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We have constructed deletions within the region of cloned Rous sarcoma virus DNA coding for the
N-terminal 30 kilodaltons of p60('. Infectious virus was recovered after transfection. Deletions of amino acids
15 to 149, 15 to 169, or 149 to 169 attenuated but did not abolish transforming activity, as assayed by focus
formation and anchorage-independent growth. These deletions also had only slight effects on the tyrosine
kinase activity of the mutant src protein. Deletion of amino acids 169 to 264 or 15 to 264 completely abolished
transforming activity, and src kinase activity was reduced at least 10-fold. However, these mutant viruses
generated low levels of transforming virus by recombination with the cellular src gene. The results suggest that
as well as previously identified functional domains for p60(yc myristylation and membrane binding (amino acids
1 to 14) and tyrosine kinase activity (amino acids 250 to 526), additional N-terminal sequences (particularly
amino acids 82 to 169) can influence the transforming activity of the src protein.

Rous sarcoma virus (RSV) transforms cells in culture and
causes tumors in animals as a result of the expression of the
src gene, which encodes a plasma membrane-associated
tyrosine protein kinase, p6Jrc (6, 7, 14, 21, 23, 24). The
tyrosine kinase activity of p6gYrc can be mapped to a C-
terminal domain of about 30 kilodaltons (kDa) (1, 2, 22).
Tyrosine kinase activity is a required function for transfor-
mation (17, 32).
We have shown by deletion mapping that amino acids 1 to

14 are required for p6orc N-myristylation, which may be
required for membrane association and cell transformation
(10, 12a, 28). The remainder of the N-terminal half of p60 is
important for p64Yrc function. Deletion of amino acids 173 to
227 results in a protein which is temperature sensitive for
morphological transformation (4). The lesions of several
temperature-sensitive mutants of RSV map by genetic re-
combination in the N-terminal half of the protein (34). These
mutants are temperature sensitive for transformed morphol-
ogy and for colony formation in soft agar. Several fusiform
mutants of RSV with deletions within the N-terminal half of
p6OSrc have been described previously (12, 20).
Most of these mutations have only moderate effects on the

tyrosine kinase activity. However, N-terminal tyrosine
phosphorylation can occur on incubation of p64src in high
ATP concentrations and correlates with activation of the
kinase activity (5, 8, 30). Tyrosine kinase activity is acti-
vated by proteolytic removal of the N-terminal half of the
protein (2, 22, 40).
There is a second functional open reading frame in the

DNA encoding amino acids 136 to 199 in the src sequence,
which might encode a 7-kDa peptide (26). It is not known
whether the 7-kDa peptide is present in transformed cells or
plays any role in transformation.

In this report we characterize mutants ofRSV constructed
in vitro with deletions in various portions of the N-terminal

* Corresponding author.
t Present address: Fred Hutchinson Cancer Research Center,

Seattle, WA 98104.

half of the p605rc coding sequence and examine the effect of
the deletions on transformation and src kinase activity.

MATERIALS AND METHODS

Plasmid constructions and transfection. All methods for
DNA manipulations were as previously described (10,11,25).
pSR-XD3, pSR-XD10, and pSR-XD18 were BglII linker

insertions at the SmaI sites in the src sequence (35, 36). The
insertion in pSR-XD3 was at the site in the codon for an
arginine residue at position 264 (Arg-264), that in pSR-XD10
was at the site in the codon for Arg-169, and that in
pSR-XD18 bridged a deletion between these two sites.
pSR-XDR66 was a linker insertion at the RsaI site in the
codon for Tyr-149. pSR-XD11-1 was a linker insertion at the
NaeI site in the codon for Arg-15 (the construction of this
plasmid was described previously [11]).

Since all of these linker insertions were shown to be exact
insertions of the 8-base-pair (bp) linker, without loss of
DNA, by DNA sequencing (27), the following manipulations
were done with these plasmids to create in-frame insertion-
deletion mutations (these strategies have been described in
detail previously [11]). For pSR-XD310, a 5' fragment from
pSR-XD11-1 was recombined with a 3' fragment from pSR-
XD10, resulting in an in-frame deletion of DNA encoding
amino acids 15 to 169. For pSR-XD311, a 5' fragment from
pSR-XD11-1 was recombined with a 3' fragment from pSR-
XDR66, resulting in an in-frame deletion of DNA encoding
amino acids 15 to 149. For pSR-XD312, a 5' fragment from
pSR-XD11-1 was recombined with a 3' fragment from pSR-
XD3, resulting in an in-frame deletion of DNA encoding
amino acids 15 to 264. For pSR-XD320, pSR-XD10 and
pSR-XDR66 were cut with BglII and treated with S1 nucle-
ase, and a new BglII linker was inserted. Screening of the
resultant clones by end-labeling and high-resolution restric-
tion mapping identified a clone derived from pSR-XDR66
with an extra 2 bp inserted at the 5' side of the linker relative
to pSR-XDR66 and a clone derived from pSR-XD10 with an
extra 2 bp inserted at the 3' side of the linker relative to
pSR-XD10. These two clones were recombined at their BglII
sites, resulting in an in-frame deletion of DNA encoding
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TABLE 1. Tyrosine kinase activities of mutant src proteins

Deleted Immunoglobulin In vivo
Virus amino Substituted G phos- P-Tyr'

aci-ds- amino acids" phorylationb (% total
(% of SRA) PAA)

NY310 15-169 PRSG 86 NDd
NY311 15-149 PRSD 83 0.7
NY320 149-169 SQICG 95 0.6
NY18-3 169-264 PQICG 8 0.07
NY312 15-264 PRSG 4 ND
SRA None 100 0.5
None 0.3 0.07

a C, Cysteine; D, aspartic acid; G, glycine; I, isoleucine; P, proline; Q,
glutamine; R, arginine; S, serine.

b Cells were transfected as described previously (11). At 2 to 3 weeks after
transfection, when cells were fully infected (data not shown), tyrosine kinase
activities of the src proteins were analyzed. Cells were extracted in RIPA
buffer lacking SDS, and immunoprecipitates with TBR serum were prepared
from portions containing equivalent amounts of total cell protein and were
assayed as described in Materials and Methods.

c The level of phosphotyrosine in total phosphoamino acids from infected
cells was assayed as described.

d ND, Not done.

amino acids 149 to 169. For pSR-XD18-3, pSR-XD18 was
treated by the BglII-S1-BglII linker reinsertion procedure
described above, and pSR-XD18-3 was identified as a clone
containing an extra 2 bp at both the 5' and 3' ends of the
linker, resulting in an in-frame deletion of DNA encoding
amino acids 169 to 264.
On transfection (11), infectious virus encoding each of

these mutant src proteins was recovered. The virus name
was the same as the plasmid name, except that the prefix NY
was substituted for the prefix pSR-XD (e.g., virus NY18-3
was derived from transfection with pSR-XD18-3, ligated to
pSR-REP to provide replicative functions).

Protein biochemistry. Cells were labeled with 32Pi and
[3H]leucine as previously described (10, 18). Immuno-
precipitations with tumor-bearing rabbit (TBR [3]) serum
were as described previously (10). Cells were extracted in
RIPA buffer lacking sodium dodecyl sulfate (SDS) and
containing 10% glycerol, rather than with normal RIPA
buffer (18), and immunoprecipitates were washed in 10 mM
Tris-hydrochloride (pH 7.4)-i mM EDTA-150 mM
NaCl-1% Triton X-100 buffer rather than in RIPA buffer for
determination of kinase activity. This procedure was found
to give much higher kinase activities for some of the mutant
src proteins than when cells were extracted and immunopre-
cipitates were washed in RIPA buffer (see below).
Phosphorylations with membrane pellets were as described
previously (13), except that cold ATP was added to a
concentration of 20 ,uM. Gels were treated with alkali as
described previously (9). Total phosphoamino acid levels
were determined as described previously (16, 32). No large
variation was seen in the levels of phosphothreonine or
phosphoserine from cultures infected with different viruses.

RESULTS
Recovery of mutant virus encoding deleted src proteins.

Mutants with deletions of various regions of the src gene
were constructed in vitro. The deleted and substituted amino
acids are indicated in Table 1. Transfection of chicken
embryo fibroblasts (CEF) with these mutant plasmids was
performed as described previously (11), and the transfected
cultures were analyzed for the production of deleted src
proteins by labeling and immunoprecipitation with TBR
serum (Fig. 1, lanes 1 through 6). In all cases, a src protein

of the predicted size (and proteolytic map; data not shown)
was immunoprecipitated. The efficiency of labeling of these
proteins was somewhat variable: the NY312 (dell5-264) src
protein was reproducibly less efficiently labeled than was
p6Osrc from the wild-type (wt) Schmidt-Ruppin subgroup A
strain of RSV (SRA) (data not shown), even after immuno-
precipitation with different TBR sera. The NY312 src protein
had lost 40% of the leucine residues of the wt sequence as a
result of its extensive deletion and may have had an altered
conformation, affecting its ability to be immunoprecipitated
by TBR serum. The half-lives of these src proteins were
determined to be 9, 8, 4, and 3 h for the SRA, NY311
(dellS-149), NY320 (de1149-169), and NY310 (dellS-169) src
proteins respectively (data not shown). Supernatants from
these cultures contained infectious mutant virus.

Tyrosine kinase activities of mutant src proteins. Cultures
of CEF infected with the mutant viruses were extracted and
immunoprecipitated with TBR serum, and the phosphoryla-
tion of immunoglobulin G in the immune complex was
assayed (6). When extracted in the absence of SDS, the
kinase activities of NY310 (dell5-169), NY311 (dell5-149),
and NY320 (de1149-169) src proteins were close to the
activity of wt p60src, whereas the NY312 (dell5-264) and
NY18-3 (dell69-264) src proteins were less than 1/10 as
active (Table 1). These experiments were done with cells
producing comparable levels (within twofold) of src proteins
as estimated by [3H]leucine labeling and immunoprecipita-
tion. The activities of the NY310, NY311, and NY320 src
proteins were somewhat labile to extraction with SDS,
showing a 2- to 10-fold reduction in activity (data not
shown). Even under the gentler conditions used for the
experiments in Table 1, these src proteins gave a somewhat
variable kinase activity from experiment to experiment,
which is possibly also due to higher sensitivity to denatur-
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FIG. 1. Production of mutant src proteins. Transfected cells
were labeled with [3H]leucine for 4 h, and extracts were im-
munoprecipitated with TBR serum (a different TBR serum was used
for lanes 7 through 10). Proteins were run on 10% SDS-
polyacrylamide gels. Lanes contained cells infected with the follow-
ing: 1, no virus; 2, SRA; 3, NY310 (dellS-169); 4, NY311
(dellS-149); 5, NY18-3 (de1169-264); 6, NY320 (de1149-169); 7,
SRA, late passage; 8, NY18-3, late passage; 9, NY312 (dellS-264),
late passage; 10, no virus, late passage. The positions of the mutant
src proteins are indicated by open triangles. In late-passage cultures
infected by NY18-3 or NY312, full-length p6Osrc as well as the
deleted src proteins (open triangles, lanes 8 and 9) were observed
(see text).
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ation than is observed with the wt SRA p6fsrc or with
N-terminal deletion mutants with deletions restricted to the
N-terminal 81 amino acids (10; data not shown). The kinase
activities of the NY312 and NY18-3 src proteins were
extremely low, regardless of the extraction conditions (data
not shown).
The tyrosine kinase activities of these src proteins were

also indirectly measured by the elevation of total
phosphotyrosine levels in infected cells (16, 32) (Table 1).
NY311 and NY320 elevate cellular phosphotyrosine levels
as much as does wt SRA, whereas NY18-3 does not elevate
cellular phosphotyrosine levels, approximately consistent
with the in vitro tyrosine kinase activities.

Kinase activity in membrane fractions. Since the kinase
activity of the mutant src proteins measured by the immune
complex immunoglobulin G phosphorylation assay appeared
to be subject to variable effects of detergent denaturation,
we sought an in vitro assay in which the native conformation
of the src protein would be better maintained. A tyrosine
kinase activity attributable to p6o05 that is associated with
membrane vesicles from RSV-infected cells has been de-
scribed previously (13). Since the src proteins of NY311
(dell5-149) and NY320 (dell49-169) are plasma membrane
associated (12a), we tested membrane pellets for endoge-
nous kinase activity essentially as described previously (13).
However, since incubation of p6Osrc in high ATP concentra-
tions elevates its kinase activity (5, 8, 30) and can result in
N-terminal src phosphorylation, we added cold ATP to the
reaction mixture to a concentration of 20 ,uM. If N-terminal
src phosphorylation were observed, we hoped to roughly
map it by using deletion mutants. After the reaction, the
membranes were solubilized and the reaction products were
run on duplicate polyacrylamide gels, one of which was
soaked in alkali to enrich for tyrosine phosphorylation (9)
(Fig. 2A). SRA, NY309 (with amino acids 15 to 81 deleted
[10]), NY311, and NY320 all gave levels of alkali-resistant
phosphorylation of various bands much above the level seen
with membranes from uninfected cells, although the NY320
reaction was less efficient. This may reflect the degree of
morphological transformation observed (see below). Immu-
noprecipitation showed that the mutant src proteins were
also phosphorylated (data not shown). The phosphorylated
NY320 src protein did not immunoprecipitate efficiently,
possibly owing to its lower level of initial phosphorylation or
instability or perhaps owing to increased susceptibility to
phosphatases. The other src proteins were efficiently im-
munoprecipitated and on V8 protease mapping were found
to contain label in both C-terminal and N-terminal fragments
(Fig. 2B). Alkali treatment of the protease mapping gel
indicated that the phosphorylations were on tyrosine (data
not shown). The mobility of the N-terminal fragments was
decreased in all cases, consistent with the report of Collett et
al. (5, 8) that incubation in high ATP concentrations results
in N-terminal tyrosine phosphorylation of p6Osrc with a
decrease in electrophoretic mobility of the protein. The
decrease seemed greatest for the NY309 src protein. Since
the mobility decrease occurred with the NY311 (dell5-149)
src protein, some of the phosphorylated tyrosine residues
are probably not within amino acids 15 to 149. However, the
greater decrease in mobility of N-terminal fragments of the
NY309 src protein might imply that tyrosine phosphoryla-
tion between amino acids 81 and 149 is significant in this
phenomenon. We have mapped the src proteins labeled in
membrane pellets and isolated from the gel of the total
reaction products before alkali treatment, but the back-
ground from contaminating bands in the Vl region of the gel
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FIG. 2. Phosphorylation in membrane pellets from infected cells.
A. Membrane pellets were prepared and phosphorylated as de-
scribed previously (13), except that the ATP concentration was 20
KM. The products were run on a 10% polyacrylamide gel, which was
soaked in alkali after electrophoresis to enrich for tyrosine phos-
phorylation (9). Lanes contained CEF infected with the following: 1,
no virus; 2, SRA; 3, NY309 (dell5-81); 4, NY311 (dell5-149); 5,
NY320 (dell49-169). The positions of the phosphorylated src pro-
teins are indicated (the identity of these proteins was confirmed by
V8 protease mapping of comigrating bands fromn a parallel gel that
was not alkali treated; see text). B. V8 protease mapping of src
proteins phosphorylated in membrane pellets. After the in vitro
phosphorylation, src proteins were immunoprecipitated with TBR
serum. Excised bands were subjected to V8 proteolysis during
reelectrophoresis. Lanes alternate between the src proteins meta-
bolically labeled (lanes 1, 3, and 5) with [3H]leucine (as in Fig. 1) and
those labeled in vitro with 32p (lanes 2, 4, 6). Lanes: 1 and 2, SRA;
3 and 4, NY309; 5 and 6, NY311. The positions of the Vl fragments
of the [3H]leucine-labeled src proteins are indicated.

was too great to say with certainty whether Vl phosphory-
lation of the NY320 src protein occurred (data not shown).

Biological characterization of mutant viruses. The mutant
viruses were tested for morphological alterations (Fig. 3) and
anchorage-independent growth of infected cells (Table 2;
Fig. 3). These results were similar at 37 and 410C.
NY311 (dellS-149) induces a fusiform morphology (Fig.

3D), which is much more pronounced than that induced by
the fusiform mutant NY309 (dellS-81) (10). Foci of NY311-
infected cells can be difficult to detect. Infected cells grow to
the same density as SRA-infected cells (about three times
the uninfected cell level). NY311 induces colonies in soft
agar (Fig. 3G) as efficiently as SRA (Fig. 3H), but the
colonies are significantly smaller.
MY320 (de1149-169) was considerably more defective

than NY311 in morphological transformation. The virus did
not induce foci, but cells in cultures infected with high titers
of virus (Fig. 3C) were slightly more than uninfected CEF
(Fig. 3A) and grew to about two- to threefold higher density.
When cells were transferred several times after infection, the
morphology became more highly fusiform. Virus stocks
harvested from the more transformed, late-passage NY320-
infected cultures induced subtle morphological changes sim-
ilar to those induced by virus stocks harvested a short time
after transfection. Therefore, this phenomenon may involve
selection in culture of a subpopulation of cells which have
altered morphology as a result of NY320 infection. The

VOL. 5, 1985

s.t-



2792 CROSS ET AL.

44,

--

iet+W.:4, A

qe . .W j?I

FIG. 3. Morphology of virus-infected cells in monolayer culture and morphology of soft agar colonies. CEF infected with the following:
A, no virus; B, NY310 (dell5-169); C, NY320 (de1149-169); D, NY311 (dellS-149); or E, SRA. Cultures were photographed 6 days, with one
passage, after infection. Soft agar colonies of CEF infected with: F, NY320; G, NY311; or H, SRA. Colonies were photographed 2 weeks
after seeding.

colony-forming activity of NY320 was similar to that of
SRA, but colonies were frequently large and diffuse (Fig.
3F), in contrast to the compact SRA-induced colonies (Fig.
3H).
NY310 (dellS-169) (Fig. 3B) was similar in its phenotype

to NY320, except that it was quantitatively somewhat de-
fective in inducing colony formation in soft agar. The "de-
layed" transformed phenotype described above for NY320
cell morphology also occurred with NY310.
NY312 (dellS-264) and NY18-3 (deI169-264) were trans-

formation defective by both criteria. However, occasional
foci were detected in cultures infected with these two
viruses. This occurs because these viruses undergo recom-
bination with the cellular src gene in tissue culture, giving
rise to transforming virus with a repaired deletion (see
below).

Production of recovered sarcoma virus in tissue culture.
RSV derivatives with partial deletions in their src genes,
which are transformation defective, give rise to fully trans-
forming viruses after passage through chickens (15). This has

TABLE 2. Colony-forming activity of mutant viruses

Virus CFU/unit
of virusa

NY310... 0.08
NY311... 0.8
NY320... 0.7
NY18-3... <0.0001
NY312... <0.0001
SRA... 1.0

a CEF were infected with dilutions of virus and transferred into soft agar
suspension. Colonies were counted 3 weeks later. Uninfected cells formed
between 0 and 10 small colonies per 106 cells seeded. A unit of virus is defined
by the amount of immunoglobulin G kinase activity induced 36 h after
infection divided by the relative specific activity of the kinase (see Table 1; but
note that the variability of kinase activity of some of these sre proteins [see
text] means that these comparisons are probably only accurate to within a

factor of 2 to 3). The reference SRA stock induced 1.4 x 107 colonies per ml
of virus stock when plated 18 h after infection.

been shown to be the result of recombination of the deleted
src gene of these viruses with the cellular src gene (18, 19,
35-39). When passaged several times, cultures infected with
NY312 (dell5-264) and NY18-3 (dell69-264) exhibited many
foci of transformed cells, which can overgrow the culture. At
this time, the cultures produced full-length p6Osrc as well as
the original deleted src protein (Fig. 1, lanes 8 and 9). Also,
the src tyrosine kinase activity in the cells rose to the wt
level (data not shown). These cultures also produced a high
titer of transforming virus. Cells infected with virus from
these cultures produced a full-length src protein, as well as
the original deleted src protein (data not shown). Therefore,
we conclude that the deletion in the src sequence in the
transfected DNA was repaired after passage of the virus,
probably as a result of recombination with the cellular src
gene, and that transforming virus was produced as a result.
To estimate the rate at which this event occurred and to
delineate the sequence requirements, cells were infected
with either NY312, NY18-3, NY313, NY321, or supernatant
from cultures transfected with the pSR-REP DNA alone as a
control. (NY313 and NY321 have deletions from amino acids
15 to 416 or from amino acid 15 to 105 bp after the src
termination codon respectively [unpublished data].) Cul-
tures were passaged under soft agar to select for transformed
cells, and the number of foci was counted after each passage
(Table 3). All the cultures infected with NY312, NY18-3, and
NY313 eventually yielded subcultures which were positive
for focus formation. This is presumed to be due to de novo
generation of transforming virus, since the initial cultures
were all negative, except for the NY18-3 culture, which had
one focus. For this reason, a 10-fold dilution of NY18-3 was
also carried through the experiment and shown to yield foci
at a later passage. Cultures infected with NY321 or with the
control (virus-free) supernatant from pSR-REP-transfected
cells did not yield foci on subculture. This indicates that
sequences at the 3' end of the src gene are required for
efficient recovery of transforming virus. A similar conclusion
has been reached in studying the generation of rASV in
chickens (38).
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DISCUSSION

Deletion mapping of functional regions in p6W(". We have
shown previously that amino acids 1 to 14 are required for
the myristylation and membrane association of p6&src and for
transforming activity (10, 28). The absence of amino acids 15
to 81 in the src protein of NY309 had no effect on the
myristylation and membrane association of the mutant src
protein or on the biological activity of the mutant virus,
except that infected cells were somewhat fusiform rather
than round, and the virus had a reduced tumorigenicity (10).

In this work we have shown that amino acids 15 to 149,
and to a greater extent amino acids 15 to 169, are required for
some aspects of cell transformation by p6Os' relating to
focus formation and colony formation in soft agar. NY311
(dellS-149), NY310 (dellS-169), and NY320 (dell49-169)
are only partially transformation defective, however. The
src proteins of NY311 and NY320 are myristylated and
plasma membrane associated (12a). Although the tyrosine
kinase activities of these src proteins are somewhat labile in
vitro and src proteins with amino acids 149 to 169 deleted are
more unstable than wt p60src, these src proteins still induce
comparable levels of phosphotyrosine in vivo (Table 1),
suggesting that the total in vivo src tyrosine kinase activity is
similar in cells infected with SRA, NY311, and NY320.
However, as suggested by their increased sensitivity to
detergents, the extensive deletions might affect the confor-
mation of the mutant proteins and, as a result, their substrate
specificity might have been altered, as was suggested for
another N-terminal deletion mutant which was temperature
sensitive for transformation (4). It is possible that the N-
terminal portion of p6osrc, past the myristylation signal
(amino acids 1 to 14 [10, 28]), functions as a determinant of
substrate specificity. This hypothesis could explain the

TABLE 3. Recovery of transforming virus in tissue culture

Virus Inoculum Transferb No. of foci/platec

NY18-3 0.1 0 1
1 TMTC,d TMTC

0.01 0 0
1 8,12
2 TMTC (8)

NY312 0.1 0 0
1 1,0
2 85 (1), 0 (0)

NY313 0.1 0 0
1 1,1
2 TMTC, TMTC

NY321 0.1 0 0
1 0,0
2 0,0

None (REP supe) 0.1 0 0
1 0,0
2 0,0

eCEF (1.25 x 106) were infected with the indicated amount of virus stock
from transfected cultures.

I At each transfer (10 days apart) cultures were split 1:3 (one or two
subcultures per culture). The next day subcultures were overlaid with soft
agar. Cultures were maintained at 40°C.

c Immediately before transfer, foci of morphologically transformed cells
were counted. When two plates from one subculture showed different
numbers of foci, both were transferred. The source culture is identified by the
number of foci in the previous transfer, shown in parentheses.

d TMTC, Too many to count; >400 foci.
e Supernatant from control transfections with pSR-REP DNA alone was

used for infection. This supernatant is virus free (unpublished data).

rather variable phenotype observed with mutations in this
region.

In contrast, the behavior of NY312 (dell5-264) and
NY18-3 (dell69-264) shows that amino acids 169 to 264 are
critical for transforming activity. The transformation defec-
tiveness of NY18-3 and NY312 correlates with the loss of
more than 90%o of the tyrosine kinase activity of their src
proteins measured in vitro. The retention of at least some
transforming activity by NY311, NY310, and NY320, de-
spite the loss of substantial portions of their src genes,
correlates with the retention of tyrosine kinase activity by
their src proteins. These data are thus consistent with the
idea that p60src tyrosine kinase activity is necessary for
transformation by RSV (17, 32).
The C-terminal 30 kDa of p60src constitutes a tyrosine

kinase domain (2, 22). The loss of tyrosine kinase activity as
a result of the deletion of amino acids 169 to 264 or 15 to 264
may imply that amino acid 264 is within the C-terminal
tyrosine kinase domain. In this connection, it should be
noted that deletion of amino acids 135 to 237 or 173 to 227
does not affect tyrosine kinase activity significantly (4, 20).
Also, amino acid 264 is within the region of strong homology
between src andfps, a distantly related tyrosine kinase (33).
Alternatively, amino acid sequences 15 to 264 and 169 to 264
may have some indirect effect on the activity of the kinase
domain. Consistent with this idea, the N-terminal mutations
in the src proteins of NY310, NY311, and NY320 increase
the lability of their kinase activities to SDS treatment and
apparently alter the conformation of the src protein (12a).
The observation that much more than 100% of the tyrosine
kinase activity of p6src was recovered in the C-terminal
proteolytic fragment suggested that some N-terminal se-
quence is affecting the kinase activity (2, 22, 40). We have
not observed an elevation of kinase activity above the wt
level with any N-terminal deletion mutant.

Recently, Prywes et al. (29) showed that the minimum
fibroblast-transforming region of v-abl consisted of a region
homologous (31) to approximately amino acids 166 to 515 of
p60Ors. This result is essentially consistent with the results
presented here. Transformation was defined by the induction
of foci on NIH 3T3 cells. One contrast with our results is that
a mutant with a deletion of the region of v-abl homologous to
amino acids 137 to 165 of p6Osrc (pB1 [29]) had little or no
kinase activity compared with wt v-abl when expressed in
bacteria, whereas we can detect high kinase activity from the
NY310 src protein, with amino acids 15 to 169 deleted, or
NY320 src, with 149 to 169 deleted, although their kinase
activities are less stable than that of wt SRA.
The second functional open reading frame in the src gene.

Mardon and Varmus (26) showed that an open reading
frame, encoding a 7-kDa peptide, is functional in src mRNA.
This open reading frame is destroyed in the src gene of
NY311 (dell5-149). Therefore, the 7-kDa peptide is not
required for fusiform morphological transformation or an-
chorage-independent growth.

Recovery of sarcoma virus from deletion mutants in culture.
Mutants with partial deletions in src have been shown
previously to give rise to recovered avian sarcoma virus on
injection into chickens, as a result of recombination with the
cellular src gene (15, 18, 19, 35-39). Similar recombinations
were observed previously in tissue culture in cells infected
with spontaneous deletion mutants tdlO5, tdlO8, and tdll3
(L.-H. Wang, T. Takeya, and H. Hanafusa, unpublished
results). The results shown here with the constructed src
deletion mutants confirm the same phenomenon in cell
culture. The rate of the recombination is on the order of one
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event per 5 x 106 cell divisions, starting with fully infected
cells. A region of homology at the 3' border of src with the
cellular sequence is required. There was no substantial
relationship between the size of the deletion and the rate of
the recombination: NY18-3, with amino acids 169 to 264
deleted, gave only a slightly higher rate of recombination
than did NY313, with amino acids 15 to 416 deleted.
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