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Avian sarcoma viruses, protein kinases and cell transformation
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INTRODUCTION

The first RNA tumour virus to be isolated and identified as such was the Rous sarcoma virus
(RSV), which causes the transformation of cells in culture as well as fibrosarcomas when
injected into suitable host animals (for reviews see Hanafusa (1977) and Bishop (1978)). The
genome of RSV has been studied intensively for the past 10-12 years, and it has been shown
that the virus itself carries a gene responsible for malignant transformation. This gene, denoted sr¢
for sarcoma, was identified genetically through the isolation of temperature-sensitive mutants
that were conditional for cell transformation in culture. These mutants are able to transform
cells at a temperature of 35 °C, the permissive temperature, but are unable to transform cells
morphologically at 41 °C, the non-permissive temperature. The existence of such temperature-
sensitive mutants implied that the product of the viral transforming gene, in RSV, was a protein
(Kawai & Hanafusa 1971). In addition to temperature-sensitive mutants, non-conditional
mutants were isolated that had deletions of the sr¢c gene. These mutants are unable to transform
cells in culture or to cause fibrosarcomas under most conditions. About 4 years ago, the product
of the src gene was identified as a phosphoprotein (4, = 60000); this protein was denoted
pp60%t (Purchio et al. 1978). The RSV genome and the expression of the src gene is illustrated
in figure 1.

Very soon after the identification of pp60% we and others ascribed to this molecule the
function of protein phosphorylation (Collett & Erikson 1978; Levinson et al. 1978; for review
see Erikson et al. (1980)). However, we were quite concerned that the enzymic activity observed
might be due to contamination of preparations of the viral sr¢c gene product by one of the many
protein kinases encoded by the cells used for infection and transformation by RSV, the starting
material for our preparations of pp60s°. Thus, a great deal of our effort over the past several
years has been devoted to attempting to determine unambiguously the source of the enzymic
activity observed, because to understand cell transformation by RNA tumor viruses it is impor-
tant to define the exact nature of the functions that are viral as opposed to cellular.

ExPREsSSION OF THE RSV s7¢c GENE IN ESCHERICHIA COLI

One approach to determining whether or not pp60¥¢ is indeed a protein kinase was to obtain
expression of the RSV sr¢ gene in a prokaryote such as Escherichia coli. These organisms are
believed to produce few protein kinases that carry out reversible protein phosphorylation.
Therefore, if the product of the sr¢c gene expressed in E. coli exhibited phosphotransferase
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activity, it would be strong evidence that the enzymic activity observed was actually encoded
by. the sr¢ gene. Plasmids were constructed in which the RSV s7¢c gene was placed under the
control of the lac promoter—operator in the hope of obtaining efficient transcription and,
presumably, translation (Gilmer et al. 1982). Bacteria that expressed p60s were detected by
immunoprecipitation of 35S-labelled proteins and expressor cultures were used for purification
of the src gene product. When these preparations were tested for protein kinase activity, we
found that the protein produced in E. coli did indeed display protein kinase activity (Gilmer &
Erikson 1981). It has many characteristics identical to the protein, produced in eukaryotic host
cells, that we had characterized previously. It had the capacity to phosphorylate casein, o and B
tubulin and anti-pp60s IgG; the amino acid phosphorylated in these protein substrates was
tryosine (Gilmer & Erikson 1981; Hunter & Sefton 1980; Collett ¢t al. 1980). Thus a number of
characteristics suggest that the previously observed phosphotransferase activity closely associated
with pp60°r isolated from eukaryotic host cells is in fact an intrinsic property of the molecule
itself.

AUTOPHOSPHORYLATION OF pp60s®

As shown previously (Collett et al. 1980; Erikson et al. 1979a, b), pp60° purified from
eukaryotic sources is able to undergo self-phosphorylation or autophosphorylation when
[v-32p]ATP is added to the purified protein. There is so far no evidence however, that p60st°
produced in E. coli, the prokaryotic host carrying the recombinant src-containing plasmid, is
able to self-phosphorylate. Since we believe that the phosphorylation of pp60se itself on a
tyrosine residue is likely to be important in the regulation of its enzymic activity, we have
attempted to elucidate the source of the enzyme responsible for the phosphorylation of this
residue.

One approach to answering this question was to compare the thermolability of the auto-
phosphorylation reaction of enzyme purified from temperature-sensitive transformation
mutant-infected cells with that of enzyme purified from wild-type infected cells. It had been
shown previously that the protein kinase activity of ts pp60s© was considerably more thermo-
labile than that of wild-type pp60s (Erikson et al. 1979a, b). Similarly, we found that the
autophosphorylation of the temperature-sensitive preparation was several times more thermo-
labile than that of the wild-type preparation (Erikson & Purchio 1982). These results could be
interpreted to mean that pp60%° is responsible for its own phosphorylation. Unfortunately, an
alternative explanation is that the molecule, when denatured, is no longer a good substrate for a
putative pp60sre-specific kinase:.One way to resolve this issue would be to isolate a kinase that is
specific for phosphorylating the correct tyrosine residue in pp60s°. Although we have identified
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other tyrosine-specific protein kinases in eukaryotic host cells infected by RSV, we have been
unable to show with certainty that any of these protein kinases are able to phosphorylate pp60s©
and are, in fact, the pp60s-specific kinase. Consequently this issue is still unresolved, although
it appears, from the study of the eukaryotic enzyme, that pp60s is most probably capable of
self-phosphorylation.

TRANSFORMING GENE PRODUCTS OF OTHER CLASSES OF AVIAN SARCOMA VIRUS

A number of other avian sarcoma viruses (ASVs) have been now identified and characterized
in the laboratories of Professor Hanafusa at the Rockefeller Institute and Professor Peter Vogt
at the University of Southern California. There are at least three other classes of ASV, which
have transforming genes distinct from that of RSV and which encode distinct transforming
gene products. Although they are antigenically distinct from pp60s¢, these transforming gene
products apparently have a functional similarity to pp60 in that they are able to phosphory-
late protein substrates at tyrosine residues. As illustrated in table 1, all four classes of ASVs
have an associated protein kinase activity that, in an immune complex with anti-src IgG from a

TABLE 1. PROTEIN KINASE ACTIVITY ASSOCIATED WITH THE TRANSFORMING GENE PRODUCTS OF
AVIAN SARCOMA VIRUSES

phosphorylates
avian sarcoma transforming immunoprecipitated TBR IgG on

class virus gene product by tyrosine
I Rous pp60°° TBR + +
anti-gag - .
II Fuyjinami P140see-fes TBR - +
PRCII P1058ee-1rs anti-gag + .
111 Y73 - Pgousves TBR - +

Esh Ppgoseeves anti-gag +

v UR2 Ppggeagros TBR - +

anti-gag +

For references see Breitman ef al. (1981), Feldman et al. (1980, 1982), Ghysdael ef al. (19814, b), Kawai ef al.
(1980), Lee ¢t al. (1980), Neil et al. (1981) and Pawson et al. (1980).

rabbit bearing an RSV tumour, results in the efficient phosphorylation of the heavy chain of
IgG; anti-pp60 IgG is a good substrate for the protein kinases encoded by other classes of
ASV. There is no clearcut explanation as to why this IgG is such a good substrate, but the
result does demonstrate that it is likely that all classes of ASVs so far studied encode a protein
kinase specific for tyrosine residues. In addition, the transforming proteins themselves become
phosphorylated in the reaction and tyrosine appears to be the sole phosphorylated residue.

EriDERMAL GROWTH FACTOR (EGF)-STIMULATED PHOSPHORYLATION AND
COMPARISON WITH ASV-INDUCED PHOSPHORYLATION "

One of the proteins that we and others have studied that appears to be directly phosphory-
lated by the activity of pp60= in the infected cell or in vitro is a molecule of molecular mass
34 kDa (Radke & Martin 1979; Erikson & Erikson 1980). This protein is also phosphorylated
with the same specificity in cells transformed by other classes of ASV (Erikson et al. 19815).
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Because of the tyrosine-specific nature of EGF-stimulated phosphorylation (Cohen et al. 1980)
and the tyrosine-specific phosphorylation of proteins by ASV transforming gene products, we
attempted to determine the specificity of these two protein kinase activities. We found that when
EGF is added to growing cells, the 34 kDa protein shows increased phosphorylation (Erikson
et al. 19814). Further, to determine whether or not the sites of phosphorylation were similar in
EGF-stimulation or ASV transformation, the 34 kDa protein was purified in the unphos-
phorylated form from the same cells that were used for the EGF studies, and then purified
pp60s® or its normal cell homologue were used to phosphorylate the protein in vitro with
[y-32P]ATP. Phosphopeptide maps were prepared and compared with the phosphopeptide
maps of the protein that had been phosphorylated after the addition of EGF to growing cells.
We found two major phosphopeptides after tryptic digestion and in all three cases these peptides
were the same (Erikson e al. 19814). Although this experiment does not identify the enzyme
responsible for phosphorylation of the 34 kDa protein in EGF-stimulated cells, it does show
that the kinase responsible for this phosphorylation has the same specificity as pp60. This
illustrates the very similar nature of the two types of phosphorylation and suggests that the
34 kDa protein is perhaps a common substrate for the different types of kinases under study.
Clearly, in the identification of substrates for any of the growth-regulated phosphorylations
that we are discussing here, one must show some functional change associated with the phos-
phorylation observed. To understand the functional significance of the phosphorylation, one
must, of course, first understand the function of the substrate under study. We have as yet no
clear understanding of the function of the 34 kDa substrate, and without an understanding of
that function it is difficult to assign any significance to its phosphorylation. Our best evidence
so far is that in fibroblasts the 34 kDa protein is a strong RNA-binding protein, seemingly
associated with messenger RNA in the cytoplasm of growing fibroblasts. Another way of
assessing the significance of a substrate for the protein kinase activities observed is to determine
the distribution of the particular protein in various tissues of the host that would normally be
infected by a virus such as RSV. We found that there is a vast difference in the expression of the
34 kDa protein in various tissues of the adult bird. For instance, it is undetectable in red blood
cells, and there is only a low level of this protein in brain cells. On the other hand, there are
intermediate levels of the protein in other tissues, and it is a fairly abundant protein in cultured
fibroblasts. This fact raises an obvious point that should be made when considering the signifi-
cance of transforming proteins and their substrates, which is that for viruses to be able to carry
out cell transformation, not only must the viral transforming gene product be expressed but a
suitable substrate must be present for the activity of that product in the susceptible host cell.

PHOSPHOTYROSYL-PROTEIN PHOSPHATASES

The phosphorylation state and presumably the functional behaviour of a particular protein
will be greatly influenced by the protein kinase activities and the protein phosphatase activities
present in a particular cell (for review see Krebs & Beavo (1979)). To understand the circuits
involved in phosphorylation-dephosphorylation of proteins on tyrosine residues, one must be
concerned not only about the specific kinases responsible for the phosphorylation of these
proteins but also about the phosphoprotein phosphatases that are involved in their dephos-
phorylation. Results recently"'abtained by Gordon Foulkes, working in Denver, who studied the
distribution of tyrosine-specific phosphoprotein phosphatases taken from chicken brain,
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indicate that the phosphotyrosine-specific phosphatases are probably unique and quite different
from the phosphoserine-specific phosphatases previously described (Foulkes et al. 1983).

SEARCH FOR OTHER SUBSTRATES

The 34 kDa protein was identified by work in Denver, as well as by others, as a hyper-
phosphorylated normal cellular protein in RSV-transformed cells. However, when one compares
phosphorylation patterns in transformed and untransformed cells, many quantitative changes
are observed, and most of these occur not at tyrosine residues but at serine residues. One
example of this is the work of Decker (1981), which shows that the ribosomal protein S6 is
heavily phosphorylated on serine residues in RSV-transformed cells. Even under conditions of
serum starvation the phosphorylation of S6 seems to be under the control of the src gene
product. This result suggests other mechanisms for amplifying the activity of a viral transforming
gene product. One might imagine in this case that pp60s activates a protein kinase specific
for serine and that the increased activity of this serine-specific protein kinase results in phos-
phorylation of 86 which, in turn, leads to an increased efficiency of protein synthesis. Alterna-
tively, pp60° could phosphorylate a phosphoprotein phosphatase specific for S6 dephos-
phorylation, inactivating it so that the protein kinases that are normally present are then able
to cause increased phosphorylation of S6. Either of these two mechanisms is possible, but they
suggest obvious approaches to study further the process of transformation by viral transforming
gene products that encode protein kinases.

Clearly, one of the most important areas of investigation in the near future will be directed

at a biochemical description of the pathways that lead to neoplasia initiated by these and related
viruses.
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