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We have examined the phosphorylation state of five proteins known to become
phosphorylated on tyrosine during transformation by Rous sarcoma virus by using
cells infected with a panel of partially transforming mutant viruses. Situations of
viral mutant and growth temperature were found in which phosphorylation of
some proteins occurred more extensively than that of others, indicating that
mutations in the src gene had affected the specificity of pp6Osrc for some of its
substrates as well as affecting the activity of the enzyme. To obtain insight into the
biological functions of these phosphorylations, comparisons were made between
the degree of phosphorylation of these proteins and the expression of various
indicators of the transformed phenotype. The data suggest that phosphorylation of
proteins 1, p, and q (Mr of 46,000, 39,000 and 28,000, respectively) is not sufficient
to induce changes in adhesiveness, hexose transport or morphology. The phos-
phorylation of protein p or l or total phosphotyrosine content correlated well with
the production of plasminogen activator, and the phosphorylation of proteins l and
q correlated well with increased hexose transport. However, even when good
correlations were observed, significant exceptions were sometimes noted. It thus
remains possible that some phosphorylations on tyrosine observed in Rous
sarcoma virus-transformed cells are not causally related to the expression of the
measured parameters of transformation.

When cells become transformed by Rous sar-
coma virus (RSV) they display a wide variety of
biochemical, morphological, and regulatory al-
terations, including increases in the rate of glu-
cose transport across the cell membrane and
production of a plasminogen-specific protease
(plasminogen activator), a decreased adhesive-
ness, a rounded morphology, and acquisition of
the ability to grow in suspension (anchorage-
independent growth). This collection of alter-
ations is termed the transformed phenotype (re-
viewed in reference 18). All of the various
manifestations of the transformed phenotype are
dependent on the continuous expression of the
viral transforming protein, pp6Osrc (18, 35).

pp60Src has been shown to be a protein kinase
(5, 9, 16, 23, 28) that phosphorylates on tyrosine
residues (10, 19, 24, 33). Thus, cellular proteins
which become phosphorylated on tyrosine dur-
ing transformation are candidate substrates for
pp6src. Alternatively, some such proteins could
be the products of secondary phosphorylations
catalyzed by cellular tyrosine-specific kinases
activated by pp6fYrc. In any case, the phosphor-
ylations could be important for phenotypic
transformation.

It is now clear that many proteins become
phosphorylated on tyrosine during transforma-
tion by RSV. Martinez et al. (25) found many
phosphotyrosine-containing proteins covering a
wide span of Mr by electrophoresing a P-
labeled cell extract in one dimension, slicing the
gel into 60 slices, and analyzing the phosphotyr-
osine content of the protein from each slice;
proteins phosphorylated on tyrosine were found
in every slice. Beemon et al. (3) came to a
similar conclusion, based on experiments in
which one-dimensional gels were cut into 10
slices. Radke and Martin (30) identified a 36,000-
dalton protein whose phosphorylation was
transformation specific; this protein was later
found to contain phosphotyrosine (15, 29). Coo-
per and Hunter have identified seven proteins
containing phosphotyrosine by two-dimensional
gel electrophoresis (13, 14). In addition, the
cytoskeletal protein, vinculin, becomes phos-
phorylated on tyrosine (31); pp6fyrc is itself
phosphorylated on tyrosine (19, 33), as is a
50,000-dalton protein which associates with
pp60jrc (4, 27). The major phosphotyrosine-con-
taining protein of transformed cells is the afore-
mentioned "36,000-dalton" protein (nominal Mr
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of 34,000 to 39,000), which constitutes only
about 10% of the total phosphotyrosine in the
transformed cells (25). This protein is referred to
as protein p in this communication (13).

Genetic evidence indicates that pp60frc has
more than one primary cellular target which
plays a biologically significant role in generating
the transformed phenotype. This evidence is
based on the existence of partial transformation
mutants of RSV (1, 2, 7, 17, 38). These mutants
cause the complete appearance of some trans-
formation parameters, whereas others are in-
duced poorly. For example, the mutant CU2
causes cells to lose their fibronectin, but does
not make them fully anchorage independent; in
contrast CU12-infected cells retain much of their
fibronectin, but are fully anchorage independent
in their growth (1). Examples can be found in
which each of the measurable parameters is
dissociated from most of the others.
We believe that the pp6Osrc proteins coded for

by these partially transforming mutants are able
to phosphorylate some cellular targets well, but
phosphorylate others more poorly resulting in
the partially transformed phenotype. This differ-
ential phosphorylation could occur either be-
cause the mutant pp6Osrc fails to recognize cer-
tain targets, or because its intracellular
localization is altered so that only certain cellu-
lar targets are accessible. The dissociation of
biological parameters cannot be explained mere-
ly by quantitative variation in pp6Osrc activity,
since the mutants cannot be ordered into the
same hierarchy for every parameter (1, 38).
Our hypothesis is that when certain transfor-

mation parameters are not induced, it is because
particular cellular target proteins fail to be phos-
phorylated. Thus, it should be possible to use a
panel of partial transformation mutants to corre-
late specific intracellular phosphorylations with
the appearance of specific aspects of the trans-
formed phenotype, in this way gaining indica-
tions as to the biological function of the various
proteins which become phosphorylated on tyro-
sine during transformation. We previously have
determined that the phosphorylation of the
"36,000-dalton" protein (protein p) was neither
necessary nor sufficient for loss of surface fi-
bronectin and density-dependent growth inhibi-
tion; was not sufficient for loss of adhesiveness
and increased glucose transport; and correlated
best with the production of plasminogen activa-
tor, growth in soft agar, and tumor formation
(20, 26). In this communication we examine the
phosphorylation of five phosphotyrosine-con-
taining proteins in cells infected with a wide
variety of partially transforming mutant viruses.
We found that the phosphorylation of protein q
(Mr of 28,000) could be partially dissociated
from the phosphorylation of proteins p and 1 (Mr

of 39,000 and 46,000), indicating that the muta-
tions in the src gene affected the specificity as
well as the activity of pp6Osrc. In addition, we
confirm and extend our previous biological find-
ings and report that phosphorylation of these
proteins is not sufficient for transformation-re-
lated changes in adhesiveness and glucose trans-
port or for the appearance of a round morpholo-
gy. The best correlation was between
phosphorylation of proteins p or 1 or total phos-
photyrosine content and plasminogen activator
production and between phosphorylation of pro-
teins q or 1 and increased hexose transport.

MATERIALS AND METHODS
Virus and cell growth. Biological and molecular

properties of the viruses have been described previ-
ously (1, 2, 23, 34), except for CH119 (6). This last
mutant was derived by Bryant and Parsons by in vitro
mutagenesis at the BglII site in molecularly cloned
Prague A RSV (6). We are grateful to these investiga-
tors for making this mutant available to us before
publication.

Primary cell cultures were trypsinized and replated
at a density of 2x 106 cells per 100-mm tissue culture
dish and infected with virus at a multiplicity of 0.01 to
0.1 CFU per cell. On day 3 after replating, the cells
were again trypsinized and replated at a density of 3 x
105 to 5 x 105 cells per 35-mm tissue culture dish and
incubated at 36 or 42°C. In all of these cases the cell
culture medium was Dulbecco modified Eagle medium
(GIBCO Laboratories, Grand Island, N.Y.) supple-
mented with 10%o tryptose phosphate broth, 4% calf
serum, and 1% heat-inactivated chicken serum. At 36 h
after plating, the cells were changed to medium with-
out phosphate or tryptose phosphate broth, but with
serum and 3 mCi of carrier-free 32p, per ml. After 12 h
of labeling, the cells were harvested for two-dimen-
sional gel analysis as described previously (13) or for
assay of transformation parameters (1, 37, 38). The
phosphotyrosine content of total cellular protein was
estimated as described previously (26). Cultures used
for assay of transformation parameters were kept in
the same medium as the cells used for gel analysis, but
without the "2P. Although no phosphate was added to
the medium in this case, there was sufficient phos-
phate available, primarily from the serum, to allow
unhindered growth for 48 h (Weber, unpublished
data).

Two-dimensional gel analysis. Labeled cell extracts
were adjusted to the same approximate protein con-
centration and separated by isoelectric focusing for
14,000 V x h by using pH 6 to 8 ampholytes and sodi-
um dodecyl sulfate-gel electrophoresis (13, 22). The
gels were incubated in alkali before autoradiography
as described previously (13). Since most of the phos-
phate label is incorporated into nucleic acid, it is
difficult to measure the amount of labeled phosphopro-
tein in each sample. Despite loading of equal amounts
of cell protein, the autoradiographs differed in intensi-
ty. Since the labeling time was long, we assume that
the radioactivity in a spot reflects the absolute amount
of alkali-stable phosphate in that phosphoprotein rath-
er than its rate of phosphorylation.

Quantitation of phosphorylation. Radioactivity in
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PHOSPHOTYROSINE-CONTAINING PROTEINS IN RSV 17

individual 32P-labeled spots was estimated by densi-
tometry. Note that even the most highly labeled alkali-
resistant spots contained only about 200 dpm of radio-
activity, so quantitation by scintillation counting was
not possible. Therefore, we obtained at least two
autoradiographs of each alkali-treated gel; one of
about 60 h for the weaker spots and one of either 6 or
24 h for the stronger spots. Phosphoproteins p and o
(13) were incompletely resolved in most gels, so their
combined intensities were measured.
We scanned through the center of each spot with a

fine beam of laser light (high resolution lens; LKB
Instruments Inc., Rockville, Md.). Each phosphopro-
tein has a characteristically shaped spot. By scanning
the same phosphoprotein on several different gels, we
found that the peak width at half the height was quite
constant and presumably depends on physical proper-
ties of the phosphoprotein, such as diffusion. Peak
height was directly proportional to exposure time, up
to Mfim saturation. Thus, peak height is proportional to
volume, which is proportional to radioactivity. How-
ever, we found that different phosphoproteins have
different characteristic peak widths, so the ratio of
peak height to radioactivity is different for different
phosphoproteins. Peak heights of phosphoproteins p,

1, q, k and m (Fig. 1) on each gel were normalized to
the peak height of a phosphoserine-containing protein
(i) which is unaltered by transformation (13). These
normalized peak heights were then calculated as a

percentage of the normalized peak height for Schmidt-
Ruppin A virus-infected cells at 36°C (actual values:
pli, 7.3; l/i, 2.0; qli, 0.44; kli, 2.25; m/i, 1.0). We
confirmed that phosphorylation of i was constant by
measuring the intensity of another phosphoprotein (h)
that contains mostly phosphothreonine and appears
not to vary with transformation (10). The ratio hli was
quite constant (0.66 0.26 [standard deviation]; n =

22).
Statistical analysis. Statistical analysis was per-

formed by the University of Illinois Survey Research
Laboratory. Data were fitted to each of the follow-
ing equations: y = a + bx; ly = a + bx; y = a + bx2; y
=a +blx; I/ =a + blx;y=a + blx2; l/y =a + blx2; y

a 2+ b/x;y = a + bV; y = axb;y = aebx; y =

ae(bx) ; y = a + b(lnx); y = a + bx + cx2; y = y/1 +
eta+bx). Correlation coefficients for each equation were
calculated-by linear regression, and the equation giv-
ing the best fit was used to generate the curves shown
in Fig. 2 through 7. Points deviating by more than two
standard deviations from the expected values were
flagged during the computer analysis and are noted
below.

RESULTS
Detection and classification of phosphotyrosine-

containing proteins. Extracts of cells labeled
with 32p were separated by two-dimensional
electrophoresis. The gels were dried, treated
with 1 M KOH, and then autoradiographed as
previously described (13). This procedure re-
leases phosphate predominantly from proteins
phosphorylated at serine (8, 13). Direct analysis
of spots from such gels has revealed the exis-
tence of phosphotyrosine in at least seven pro-
teins in RSV-transformed cells. These proteins

are phosphorylated to a lesser degree in unin-
,fected cells (13). We were able to quantitate the
degree of phosphorylation of five of these pro-
teins by densitometric scans of autoradiographs.
The properties of these five proteins are summa-
rized in Table 1 and Fig. 1A and B. Note that
whereas proteins I and p are essentially unde-
tectable in alkali-treated gels of uninfected cell
phosphoproteins, proteins k, m, and, to a lesser
extent, q are significantly phosphorylated even
before transformation, although not on tyrosine
(unpublished data). When purified from the alka-
li-treated gels all of these proteins contain phos-
photyrosine and phosphoserine, and k and m
contain phosphothreonine as well. Thus, esti-
mates of the phosphorylation states of these
proteins from autoradiographs of alkali-treated
gels include contributions from phosphate linked
to serine and threonine besides tyrosine. Exam-
ples of autoradiographs of alkali-treated gels of
'2P-labeled control and infected chicken cells
are shown in Fig. 1, and quantitative estimates
of the radioactivity in phosphoproteins p, 1, q, k,
and m for cells infected with various RSV strains
and mutants are given in Table 2.

If pp60`Yc can directly phosphorylate more
than one protein in the cell, partial transforma-
tion mutants might induce the phosphorylation
of some cell proteins to a greater extent than
others. If the mutations alter the activity of the
enzyme, but not its specificity per se, a plot of
the phosphorylation of one protein against an-
other, or against an estimate of total cellular
protein phosphotyrosine content, might be ex-
pected to approximate a straight line. On the
other hand, if a mutation alters the specificity of
pp60Jrc, for example by affecting its location or
its affinity for a particular substrate, then the
relative phosphorylation of one protein may be
affected more than that of another. Thus, points
deviating from the overall correlation are impor-

TABLE 1. Properties of phosphotyrosine-containing
proteinsa

Phosphoamino acid content

protein Ml PI Phospho- Phospho- Phospho-
serine threonine tyrosine

k 46,000 6.95 +++ ++ +
1 46,000 7.05 ++ + ++
m 43,000 6.80 ++++ ++ +
p 39,000 7.33 ++ + ++++
q 28,000 7.38 + ± +

a The data refer to values in transformed cells. In
uninfected cells, 1 and p are unphosphorylated; k, m,
and q are significantly phosphorylated. Phospho-
aminoacid compositions were estimated by electro-
phoresis of partial acid hydrolysates of phosphopro-
teins which had been incubated in alkali (13).
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FIG. 1. Autoradiographs of representative two-dimensional gels. (A) uninfected cells, 420C, 60-h exposure;

(B) Schmidt-Ruppin A virus-infected cells, 420C, 24-h exposure; (C) CU12-infected cells, 42°C, 24-h exposures;
(D) CUll-infected cells, 360C, 50-h exposure; (E) NY68-infected cells, 36°C, 50-h exposure; (F) GI202-infected
cells, 36°C, 24-h exposure. In each case, a region from the top of the gel to the position of a 17,000-dalton marker
is shown. Protein isoelectric points (measured in 9.2 M urea) range from about pH 6.5 at left to about pH 7.5 at
right. Phosphotyrosine-containing proteins k, 1, m, p, and q and reference phosphoproteins h and i are indicated
in panels A and B.

tant for demonstrating that the phosphorylation phosphorylated by some common cellular pro-
of two proteins can be dissociated by mutations tein kinase activated by pp6Osrc. Failure to find
in pp6Osrc, and these proteins could not be mutants that deviate significantly from the trend

TABLE 2. Protein phosphorylation in cells infected with various strains and mutants of RSV
Protein (% of Schmidt-Ruppin A virus)a Total phos-

Virus k 1 m pq photyrosine
36'C 420C 36°C 429C 360C 42°C 36°C 420C 369C 420C 36°C 42°C

A. Uninfected 63 115 0 2 61 58 0 0 43 18 6 9

B. Schmidt-Ruppin A 100 110 100 97 100 127 100 86 100 80 100 115
C. NY68 79 68 59 3 82 43 66 18 86 34 70 39
D. CU2 93 84 9 9 68 50 4 8 16 7 45 46
E. CU11 91 56 20 2 63 71 35 9 50 14 51 33
F. CU12 120 113 48 77 57 17 81 129 84 68 94 81

G. Prague A
H. GI201
I. G1202
J. G1251
K. CH119

74 71
66 56
67 99
73 37
69 54

7 10 81 83 23 20 39 30 48 60
8 3 89 84 14 2 52 14 37 30
6 3 66 128 11 3 39 9 41 42
18 5 20 45 33 10 23 11 71 42
18 7 93 39 60 24 30 20 60 36

a All data are normalized to Schmidt-Ruppin A virus at 36°C.

9
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FIG. 2. Phosphorylation of proteins k, 1, m, and q as a function of the degree of phosphorylation of protein p.
Capital letters in the symbols refer to the strains and mutants of RSV listed in Tables 2 and 3. Filled symbols,
36°C; open symbols, 42°C.

may indicate the operation of such an intermedi-
ary kinase, but could also indicate that pp6cfrc
recognizes some common feature of the two
proteins compared. Plots of phosphorylation of
p versus each of the other four proteins under
investigation are shown in Fig. 2.
The degree of correlation between the phos-

phorylation of different proteins was highly vari-
able. Phosphorylation ofp correlated quite well
with phosphorylation of 1 (r = 0.91) in three
completely independent experiments. There is
some scatter in the points, but this may be due to
variability in, for example, efficiency of alkaline
hydrolysis or in X-ray film processing or densi-
tometry. This correlation may indicate that
phosphorylation ofp is tightly linked to that of 1.

The correlation was not perfect, however, since
in cells infected with Schmidt-Ruppin A virus at
42°C, phosphorylation of p was more than two
standard deviations lower than expected.
Phosphorylation of q correlated less well with

phosphorylation of p. Exceptions included
CU12-infected cells at 420C and CH119-infected

cells at 36°C (F and K, Fig. 2), for which q was
relatively poorly phosph.orylated. Our measure-
ments of phosphorylation of q are not complete-
ly reliable in cases where phosphorylation of this
protein was low. Presumably this is because low
levels of q were too close to background to
quantitate accurately. Note that even with
Schmidt-Ruppin A virus-infected cells, we esti-
mate that there is about 1/30 as much alkali-
stable radioactivity in q as in p or 1.

Phosphorylation of k showed only a very
rough correlation with phosphorylation ofp (r =
0.57), and phosphorylation of m showed little, if
any, correlation whatever with phosphorylation
of p (r < 0.5). Both k and m contain mostly
phosphoserine and phosphothreonine, even in
alkali-treated gels. Thus, it is likely that any
variation in the radioactivity in these spots will
be due to modulation of serine or threonine
phosphorylation and is unlikely to be directly
caused by pp60&c. Indeed, we now know that k
is closely related to 1, and both proteins may be
phosphorylation variants of a common precur-
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FIG. 3. Phosphorylation of proteins l, p, and q as a
function of the total cellular phosphotyrosine content
in cells infected with various strains and mutants of
RSV. Capital letters in the symbols refer to the strains
and mutants of RSV listed in Tables 2 and 3. Filled
symbols, 36°C; open symbols, 42°C.

sor (Cooper, unpublished data). It is possible
that the phosphotyrosine in k results from con-
tamination with 1. Also, the radioactivity in k
and m only varied over a threefold range. For
these reasons, no further analysis of data for
these spots will be presented.

One striking feature of the data in Table 2 and
Fig. 2 is that the Prague strain of RSV and its
derivatives induce phosphorylations to much
lower levels than does the Schmidt-Ruppin
strain and most of its derivatives. The two
strains differ both in overall pp60(rc kinase activ-
ity and in relative specificity for different sub-
strates. It is known that the pp60&"s protein in
cells infected with Prague strain of RSV is less
stable than that in Schmidt-Ruppin virus-infect-
ed cells (32, 34, 39).

It is also instructive to examine the relation-
ship between the overall cellular phosphotyro-
sine level and phosphorylation of each of the
proteins (Fig. 3). The total cellular phosphotyro-
sine level, determined as a percentage of total
acid-stable protein phosphate, is an estimate of
the in vivo activity of pp60SYc (and cellular
tyrosine-specific protein kinases) balanced
against phosphatase activity. The contributions
from proteins such as p and I probably each
amount to less than 10% of the total phosphoty-
rosine level (25). There was good correlation
between the phosphorylation of p and 1 with
total phosphotyrosine (r = 0.94, for both cases)
(Fig. 3). However, these proteins showed signif-
icant phosphorylation only under conditions
where whole cell phosphotyrosine was high
(>50% of control), so that a curve could be fitted
more significantly to the data than a straight line.
These relationships have been observed in two
other experiments, totally independent from the
one analyzed in detail here. Phosphorylation of
q showed a weaker correlation with total phos-
photyrosine (r = 0.77). Plots of k or m against
total phosphotyrosine showed large scatter, but
a trend to higher levels of phosphorylation of the
individual proteins at high levels of phosphoty-
rosine (data not shown).

Relationship to markers of transformation. To
correlate the phosphorylation of these proteins
with the expression of the transformed pheno-
type, cells infected with the various mutants
were assayed for their adhesiveness, rate of
hexose transport, efficiency of colony formation
in soft agar, and production of plasminogen
activator (Table 3). To control for possible varia-
tions in efficiency of infection or reversion of the
mutants, these parameters were measured on
parallel cultures to those labeled for two-dimen-
sional gel analysis, except for plasminogen acti-
vator, which was assayed in separate experi-
ments. The expression of these transformation
parameters was plotted as a function of protein
phosphorylation (Fig. 4 through 7). Note that the
four parameters of transformation measured are
all dissociable, and one or another of the mu-
tants surveyed gave levels of one or another
parameter which are close to those characteris-
tics of untransformed cells.

J. VIROL.
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TABLE 3. Expression of transformation parameters in cells infected with various strains and mutants of
RSVa

Loss of adhesive- Glucose trans- Growth in soft agar Plasminogen acti-
Virus ness port vator

360C 420C 36°C 42°C 36°C 42°C 36°C 42°C

A. Uninfected 4 4 17 17 0.1 0.1 2 2

B. Schmidt-Ruppin A 100 121 100 83 100 133 100 100
C. NY68 125 17 78 16 133 job 100 5
D. CU2 38 6 37 24 10b 10j 55 45
E. CU11 7 7 36 13 200 <0.1 65 10
F. CU12 69 60 60 57 667 400 85 100

G. Prague A 48 17 58 56 367 400 NDC ND
H. G1201 7 4 54 21 800 <0.1 10 2
I. G1202 99 4 63 20 300 <0.1 85 5
J. GI251 124 7 57 35 33 500 100 15
K. CH119 71 5 43 23 300 133 ND ND

a All data were normalized to Schmidt-Ruppin A virus at 360C. Adhesiveness, glucose transport, and growth in
soft agar were determined on sister cultures of those used for the two-dimensional electrophoretic analyses
shown in Table 2. Values for plasminogen activator are from earlier determinations (1, 38).

b Numerous tiny soft agar colonies were visible. The efficiency of soft agar colony formation was arbitrarily
set at 10o of the wild-type Schmidt-Ruppin A virus value.

c ND, Not determined.

Loss of adhesion did not correlate weli with
phosphorylation of any of the proteins (Fig. 4;
Table 4). For p, some mutants gave high phos-
phorylation, but only 50%o loss of adhesion
(CU12 at 42°C; F in Fig. 4), whereas other
mutants caused low phosphorylation, but con-
siderable loss of adhesion (GI202 and G1251 at
36°C; I and J in Fig. 4). Thus, phosphorylation of
p is certainly not sufficient and may not be
necessary for loss of adhesion (23). Similarly for
1, cells infected with CU12 (F in Fig. 4) showed
high phosphorylation with only 50%o loss of
adhesion, whereas cells infected with GI202 or
GI251 at 36°C (I and J in Fig. 4) exhibited large
reductions of adhesion with levels of phosphor-
ylation which were more than 2 standard devi-
ations lower than expected. For q, two mutants

(CUll and GI201 at 36°C; E and H in Fig. 4)
caused 50% of the wild-type level of phosphor-
ylation, but no detectable change in adhesive-
ness, whereas G1251 at 36°C (J in Fig. 4) caused
a large decrease in adhesiveness with little in-
crease in q phosphorylation. Thus, for this pro-
tein phosphorylation is not sufficient and may
not be necessary for loss of adhesiveness. It is
possible, however, that some threshold level of
total cellular phosphotyrosine is necessary for
loss of adhesion since levels of phosphotyrosine
of less than 50%o of the control correlated with
less than 10%o loss of adhesion, and greater than
50%o levels of phosphotyrosine generally gave
greater than 40%o loss of adhesion.

In general, the rate of 2-deoxyglucose trans-
port increased with phosphorylation of each of

TABLE 4. Correlation of protein phosphorylations and biological alterationsa
Protein Total

Biological parameter phospho-
I p q tyrosine

Adhesiveness NN/NS, r = 0.73 NNINS, r = 0.68 NNINS, r = 0.64 r = 0.77
Hexose transport NN, r = 0.83 NN/NS, r = 0.75 r = 0.81 r = 0.82
Plasminogen activator NN, r = 0.85 r = 0.83 NS, r = 0.68 r = 0.85
Anchorage independence r = 0.68 r = 0.77 r = 0.58 r = 0.67
Round morphology NN/NS NN/NS NN/NS NS

a NN, Not necessary; NS, not sufficient; r, correlation coefficient. Conclusions that a phosphorylation is not
necessary or not sufficient for the expression of a biological parameter are based on individual data points at least
2 standard deviations from the expected values. Note that it is possible to conclude with much more certainty
that a phosphorylation is not sufficient for the induction of a transformation parameter than it is to conclude that
the phosphorylation is or is not necessary, since it is possible that only low levels of certain phosphorylations are
required to induce biological alterations.
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FIG. 4. Loss of adhesiveness as a function of phosphorylation of proteins 1, p, and q and the total
phosphotyrosine content in cells infected with various strains and mutants of RSV. Capital letters in the symbols
refer to the strains and mutants of RSV listed in Tables 2 and 3. Filled symbols, 36°C; open symbols, 42°C.

the proteins and with total phosphotyrosine con-
tent. However, CU12-infected cells at 42°C (F in
Fig. 5) and G1202-infected cells at 36°C (I in Fig.
5) provided instances of high and low phosphor-
ylation of p, respectively, but equal transport
rates. A somewhat better correlation for was
obtained, but the same exceptions were noted.
Phosphorylation of in cells infected with GI202
at 36°C was 2 standard deviations lower than
expected. The correlation between q phosphor-
ylation and transport rate may be better than is
apparent in Fig. 5, since most of the scatter was
at low values of q which are hard to measure
accurately. Nonetheless, CU12 at 36°C provides
a case of high phosphorylation of q with only
intermediate levels of glucose transport. Thus,

even though hexose transport showed a better
correlation with phosphorylation of proteins I, p,
and q than did adhesiveness, it again appears
that phosphorylation of these proteins is not
sufficient and (in the cases ofp and 1) may not be
necessary to increase the rate of hexose trans-
port.
As observed before (26), phosphorylation ofp

correlated with plasminogen activator in a non-
linear fashion (Fig. 6). Between 0 and 20% levels
ofp phosphorylation there was a sharp increase
in plasminogen activator to the maximal level
(Fig. 6). Most conditions giving >20% phos-
phorylation gave nearly maximal levels of plas-
minogen activator. The relationship between
plasminogen activator and I phosphorylation
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FIG. 5. Rate of 2-deoxyglucose transport as a function of phosphorylation of proteins 1, p, and q and the total
phosphotyrosine content in cells infected with various strains and mutants of RSV. Capital letters in the symbols
refer to the strains and mutants of RSV listed in Tables 2 and 3. Filled symbols, 36°C; open symbols, 42°C.

was about as good as the relationship with p

phosphorylation. Phosphorylation ofq showed a
poor correlation with plasminogen activator lev-
els. Total phosphotyrosine was related to plas-
minogen activator in a sigmoidal fashion, with a
dramatic increase in plasminogen activator at a
threshold level of 50 to 60%o of the maximum.
The only growth parameter measured was

colony formation in soft agar (Fig. 7). For the GI
series of mutants this has been shown to corre-
late well with other growth parameters such as
saturation density in liquid culture (38), but is
dissociable in the CU mutants (1). Under three
conditions (NY68 at 42°C and CU2 at both 36
and 42°C), numerous tiny colonies grew, sug-
gesting that most of the cells could divide a
limited number of times. These points have been
arbitrarily given a value 10%o of the wild type in
Table 2 and Fig. 7. All values less than 0.1% of
the wild type have been set at 0.1%, and data are
plotted on a logarithmic scale. Conditions giving
numbers of colonies from 100 to 800o of control
gave values ofp, 1, or q phosphorylation from 10
to 100%o with no clear correlation beyond this

point. Thus, if the phosphorylation of these
proteins is involved in the acquisition of anchor-
age-independent growth properties, a very low
threshold must exist, beyond which further
phosphorylation is redundant. In the exceptional
case of mutant G1251 (J in Fig. 7), for which loss
of adhesion, hexose transport, and plasminogen
activator are all more or less temperature sensi-
tive, growth in soft agar is higher at 42°C than at
36°C (38). Phosphorylation of p, 1, and q and
total phosphotyrosine level were all reduced at
the higher temperature, which would indicate
that phosphorylation of these proteins does not
correlate with anchorage-independent growth.
However, we now know that G1251 is actually
cytostatic at 36°C (Weber, unpublished data)
rather than being nontransforming. This mutant
is thus not suitable for the sort of correlational
analysis being attempted here.

Phosphorylation of 1, p, or q was not sufficient
for acquisition of the round morphology charac-
teristic of wild type-transformed cells, since
cells infected with CU12 displayed high levels of
phosphorylation, but had only an intermediate,

100

0
a0 80

cx

9 2

0

a60

0

@ 0
2

at

x 40
0

N

0

0.

0
©

VOL. 46, 1983

0)_

_

00 :



24 COOPER ET AL.

80

060

Ei 0
40-40

20

20 40 60 80 100 20 40 60 80 100 120
phosphorylation of phosphorylation of p

0 080-

0~~~
60-

60

.5= 40-
E

20

20 40 60 80 100 20 40 60 80 100 120
phosphorylation of q Total cellular p-tyr

FIG. 6. Plasminogen activator content as a function of phosphorylation of proteins 1, p, and q and the total
phosphotyrosine content in cells infected with various strains and mutants ofRSV. Capital letters in the symbols
refer to the strains and mutants of RSV listed in Tables 2 and 3. Filled symbols, 36°C; open symbols, 42°C.

fusiform morphology. Full phosphorylation of
proteins l orp may not be necessary for attaining
a round morphology since these proteins were
poorly phosphorylated in cells infected with
G1202 at 36°C, which were fully transformed
morphologically. Protein q was phosphorylated
weakly in cells infected with G1251 at 36°C, but
these cells are completely transformed morpho-
logically (38). Thus, phosphorylation of this pro-
tein also may not be necessary for morphologi-
cal transformation, unless only a low level of
phosphorylation is all that is required.
The correlations between the protein phos-

phorylations and the biological properties of
these mutant-infected cells are summarized in
Table 4.

DISCUSSION
Genetic evidence indicates that there are sev-

eral biologically significant targets for pp6(Yrc (1,
2, 7, 17, 38), the RSV-coded protein which is
ultimately responsible for generating the multi-
plicity of changes which constitute the trans-

formed phenotype (18, 35). In addition, bio-
chemical experiments indicate that many
proteins become phosphorylated on tyrosine
during transformation by RSV (3, 4, 13-15, 25,
27, 29-31). In this communication we report
experiments in which protein phosphorylation
was measured in parallel with biological parame-
ters of transformation, and we attempt to corre-
late specific phosphoproteins with specific mani-
festations of the transformed phenotype with a
view to determining the function of these pro-
teins.

Specificity of pp6OsrC for cellular targets. We
first looked for instances where molecular
events could be dissociated from one another in
a way comparable to the dissociation of parame-
ters of transformation, which is possible at the
cellular level. Could extreme instances be found
where phosphorylation of one protein was high
relative to another and vice versa, or would the
phosphorylations fall into a hierarchy? Several
of the cases examined displayed a dissociation
of q phosphorylation from the phosphorylation
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FIG. 7. Efficiency of colony formation in soft agar as a function of phosphorylation of proteins l, p, and q and
the total phosphotyrosine content in cells infected with various strains and mutants of RSV. Capital letters in the
symbols refer to the strains and mutants of RSV listed in Tables 2 and 3. Filled symbols, 36°C; open symbols,
420C.

of p and 1. For example, cells infected with
CH119 at 36°C or with CU12 at 42°C displayed
much less phosphorylation of q than of p. In
addition, there were numerous cases in which
the total cellular phosphotyrosine content was
greatly elevated whereas proteins p and 1 re-
mained poorly phosphorylated. Even in the case
of proteins p and 1, which were generally phos-
phorylated to a similar extent, we found that
protein p was preferentially underphosphorylat-

ed in cells infected with Schmidt-Ruppin A virus
and held at 42°C. Thus, it seems highly probable
that mutations in the src gene can affect the
specificity of pp6(Yrc as well as its overall kinase
activity. This confirms our earlier suggestion (1,
26, 38) that partial transformation mutants of
RSV phosphorylate some physiological targets
well and others poorly.

It is possible that the specificity of pp6Osrc is
determined in part by its subcellular location and
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the location of its substrates. However, proteins
p and I may not be localized together in the cell.
After breakage in hypotonic buffer, a large frac-
tion of p appears to be associated with particu-
late material, possibly membranes, whereas 1
and q are soluble (14a). In nonionic detergents,
all three proteins are soluble, although under
certain conditions p is attached to the detergent-
insoluble matrix (8, 14a). However, since at
most only a small proportion of each protein
becomes phosphorylated, the apparent location
of the majority of the protein may not be the
same as the location of the molecules which
become phosphorylated. L. R. Rorschneider
has found that pp6.src ofCU12 is not concentrat-
ed in adhesion plaques, unlike pp6Osrc of other
RSVs (personal communication). However,
there are only small differences between this
mutant and its wild type in the relative phos-
phorylation ofp, 1, and q or of vinculin. Chicken
embryo cells infected with chimeric RSVs, con-
taining parts of the cellular homolog of the src
gene and parts of the viral src gene, have soluble
pp6O, but normal levels of protein p phosphor-
ylation, and are fully transformed by several
criteria, although they are less tumorigenic (21).
Thus, the subcellular location of pp6Osrc may not
be germane to the relative phosphorylation of
proteins p, 1, and q and perhaps of other putative
targets as well.

Correlation with transformation parameters. A
major goal of this work was to correlate the
phosphorylation of specific proteins with the
appearance of individual parameters of transfor-
mation, thus making a first step in determining
the biological function of some of these phos-
photyrosine-containing proteins. We previously
found a good correlation between phosphoryla-
tion of p and the production of plasminogen
activator (26), and this correlation has been
confirmed and extended by the work reported
here. However, phosphorylation of I and the
total phosphotyrosine content of the cells both
correlated with plasminogen activator levels
about as well as phosphorylation ofp. Phosphor-
ylation of q, on the other hand, correlated poorly
with plasminogen activator production.

Phosphorylation of p displayed a weaker cor-
relation with the rate of glucose transport. As
noted previously (26), phosphorylation of p is
unlikely to be sufficient for induction of in-
creased glucose transport, since cells infected
with CU12 display a heavily phosphorylated
protein p, but possess only half the wild-type
level of transport. In addition, we now show that
the Prague wild-type virus and GI201 and G1202
at 36°C all display at least 50% of the wild-type
level of glucose transport, but only low levels of
phosphorylation of p. Thus, it is possible that
phosphorylation of this protein may not be nec-

essary for induction of the increased transport
rate. Phosphorylation of q and the rate ofhexose
transport followed the same trend, but with a
fair amount of scatter, possibly due in part to the
difficulty of measuring low levels of q. Consider-
ing this technical problem, the correlation coeffi-
cient obtained is surprisingly good and is consis-
tent with the recent finding that protein q is
phosphoglycerate mutase (Cooper et al., submit-
ted for publication). Protein 1 phosphorylation
also correlated well with increased glucose
transport, consistent with its identification as
the glycolytic enzyme enolase (Cooper et al.,
submitted for publication). However, phosphor-
ylation of this protein in cells infected with
GI202 at 36°C was more than 2 standard devi-
ations lower than predicted on the basis of the
glucose transport rate shown by these cells. This
finding was obtained in three completely inde-
pendent experiments. Thus, phosphorylation of
1 to the maximum level is not necessary for
increased glucose transport.
None of the individual phosphorylations cor-

related with loss of adhesiveness. The best fit
with adhesiveness was with the total phospho-
tyrosine content. There was a general, qualita-
tive relationship between all phosphorylations
measured and growth in soft agar, but there
appeared to be little relationship to published
values for saturation density in liquid culture (1,
34). For example, cells infected with G1251 at
42°C or with CU2 both displayed low protein
phosphorylation levels, but grew to high satura-
tion densities.
A summary of our correlations between pro-

tein phosphorylations and expression of trans-
formation parameters is shown in Table 4. In
examining Table 4, one should note that it is
possible to conclude with some certainty that a
phosphorylation is not sufficient for the expres-
sion of a parameter of transformation. However,
the conclusion that a phosphorylation is not
necessary for the expression of a transformation
parameter is weaker, since it is always possible
that only very low levels of certain phosphoryla-
tions are required to induce biological alter-
ations. The weakest conclusions of all are those
cases in which we show a positive correlation
between a phosphorylation and a transformation
parameter. This is because the phosphorylations
examined in this investigation represent only a
small minority of the proteins that become phos-
phorylated on tyrosine during transformation
(25). It is possible that the biological effects we
observe are the consequences of phosphoryla-
tion events that we have not examined. Similar-
ly, the phosphorylations that we have examined
may affect cells in ways which were not exam-
ined in this investigation.

Finally, we need to consider seriously the
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possibility that the proteins phosphorylated on
tyrosine which have been examined by us or by
others are completely adventitious and unrelat-
ed to transformation. The following lines of
evidence are consistent with this hypothesis.

(i) Phosphorylation of proteins p and I only
occurs to a significant extent under conditions
where the total cellular phosphotyrosine is high
(Fig. 3). This may indicate that these are low-
affinity phosphorylations.

(ii) Even when the overall correlation between
phosphorylation and phenotype appears good,
individual cases often are found that render the
correlation significantly imperfect. This is what
one would expect if the phosphorylations, al-
though catalyzed by pp6&"rc, were adventitious.

(iii) Proteins phosphorylated on tyrosine have
displayed a low stoichiometry of phosphoryla-
tion in the cases where this has been examined.

(iv) Enzymes that phosphorylate on tyrosine
have not shown a great deal of substrate speci-
ficity. For example, pp60(YC will phosphorylate
casein, tubulin, and actin in vitro even though
these are not normal substrates (10). A431 cells,
which have a huge excess of epidermal growth
factor receptors, phosphorylate numerous pro-
teins (including protein p) when treated with
epidermal growth factor (12; Martinez, Naka-
mura and Weber, unpublished data), whereas
cells such as 3T3 cells and chicken embryo cells,
which have modest levels of epidermal growth
factor receptors, phosphorylate only a few pro-
teins when treated with epidermal growth fac-
tor-and protein p is not among them (11, 25a).
The Abelson virus-transforming protein, when
expressed in Escherichia coli, phosphorylates
numerous E. coli proteins, which presumably
are not physiological targets (36).

(v) pp60srC itself is phosphorylated on tyro-
sine. However, preventing this phosphorylation
by converting the relevant tyrosine to a phenyl-
alanine does not detectably alter the biological
or enzymatic activities of pp6&frc (Snyder et al.,
Cell, in press). Thus, phosphorylation of pp6&Src
on tyrosine seems likely to be adventitious.
Our overall conclusions concerning the rela-

tionship between phosphorylations on tyrosine
and the biological manifestations of transforma-
tion are thus mixed. On the one hand, we do find
some striking correlations, notably the correla-
tions between p and l phosphorylation and plas-
minogen activator and the correlations between
q and I phosphorylation and hexose transport.
Nonetheless, because of the complexity of the
system and the frequent exceptions to the corre-
lations, it is important to interpret these positive
results with caution and to consider the possibil-
ity that the positive correlations may be coinci-
dental. It will require the isolation of cellular
mutants defective in substrates of pp60Src or

directly mechanistic studies to identify the pre-
cise role of tyrosine phosphorylation in malig-
nant transformation.
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