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To further characterize the gene structure of the proto-oncogene c-src and the mechanism for the genesis of
the v-src sequence in Rous sarcoma virus, we have analyzed genomic and cDNA copies of the chicken c-src gene.

From a cDNA library of chicken embryo fibroblasts, we isolated and sequenced several overlapping cDNA
clones covering the full length of the 4-kb c-src mRNA. The cDNA sequence contains a 1.84-kb sequence

downstream from the 1.6-kb pp60csrc coding region. An open reading frame of 217 amino acids, called sdr (src
downstream region), was found 105 nucleotides from the termination codon for pp60cs1C. Within the 3'
noncoding region, a 39-bp sequence corresponding to the 3' end of the RSV v-src was detected 660 bases
downstream of the pp60csrc termination codon. The presence of this sequence in the c-src mRNA exon supports
a model involving an RNA intermediate during transduction of the c-src sequence. The 5' region of the c-src

cDNA was determined by analyzing several cDNA clones generated by conventional cloning methods and by
polymerase chain reaction. Sequences of these chicken embryo fibroblast clones plus two c-src cDNA clones
isolated from a brain cDNA library show that there is considerable heterogeneity in sequences upstream from
the c-src coding sequence. Within this region, which contains at least 300 nucleotides upstream of the
translational initiation site in exon 2, there exist at least two exons in each cDNA which fall into five cDNA
classes. Four unique 5' exon sequences, designated exons UE1, UE2, UEX, and UEY, were observed. All of
them are spliced to the previously characterized c-src exons 1 and 2 with the exception of type 2 cDNA. In type
2, the exon 1 is spliced to a novel downstream exon, designated exon la, which maps in the region of the c-src

DNA defined previously as intron 1. Exon UE1 is rich in G+C content and is mapped at 7.8 kb upstream from
exon 1. This exon is also present in the two cDNA clones from the brain cDNA library. Exon UE2 is located
at 8.5 kb upstream from exon 1. The precise locations of exons UEX and UEY have not been determined, but
both are more than 12 kb upstream from exon 1. The existence and exon arrangements of these 5' cDNAs were

further confirmed by RNase protection assays and polymerase chain reactions using specific primers. Our
findings indicate that the heterogeneity in the 5' sequences of the c-src mRNAs results from differential splicing
and perhaps use of distinct initiation sites. All of these RNAs have the potential of coding for pp6OC-s'c, since
their 5' exons are all eventually joined to exon 2.

c-src is the cellular counterpart of the oncogene v-src,
encoded by Rous sarcoma virus (RSV) (6, 33, 71). The c-src
gene is one of the most extensively characterized proto-
oncogenes among a large family of 50 or more proto-
oncogenes known to date (26, 34, 38). Highly conserved
through evolution, c-src is widely distributed in all metazoa
and encodes a 60-kDa membrane-associated phosphoprotein
exhibiting tyrosine-specific kinase activity (2, 13, 15, 39, 64).
The ubiquitous c-src mRNA is a 4-kb RNA species (24, 29,

52, 70, 73, 80, 81). Low levels of c-src mRNA are present in
most chicken tissues and chicken embryo fibroblasts (CEF)
(29, 70, 80, 81). Slightly elevated levels of c-src mRNA were
observed in macrophages, monocytes, and spleen, thymus,
and chromaffin cells (1, 23, 24, 29, 30, 54, 61). An exception-
ally high level of the c-src protein (0.2 to 0.4% of the total
protein) is present in platelets (27, 28). Studies of the
expression of c-src in neural tissues has strongly implicated
a role for c-src in the development and maturation of
neurons. Eight- to tenfold higher levels of pp60c-src expres-
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sion (compared with levels in CEF) were seen in the devel-
oping vertebrate nervous system and in the Drosophila
nervous system (9-12, 14, 21, 48, 67, 69, 72). A unique role
of pp6Oc-src in neuronal cells is highlighted by the finding that
neurons and neuroblastoma cells contain an altered form of
c-src having an increased kinase activity (7, 9-11). This
neuronal form of c-src contains six additional amino acids in
its regulatory domain, generated by alternative splicing to
include an 18-bp miniexon (NI) located in intron 3 (45, 49).
While both forms of pp60c-src are expressed in the central
nervous system, only the unmodified pp60`csrc is primarily
detected in the peripheral nervous system (10, 11, 43, 47).
Recently, another novel neuronal c-src exon (NII) has been
found to be expressed along with NI, between c-src exons 3
and 4 in human brain (57).

Instead of the commonly observed 4-kb RNA, chicken
skeletal muscle expresses a class of smaller c-src mRNA
species of about 3 kb, which are generated by alternative
splicing (80). Expression of these smaller forms of c-src
mRNA in muscle commences at prehatching and persists
thereafter. Expression of the ubiquitous 4-kb RNA and
pp60c-src is detectable in embryonic muscle up to the pre-
hatching stage and is permanently turned off at this point (17,
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FIG. 1. Organization of the CEF c-src cDNA clones. The top line shows the scale for the 4.0-kb c-src mRNA. The various overlapping
clones are depicted with a brief restriction map. The solid box indicates the coding region of pp6Oc-sr. Clones 1 and 2 were isolated from the
oligo(dT)-primed cDNA library prepared from CEF. Clone 3 was isolated by amplifying the reverse transcripts from the CEF poly(A)' RNAs
by using specific primers (see Materials and Methods). Clone 4 represents one of the cDNA clones (type 2b; Fig. 4) isolated by the RACE
method. Restriction sites: Nc, NcoI; Ps, PstI; Pv, PvuII; Sm, SmaI; Bg, BglI; St, Stul; Ss, SstI; Kp, KpnI; Ba, BamHI; Ml, MluI. The total
complexity of the four cDNA clones is 3.74 kb. Considering the poly(A) sequence of about 150 to 200 bases, the overlapping cDNAs can
account for the observed full-length 4-kb c-src mRNA.

80). The 3-kb c-src RNAs are generated apparently by using
different sites of initiation as well as an alternative scheme of
splicing and polyadenylation (17). We have shown that the
3-kb c-src mRNAs lack the tyrosine kinase domain and
instead code for a 24-kDa non-tyrosine kinase protein whose
function is yet to be determined.
Human, chicken, and Drosophila c-src genomic DNAs

covering the pp6Ocsrc coding region have been isolated and
characterized (25, 36, 53, 65, 74, 76). The pp60c-src coding
sequences are distributed in 11 exons (75) and, in the case of
neuronal c-src, in 12 to 13 exons (45, 49, 57). Comparison of
the coding sequence of chicken c-src with that of RSV v-src
revealed multiple internal point mutations in v-src (32). In
addition, the carboxyl 19 amino acids of c-src were replaced
by 12 unique amino acids in v-src (75). Interestingly, this
new 3' v-src sequence was found to be present at about 0.9
kb downstream of the last coding exon of c-src DNA (75).
The 4-kb c-src mRNA is about 2.4 kb larger than the

1.6-kb coding sequence for pp60'csr. Studies of the c-src
cDNA have so far been limited to the coding region (45, 49,
67). Little information is available about 5' and 3' noncoding
sequences in the c-src mRNA. Previous definition of the 12
c-src exons was based on comparisons of the c-src DNA
sequence with that of the v-src gene of RSV (75). Our
previous study using specific c-src DNA probes for hybrid-
ization in Northern (RNA) analysis of the 4-kb mRNA
indicated that most of the noncoding sequences are located
in the 3' end of the RNA molecule (80). We have embarked
on an effort to characterize the full-length c-src cDNA in
order to further define the c-src gene structure, to charac-
terize the nature of these noncoding sequences, and to
further understand the genesis of the RSV v-src. In this
report, we describe the primary structure and exon organi-
zation of the 4-kb c-src mRNA from CEF. We also report
evidence for diversity in the 5' exons of CEF and brain c-src
mRNAs. Finally, we describe the 3' region downstream
from the c-src coding sequences and the detection within
that region a 217-amino-acid reading frame and the precursor
for the 3' end of the RSV v-src.

MATERIALS AND METHODS

Isolation of genomic c-src DNA fragments and Southern
hybridization. The various fragments of the c-src DNA
shown in Fig. SB were isolated from appropriate restriction
enzyme digests of molecular clones as described previously
(76, 80). 32P-labeled DNA probes were prepared by random-
hexamer-primed synthesis (Prime-a-Gene; Promega Biotec)

of gel-purified DNAs. Southern hybridization was performed
as described previously (17).

Isolation of cDNA clones of c-src RNAs from CEF. Primary
and secondary CEF cultures were prepared from 11-day-old
chicken embryos and maintained as previously described
(31). Total RNAs were extracted from secondary cultures of
CEF (three passages) (80). Poly(A)+ RNAs were selected by
two passages through an oligo(dT)-cellulose column (78).
Enrichment of the c-src mRNA in the preparation of the
CEF poly(A)+ RNA was done by velocity sucrose gradient
sedimentation; c-src RNAs in each fraction were detected by
using a 1.7-kb NcoI-NruI DNA fragment of v-src as a probe
in Northern analysis (17). A cDNA library was constructed
in a XgtlO vector as described previously (17). Initially,
cDNA clones (such as clone 1 in Fig. 1) were isolated by
screening the library with the NcoI-NruI fragment of v-src
mentioned above. Later, another overlapping clone (clone 2)
was obtained by rescreening the library with clone 1. To
obtain cDNA clones containing the 5' region of the c-src
coding sequence, the polymerase chain reaction (PCR)
method was used to amplify a defined region of the c-src
mRNA after reverse transcription. The sequences of the
primers used in PCR were 5'-GTCTGTCCTGTAGTGAG-3',
which was used for reverse transcription and amplification
and is complementary to a region of c-src at the beginning of
exon 4, and 5'-ACCATGGGGAGCAGCAA-3', which was
used for the Taq polymerase reaction and is located at the
beginning of exon 2. Reverse transcription and PCR were
performed in a one-step procedure, using avian myeloblas-
tosis virus reverse transcriptase and Replinase (from Ther-
musflavis; NEN) in a buffer containing 50 mM Tris-HCl (pH
9.0), 20 mM (NH4) 2SO4, 1.5 mM MgCl2, 200 ,uM deoxynu-
cleoside triphosphates, 400 ng of each primer, and 2 ,ug of
CEF poly(A)+ RNA in a final volume of 50 ,lI. After
annealing of the oligonucleotides to the RNA in the reaction
buffer, all of the deoxynucleoside triphosphates, 5 U of
reverse transcriptase, and 1.25 U of Replinase were added.
cDNA synthesis was performed at 42°C for 40 min. The PCR
cycles were set as follows: 94°C for 1 min, 55°C for 1 min,
and 72°C for 1 min. After amplification, the reaction mixture
was run on a low-melting-point agarose gel to remove the
unreacted oligonucleotide primers and to size select the PCR
products corresponding to 300 nucleotides or longer. The
ends of the PCR product were flushed with T4 DNA poly-
merase, phosphorylated with T4 polynucleotide kinase, and
ligated to either EcoRV-cut pBluescript (Stratagene) or
SmaI-cut M13mpl9. Plasmid minipreps were screened for
the size of the inserts, and selected clones were sequenced
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by using a double-stranded DNA sequencing procedure.
Clone 3 shown in Fig. 1 was obtained by this method.
A CEF cDNA library enriched for clones spanning the 5'

region of the c-src mRNA was also prepared, using a 194-bp
Hinfl-Hinfl fragment of v-src (74, 79) as the primer for
cDNA synthesis. This primer spans the 3' two-thirds of exon
2 and 5' two-thirds of exon 3. This 5' CEF cDNA library was
screened with a 243-bp AccI-NcoI fragment of v-src, isolated
from pTT107 (74, 80) and covering the entire exon 1 and part
of the env-src intercistronic region. A 5' c-src cDNA clone
represented by type 2a in Fig. 3 and 4 was obtained in this
manner.

Amplification and cloning of the 5' end of the c-src mRNA.
The original protocol (20) for the rapid amplification of
cDNA ends (RACE) was adapted and modified to prepare a
cDNA library representing the 5' ends of the CEF c-src
mRNAs. The oligonucleotide primer used for the first-strand
cDNA synthesis contained 17 nucleotides complementary to
the c-src exon 2 with the sequence 5'-CTGCGAGGCTGG
GAATC-3', designated 3'-RT. The 3' amplification primer, a
28-mer designated 3'-AMP, contained 21 nucleotides com-
plementary to the c-src exon 2 and was located 18 bases
upstream of the sequence of 3'-RT. The sequence of the
3'-AMP primer is 5'-CTGAATTCGGGTGGCTCCAGGCT
GCGCC-3'.
The reaction mixture for the first-strand synthesis with

reverse transcriptase contained 50 mM Tris-HCl (pH 8.3,
42°C), 10mM MgCl2, 50 mM KCl, 1 mM dithiothreitol, 40 ,ug
of actinomycin D per ml, 1,000 U of RNAsin per ml, 0.5 p.g
of 3'-RT (90 pmol), 0.5 mM spermidine, 25 p.Ci of
[a-32P]dCTP, 1.5 mM each dGTP, dATP, dTTP, and dCTP,
and 25 U of avian myeloblastosis virus reverse transcriptase
(Life Sciences) in a final volume of 40 ,u1. The poly(A)+ RNA
(2 ,ug), dissolved in water, was heated at 70°C for 5 min and
quickly chilled on ice.

After addition of the buffer containing salt components for
the reverse transcriptase reaction and the 3'-RT primer to
the poly(A)+ RNA, the mixture was heated again at 65°C for
2 min and allowed to cool slowly to room temperature before
addition of the rest of the reaction components.
Reverse transcription was performed at 42°C for 2 h,

followed by phenol-chloroform extraction and ethanol pre-
cipitation. The RNA-cDNA hybrids were dissolved in 20 RI1
of 10 mM Tris-HCI (pH 8.0)-300 mM NaCl-1 mM EDTA and
passed through a column of Sepharose CL-4B (2-ml bed
volume) to separate the excessive 3'-RT primers from the
reaction product. One-drop fractions were collected, and
radioactivity was monitored by Cerenkov counting. The
fractions in void volume, which contained the 32P-labeled
RNA-cDNA hybrids, were collected and ethanol precip-
itated.
The cDNA products were dissolved in 15 p.1 of H20 and

tailed by terminal transferase in a final volume of 40 p.1 in 1x
tailing buffer (Bethesda Research Laboratories) supple-
mented with 8mM MgCI2, 0.3 mM ZnSO4, 6 p.M dATP, 40
,uCi of [a-32P]dATP, and 20 U of terminal deoxynucleotidyl-
transferase (Bethesda Research Laboratories) at 37°C for 20
min. At the end of the reaction, the mixture was incubated at
65°C for 15 min, extracted with phenol-chloroform, and
ethanol precipitated. Incorporation of [32P]dATP was mon-
itored to confirm the efficacy of the tailing reaction.
The oligo(A)-extended products were dissolved in 20 p.1 of

H2O, denatured at 95°C for 5 min, cooled to 72°C, and
subjected to second-strand synthesis in a final volume of 50
,ul containing 1 x reaction buffer, 200 p.M each dGTP, dATP,
dTTP, and dCTP, 5 U of Amplitaq polymerase, and 25 pmol

of the adapter primer (designated ADPR; 5'-GATCTA
GAGTCGACATCGATThITlTTT1-1TTTT-3') containing
the restriction sites for XbaI, Sall, and ClaI. After incuba-
tion of the reaction mixture for 40 min at 72°C, 40 pmol of the
adapter oligonucleotide (designated AD; 5'-GATCTA
GAGTCGACATCGAT-3') and 25 pmol of the 3'-AMP oli-
gonucleotide were added to the reaction mixture, which was
overlaid with 30 p.l of mineral oil and subjected to PCR as
instructed by the manufacturer (Gene Amp kit; Perkin Elmer
Cetus). The mixture was annealed at 54°C for 2 min and
amplified in a Perkin Elmer DNA thermal cycler for 40
cycles, with a denaturation step at 94°C for 30 s, an annealing
step at 55°C for 5 min, an extension step at 72°C for 3 min,
and a final extension step at 72°C for 15 min.
Ten percent of the amplified DNAs was analyzed by

electrophoresis in a 1.5% agarose gel to determine the size of
the amplified products. The remaining PCR-amplified prod-
ucts were extracted with phenol-chloroform and ethanol
precipitated. An aliquot of the final product was digested
sequentially with EcoRI and SalI and run in a 1.5% agarose
gel, and the DNAs in the gel slice corresponding to 200 to
600 bp were recovered. These size-selected PCR products
were cloned into the EcoRI and Sall sites of M13mpl8 and
M13mpl9. The clones containing c-src exon 1 were selected
by Benton-Davis blotting, using an exon 1 probe derived
from v-src as described above. Purified single-stranded
DNAs or double-stranded replicative forms were sequenced
by using Sequenase (United States Biochemical). A 5' over-
lapping clone (clone 4 in Fig. 1) represents one of the clones
isolated from this library.
A 2.6-kb EcoRI-HindIII fragment of the c-src DNA (probe

2 region in Fig. 5B) with which the PCR-amplified cDNA
inserts hybridized was cloned into M13mpl9, and its se-
quence was determined. Those DNA regions rich in GC
residues were sequenced by using the Taq DNA polymerase.
Nested deletions in c-src probe 2 clone were created by
using either exonuclease III (35) or T4 DNA polymerase
(16).

Isolation of the c-src cDNA clones from neural tissues.
Construction of a cDNA library from 10-day-old embryonic
chicken brains as well as isolation and sequencing of the
coding region of pp60-crc from a 3.9-kb cDNA clone isolated
from this library were described previously (45). Another
independent cDNA clone was isolated later from the same
library.
PCR analysis of the exon arrangement. To confirm the exon

structure derived from the analysis of 5' c-src cDNA clones,
pairs of specific primers were used for PCR to assess the
generation of expected products. Total cytoplasmic RNA (10
p.g) was hybridized with the 3'-RT primer (see above) and
reverse transcribed as described above for the RACE
method. The cDNA products were subjected to second-
strand synthesis by using (i) a primer (5'-ACAGAAGG
GAAAGCAAC-3') homologous to a sequence (positions 28
to 44) in exon UE2 and (ii) a primer (5'-CCCGCA
GAAGGGGTGAG-3') homologous to a sequence (positions
46 to 62) in exon UE1 (see Fig. 3).

Negative controls for the PCR assay-included all of the
components for the first-strand synthesis without reverse
transcriptase and were carried out in parallel through the
PCR steps. Conditions for the PCR amplification were the
same as described for the RACE method except that 10 p.Ci
of [a-32P]dCTP (3,000 Ci/mmol) was added to the PCR
cocktail. One-tenth of each PCR product was then separated
on a nondenaturing 5% acrylamide gel and autoradio-
graphed.
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RNase protection assay. 32P-labeled antisense RNA probes
containing upstream exons UE2, UE1, la, and UEX were
obtained by SP6 transcription of HindlIl-linearized RACE
clones (types 1 through 4), subcloned into pGEM4 (Promega
Biotec). A total of105 cpm of the riboprobe and 30,ug of total
cytoplasmic CEF RNAs were used in the protection assay
according to the protocol provided by the Ambion RPA
assay kit except that hybridization was done at 55°C. The
amounts of RNase needed to obtain the optimum signals
were determined empirically. Yeast tRNAs served as the
negative control. One-third of each RNase-treated and un-
treated sample was run on a 5% polyacrylamide gel contain-
ing Tris-borate-EDTA buffer and 7 M urea, and the gel was
autoradiographed.

Si nuclease analysis. The radiolabeled probe used in the Si
analysis was synthesized by using the single-stranded M13
template containing UE1, exon 1, and src coding sequences
of the type 3b cDNA. The uniformly labeled M13 probe was
generated by the Klenow reaction (New England BioLabs),
using the M13 universal sequencing primer and [ox-32P]dCTP
(3,000 Cilmmol; Amersham). The radiolabeled single-
stranded probe was isolated from a denaturing gel containing
4% acrylamide and 7 M urea. Probe (105 cpm per reaction)
was hybridized with 20 ,ug of calf liver tRNA or 5 ,g of
poly(A+) RNA from chicken embryonic brain or embryonic
limb in a buffer containing 80% formamide, 40 mM sodium
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.4),
1 mM EDTA, and 0.4 M NaCl at 60°C for 12 h. Nine volumes
of SI nuclease buffer (0.03 M sodium acetate [pH 4.6], 0.05
M NaCl, 1 mM ZnSO4, 0.5% glycerol) was added to the
hybridization reaction mixtures, and digestions were al-
lowed to proceed with 400 U of S1 nuclease (Bethesda
Research Laboratories) for 1 h at 25°C. The products were
separated on a 4% acrylamide-7 M urea denaturing gel.

RESULTS

Isolation and characterization of the c-src cDNAs. Our
previous study by Northern analysis (80) showed that the
commonly observed 4.0-kb c-src RNA is most likely the
mRNA coding for the pp60csrc, since it contains all of the
coding exons equivalent to those of pp60vsrc. To analyze
this 4.0-kb c-src mRNA further, particularly the 5' and 3'
sequences outside the coding region, we constructed several
cDNA libraries from CEF mRNAs by using different strat-
egies. The approaches included conventional cDNA cloning
using oligo(dT)12_18 or sequence-specific primer and PCR
amplification of defined regions of the c-src mRNA (20; see
Materials and Methods). Representative clones isolated
from these libraries (Fig. 1) are aligned to construct a
full-length c-src cDNA. Sequencing revealed a stretch of A's
at the 3' end of the cDNA clone 1 with an appropriate
polyadenylation signal. Clone 2 appears to have originated
from internal initiation during reverse transcription. By
Southern analysis (data not shown), the 3' noncoding region
of the 4-kb c-src mRNA was found to originate from a 4-kb
region of the genomic c-src DNA between Sacl and BglII
sites (probes 8 to 11; see Fig. SB) immediately downstream
of the last coding exon.

Sequences of the c-src cDNAs. A 3,520-nucleotide sequence
was compiled from the overlapping cDNA clones 1 through
4. For simplicity, the previously published exon 1 and the
c-src coding regions (75) are not depicted. The nucleotide
and the derived 533-amino-acid sequences of pp60csrc are
essentially identical to those previously published (75).
However, we found a few minor differences, as noted in the

legend to Fig. 2. As expected, the neuron-specific miniexon
(45) is missing in our CEF-derived cDNAs.
The 1,599-nucleotide coding sequence of pp60csr' is fol-

lowed by a 1.84-kb 3' noncoding sequence starting from the
3' portion of c-src exon 12 and ending with a poly(A) tail
(Fig. 2). Surprisingly, there is an extended open reading
frame of 217 amino acids in this region. We call this reading
frame sdr, for src downstream region. A computer search for
sequence homology with existing data did not find a mean-
ingful homologous protein. A poly(A) addition signal (AT
TAAA) is present 22 nucleotides upstream of the poly(A)
addition site. The 3' noncoding sequence also contains two
ATTTA motifs at positions 2657 and 3310, which have been
reported to confer instability to mRNAs (66). Finally, a
39-bp sequence which forms the 3' end of pp6Ov-src is
detected at 660 bases downstream from the termination
codon of pp60csrc in the cDNA (Fig. 2 and 8).

Identification of the 5' exons of c-src mRNAs. The cDNA
sequence compiled from clones 1 through 4 accounts for
only 3.5 kb of the c-src mRNA, while its established size is
about 4 kb (70, 80, 81). Taking into account that there are 150
to 200 A residues at the 3' poly(A) tail, one would predict
that there are about 0.3 kb of the 5' sequence missing in our
cDNAs. Our primer extension analysis using two small DNA
restriction fragments from c-src exon 2 as the primers and
CEF poly(A)+ mRNAs as templates showed that there were
270 to 300 nucleotides upstream of the c-src exon 1 and that
there was some heterogeneity in the length of the extended
products (data not shown). From the 194-bp (Hinfl) primer-
extended cDNA library described above, a clone represent-
ing the type 2a cDNA (Fig. 3) was isolated which harbored
an upstream exon of 268 bases, designated UE2. However,
in this clone, exon 1 is not spliced to exon 2; instead, it is
spliced to a novel exon, called la. To further investigate the
potential heterogeneity of the 5' c-src mRNA sequences, a
PCR-amplified 5' RACE cDNA library was prepared (see
Materials and Methods). Screening of this library with the
exon 1 probe yielded over 20 clones, 14 of which were
sequenced. On the basis of their sequences and splicing
patterns, we categorize them into five types (Fig. 3 and 4).
Sequences of those cDNAs and two independent cDNA
clones isolated from a brain cDNA library are shown in Fig.
3, and their exon organizations are depicted in Fig. 4.

In type 1, an upstream exon UE2 (incomplete in this
clone) is spliced to exons 1 and 2. In 2a (Fig. 3), however,
exon UE2 is spliced to exon 1, which in turn is spliced to
exon la (incomplete in this clone), as mentioned above. In
type 2b, represented by clone 4 (Fig. 1), exon la is spliced to
exon 2. It is likely that clones 2a and 2b originate from the
same type of c-src mRNA. They are so differentiated to
account for the fact that they are independent clones isolated
from different cDNA libraries. The same upstream exon
UE2 is present in types 1, 2a, and 2b. In type 3a, an
upstream exon designated UE1 is spliced to c-src exons 1
and 2 in the expected manner. UE1 contains only a short
stretch of sequence, possibly resulting from premature ter-
mination during reverse transcription. The 5' noncoding
regions of the two brain-derived c-src cDNA clones desig-
nated type 3b were sequenced and compared with 5' cDNA
clones of CEF. The sequences of the c-src coding region of
these clones have been reported previously (45). As shown
in Fig. 3, the 5' noncoding regions of those brain c-src
cDNAs (type 3b) contain exon 1 and 296 nucleotides of
upstream sequence. The most 3' 27 nucleotides of this
upstream sequence in the brain cDNA clones are identical to
those of UE1 in type 3a clones from CEF. Hence, we have
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pp6oc-arc exon 12
......... ProProGluCysProGluSerLeuHisA3pLeuMetCysGlnCysTrpArqLysAspProGluGluArgProThrPheGluTyrLeuGlnAlaPheLeuGluAspTyrPhe 520

....@.....CCGCCCGAGTGCCCCGAGTCGCTGCATGACCTCATGTGCCAGTGCTGGCGGAAGGACCCTGAGGAGCGGCCCACTTTTGAGTACCTzGxchcTTCCTGGAGGACTACTTC 1635

ACCTCGACAGAGCCCCAGTACCAGCCTGGAGAGAACCTATAGGCCTGGAGCTCCTCCTGGCACCAGAGGCCTCGCTGTGGGGCACAGGGGCCTGGCTCCGTGCAGAGGGGCCACGTTTTG 1755

MetValArgCysArgValLeuHisArgSerLeuLysLeuCysTrpAlaThrLeuAsnGluValAlaArgGlyAlaProAlaLeuProGlnArg 31
GGGAGCAGCCCCAGAGCAGGATGTGGCATGGTGAGGTGTCGGGTGCTCCATCGCTCATTAAAACTGTGCTGGGCCACCCTTAACGAGGTGGCGAGAGGAGCCCCGGCACTGCCACAGCGG 1875

SerTrpGlySeXGlyTrpGlnMetGluGlnGlnA3pGlySerCy3ThrAlaThrAlaPheArgThrLeuPheSerGlnGlnProGluLysLeuGlyAspSerProLeuProProGlnThr 71
AGCTGGGGCTCAGGATGGCAAATGGAGCAGCAGGACGGCTCCTGCACAGCCACGGCTTTCAGGACCCTCTTCTCACACCAGCCAGAGAAATTGGGGGACAGCCCCCTCCCACCTCAGACA 1995

Hi3Cy3ProThrProProAlaProProPheLeuA3nGlnHi3Ly3PheLeuHi3ProPheThrProHi3PheAlaLeuValCy3ProArgProPheAlaGluThrPheGlyA3pAlaGlu 111
CACTGCCCCACACCTCCTGCACCCCCTTTTTTAAATCAGCACAAATTTCTTCACCCATTCACCCCCCACTTCGCTCTGGTCTGCCCGAGGCCGTTTGCAGAGACGTTTGGCGATGCGGAA 2115

GlyThrAlaLeuA3pArgMetGlnLeuGluSerArgProTrpA3pAlaProTrpArgLeuMetValSerLeuLeuArgHi3ArgValLeuGlyProGlyLeuSerValLeuGlyA3nTyr 151
GGCACTGCTTTGGATCGGATGCAGCTGGAGAGCAGACCTTGGGATGCCCCATGGAGGCTGATGGTCTCCCTTCTCCGG,CACCGCGTCCTCGGGCCAGGGCTCAGTGTTTTAGGGAACTAC 2235

LeuSerPheSerAlaAlaPheValHi3ArgSerValSerSerHi3Hi3ProProProLeuLeuProSerLeuIleArgGluHi3GlyAlaThrAlaSerArgLeuGlnAlaGlnLeuLeu 191
TTGTCTTTCAGCGCTGCTTTTGTCCACCGGAGTGTTTCTAGCCACCATCCCCCCCCACTTCTGCCATCCCTTATCAGGGAGCACGGAGCCACCGCGAGCCGTTsGcurocccAacTGTc 2355

PrqAlaCy3ValLeuGluValGlyValIleHi3AlaGlnProGlyAlaAlaAlaAlaProIleGluHi3ProCy3ThrAM 217
CCsonsT krTGAGTGATCCATGCACAGCCCGGTGCCGCAGCAGCTCCCATTGAGCACCCCTGTACATAGTCCTCCAGCACCTCCCGCTACCTGACCAAGCTGCATGTG 2475

CTGTCGTGTTCCTCCTGTGGTACCGCCGCCATCTGTCCTTGTTTGTCCCCAGCTGGAGCCCCGCATCACACCATCCCCACCTGTGTCCTGGACCTCTTATCCATCACTCACACCCGGTGC 2595

CAAAAACACTCCGGAGAACCAGGCTGAGCCGCTGCTGCCTCCCGCTCGCTCCCCGGCGCCTTATTTATTACCTGAGTTCTCCGTCGGTGCTCCGCTCTAATAGTGAACTCAGTAGGAAGG 2715
Ad AiS ........00

GGCTGTCAGCAGTATGGAGGGATCCCACCTTTGCCCTGGAGGACTGTTTCCGTGCACTTCCATACTCACGATGGGACTCAGAGCCCTTCGTCCCCCGGCACGTTTCCTGTGCCCCCCTTG 2835

GTGCAGGGCCTGCGCACTGCGCTCACGGCCTTTTAAGCTCCGTCTCCGTGCCGTTTGTGTGCCATCGCCAGCCAGCGCGCACAGTGCCTGCATCCAAGGGGGTGGGCAGTAGCAGATGTG 2955

AGCCGAGAGCTGGGGAGAGGGAAGGCAAACACACGCGTGACACACCACCTTGGTTTCCTGCAGCACGGAGCAGGGCTGGGCTGCTGCCCAGCTGTGCTCCACAGAGCCCCCGTGCCATCC 3075

CCTCCCTCCACTGCCGGTCTGTTGCTGAAGCCAGTGAACTGCAGGATCCCCCCCCCCTCCTCCAGTGATGCTCTTTGGCACAAAGCAGCCCCGTGTGAGACGTTCTCTTCTGCTGGTACC 3195

ATTTTTTAAAGTGTTTTGTAACATCTCCCACCGACTATGCAGAGGACGTGGATCTGTTTCTCCCCCTCCCGGCCCACCCCCCCCTCTTCCTCTGTCAGTGTCAAAGTAAGAAATATTTAC 3315

CTTTTTTTTTTCTTTTTTTCTTTTTTTTCTTTTTTTTTGTGATAATAATAAAACTTTGGGAGAAACCCGACCATGAGCGGCGTGGTGGGGGGCAGGGGGGGGCGGAGGTGCTTTGGAACT 3435

CTGACGATGTTGTTGTAAATACTTTGCAATTTGATAATTAAAGACAAACAGACCTCACCAAACAAAAAAAAAAAAAAAAGGAATTC 3520

FIG. 2. Nucleotide sequence of the 3' portion of the c-src mRNA from CEF. Only the sequence from the 3' half of exon 12 to the poly(A)
tail is shown. Numbering of the amino acids is shown above numbering of the nucleotides; both are adapted from the previously published
sequence (75). Few minor differences in the c-src coding region (not shown) between our sequence and that in reference 75 are noted; they
are as follows. (i) In exon 1, the sequence CTGCTGTGG in reference 75 reads as CTGCTGGTGG in our sequence. (ii) The codon for
threonine at position 301 in reference 75 is written as AAC, which actually codes for asparagine. Our cDNA sequence in that position is ACC,
which codes for threonine. (iii) The amino acid in position 501 is lysine (AAG) in our sequence instead of arginine (AGG) as originally
described. Of these differences in our cDNA sequence, the first is in accordance with v-src sequence published by Schwartz et al. (63) and
the cDNA sequence of the alternatively spliced c-src mRNA from chicken skeletal muscle (17). The presence of lysine (AAG) at position 501
is typical for c-src and is supported by other independent studies on c-src and the sequence analysis of recovered avian sarcoma viruses (22,
41, 46, 51). The unique open reading frame called sdr (217 amino acids in length) lying downstream from the termination codon of pp6c-src
is shown. Termination codons are depicted as either TER or AM. The poly(A) addition signal for the c-src mRNA, located 22 nucleotides
upstream from the poly(A) tail, is shown with a broken underline. The 3'-terminal 10 amino acids of pp60v-sr, beginning with TGCAGGCC
and ending with AGGTCG, located in the 3' noncoding region is shown by bold letters with an underline. The eight-nucleotide sequence
TGCAGGCC (the P box [18]; see also Fig. 8) present at the beginning of this sequence is repeated in exon 12 and is highlighted in a similar
manner. The putative Q box (18; see also Fig. 8) with the sequence CTCAGTAG (Q' in Fig. 8) is underlined in closed circles. The two mRNA
instability motifs located in the 3' sequence are indicated by open triangles.

designated the 296-bp upstream sequence of type 3b as UE1
and the mRNA species giving rise to these cDNA clones as
type 3b, again to underscore the different origins of cDNA
clones 3a and 3b. Again, it is likely that clones 3a and 3b
arise from the same c-src mRNA. The unusual feature of the
UE1 sequence is that it has a high G+C content of approx-
imately 75%. Two other clones, designated types 4 and 5,
contain upstream exons UEX and UEY, respectively,
spliced to exons 1 and 2 (Fig. 4).
Mapping of the upstream exons in the c-src locus. To locate

the origins of the upstream c-src exons UE1, UE2, UEX,
and UEY, each of these cDNA clones was used as a probe
to hybridize with Southern blots containing a panel of c-src
genomic DNA fragments including probes 1 through 5.
Dissection of the c-src locus to generate these probes is
shown in Fig. SB. The results of Southern analysis indicated
that types 1, 2a, 2b, and 3a hybridized to c-src probes 5
(which contains exon 1) and 2 (data not shown). This finding
suggests that sequences 5' to exon 1 in these clones map to
a region about 8 to 8.5 kb upstream from exon 1. Type 4 and

5 cDNAs had negligible hybridization to any c-src DNA
except the exon 1-containing probe 5 (data not shown).
Therefore, UEX and UEY must be derived from a region
more than 12 kb upstream from the exon 1. Their precise
origins await further analysis.

Since most of the cDNAs contain exons UE1 and UE2 and
both exons hybridize to c-src probe 2, this region of the c-src
locus, defined by a 2.6-kb EcoRI-HindIII fragment (Fig. SB),
was subcloned and sequenced. The 5' 1.5-kb sequence of
this genomic fragment is shown in Fig. SA. The entire exon
UE2 is located within this genomic sequence at about 400
nucleotides from the 5' end (bold letters in Fig. SA). Exon
UE1 is mapped in a region further downstream (underlined
sequences in Fig. SA). UE1 is flanked by typical splice donor
and acceptor sequences. A comparison of the UE1 se-
quences in the neuronal c-src cDNA (type 3b) with the
corresponding genomic sequences shown in Fig. SA re-
vealed that the first 15 nucleotides of this cDNA clone
diverged from the genomic sequences precisely at a splice
acceptor site. This result suggests that the first 15 nucleo-
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T'YPE I
*zonUZ2,-

CACCOC"CaCcooCATooCCosCCAcCaCASCSTCCCACGkAG"oCCCACoOCAGOCCTTTCCCSOCeTACCCCCOsAssCATAGTCCCTCAAACOCCcccosccsscsvvsooACAA ; 2 0
1 S.A .xonl- I *zon2-

ccacaaxaacAwseccAaGAGCTGAGCTGACTCTGCTGGTGGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGCAGCCCACCACCATGGGGAGCAGCAAGAGCAAGCC CA 24 0

AGGACCCCAGCCAGCGCCGGCGCAGCCTGGAGC ........... 273

TYPE 2a
IezonUK2

GAATTCCo 1CC120

I B.a *zonl- I ezon1aA-_
GGa"T ocNTaNXuaGGuxschcTecAaoGAGCTGAGCTGACTCTGCTGGTGGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGCAGGACCTGCTGTTCTCCTGCC 360

TCCACTCCTGCCTGCCCGGATTTTCTTACTAGGGAGATTCTCCACCTCCGTTCTCCATCCTGCCATGCGTGATCTAGCCTAAATATTCCCTTCCGTAGCTTCAGGACGCTGCGGAATTC 47 9

TYPE 2b

1 *.A eonl-
oasooCCCACOOCAGoceCsCSsCsCCCCOCsAsSCCCCCACaCSGaaOSSSCOCCSCTCSCesAGGA"C§OOaaaaACOC§aCSOCAOCCseCCCAGAGCTGAGCTGACTCTGCTGG 2 4 0

TGGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGCAGGACCTGCTGTTCTCCTGCCTCCACTCCTGCCTGCCCGGATTTTCTTACTAGGGAGATTCTCCACCTCCGTTCTCC 360

ATCCTGCCATGCGTGATCTAGCCTAAATATTCCCTTCCGTAGCTTCAGGACGCTGCTGTGTATCCTGCCATCTTTGGAGACTGCGAATAATTCCCT,TCCTTCATTTATATCATTACCTCG 480
1 ozon2-

GAGCCCACCACCATGGGGAGCAGCAAGAGCAAGCCCAAGGACCCCAGCCAGCGCCGGCGCAGCCTGG................................................54 7

TYPE 3a
.zonUK1 - A.k .zonl- on2

CGGCCCCGCGGCGCGCACACGCGGGAGGAGCTGAGCTGACTCTGCTGGTGGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGCAGCCCACCACCATGGGGAGCAGCAAGAGC

AAGCCCAAGGACCCCAGCCAGCGCCGGCGCAGCCTGGAGC.....

TYPE 3b (from neuronal c-src cDNA):
I seon UZ-

CTCACAACACACAACACACACACACACACACACACGCACACACACCCCGCAGAAGGGGTGAGCGGGGGCAGGGAGCGGCGCGCCGGATCCGCGGTGCTGCGCGATGCTGCCGGCGCGCAG

CCCTGAGCGCCCGGCACGGCCCGGCCCGCGGCTGCGACCCAGCGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCTGCGGGGGGCGGCGGCGCGGCCCCCGGCGCGGAGACAAAGCCGCG
I S. o1zon-

GCCGAGCCCTGGAGGGGAGCGGCGGGGTTCGGCCCCGCGGCGCGCACACGCGGGAGGAGCTGAGCTGACTCTGCTGGTGGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGC
I *xon 2-

AGCCCACCACCATGGGGAGCAGCAAGAGC.....

TYPE 4
*zonuUX-

CCCCTCTGAGTTGGGTGGCCCTGGCAGCCACTGTGCCCCCTGCCCAGCACTGTGCATTGCCTGGGCTGCCCCCCGCTGCCCCCTGCCCCTGCGCAGGGTGGGCGTGATGAAGTGGAGCAG
I.A ezonl-

AGAATTGTCCCCTTCACACATGAGAGATCAGAGCCGTCGGCCGCCAACCACGCTGTGGGAGAGCTGGGAGCTGAGCTGACTCTGCTGGTGGCCTCGCGTACCACTGTGGCCAGGCGGTAG
I *zon2-

CTGGGACGTGCAGCCCACCACCATGGGGAGCAGCAAGAGCAAGCCCAAGGACCCCAGCCAGCGCCGGCGCAGCCTGGAGC.......

TYPE 5
ezonulY-

CCCCATACTGCCAGCCCTGCTGTCGGCGTGGCTCTTACAACTCCCATTGTATCCTTGAGCCGCCCGGCGCAGCACACAGCCTGTCTGCAGGAGACGGATGACCCTGAGCGGCCGCTTCCC
I S.A ezn _ I *owzo2_

CCGGCGCTGGTTCCCACAGCATCCCTGCAAGGAGCTGAGCTGACTCTGCTGGTGGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGCAGCCCACCACCATGGGGAGCAGCAA

120

160

120

240

360

120

240

320

120

240

284

FIG. 3. Sequences of the various types of cDNA clones representing the 5' ends of the c-src mRNAs. Of the sequences shown, types 1,
2b, 3a, 4, and 5, were isolated by the RACE method. The cDNA clone designated type 2a was originally isolated from a 5'-primer-extended
CEF cDNA library. The sequence designated type 3b is the 5' noncoding sequence derived from the brain c-src cDNAs isolated by Levy et
al. (45). Types 1 and 2 contain a common upstream exon (UE2) spliced to exon 1. These two types are differentiated by the presence of exon
la in type 2. Clones 2a and 2b could arise from the same c-src mRNA and hence could belong to the same type, but they are differentiated
since they have been isolated by two independent cloning strategies. Clones 3a and 3b are distinguished for the same reason. The boundary
of upstream exon UE1 (for the neuronal c-src cDNA [type 3b]) is identified on the basis of a comparison with the corresponding region of
the genomic c-src DNA (see Fig. 5A). The possible origin of the first 15 nucleotides in the neuronal c-src cDNA is discussed in the text. Note
that the boundary shown for exon UE2 is the beginning of the corresponding cDNA clone, and it does not necessarily show the 5' end of that
exon. Exons UEX and UEY of types 4 and 5, respectively, have not been mapped on the c-src DNA but are at least 12 kb upstream from
the exon 1. The initiation codon (ATG) for pp6Oc-src in all of these 5' cDNA clones is highlighted by an underline in the sequence. S.A, splice
acceptor.

tides most likely are derived from an exon further upstream.
This 15-nucleotide sequence is not present in the probe 2
genomic region that has been sequenced and must therefore
have originated from a region further upstream. Exon UE2
lacks a splice acceptor site at its 5' junction and is not
preceded by one in its upstream vicinity of the genomic
DNA sequence. This suggests that it could represent the
most 5' exon for this type of the c-src mRNA. Its 3' end does
have a splice donor site. The locations of exons UE2 and
UE1 in the c-src locus are shown in Fig. SB.
Are these 5' RACE clones authentic? The results showing

the 5' sequence diversity and the exon structure rely on
sequences of the 5' c-src cDNAs. To confirm the existence
of heterogeneous c-src mRNAs and the predicted 5' exon
arrangement, we performed an analysis of the PCR products
by using specific primers and RNase protection experiments.
Total CEF RNAs were directly analyzed by PCR for the
presence of a contiguous arrangement of exons UE2, UE1,
1, la, and 2. The 5' PCR primers are chosen from the 5'
sequences of UE2 and UE1, respectively, and the 3' primer
(3'-RT) is located in exon 2. The exon arrangements of types
1 and 2, which differ by the insertion of exon la, would
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UE2A 1 2

UE2 1 A1ATYPE

UE2aTYPE 2b

TYPE 3.

TYPE 3b-

TYPE 4

UE1

1 . la . 2

UE1I . 1 . 2

1 . 2

UEX 1 2
IIsY I ITYPE 5 vC* I . -

FIG. 4. Schematic illustration of the organization of the 5' exons
of c-src mRNAs. Upstream exon UE2 in types 1 and 2b is truncated
and is designated UE2A. For the same reason, exon la in type 2a is
designated IaA. Upstream exon UE1 is found in both type 3a from
CEF and type 3b from brain c-src cDNA. Clone 3a contains only a
short stretch of the 3' sequence of UE1 and is designated UE1A.

predict the generation of 620- and 422-bp PCR products. This
is in fact the case (Fig. 6A, lane 1). Similarly, the type 3 exon
structure was supported by the generation of a 425-bp PCR
product (lane 3). Negative controls gave no detectable
products due to nonspecific amplification. The RNase pro-
tection assays were performed with CEF RNAs and an-
tisense RNA probes synthesized from the clones represent-
ing upstream exons UE2 (with or without exon la), UE1,
and UEX, respectively (Fig. 3). The results are shown in
Fig. 6B. The probes were made longer than the c-src exon
sequences to allow us to distinguish them from the protected
fragments. All of the exon probes were protected fully by the
CEF RNAs, confirming their representation in the c-src
mRNAs. The UE2 probe without exon la was better pro-
tected reproducibly, presumably reflecting the higher abun-

A
GGGTCATAATTGCATCTCAGGTCTGGGTCTGCATCCAGAGGGG---CTGAGTCACCTCCAGCAGCTCCTCGGGGTTGGGGCCGAGCCGGCGCCTGGGGCTGCGCGCCTGCAGGAGGGCTGC G 120

GG ' CTGGGGCAGGCGGTGTGCGTGCAGCATCCATGCCTGCTAT,;CCCTGTAGGATTAACAACACGAAAAAGACTC TCCATGGACACCAGGCTGCAGTCTGGGGCTGCTGCTCCAAATCAG 240

CCAGGGAGCGCCTATCAGGCTGCTCTGGCACGAAGGCCCCCCC--TGTGATGTGCTGGCCGGTGGGGACAGGTCGGTGTGTGCATGACTCTCAGTGACTCATGGATCTGTTGGCCCTCGGC -60
1 oz@nUZ2 -

AGGTGCACGGGAAATACTTCTTTAATAACTCAAAATGAGCCCoa4osocaTcacc OcvAovAaacCCOCAcacseCCCoGAAACsCOssCOCssssCACACscas 480

CTCAACC¢sssCAOTTTCCAGACCCCCACseCCOOTOCTOTGAGOOCAGCOCAC^vCGGGCATGOCaeCaCaACCACTCTCCACQAGAGCCCACGOCAGOCsCsCTGCSSCCCCO 600

COTAseCsCCCACACOAcsaAGssCCCCCAGa ATCOWG&aAovaCooaCGACTCacoCsCTCesCCa TCGGCCGGGCGTCCCTGCTGGGGACGAGGGCGCAGAATCCGTCACAAAGC 720

AGCCGTGCGCCTCAGTCGCTGAATAAAAGCGAACCGCAAAGCAGCCGGGTTGTAACCTCACTGAAAATCACTGCTCTCCTCTCGACGAGCCCCGGCGACGGCTCAACCCGCAGCCCCGCG 640

CCGGAAGCTCGGAGCCGAGCGAGAACCGCCCCGGCCTCCCACGCGTGGCCCCGCCGCGACCGGGCGCTCCGGGACGGGCGCGTCGGCAGAGGCCGGCCGGGGCGGCCCCGGTCGGTGTCC 960

S.al zson UX-
I1080

,1200

1320

14 4 0

1517

CTGCTGCCATATTCCTATTTTTTTTTCTCCCTGTGGTTGTTCCCCCCCTTACACACACAGACAGACACACACACACACACACACGCACACACACCCCGCAGAAGGGGTGAGCGGGGGCAG

GGAGCGGCGCGCCGGATCCGCGGTGCTGCGCGATGCTGCCGGCGCGCAGCCCTGAGCGCCCGGCACGGCCCGGCCCGCGGCTGCGACCCAGCGCGGCGGCGGCGGCGGCGGCGGCGGCGG
- I
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GTGGGGTCCGGCAGCGGGAGTGTCCCCGTGCCGTCCGGCTGCGGAGCGCGGGCAGATGCCGCTGCAGATTGCCGCTT
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FIG. 5. (A) Sequence of the c-src genomic DNA region containing exons UE1 and UE2. The sequence of the 5' 1.5 kb of the 2.6-kb

EcoRI-HindIII probe 2 region is shown. Exon UE2 is shown in bold type, and exon UE1 is underlined. Exon UE1 is flanked by consensus
splice donor and splice acceptor (S.A) signal sequences. Exon UE2 is bound at its 3' junction by a splice donor site, but its 5' end does not
abut a splice acceptor site. Instead, an atypical TATA sequence (TAATAA) is present 19 bases upstream. In addition, a typical AP1 binding
sequence is present 330 bases upstream (not shown). (B) Diagrammatic sketch showing the organization of the c-src locus and its 5' exons.
The horizontal arrow defines the ppW,-src coding region. For simplicity, exons 7 to 12 are boxed together without showing the small intron
regions. The restriction sites are taken from published studies (76, 80). The EcoRI site shown in parentheses is the artificial cloning site. The
c-src locus is divided into regions of probes 1 through 13 for Southern analysis in exon mapping. The locations of exon UE2 and exon UE1
are shown as open boxes above the expanded c-src probe 2 DNA. The location of exon la is highlighted in a similar manner above the intron
1 region. However, these exons are not drawn to scale. Restriction sites: Ba, BamHI; Bg, Bgll; RI, EcoRI; H3, HindIll; Ml, MluI; Nc, NcoI;
Ps, PstI; Sc, Sacl; Xh, XhoI.
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FIG. 6. PCR and RNase protection analysis of c-src 5' exons. (A) PCR analysis of exon arrangement. Samples (10 ,ug) of total CEF RNAs
were used for PCR amplification using specific pairs of 5' c-src exon primers. The PCR products were analyzed by nondenaturing gel
electrophoresis. The PCR reaction mixtures contained a small amount of [a-32P]dCTP to allow direct visualization of the amplified products
by autoradiography. Lanes: 1, PCR reaction using a 5' primer from exon UE2 and the 3'-RT primer; 3, PCR reaction using a 5' primer from
exon UE1 and the 3'-RT primer; 2 and 4, negative controls for primers UE2 and UE1, respectively; M, molecular weight marker (pBR322
DNA digested with MspI and end filled with [a-32P]dCTP, using Klenow fragment of DNA polymerase I). Sizes are indicated in nucleotides.
(B) RNase protection assay. For each assay, 30 p.g of total RNA from CEF was hybridized to [a-32P]UTP-labeled antisense transcripts from
the RACE clones. The hybrid molecules were subjected to RNase digestion, and the protected fragments were resolved on a denaturing gel.
Lanes: 1, 4, 7, and 10, labeled probes containing intact antisense transcripts of cDNA clones represented by types 1, 2b, 3a, and 4; 3, 6, 9,
and 12, protected fragments from the cDNA clones of type 1, 2b, 3a, and 4; 2, 5, 8, and 11, RNase-digested antisense transcripts (in the
presence of yeast tRNA) of the aforementioned clones. Lane M is as described for panel A. Each antisense transcript contains the indicated
exon sequences in addition to the 27-nucleotide vector sequences.

dance of this mRNA type. Taken together, these results
argue strongly for the authenticity of these upstream exons
and their patterns as shown in Fig. 4.

Is UE1 neuronal cell specific? Although UE1-containing
cDNAs are present in CEF, one cannot rule out the neuronal
cell-specific expression of this exon, since CEF are derived
from multiple tissue precursors. Therefore, experiments
were undertaken to examine the tissue specificity of this 5'
cDNA sequence. Si nuclease analysis was performed with
the poly(A)+ RNAs isolated from both chicken embryonic
brain and limb tissues. The probe used in those studies
(equivalent to type 3b cDNA) is shown diagrammatically in
Fig. 7A. This 714-bp probe contains UE1, exon 1, and the
first 322 bp of the src coding sequence. If the UE1 sequence
is present in the c-src mRNAs analyzed, a fully protected
fragment of 684 nucleotides would be generated after Si
digestion. The result of this analysis is shown in Fig. 7B. The
radiolabeled probe that had not been treated with Si is
shown in lane 1. A protected fragment was not observed in
the tRNA control reaction (lane 2). A 684-nucleotide frag-
ment was protected after Si digestion in samples of poly(A)+
RNAs isolated from both embryonic limb (lanes 3 and 5) and
brain (lanes 4 and 6) tissues, although there appeared to be
more protection by the brain RNAs, consistent with its
higher c-src RNA abundance (45, 80). This result suggests
that the UE1 sequence is present in c-src mRNAs synthe-
sized in neuronal and nonneuronal tissues. Similar results
were observed with a probe that contained only the 5'
noncoding sequences (data not shown).

DISCUSSION

In this report, we describe the cloning and sequence of the
4-kb c-src mRNAs from CEF and brain, providing for the
first time a characterization of the 5' and 3' noncoding exons.

Since previous structural studies of c-src mRNA were per-
formed on cDNA such as clones generated from retroviral
vectors (used to remove introns from cloned genomic DNA),
only a limited characterization of pp6f-jsrc coding sequences
has been presented (40, 46, 56). The 5' noncoding sequences
presented in this study provide evidence suggesting that
there is considerable heterogeneity in the 5' ends of the c-src
mRNAs. Four types of 5' exon sequences, UE1, UE2,
UEX, and UEY, were observed. Distinct splicing events
generate several c-src mRNAs by adding those alternative 5'
exons to a common exon (exon 1). A fifth class of c-src
mRNA is produced by a unique combinatorial splicing of the
upstream exon UE2 with a novel exon la arising from a

region of c-src previously defined as intron 1. Characteriza-
tion of these upstream exons has been made possible by the
use of RACE, a PCR-based cDNA cloning technique (20).
We believe that the observed heterogeneity of the 5' ends of
c-src mRNAs reflect the true complex organization and
expression of the c-src gene rather than a result of the PCR
cloning artifact for the following reasons: (i) occurrence of
the same 5' cDNA clones from both CEF and the brain c-src

cDNA libraries prepared by independent cloning strategies,
(ii) precise splicing of those 5' c-src exons as predicted from
the genomic sequence of the c-src DNA, (iii) incorporation
of a similar 5' exon into recovered viruses in the spontane-
ous c-src transduction (68), and (iv) the fact that the direct
PCR amplification and RNase protection assay show that the
expected size and exon contiguity are indeed represented in
the CEF c-src mRNA species.
While the existence of exons upstream from exon 1 was

predicted from earlier studies and primer extension analy-
ses, the presence of an exon (la) between exons 1 and 2 was
not expected. A subsequent sequence comparison revealed
that exon la has been identified previously in our analysis of
recovered avian sarcoma viruses (rASVs) as a cryptic exon

A

620 -
425 __
422
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FIG. 7. Si nuclease analysis of the UE1 sequence in the type 3b
c-src clone. (A) The single-stranded probe (714 nucleotides in
length) used in Si nuclease analysis containing the entire 5' noncod-
ing region, including UE1, exon 1, the first 322 nucleotides of the src

coding region, and the M13 polylinker sequences. The size of the
fully protected fragment after Si nuclease digestion is also indicated
(684 nucleotides). In panel B, lanes 2 to 6 represent the results of Si
nuclease analysis after hybridization of 20,ug of calf intestinal tRNA
(lane 2) or 5 pLg of the various poly(A)+ RNAs (lanes 3 to 6) with the
radiolabeled probe (105 cpm per reaction) and digestion the products
with 400 U of Si nuclease at 25°C for 1 h (see Materials and
Methods). The protected fragments generated after Si nuclease
digestion were analyzed on a 4% polyacrylamide gel-7 M urea

denaturing gel and visualized by autoradiography. Lanes: 1, probe
alone without Si nuclease; 2, calf intestinal tRNA; 3 and 5, two

independent isolates of chicken embryonic limb poly(A)+ RNA; 4
and 6, two independent isolates of chicken embryonic brain
poly(A)+ RNA. b, bases.

in the intron 1 region with bona fide splice signals (68). Part
or all of its sequence was transduced into three rASVs
derived from a transformation-defective deletion mutant,

tdlO9 (68). The entire exon la was transduced into an rASV
by using exactly the same splice sites (68). Current study on

the 5' c-src cDNA clones indicates that this presumed
dormant exon is actually expressed among the CEF c-src

mRNAs. This exon, however, cannot be part of the coding
sequence since it contains termination codons in all three
reading frames.

Alternative 5' exons have been shown in other proto-

oncogenes such as c-abl (3-5), Drosophila epidermal growth
factor receptor homolog (62), and chicken c-ets-J (44).

However, those alternative exons are in the coding regions
of the respective proteins and hence are thought to influence
the functions of these proto-oncogene products by forming
different N-termini. The 5' noncoding exons of the c-src
mRNA may play an important role in regulating the expres-
sion of pp60-src by influencing the stability of the c-src
mRNA and its translational efficiency (8, 19, 42, 58, 59). The
results from the RNase protection assay suggest that the
mRNA species containing exon UE2 without exon la is the
most abundant and that the species containing exon UE1 is
the least abundant mRNA is CEFs. Whether these c-src
mRNAs are expressed in a tissue-specific manner is an
important issue that remains to be resolved. It would also be
interesting to determine whether this 5' exon heterogeneity
is present in c-src mRNAs from mammalian species as well.
Our previous study of the muscle-specific 3-kb c-src

mRNAs implied that expression of this mRNA (versus
expression of the 4-kb pp60c-src mRNA) involves control at
the levels of initiation, splicing, and polyadenylation (17).
Although we have not definitely identified the initiation sites,
that observation coupled with results for the heterogeneous
5' cDNAs described here strongly suggests that there are
multiple promoter sites for the c-src gene. The observed 5'
sequence heterogeneity of c-src mRNAs likely results from
differential initiation and splicing. Since the 5' end of the
type 2a cDNA does not correspond to a splice acceptor site,
we suspect that it may represent the 5' terminus. Examina-
tion of its upstream c-src DNA sequence reveals an atypical
TATA-like sequence 19 bases upstream of the 5' end of the
cDNA. However, no typical CCAAT box is found in its
appropriate location relative to the presumed initiation site.
Nevertheless, an AP1 binding site is present at 330 bases
upstream of the exon UE2 (sequence not shown). Proof of
this sequence as a promoter would require direct demonstra-
tion of its promoting activity in the initiation of transcription.
Type 3b cDNA apparently contains at least one further
upstream exon derived from a region 5' to the c-src probe 2.
Therefore, the promoter for this cDNA would have to be
located upstream of the probe 2 region of the c-src DNA.
Our data also suggest that exons UEX and UEY are derived
from the region(s) at least 12 kb upstream from exon 1. Since
the first step in the RACE method of amplifying the 5' ends
of an mRNA is reverse transcription, which is in effect a
primer extension analysis, we consider the 5' RACE cDNA
clones to be a representative population of the products
obtained by primer extension. Obviously, some of the clones
analyzed did not reach the 5' termini. Factors governing
those premature terminations are unknown. While definitive
physical and functional evidence for multiple c-src promot-
ers awaits further study, we feel that our present data
provide evidence that strongly suggests this possibility.
However, at this point we cannot rule out the possibility that
a single promoter gives rise to a short leader sequence that is
then spliced alternatively to exons UEX, UEY, UE1, and
UE2.
An unexpected finding in the 3' sequence of the c-src

mRNA is the presence of an open reading frame called sdr.
Whether this reading frame is expressed as a spliced subge-
nomic mRNA in a tissue-specific manner remains to be seen.
Interestingly, a computer search revealed that a small region
of sdr reading frame is partly homologous to that of sur,
which was shown previously to arise by alternative RNA
splicing from the c-src locus in chicken muscle at around the
time of hatching (17). The significance of these observations
is not clear.

Possible mechanism for the generation of the 3' v-src

A
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* lOaa t
ThrPh.GluTyrL.uGlnA1aGlnL*uL.uProAlaCysValLeuGluValAlaGlu* * *

v-src ACTTTTGAGTACCTGCAGGCCMCTCTGCaCTGCT TGTGTTGGAGGTCGCTGAGTAG
p

~t PP60c-orc l9aa

Q

ThrPh.GluTyrL.uGlnAlaPheL.uGluAspTyrPheThrSerThrGluProGluTyrGlnProGlyGluAsnLeu***
ACTTTTGAGTACCTGC&GGCCTTCCTGGAGGACTACTTCACCTCGACAGAGCCCCAGTACCAGCCTGGAGAGAACCTATAG

. .........

p t lOaa 1LeuGlnAlaGlnLeuLeuProAlaCysValLeuGluVal
.CACGGAGCCACCGCGAGCAGTTTGCAGGCCCAGCTGCTCCCTGCTTGTGTGTTGGAGGTCGGAG...

p
............. .323bp... CTCAGTAG.

Q'
c-src cDNA 660nt 323nt 784nt

P I 19aa {HE= F-- -AAAAAA
FIG. 8. Model for the genesis of the 3' end of v-src. Sequences of the 3' ends of v-src, c-src, and its downstream region are shown. The

carboxyl-terminal 10 amino acids (aa) of v-src, the 19 amino acids of pp60c sr, and a downstream 10-amino-acid sequence of c-src, which is
thought to be the precursor for the last 10 amino acids of v-src, are bounded by solid arrows. The sequence TGCAGGCC (P box) (18) present
57 nucleotides upstream and 660 nucleotides downstream of the c-src termination codon, as well as preceding the 10-amino-acid sequence of
v-src, is underlined. In the v-src sequence, the last eight nucleotides coding for the last two amino acids and the stop codon, denoted Q (18),
are underlined. A similar sequence, CTCAGTAG, located 323 bp downstream from the 10-amino-acid sequence of c-src, is designated Q' and
underlined. The position of tyrosine 527 in the 3' end of the c-src cDNA sequence is shown with a thin arrow. Shown at the bottom is a
schematic illustration of the sequence motifs in the 3' half of the c-src cDNA, in which P box is thought to mediate the recombination to
replace the last 19 amino acids of pp60c-src with a new set of downstream 10 amino acids to generate the 3' end of v-src. nt, nucleotides.

sequence. Formation of the 3' end of RSV v-src appears to be
rather complex, since the last 36 nucleotides are not contig-
uous with the upstream c-src sequence (75). Previous se-
quence analysis of the c-src DNA by Takeya and Hanafusa
(75) showed that a 39-bp sequence corresponding to the
3'-terminal region of v-src was present in c-src DNA about
900 bp downstream from the termination codon of pp6O-src.
This finding suggested that a deletion removing sequences
between the 39-bp region and the 3' end of pp6Oc-src must
occur during or after the recombination between the viral
and cellular DNA. Our cDNA sequence indicates that the
same 39-bp sequence of v-src is located 660 nucleotides
downstream from the termination codon of pp6oc-src. The
fact that this 3'-terminal v-src sequence is present in the
c-src mRNA exon is consistent with the model of c-src
transduction involving an RNA intermediate. The octanucle-
otide sequence TGCAGGCC is present in exon 12 and
repeated at the 5' eight nucleotides of the 39-bp sequence
(box P; Fig. 8). This direct repeat could mediate joining of
the 39-bp sequence to the c-src exon 12, resulting in the
replacement of the original terminal 19 amino acids of
pp60c-src with the 39-bp sequence. Our previous study of
several src deletion mutants strongly suggested that direct
repeats play a role in mediating the generation of those
mutants (55). This most likely occurs at the step of negative-
strand DNA synthesis by reverse transcriptase (18, 55, 77).
The same process could mediate the deletion of sequences
between exon 12 and the 39-bp sequence in an RNA inter-
mediate molecule during or after the initial transduction of
the c-src sequence. The last eight nucleotides of v-src,
including the termination codon (CTGAGTAG; box Q in
Fig. 8), are probably generated by a separate recombination
event between the new c-src 3' sequence and the 3' region of
the avian leukosis virus (ALV) genome as proposed previ-
ously (18). A similar sequence, CTCAGTAG (box Q'; Fig.
8), is present 323 nucleotides downstream from the 39-bp
sequence. This raises the question of whether this Q' se-

quence could be the precursor for the 3' v-src terminus.
However, no direct repeat or inverse complementary se-
quences preceding Q' and at the end of the 39-bp sequence
could be found to potentially mediate this second deletion.
This leaves the recombination with the transducing ALV as
a favorable mechanism for the formation of the v-src 3'
terminus. The fact that the same Q box is present in the 3'
regions of Y73, MH2, UR2, and CT10 (18, 50) viruses, which
have captured different proto-oncogenes independently, is
highly suggestive that the 3' ends of their genomes have been
derived from the respective ALV helper viruses. But the
exact mechanism by which the progenitor ALV recombined
with the c-src to generate the last two amino acids and the
stop codon still remains unclear. Recombination within exon
12 and the presence of these sequence motifs in the c-src
cDNA suggest that the right-hand recombination in the
transduction of c-src involves an RNA molecule as the
intermediate. Our detection of the 39-bp v-src sequence in
the c-src cDNA lends further support for the model. The
RNA-mediated model was also suggested for the transduc-
tion of the c-fps and c-erbB proto-oncogenes in which 3'
recombination appeared to have occurred within the poly(A)
tracts of their mRNAs (37, 60). However, our data cannot
rule out the possibility that the 3' recombinational events
occurred at the DNA level.
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