myb(Drosophila) (see Figure
3). Lane 2 was hybridized with the probe for the strand for which the
nucleotide sequence is portrayed in Figure 6, and lane 1 with the probe
for the other strand.

The homologous regions of amino acid sequences en-
coded by the chicken and Drosophila c-myb genes are
aligned as shown in Figure 7 and the nonidentical
residues in the sequence encoded by v-myb are as desig-
nated. Beginning with the first residue of the aligned se-
guences, the Drosophila and chicken proteins are identi-
cal at 91 of 125 amino acids (or 73%), including stretches
of 13, 17, and 20 uninterrupted identities (residues 151-163,
191-207, and 240-259). Of the 34 nonidentical amino
acids in this domain, 22% are either conservative or neu-
tral substitutions according to the categories defined by
McLachlan (1971). Downstream of this domain, however,
the sequences of the chicken and Drosophila proteins
show little or no resemblance to one another.

Can c-myb Be Detected in the Genome

of S. cerevisiae

The discovery of a c-myb gene in Drosophila indicates that
its origins predate the evolutionary divergence that gave
rise to the arthropods. To investigate the possibility that
¢-myb might have even more ancient origins, we searched
for myb-related sequences in the genome of S. cerevisiae.
No hybridization was detected when restriction fragments
of yeast DNA were fractionated by electrophoresis in
agarose gels, transferred to nitrocellulose filters, and hy-
bridized with either a v-myb or a c-myb(Drosophila) probe
under conditions of low stringency (Figure 2A lane 4 and
Figure 2B lane 4). Tenfold longer exposure than that
shown in Figure 2 also failed to reveal any signal from the

lanes containing yeast DNA, despite the fact that fivefold
more yeast genomes than Drosophila genomes were rep-
resented. In addition, no hybridization was detected when
either of two libraries of S. cerevisiae DNA prepared in
lambda phage vectors was screened with a v-myb probe
under conditions of low stringency. Therefore, it appears
that under these hybridization conditions, sequences ho-
mologous to v-myb cannot be detected in the genome of
S. cerevisiae.

Discussion

Identification and Isolation of c-myb(Drosophila)
We report here the identification and characterization of
a Drosophila gene that appears to be a homolog of the ver-
tebrate proto-oncogene c-myb. The gene was identified
by the presence of a domain of 375 nucleotides in which
253 residues are identical to those found in a homologous
region of c-myb(chicken). We suspect that the full extent
of c-myb(Drosophila) has not been identified, since the
size of the principal RNA transcribed from c-myb(Dro-
sophila) is appreciably longer than the region of the gene
we have characterized (approximately 3.8 kb vs. approxi-
mately 1.5 kb). It is therefore possible that the homology
between the c-myb genes of chicken and Drosophila is
more extensive than what we have demonstrated here.
Many of the identified proto-oncogenes belong to small
families of genes. For example, six or more related proto-
oncogenes that encode tyrosine-specific protein kinases
have been identified, and there are at least three forms of
c-ras in yeast, Drosophila, and mammals (reviewed in
Bishop and Varmus, 1985). By contrast, the work reported
here indicates that c-myb is a solitary genetic locus in D.
melanogaster; we were unable to find even extensively
divergent duplications of the gene. These findings con-
form to previous work showing that birds and mammals
also appear to possess single versions of c-myb (Berg-
mann et al., 1981; Klempnauer et al., 1982; Leprince et al.,
1983).

The Topography of ‘c-myb(Drosophila)

The portion of c-myb(Drosophila) characterized here is oc-
cupied almost entirely by an uninterrupted open reading
frame. The gene appears, therefore, to lack at least two of
theintrons found in c-myb(chicken). Differences among
the topographies of homologous genes in Drosophila and

vertebrates have been described previously for other

proto-oncogenes (Hoffman et al., 1983; Neuman-Silber-
berg et al., 1984), and for highly conserved structural pro-

‘teins such as actin and collagen (Fyrberg et al., 1981,

Zakut et al., 1982; Monson et al., 1982). Removal of the
introns from ¢-myb(chicken) leaves an open reading frame
that aligns precisely with the open reading frame of the
homologous Drosophila gene within the conserved do-
main. Either the introns entered c-myb after the evolution-
ary divergence that engendered the insect and vertebrate
lineages, or the presence of introns antedated the diver-
gence and they were removed with great precision prior
to the emergence of Drosophila.

We cannot now define the boundaries of the coding do-
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Figure 6. Nucleotide Sequence of c-myb(Drosophila)

14230

The sequence of c-myb(Drosophila) is presented as the predicted coding strand, designated c-myb [Dr]. The nucleotides are numbered such that
residue number one is the first 5’ residue of available sequence. The restriction endonuclease cleavage sites that were used in the preparation of
M13 subclones for sequencing (see Figure 3) are indicated. A single termination codon that is present in the predicted reading frame is underlined
(residues 36-38), and the first and second codons for methionine (residues 108-110 and 144-146) are boxed. The arrowhead designates the begin-
ning of the open reading frame, which continues throughout the remainder of the displayed sequence. c-myb(Drosophila) displays homology to
c-myb(chicken) between residues 453 and 827. Beneath this region, the relevant portion of the c-myb(chicken) sequence is portrayed, designated
c-myb[Ch.], beginning at the first nucleotide of the first identified codon in the chicken gene. Intron sequences are not shown, but the boundaries

of the exons are designated by E1, E2, and E3 (Klempnauer et al., 1982).

main in c-myb(Drosophila). The open reading frame does
not terminate within the sequence reported here, so the
carboxy terminus of the encoded protein is not in view. By
contrast, there are two AUG codons near the beginning of
the open reading frame (nucleotide residues 108-110 and
144-146). The sequence surrounding the first of these
AUGs displays the two most highly conserved features of
eukaryotic initiation sites (Kozak, 1984a, 1984b), viz., an
adenosine at position -3 and a guanosine at position +4.
In contrast, the sequence surrounding the second AUG
does not display any of the conserved features. For the
moment, however, we cannot exclude the possibility that
splicing bypasses the termination codon at nucleotide
residues 36-38 and extends the open reading frame up-
stream of the domain we have characterized.

Expression of c-myb(Drosophila)

c-myb(Drosophila) is expressed in embryonic tissues. The
gene-is transcribed in . a. single direction, and the RNA
generated by transcription has the polarity required to

carry the coding domain suggested by the nucleotide se-
quence of the gene. The data presented here show ex-
pression only in early embryos (0-6 hr following oviposi-
tion). However, preliminary work indicates that the gene is
expressed in roughly equal abundance at all major stages
of Drosophila development (data not shown).

The c-myb gene of vertebrates encodes a 75 kilodalton
(kd) protein found in the nucleus of cells (Klempnauer et
al., 1983b, 1984). Since the complete coding domain of
c-myb(Drosophila) has not yet been characterized, we
cannot offer a full description of the encoded protein.
However, the available data suggest that the Drosophila
protein has a mass of at least approximately 55 kd. We
have no indication as to the biochemical function of either
the Drosophila or vertebrate gene product.

The Evolutionary Conservation of c-myb

At least four proto-oncogenes and/or the retroviral on-
cogenes that they engender encode proteins found in the
nucleus of the cell; namely, myb, myc, fos, and ski (re-
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Figure 7. Deduced Amino Acid Sequence of c-myb(Drosophila)

The deduced open reading frame was translated beginning at nucleo-
tide residue 39 (after the UAA termination codon; see Figure 6) and
continuing to the end of the availabie nucleotide sequence. The posi-
tions of the methionines encoded by the first and second AUG codons
are indicated by arrowheads. c-myb(Drosophila) displays homology to
c-myb(chicken) between amino acid residues 139 and 263. The corre-
sponding region of the protein encoded by the chicken gene (Kiemp-
nauer et al., 1982) is portrayed beneath the Drosophila sequence.
Residues that are identical in the two sequences are boxed. The four
amino acid substitutions between v-myb and this portion of c-myb
(chicken) are indicated below the chicken sequence. Amino acids are
designated by the conventional single-letter code: A, alanine; R, argi-
nine; N, asparagine; D, aspartic acid; C, cysteine; E, glutamic acid; Q,
glutamine; G, glycine; H, histidine; |, isoleucine; L, leucine; K, lysine;
M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W,
tryptophan; Y, tyrosine; V, valine.

viewed in Bishop and Varmus, 1985). There are several
lines of evidence suggesting that the functions of myb and
myc may be related: the two genes display distant but per-
ceptible similarities between their structures (Ralston and
Bishop, 1983); they both encode proteins that reside in the
matrix of the nucleus (Eisenman et al., 1985; unpublished
work of G. Ramsay and J. M. Bishop); and they both coop-
erate with a mutant version of the proto-oncogene c-ras in
the transformation of rat embryo cells (Land et al., 1983;
H. Land and L. F. Parada, personal communication). This
description of c-myb(Drosophila) represents the first rigor-
ous demonstration that a member of this class of proto-
oncogenes can be found in invertebrates.

Only a portion of chicken and Drosophila c-myb has
been conserved during evolution. The conserved domain
comprises a minimum of 125 amino acids, 91 of which are
identical in the chicken and Drosophila proteins and 28 of
which are conservative or neutral substitutions. The same
domain represents one of two principal regions of conser-
vation when the chicken and human c-myb genes are
compared (L. Souza, personal communication), and also
corresponds to a tandem duplication of sequence identi-
fied previously in v-myb and c-myb(chicken) (Ralston and

Bishop, 1983). The conservation of c-myb can be drama-
tized further by comparison to v-myb. Within the con-
served domain of c-myb, the amino acid sequences of the
chicken gene and v-myb differ by substitutions at four
amino acid residues (Figure 7). At three of these positions,
the chicken and Drosophila v-myb genes are identical; the
fourth position has sustained a conservative substitution
(Leu in Drosophila, Val in chicken). By contrast, three of
the four substitutions in v-myb are nonconservative. The
divergence of v-myb at these positions presumably arises
from the propensity of retroviral genomes to mutate during
replication (Varmus and Swanstrom, 1982) and from the
absence of the selective pressures that have conserved
the Drosophila and chicken genes. The domain of c-myb
conserved in Drosophila, birds, and mammals presum-
ably represents a portion of the myb protein that is essen-
tial for its function. However, the possibility must be con-
sidered that a functional domain might be conserved
between proteins with different physiological roles. An ex-
ample of this phenomenon is a domain thought to facili-
tate aggregation that is conserved between the small
heat-shock proteins of Drosophila and the a-crystallins of
mammals (Ingolia and Craig, 1982). However, the extent
and degree of homology between these proteins are more
limited than what we have found with c-myb.

How ancient is c-myb? Identification of the gene in Dro-
sophila implies that the gene was extant at the time of the
evolutionary divergence that gave rise to insects, that is,
approximately 800 million years ago. However, we have
failed to find c-myb in S. cerevisiae, and it is therefore pos-
sible that, in contrast to c-ras, c-myb arose with the emer-
gence of metazoan organisms.

The Physiological Role of c-myb

Vertebrate c-myb is expressed principally in hemopoietic
cells (Gonda et al., 1982; Westin et al., 1982; Sheiness
and Gardinier, 1984), a fact that is thought to reflect the
specialized function of the gene. Can ¢-myb have an anal-
ogous function in Drosophila, whose hemopoietic system
is far less complex than that of vertebrates (Rizki, 1978)?
We hope to pursue this issue by isolating and analyzing
mutants of c-myb(Drosophila). Two features of the gene
may be helpful: it is located at 13E-F on the X chromo-
some in the vicinity of previously identified genetic mark-
ers; and it is represented by a single genetic locus, a fact
that should preclude complementation of mutations in
c-myb by other genes. The exploration of c-myb in Dro-
sophila may help to illuminate principles that govern the
genesis of developmental pathways during the course of
evolution.

Experimental Procedures

Molecular Cloning

A recombinant DNA library of the Drosophila genome cloned into Cha-
ron 4 (Maniatis et al., 1978) and two recombinant libraries of the yeast
genome (obtained from M. Ferguson and J. Woolford) were screened
with a 2P-labeled v-myb probe according to the method of Benton and
Davis (1977). The v-myb probe used throughout these experiments was
prepared from an isolated fragment (the 1.3 kb Kpn I-Sac | fragment
illustrated in Figure 1A} derived from the plasmid clone pVM2 de-
scribed by Klempnauer et al. (1982). The fragment was labeled by nick
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translation to a specific activity of about 1. x 108 cpm/ug (Rigby et al.,
1977). Filters were preincubated at 42°C for 4~12 hr in hybridization so-
lution: 35% formamide (v/v), 3 x SSC (1. x- 8SC is 0.15 M sodium chio-
ride, 0.015 M sodium citrate, pH 7.0), 20 mM Hepes pH 70, 25 x Den-
hardt’s solution (1 x Denhardt’s solution is 0.2 mg/ml Ficoll, 0.2 mg/m!
polyvinylpyrrolidone, 0.2 mg/ml BSA), and 0.2 mg/ml salmon sperm
DNA. Filters were hybridized in fresh hybridization solution containing
2-6 x 10° cpm/ml of radioactively fabeled probe at 42°C for 36-48 hr.
The filters were rinsed in 4 x SSC, 0.1% SDS, and 0.1% sodium
pyrophosphate for 2-4 hr at 50°C.

Characterization of isolated clones and subcloning of fragments into
the plasmid vector PUC8 were performed by standard procedures
(Maniatis et al., 1982).

Analysis of Cloned and Genomic DNAs

DNA was prepared from phage and plasmid clones by standard proce-
dures (Maniatis et al., 1982). D. melanogaster cellular DNA was pre-
pared from adult fliss by a procedure that involves homagenization of
frozen flies, removal of large debris by filtration through cheesecloth,
pelleting of nuclei through sucrose, and extraction of DNA from the iso-
lated nuclei. Yeast cellular DNA was provided by C. Hammond. DNA
was digested with restriction endonucleases purchased from New En-
gland Biolabs or Boehringer Mannheim and used according to the sup-
pliers’ instructions. Cleaved DNA was fractionated by agarose gel elec-
trophoresis and transferred to nitrocellulose filters by the method of
Southern (1975). Conditions for low stringency hybridizations were the
same as those used for screening of phage fibraries. Hybridization un-
der high stringency conditions differed from that under low stringency
conditions as follows: the hybridization solution contained 50% forma-
mide and the filters were washed in 0.1 x SSC, 0.5% SDS, 0.1% so-
dium pyrophosphate for.2-4 hr at 68°C.

In Situ Hybridization

The method of Pardue and Gall (1975), as modified by Bonner and
Pardue (1976), was used for the preparation of, and ir situ hybridization
to, salivary gland polytene chromosomes from third-instar Oregon R
larvae. Two radioactive probes for the c-myb(Drosophila) locus were
prepared. *H-labeled DNA was prepared from one of the lambda
phage clones, AM10, by nick translation to a specific activity of approxi-
mately 107 cpm/ug DNA, and ¥S-labeled DNA was prepared from a
plasmid subclone containing the 2.4 kb Eco Rl fragment (see Figures
1C, 1D, and 3) by nick translation to a specific activity of approximately
108 cpm/ug DNA.

Analysis of ¢-myb(Drosophila) RNA

Polyadenylated RNA was isolated from Drosophila embryos as de-
scribed by Poole et al. (1985). The RNA was electrophoretically frac-
tionated on an agarose-formaldehyde gel and transferred to nitro-
cellulose (Maniatis et al., 1982). Strand-specific 32P-labeled c-myb
(Drosophila) probes were prepared by the method of B. Drees (per-
sonal communication). The 035 kb Sau 3A-Eco RI fragment desig-
nated in Figure 3 was cloned into the M13 phage vectors mp8 and mp9
(Messing and Vieira, 1982). A 17 base single-stranded oligonucleotide
purchased from P. L. Biochemicals was annealed to the single-stranded
template (Messing and Vieira, 1982), and the primer extension method
was used to extend the strand in the presence of [*2P]dCTP (Sanger
et al., 1977). The double-stranded DNA was cleaved at the far end of
the insert with a restriction enzyme, and the newly synthesized, la-
beled DNA was isolated from a low-melting-temperature agarose gel
after denaturation and electrophoretic fractionation. The conditions
used for hybridization and washing were the same as those described
for Southern blot analysis at high stringency.

Sequence Analysis

Al DNA sequencing was obtained by the chain terminator technique
(Sanger et al., 1977) after fragments were subcloned into the M13
phage vectors mp8 or mp9 (Messing and Vieira, 1982). The reported
sequence was obtained from at least two independent, overlapping
clones and/or from both strands of DNA, as depicted in Figure 3.
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