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We used a murine retroviral expression vector, containing a genomic clone of the chicken c-src gene, a
bacterial origin of replication, and a selectable marker, to remove 10 introns from the c-src gene. All 10 introns
were removed accurately, and no mutations were introduced. The processed gene encoded a functional pp60°-"

protein tyrosine kinase.

Retroviral vectors can be used to remove introns from
cloned cellular genes (3, 11, 25, 27). The coding region of the
chicken c-src gene contains 11 exons and 10 introns (29).
Levy et al. (17) have constructed a cDNA clone of the c-src
gene by combining restriction fragments of v-src genes,
which lack introns, with a restriction fragment of the c-src
gene containing the 3’ end of the coding region, where the
sequences of the v-src and c-src genes diverge (29). One
remaining intron was removed with a retrovirus (17).
Piwnica-Worms et al. (20) used a similar procedure to
remove a single intron from a hybrid src gene. We report
here the use of a murine retroviral vector to remove all 10
introns from the coding region of the c-src gene. The cloning
system was designed to minimize the number of times the
gene was transcribed, thereby minimizing the possibilities
for mutation (30). We verified the nucleotide sequence of the
c-src coding region and the accurate removal of introns by
DNA sequencing of two independently derived clones.

To generate a c-src cDNA clone, 20 pg of pneoMLYV (Fig.
1A) containing an 8.1-kilobase-pair (kbp) c-src¢ genomic
clone (24) (pc-src®8neoMLV) (Fig. 1B) was transfected
onto 10% $-Am22b cells (8) in 9-cm dishes by the calcium
phosphate coprecipitation method (13, 31). The precipitate
was removed after 8 h, and the medium was harvested 40 h
later. The primary RNA transcript of the plasmid was
expected to be processed to remove introns and packaged
into retrovirus particles. Samples of 2 X 10% NIH 3T3 cells in
9-cm dishes were infected with 5 ml each of the virus-
containing supernatant (approximately 10> G418 CFU/ml).
Twenty-four hours after infection, low-molecular-weight
DNA containing circular proviral DNA molecules produced
by reverse transcription was isolated (15). Because
pneoMLV contains a bacterial origin of replication, this
circular molecule can replicate as a bacterial plasmid. There-
fore, the proviral DNA could be recovered directly in
bacteria after a single step of transcription from transfected
DNA and a single step of reverse transcription from viral
RNA. Proviral DNA was extracted twice with phenol-
chloroform and precipitated twice with ethanol. One-tenth of
the resuspended pellet was used to transform Escherichia
coli DH-5 to kanamycin resistance. Colonies were screened
by hybridization (14) with the 8.1-kbp c-src BamHI fragment
labeled by nick translation (21). Two independent trans-
fections produced 73 kanamycin-resistant colonies. Plasmid
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DNA from 32 clones was analyzed by restriction mapping.
Thirty clones contained pc-src®8neoMLV molecules, most
likely resulting from carry-over of DNA from transfection of
Y-Am22b cells. (A carry-over of 0.01% would be sufficient to
account for this number of colonies.) Plasmids from two
clones contained a 3.1-kbp BamHI fragment, the size ex-
pected for a processed c-src genomic fragment lacking
introns (Fig. 1B). Analysis with eight other restriction en-
zymes supported this interpretation. Furthermore, both
plasmids contained a new 0.59-kbp Smal fragment predicted
to be generated by circularization of linear proviral DNA
after reverse transcription. Therefore, the two plasmids
appeared to contain processed copies of the c-src gene in the
form of a retrovirus replicative intermediate.

To confirm the nature of the c-src clones, we analyzed the
DNA sequence of the coding region for the pp60°*" protein.
We also analyzed the sequence of a c-src cDNA clone,
pSH-2 (17), generously provided by H. Hanafusa. Appropri-
ate restriction fragments were inserted into the replicative
form of the coliphage vector M13mp19 for sequencing by the
enzymatic method of Sanger et al. (22). The DNA sequences
of the coding regions of all three clones were identical,
confirming the assignment of intron-exon boundaries re-
ported by Takeya and Hanafusa (29). All 10 introns were
removed accurately from the genomic clone. The DNA
sequences of the c-src cDNA clones differed from the
revised sequence of chicken c-src DNA (17) at nucleotides
209 and 270. The differences at nucleotides 209 (here C) and
270 (here T) do not change the amino acids encoded by the
respective codons.

To study the protein encoded by the cDNA clone, we
inserted the coding sequence of the cDNA clone (Fig. 1B)
into pneoMLV to create the plasmid pc-src*‘neoMLV.
G418-resistant clones were isolated after transfection of 10°
NIH 3T3 cells with 5 ug of pc-src*'neoMLV. Proteins were
immunoprecipitated from lysates of [3*S]methionine-labeled
cultures by using an antibody, EC10 (18), that is specific for
chicken pp60°*™. Immunoprecipitates were tested for
pp60°* protein tyrosine kinase activity. The radiolabeled
proteins were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Results from a representative
clone are shown in Fig. 2. pp60°*" from transfected NIH
3T3 cells, radiolabeled in vivo with [**SImethionine (Fig. 2,
lane 3) or in vitro with [y->’P]ATP (lane 6), had the same
mobility as pp60°~¢ from chicken embryo cells (lanes 2 and
5). The ratio of 32P incorporation to **S incorporation in
pp60°*™ was the same for the recombinant protein and the
authentic chicken pp60°"¢, suggesting that the two proteins
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FIG. 1. DNAs used in the isolation and analysis of pp60°~*™
clones. (A) Plasmid preoMLV. The plasmid was constructed by
joining the following restriction fragments. (i) EcoRI to BamHI of
modified pEVC4 (A. D. Miller and I. M. Verma, personal commu-
nication), containing cellular flanking sequences and the 5’ Moloney
murine sarcoma virus long terminal repeat. pEVC4 was derived
from an infectious proviral clone of Moloney murine sarcoma virus
(inserted at the EcoRI site of pBR322) by deleting sequences
between the outermost viral PstI sites. The 3’ long terminal repeat
(contained in a Clal to EcoRI fragment) was subsequently replaced
with a homologous fragment containing the 3’ long terminal repeat
of a Moloney murine leukemia virus clone. pEVC4 was modified by
the successive insertion of synthetic linkers at the single remaining
proviral PstI site, creating the sequence 5'-CTGCAGCCCTCGAGG
CGGATCCGCCTCGAGGGCTCGAG-3’ (5'-Pstl-Xhol-BamHI-
Xhol-Pst1-3'). (ii)) BamHI to Clal of a modified pSV2neo (28)
containing the pBR322 origin of DNA replication, the simian virus
40 early promoter, and the neo gene (pSV2neo was modified by
inserting a BamHI linker into the Hincll site in the amp gene and a
Clal linker into the Smal site downstream of the putative neo
terminator codon). (iii) Clal to EcoRI of pEVC4 containing the 3’
long terminal repeat and cellular flanking sequences of Moloney
murine leukemia virus. (B) Chicken c-src genes. The 8.1-kbp
BamHI fragment obtained from plasmid pCS12.13 (23) is shown on
the top line, with the 11 coding exons indicated by boxes. The
locations of the initiator and terminator codons are indicated. The
3.1-kbp BamHI fragment recovered in E. coli and its structure
relative to the genomic clone are shown in the middle line. Its
generation is described in the text. A 1.8-kbp fragment from the 5’
BamHI site to a Sacl site 5 base pairs 3’ to the terminator codon was
cloned into M13 for sequencing. After the insertion of an Xhol linker
at the initiator codon (Ncol site) using the synthetic adapter 5'-
CATGGTCTCGAGAC-3’ and a Bglll linker at the Sacl site, a
1.6-kbp fragment shown in the lower line was cloned into
pneoMLYV, creating pc-src*'neoMLV, which was used for expres-
sion studies.
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had the same specific activity. The specific activities, as
measured by phosphorylation of exogenous substrates
added to the protein Kinase reactions, were also the same
(data not shown).

We further characterized pp60°" radiolabeled in vivo
with 32P; and immunoprecipitated with antibody EC10 by
partial proteolytic mapping with Staphylococcus aureus V8
protease (6) (Fig. 2). The 32p_labeled pp60°° from
transfected mouse cells (Fig. 2, lane 8) and from chicken
cells (lane 7) had the same mobility. The recombinant
protein had the same four major V8 phosphopeptides as
chicken embryo cell pp60°*" (compare lane 10 with lane 9).
For both proteins, peptides V1, V3, and V4 contained
phosphoserine and peptide V2 contained phosphotyrosine
(data not shown).

We characterized the phosphorylation sites of the recom-
binant pp60°~"¢ by two-dimensional tryptic phosphopeptide
analysis (Fig. 3). pp60°" from chicken embryo cells (Fig.
3A) contained the four major phosphopeptides identified
previously (5). Peptides 1 and 2 contained phosphotyrosine
(data not shown). Both peptides contain the phosphorylated
amino acid tyrosine 527 (5, 9). Peptides 3 and 4 contained
phosphoserine (data not shown). Peptide 4 contains serine 17
(7, 19). The identity of the phosphorylated serine residue in
peptide 3 is not known. The tryptic phosphopeptides of
pc-src¥'neoMLV-encoded chicken pp60°*® expressed in
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FIG. 2. Characterization of pp60°~"* encoded by the c-src cDNA
clone. Cells were metabolically labeled with 100 uCi of [**S]me-
thionine or 2.5 mCi of 3P; per ml for 18 h as previously described (4,
S). Proteins were immunoprecipitated from cell lysates with mono-
clonal antibody EC10 (18) (antibody excess). Immunoprecipitates of
[**S]methionine-labeled proteins were divided into two equal parts,
one of which was phosphorylated in vitro with [y->*P]JATP (4, 10)
(lanes 4 through 6). 3?P-labeled proteins (lanes 7 and 8) were excised
from the gel and digested with S. aureus V8 protease, and the
peptides were separated on a 12% sodium dodecyl sulfate-
polyacrylamide gel (lanes 9 and 10). [**S]methionine-containing gels
were impregnated with 2,5-diphenyloxazole (2) before being dried.
Exposure times with presensitized film were: lanes 1 to 3, 6.5 h at
—70°C; lanes 4 to 6, 5 h at room temperature; lanes 7 and 8, 45 min
with an intensifying screen (16) at —70°C; lanes 9 and 10, 13 h with
an intensifying screen at —70°C. Lanes 1 and 4, Control NIH 3T3
cells; lanes 2, 5, 7, and 9, chicken embryo cells (4 days after
explantation of 9- to 10-day embryos); lanes 3, 6, 8, and 10: NIH 3T3
cells expressing c-src encoded by pc-src*'neoMLV.



VoL. 61, 1987

L 2% J

NOTES 1733

B G

FIG. 3. Tryptic phosphopeptides of chicken and recombinant pp60°~". pp60°*" from chicken embryo cells (4 days after explantation of
9- to 10-day embryos) or from NIH 3T3 cells expressing the cDNA clone were extracted from the gel shown in Fig. 3, lanes 7 and 8. The
proteins were oxidized with performic acid, digested with trypsin, and separated on cellulose thin-layer plates by electrophoresis at pH 1.9
in the horizontal direction (anode on the left) and chromatography in the vertical direction (1,5). The origin is indicated with an arrow. The
identity of the numbered peptides is discussed in the text. (A) pp60°" from chicken embryo cells; (B) pp60° from NIH 3T3 cells expressing
c-src encoded by pc-src*'neoMLV; (C) mixture of pp60°*" peptides from panels A and B. Cerenkov counts per minute loaded: (A) 480; (B)
490; (C) 480 of panel A and 490 of panel B. Presensitized film was exposed for 4 days (A and B) or 2 days (C) at —70°C with an intensifying

screen (16).

NIH 3T3 cells are shown in Fig. 3B. The peptides were
similar to those shown in Fig. 3A; however, there was an
additional serine-containing phosphopeptide (peptide 5).
Other experiments (not shown) identified serine 12 as the
phosphorylated amino acid in peptide 5. This site is
phosphorylated in chicken, but not mouse, pp60°=" in NIH
3T3 cells expressing both proteins (12) and in pp60°~" from
chicken embryo cells treated with agents that activate pro-
tein kinase C (12). A mixture of tryptic peptides from the
authentic and recombinant pp60°* proteins (Fig. 3C) con-
firmed the identity of phosphopeptides 1 through 4 from the
two proteins. Therefore, by three criteria (in vitro protein
kinase activity, partial peptide mapping with S. aureus V8
protease, and two-dimensional tryptic phosphopeptide map-
ping) the protein encoded by the cDNA clone of chicken
c-src was indistinguishable from the pp60°~*"¢ expressed in
normal chicken embryo cells.

We isolated c-src cDNA clones directly in bacterial plas-
mids after transfection with proviral DNA. The amount of
proviral DNA available for transfection is limited by the
virus titer and the necessity of isolating DNA during the first
round of infection. The amount of proviral DNA might be
increased by using other packaging cell lines or by ligating
linear proviral DNA molecules to form circular molecules
before transfection.

The accurate removal of all 10 introns from the genomic
c-src clone suggests that all the information necessary for the
accurate removal of the introns was present in the 8.1-kbp
genomic fragment. The size of the gene that can be pro-
cessed in this way may be limited only by the size of the
RNA that can be incorporated into a retrovirus particle. That
limit has not been firmly established. The genome size of
Moloney murine leukemia virus is slightly larger than 8.3
kilobases (26), suggesting that preoMLV could accommo-
date processed inserts of at least 4.2 kbp.

The availability of cDNA clones of c-src¢ will facilitate
studies of the structure and function of the c-src gene. For
example, it should now be possible to characterize the c-src
promoter and the structure of the RNA products of the gene.

We are presently using the cDNA clone to study the effects
of mutations on the protein kinase activity and transforming
ability of pp60°"c.
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