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We have previously shown that Rous sarcoma virus variants that carry the cellular homolog (c-src) of the
viral src gene (v-src) do not transform chicken embryo fibroblasts. We also have shown that replacement of
sequences upstream or downstream from the Bg/I site of the cellular src gene with the corresponding regions
of v-src restored transforming activity to the hybrid genes. Since there are only six amino acid changes between
p60°* and p60*~" within the sequences upstream from Bgll, we constructed chimeric molecules involving
v-src and c-src to determine the effect of each amino acid substitution on the biological activities of the gene
product. We found that the change from Thr to Ile at position 338 or the replacement of a fragment of c-src
containing Gly-63, Arg-95, and Thr-96 with a corresponding fragment of v-src containing Asp-63, Trp-95, and
Ile-96 converted p60°~" into a transforming protein by the criteria of focus formation, anchorage-independent
growth, and tumor formation in newborn chickens. These mutations also resulted in elevation of the protein

kinase activity of p60°"*.

Previous studies have indicated that the cellular src gene
(c-src) and the viral src gene (v-src) are functionally dif-
ferent. Overexpressed c-src in a retrovirus vector is unable
to transform chicken embryo fibroblasts (CEF) in culture
(15, 17, 33). Similar conclusions have been derived from
studies of the mammalian system with a pSV2 vector con-
taining c-src (23, 25). Further analysis showed that the gene
product of c-src, p60°~", has lower protein kinase activity
than p60¥", possibly accounting for the lack of transform-
ing activity of the cellular gene product (6, 16).

DNA sequence analysis of v-src of the Schmidt-Ruppin
(SR) strain of Rous sarcoma virus (RSV) (10, 24, 31) and
c-src of chickens (30) revealed that eight single-base changes
scattered across the v-src gene result in amino acid substi-
tutions. This analysis also showed that the last 19 amino
acids of p60°~*" had been replaced by a completely new set
of 12 amino acids derived from sequences present down-
stream from the c-src coding region (30). In our previous
studies we reported that replacement of amino acids 1 to 432
or 432 to 533 of p60°*"* with the corresponding sequences
from p60¥-*" (using the BglI site at position +1294 of the src
gene as the point of recombination) results in hybrid proteins
with transforming activity (16). Both of the hybrid proteins
have high levels of protein kinase activity (17). Since there
are six amino acid substitutions between p60¥~" and p60°*'*
upstream of the Bgll site, we sought to determine which of
these mutations is sufficient to confer transforming activity
on the c-src gene product.

MATERIALS AND METHODS

Cells and viruses. CEF were prepared from 11-day-old
embryos as described previously (14). Cell culture condi-
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tions and virus assays have also been described previously
(14).

Construction of plasmids. The numbering of both nucleo-
tides and amino acids starts at the initiator AUG codon of src
unless otherwise noted. pBB4 and pHBS5 were constructed
and described in a previous work (17). pBB4 consists of
v-src from the SR-A strain up to the Bgl/I site (amino acids 1
to 432), with its C-terminal region (downstream from the
Bgll site) replaced with the corresponding region of c-src
(amino acids 432 to 533) (Fig. 1). pHBS, derived from pBB4,
has an Hgal-Bgll fragment (amino acids 79 to 432) replaced
with c-src from a recovered avian sarcoma virus (rASV1441)
(31). Since the biological activity of pHBS is the same as that
of pTT501, which contains authentic chicken c-src obtained
from chicken genomic DNA (17), we used pHBS in subse-
quent constructions for reasons of convenience (pHBS lacks
most of the intron sequences present in pTT501). pTT801
was obtained by replacing the Mlul-Mlul fragment (amino
acids 259 to 533) of pBB4 with the corresponding fragment of
pHBS. pTT801 differs from pHBS in carrying mutations at
amino acid positions 95, 96, 117, and 124 (Fig. 1). pTT901
was obtained by reciprocal exchange and therefore differs
from pHBS only at amino acid position 338 (Fig. 1). More
recently we found that pHBS encodes the entire c-src
sequence except for one point mutation at nucleotide 188,
which results in the change from Gly to Asp at amino acid
position 63 (20a). To exclude the possibility of interaction
with the mutation present at amino acid position 63, pTT951
was constructed. It was derived from pTT901 by replacing
the Ncol-Miul fragment (amino acids 1 to 258) with authen-
tic c-src sequences from plasmid pSH, described elsewhere
(20a). pTT951 encodes the entire c-src sequence with only
one mutation at amino acid position 338 (Fig. 1). pTT851 was
constructed by replacing the Ncol-Hincll fragment (amino
acids 1 to 111) of pHBS with the corresponding portion of
pBB4. This chimeric molecule contains v-src sequences up
to amino acid 111 and differs from pHBS by the mutations at
amino acids 95 and 96 (Fig. 1).
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FIG. 1. Structure of the variant src genes. The derivatives used in the previous work (15, 17) are also shown for comparison. All the
variants are derivatives of pSR-XD2 (8), and only the p60 coding region of the recombinant molecules is shown. The shaded and open boxes
indicate DNA fragments derived from c-src and v-src, respectively. The positions of the nine amino acid differences between v-src and c-src
are shown at the top. Transforming ability (+, positive; —, negative) is also indicated.

Transfection procedure. The src-encoding plasmids were
cleaved with Sall, ligated to a Sall digest of a derivative of
pSR-REP in which the pol gene of SR-A has been replaced
by the pol gene of Bryan high-titer RSV (9, 27), and
transfected into CEF by the calcium phosphate method (9,
32). In some experiments a Sall digest of pRAV2-REP
instead of pSR-REP was used. pRAV2-REP is a plasmid
containing the entire Rous-associated virus 2 (RAV2)
genome cloned at the Sall site of pBR322. In the latter case
one Sall site was destroyed by a repair reaction so that a
linearized molecule can supply most of the replication genes
of RSV (9). At 8 to 10 days after transfection, virus was
collected and used in focus formation and anchorage-
independent growth assays on CEF.

p60 analysis. Infected CEF were labeled with [*H]leucine
for 4 h as described previously (8, 9). p60 proteins were
analyzed by immunoprecipitation of cellular lysates in RIPA
buffer (24) with monoclonal antibody (MAb) 327 (provided
by J. Brugge) (21), followed by electrophoresis on sodium
dodecy! sulfate (SDS)-polyacrylamide gels. Pulse chase
analysis for determination of the half-life of p60*c was
performed with a 1-h labeling time with [>*S]methionine
followed by washing and further incubation in complete
medium containing cold methionine. Cell extracts were then
immunoprecipitated with MAb 327 and electrophoresed.
Quantitation of the intensity of gel bands was done by
densitometric scanning of the M, 60,000 (60K) region of the
autoradiogram.

p60 kinase activity. p60 immunoprecipitates, described
above, were split in two parts: electrophoresis sample buffer
was added to half for analysis of [*Hlleucine-labeled p60,
and the other half was assayed for enolase phosphorylating
activity (11). The radioactivity of the band corresponding to
enolase was estimated by densitometric scanning of the
autoradiogram. Equivalent amounts of cell lysates from
32p._labeled CEF were immunoprecipitated with anti-34K
protein serum (provided by M. Greenberg) and analyzed by
SDS-polyacrylamide gel electrophoresis. Replica samples

were run in a parallel gel which was then subjected to alkali
treatment at high temperature (4) to selectively detect phos-
phorylation of tyrosine residues in the 34K band.

RESULTS

Construction of src hybrid genes and transfection on CEF.
We constructed hybrid plasmids with v-src and c-src DNA
(Fig. 1) as described in Materials and Methods. These
pSR-XD2 derivatives were cut at a Sall site and ligated to
pSR-REP, which contains most of the replication genes of
RSV, as described previously (9). CEF transfected with the
ligated DN As subsequently produced replication-competent
virus.

Biological characterization of the RSV variants carrying
hybrid src genes. CEF transfected with the plasmids de-
scribed above were subcultured once and overlaid with agar,
and 8 to 10 days later transfection foci were detected (Table
1). An assay for reverse transcriptase in the culture medium
revealed that the activity reached maximum levels at 9 to 10
days after transfection. Virus collected from the transfected
cultures was assayed by focus formation and by soft-agar
colony formation on CEF (Table 1). Viruses were designated
by the prefix NY followed by the number of the correspond-
ing plasmid. NY801, NY851, NY901, and NY951 titers were
somewhat lower than that obtained with the plasmids con-
taining wild-type v-src (NYN4). The morphology of repre-
sentative foci produced by each virus is shown in Fig. 2.
Foci produced by NYN4, NYBB4, and NY701 showed the
characteristic morphology of wild-type-virus-transformed
cells as described previously (17). NY801, NY851, NY901,
and NY951 foci were not as distinct as those induced by
wild-type virus, and their appearance occurred 2 or 3 days
later than wild-type foci. The soft-agar colony assay at 37°C
showed that NY801, NY851, NY901, and NY951 were able
to confer anchorage-independent growth to CEF at a fre-
quency similar to that at which they induced foci (Table 1).
As a control we confirmed that NYHBS5 produced both foci
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TABLE 1. Focus formation by transfected CEF and titer of transforming virus produced

Virus titer
Plasmids uang‘:lt‘;g%EF FFU/ml® CFU/ml¢ Tumor formation
Expt 1 Expt 2 Expt 1 Expt 2
pN4 and pREP TMTC 3 x 108 1 x 107 9 x 10° 5 x 10° +
pBB4 and pREP TMTC 3 x 108 7 x 10° 2 x 10® 2 x 106 +
pTT801 and pREP TMTC 7 x 10° 2 x 108 1x 10° 2 x 10° +
pTT851 and pREP TMTC 5 x 10° 4 x 10° 4 x 10° 2 x 10° +
pTT901 and pREP TMTC 6 x 10° 6 x 10° 3 x 10° 1 x 10° +
pTT951 and pREP TMTC 1 x 10¢ 2 x 108 ND“ 2 x 10° +
pHBS and pREP 0 280 5 x 10 2 x 10 1x 10 -
pREP only 0 ND ND ND ND ND

2 Foci in hard agar overlaid cultures counted 8 to 10 days after transfection. TMTC, Too many to count.
b Focus formation assay on CEF infected with virus stock collected 8 to 13 days after transfection.

¢ CFU of virus stock derived from transfected culture fluid in soft agar.
4 ND, Not determined.

in a monolayer and colonies in soft agar with a 100- to
1,000-fold-lower efficiency than the transforming viruses,
and these activities are probably due to the generation of
mutants as described before (15, 17).

The tumorigenic potential of the recombinant viruses was
tested in newborn chickens (Table 1). About 10° FFU were
injected subcutaneously in both wing webs, and tumor
formation was scored 2 weeks later. NY801, NY851,
NY901, and NY951 induced tumors of about 1 to 2 cm, while
those induced by NYBB4 were about 3 cm. No tumors were
detected with NYHBS.

Analysis of p60*™ kinase activity. We analyzed p60°" kinase
activity with the virus stocks obtained from the transfected
cultures. MAb 327 was used to immunoprecipitate
[*H]leucine-labeled p60 coded by all the recombinant viruses
as well as wild-type p60'~" coded by NYN4 and p60°* of
NYHBS (Fig. 3A). Since the labeling time with [*H]leucine
(4 h) was shorter than the half-lives of the p60s (8 h for
p60¥-"¢, 24 h for p60°~*"c) (16), the amount of radioactive p60

was almost proportional to the synthesis rate (16). We
examined the half-lives of the chimeric p60s and found no
significant differences between NY801 (8.5 h), NY851 (8 h),
or NY901 (11 h) and wild-type NYN4 (8.5 h). The similar
half-lives of the p60 variants allowed a comparison of their in
vitro kinase activities. The protein kinase activity in cell
extracts was assayed in immune complexes with enolase as
the exogenous substrate (Fig. 3B). The extent of phosphor-
ylation of enolase was quantitated by densitometic scanning
and normalized to the [*H]leucine-labeled p60 im-
munoprecipitated from an equivalent amount of cell lysates.
The p60s of transformed cultures were 10- to 20-fold more
active in enolase phosphorylation than p60°~" and similar to
wild-type p60¥~"c (Table 2). Increased kinase activity of the
transforming proteins was also detected when casein was
used as the substrate (data not shown). We examined the
level of phosphorylation of the 34K protein, one of the major
cellular substrates of p60Y~*"° (12), in vivo. Infected CEF
were labeled for 4 h with 3?P;, and the 34K protein was

FIG. 2. Morphology
CEF, Uninfected CEF.

S NYSO1 & I NYD5 1

of foci in infected CEF by the recombinant viruses 8 to 9 days after infection. NYN4 is equivalent to wild-type RSV.
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FIG. 3. Synthesis of chimeric p60s and their in vitro kinase
activities. [*H]leucine-labeled cell extracts were immunoprecipit-
ated with MAb 327; immunoprecipitates were run on an SDS-
polyacrylamide gel (A) or assayed for phosphotransferase activity in
the presence of enolase as the exogenous substrate (B). Lanes: 1,
uninfected CEF; 2, NYHBS; 3, NY801; 4, NY851; 5, NY901; 6,
NY701; 7, NYBB4; 8, NYN4; 9, NY951; 10, NYN4.

immunoprecipitated from cell lysates with anti-34K protein
serum (Fig. 4). To compare tyrosine-specific phosphoryla-
tion, the gel was treated with alkali as described previously
(4) (Fig. 4B). All the transforming viruses induced higher
levels of phosphorylation of the 34K protein than in NYHBS
or uninfected CEF. Overall there was good correlation
among in vitro kinase activity, in vivo phosphorylation of the
34K protein, and transforming activity of the recombinant
viruses.

DISCUSSION

Using constructed variants of RSV in which the entire
v-src sequence was replaced by the c-src sequence (15, 17)
we showed previously that simple overproduction of p60°~*"
does not cause cell transformation. Replacement of the
portion of the v-src gene either upstream or downstream of
the Bgll site (which corresponds to amino acid 432) with the
homologous portion of the c-src gene generates chimeric
p60s capable of causing cell transformation. These results
already suggested that mutations at multiple sites can acti-
vate the transforming potential of the c-src gene product.

In the present study we sought to determine which point
mutations in the N-terminal portion of p60Y~" (from amino
acids 1 to 432) are responsible or sufficient for the transform-
ing activity of NYBB4. New hybrid genes were constructed
to determine the effect of the five amino acid changes located

TABLE 2. In vitro phosphorylation of exogenous enolase by
MADb 327 immunoprecipitates of p60 proteins

Relative enolase activity?

Virus

Expt 1 Expt 2
NYN4 1.0 1.0
NYBB4 0.4 0.8
NY701 0.4 0.4
NY801 0.5 0.8
NY851 0.5 0.6
NY901 0.4 0.7
NY951 0.5 ND?
NYHBS 0.04 0.05

2 Radioactivity in the enolase band was estimated and normalized to the
amount of [*H]leucine-labeled p60 shown in Fig. 3A. The activity of NYN4
was given a value of 1.0, and the activities of the recombinant viruses are
shown relative to that of NYN4.

5 ND, Not determined.
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at positions 95, 96, 117, 124, and 338. After these hybrid
genes were constructed, we discovered that the c-src se-
quence of pHBS used in the constructions contains a muta-
tion at amino acid 63 relative to authentic c-src (20a). The
results indicate that the hybrid genes encoded proteins in
which amino acid Thr-338 was replaced with Ile or the three
amino acids Gly-63, Arg-95, and Thr-96 were replaced with
Asp, Trp, and Ile, respectively, acquired transforming activ-
ity. However, the foci induced by these viruses were some-
what less distinct than those of the wild-type virus. In
addition, all of the viruses induced tumors with a latent
period and frequency similar to those of the wild-type virus.
Therefore, the substitution at position 338 is sufficient to
convert p60°~" to an actively transforming protein. The fact
that a single point mutation is sufficient to confer transform-
ing activity was also observed with spontaneous mutants in
which the glutamic acid (amino acid 378) of c-src is replaced
with glycine in one virus and Ile-441 of c-src is replaced with
phenylalanine in another virus (20a). These findings are
consistent with the relatively high frequency of generation of
transforming viruses after only a few passages of c-src-
containing virus (17). The lesions at positions 63, 95, and 96
were also sufficient to activate the transforming potential of
p60°="¢. Interestingly, when all of the mutations were simul-
taneously present (NYBB4), a synergistic effect was ob-
served on the transformed morphology of cells. This sug-
gests that even though one mutation is sufficient to activate
p60°~c, the additional mutations have been selected for
because they enhance the transforming ability of the viral
protein.

Studies of in vitro-generated deletion mutants of RSV (3,
7, 8, 9) have defined amino-terminal and kinase domains in
p60'*". Amino acids 1 to 14 are essential for p60¥~"¢
myristylation, membrane association, and transformation
(8). p60°*"° is also myristylated and membrane associated,
fulfilling two of the requisites for p60*"“-mediated cell trans-
formation (16). The carboxy-terminal 30 kilodaltons of p60*"
constitutes a tyrosine kinase domain (2, 20). Also, a high

34K- . -

FIG. 4. In vivo phosphorylation of the 34K protein. Infected
CEF were labeled for 4 h with 32P;; cell extracts were im-
munoprecipitated by anti-34K protein antiserum and analyzed on an
SDS-polyacrylamide gel (A). Replica samples were run in a parallel
gel which was then subjected to alkali treatment at high temperature
prior to drying (B). Lanes: 1, NYN4; 2, NY901; 3, NY801; 4,
NY851; 5, NYHBS; 6, uninfected CEF. An additional lower-
molecular-weight alkali-resistant band was detected with the anti-
34K protein serum. It was present in uninfected, infected, and
transformed cells and might be nonspecifically recognized by the
particular batch of serum used in these experiments.
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degree of homology among tyrosine kinases encoded by
different oncogenes is present in the same region (22). The
substitution of Thr for Ile at position 338 in NY901 and
NY951 falls into the kinase domain. The increased kinase
activity produced by the mutation at position 338 may be due
to a local structural change within this domain or to an
altered conformation of the whole protein.

The finding that the mutations at positions 63, 95, and 96
also increased the kinase activity suggests that in p60°~*"* an
interaction takes place between the N-terminal region and
the kinase domain. A specific involvement of amino acid
residues 95 and 96 in this interaction or an overall
conformational change due to the presence of N-terminal
mutations may be the cause of the observed constitutive
activation of the tyrosine kinase in NY801 and NY851 p60.
The activation of p60°~" kinase through modification of its
N-terminal region has also been recently implicated in trans-
formation by polyomavirus (5). The activated p60°* is
associated with middle T antigen and is phosphorylated in
vitro and possibly in vivo on tyrosine residues within its
N-terminal region (34). Moreover, studies of activated
p60°~"¢ in neuronal cell cultures also demonstrated a modi-
fication of the N-terminal domain (1). While the nature of
this N-terminal modification is not understood, the point
mutations present in NY851 and NY801 might be related to
the effect of the N-terminal changes present in the activated
p60°~" in neurons or in the middle T-associated p60°<".
Somewhat similar activation of protein kinase by a modifi-
cation of the amino termini of cellular oncogenes has also
been seen with c-fps (13) and c-abl (18, 26).

The inability of p60°*" to transform has been attributed to
low levels of tyrosine kinase activity (16). All the recombi-
nant hybrids between c-src and v-src previously studied (16)
and the ones described here, which were transforming, show
increased levels of tyrosine kinase activity both in vitro and
in vivo. These observations substantiate the notion that
tyrosine phosphorylation of a target cellullar protein(s) by
p60¥*"¢ is required for cell transformation.
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