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ABSTRACT

Endogenous protein kinase activity was detected on the external
cell surface of both normal and Rous sarcoma virus (RSV)-transformed
chiék embryo fibroblasts (CEF). Cells growing in plastic dishes were
incubated with [Y-32P]ATP for 20 minutes. Under the conditions employ-
ed, only proteins located on the external cell surface were labeled,-
as the radiocactivity could be re@oved by mild tgypsin treatment. In
addition, exogenous histones were phosphorylated when added to the
reaction mixture. The addition of cAMP and cGMP to the reaction had
virtually no effect on ?ZP incorporatioﬁ, ghggesting there is little
or no cyclic nucleotide~dependent protein kinase activity preéent on
the external cell surface. Cell surfage protein kinase activity was
higher in RSV-transformed CEF than in normal CEF, and, using a
temperature-sensitive src mutant, this difference was found to be
transformétion—specific. Several differences were observed in the
cell surface proteins phosphorylated in normal and transformed cells,
and at least two‘of thesé were transformation—specific. These data
suggest that changes in external cell surface protein phosphorylation
are associated with RSV transformation and thus could play a role in

-

the formation of the transformed cell phenotype.
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INTRODUCTION

One of the major phenotypic differences between malignant cells
and their normal counterparts is that malignant cells lose the ability
to regulate their growth. The proliferation of normal cells is under
stringent regulation and such cells exhibit density-dependent inhibition
of growth (Stoker and Rubin, 1967). 1In vitro, normal cells usually will
only multiply to a certain low density to form a monolayer of cells in
culture. However, oncogenically transformed cells will multiply to a
density far greater than their normal counterparts and form multiple
layers of cells in‘culture. It is clear that malignant cells are no
longer under stringent growth regulation and exhibit a loss of density-
dependent inhibition of growth. Although many hypotheses have been
proposed to explain this altered growth characteristic, little is kppwn
of the biochemical processes which underly this'phenomenon.

Increasing evidence indicates that the cell surface likely
plays some role in the expression of the cancer cell phenotype
(Nicolson, 1976). The plasma membrane probably is involved in the
regulation of cell growth. Many phenomena which effect cell prolifera-
tion, such as the bindigg of mitogens and plant lectins (Nicolson, 1976;
Lis and Sharon, 1973), the éction of certain membrane-associated enzymes
and molecular transport systems (Holley, 1972), the effects of exogen-
ous proteases (Roblin, et al., 1975) and hormones (Gospodarowicz and
Moran, 1976), anchorage dependence (Tooze, 1973), and the regulation of

cyclic nucleotide levels (see below) all involve the cell surface.

N
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Thus, in order to understand the basis for the altered cancer pheno-
type, it is probably important to better understand events associated
with cell surface. A major approach to elucidate the role oé’chg’/
plasma membrane in oncogenic transformation has been a straightforwa;d
one, namely to determine what biochemical changes‘%%ke place at the
cell surface following transformation. \This information could suggest
mechanisms by which the transformed cell is phenotypically modified.
The plasma membrane is composed of amphipathic lipids and
proteins, some of which contain covalently attached oligosaccharides.
It is now well documented that cell membrane lipids are arranged in a
bilayer configuration and membrane proteins or glycoproteins are either
loosely attached (peripheral proteins) or extend through and/or are
tightly attached to the lipid bilayers (Integral proteins) (Singer and
Nicolson, 1972; Singer, 1974). There is no doubt that biochemical
changes in the plasma membrane do occur following transformation/
Alterat?ons have been reported in almost every class of macromolecule
’;t the cell surface (Nicolson, 1976). These.inlede fatty acids, -
lipids, glycolipids, hyaluronate moities, the s%alic acid of fucose-
containing glycopeptides, the mobility of surface ;eceptofs, antigenic
determinants and proteins inclu;ing cytoskeleton elements (Nicolson,-
1976; Pardee, 1975; Oseroff et al., 1973). Some or a*l of these
modifications could play—a role in the altered growth properties of
transformed cells. However, the understanding of the controlling
mechanisms involved is mostly superficial.

There are several problems with cell surface studies. First,

B e e e —————— s va



many of these phenomena may be secondary effects and not directly in-
volved in the formation of the transformed state. Secand, many exper-
iments have been carried out comparing transformed cells to normal cells
which are not growing at the same rate and thus some differences may
have been due to differences in cell growth rate rather than transforma-
ti;n. Third, many studies involve the use of'cloned ;irus—transformed
cells and therefore observed alterations may be due to clonal variation.
And fourth, many biocﬁemical differences are system-specific and therefore
their importance is difficult to assess. Thus, although modifications at
the ;ell surface undoubtedly giay a role in the altered growth of
transformed cells, the exact nature of this role remains unclear.

The system used for the present study, which offers many advant-
ages to overcome these problems, is that of chick embryo fibroblasts
(CEF) transformed by Rous sarcoma virus (RSV). Normal and transformed
cells can be grown at about the same rate and cloning is not necessary
as the transformation efficiency is almost 1007%. 1In addition, excellent
mutants which are temperatﬁre—sensitive for the tranéforming gene (src)

are readily available (cf. Wyke, 1973).

Rous sarcoma virus was first reported by Peyton Rous in 1911 and

-

.bears his name (Rous, 1911). It is a member of the family Retroviride.

Four major characteristics define thi§ family of viruses (Fenmer, 19765:
(i) the architecture of the virion, - (i;)‘ a‘diploid'single—strand RNA
genome, (i1ii) the presence of reversé't;anscriptase in virions, and

(iv) the requiregent for a DNA intermediate in viral replicati&n. The
genome.ﬁf RSV is apparently dipioid; two identical molecules of single-

stranded RNA are joined at or‘near their 5° termini ‘(Beemon ‘et al.,

H
4



1976; Bender and Davidson, 1976). The haploid subunits of the genome
of RSV have a molecular weight of 2.5—3XlO6 and sediment at about 35S.

Four gen;s have been identified in the genome of RSV (Vogt, 1977):
gag, which encodes structural proteins of the viral core; pol, which
encodes reverse transcriptase; env, which encodes the glycoproteins of
the viral envelope; and src, which is responsible for neoplastic trans-
formation of the host cell. These genes virtually account for the
coding capacity of viral genome. The locations of individual genes on
the 35S RNA have been mapped. The total genome of Rous sarcoma virus
is as follows: 5' gag-pol-env-src-poly(A) 3'.

The gag gene product is translated from a 38S RNA. The primary
product of translation from gag is a polyprotein with molecular weight
of 76,000 (Pr765?8). This polyprotein is subsequently cleaved to yield
the major internal v%rion proteins pl9, pl2, p27 and pl5 (Vogt et al.,
1975; Shapiro et.al., 1976). A virus-specific RNA with the size and
composition expected for a pol messenger has not been identified
(Haywood, 1977; Weiss et al., 197?). Instead, pol 1s apparently ex-
pressed by the uninterrupted translation from gag and pol in the 385
RNA. The product of this read-~through translation has a molecular
weight of 180,000 (pr180p°l_) (Oppermann et al., 1977) and is then
cleaved to yield enzyme reverse transcriptase. The env gene yielas a
glycosylated pre;ursor protein with a @olecular weight of 90,000 -
92,000 (Pr90env) (Moelling and Hayami, 1977; England et al., 1977).
Upon further processing this precursor yields the mature viral envelope
glycoproteins gp 85 and gp 37. The 215 virus-specific RNA encqpes only

src and the ¢ region which is common to all retroviruses. The results



from genetic studies (Lai, Hu and Vogt, 1977) and from in vitro protein
synthesis (Beemon and Hunter, 1978; Sefton et al., 1979i/Erikson et al.,
1978) indicated that only one virus-specific protein is coded for by this,
gene. The gene has been designated src to denote its ab;lity to direct
the synthesis of a sarcomagenic protein. It seems remarkable, yet diffi-
cult to escape, that a single virus-specific protein is able to cause the
widely pleiotropic effects of transformation.

Mutants of RSV that are temperature-sensitive for transformation
have been isolated (Wyke, 1975; Manaker and Groupé, 1956). The mutant
viruses contain a temperature-sensitive lesion in the src¢ gene region and
other viral functions are identical to wild-type virus. Thus, the mutant
viruses grow equally well at both permissive and nonpermissive tempera-
tures, but they transform only at the permissive temperature. When cells
transformed at the permissive temperature are shifted to the nonpermissive
temperature, they revert to Ehe normal phenotype. This process is
completely reversible, allowing cells to be shifted back and fourth
between the transformed-and normal states at will. Thus, these mutant
viruses provide a powerful tool to examine the function of the transform-
ing src gene.

RSV-transformed CEF's are easily distinguished from their normal
counterparts., Many of these differences appear to be related to altera-
tions in the plasma membrane. RSV-transformed CEF generally lose their
fibroblgstic morphology and become round and refractile (Manaker and
Groupé, 1956) and poorly attached to the substraturm. Hexose transport

dramatically increases to support growth and acid mucopolysaccaride

production (Hatanaka and Hanafusa, 1970). Like many other virus trans-
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formed and cancerous cells, these ce&ls grow to high densities, they

are agglutinated by small amounts of plant lectins (Burger and Martin,
1972), they contain additional sialic acid residues in cell surface
fucose~containing glycopeptides (Warren et al., 1972), they have an
altered pattern of glycolipids (Hakomori et al., 1977), and they possess
new surface antigens (Gelderblom et al., 1972; Kurth and Bauer, 1972).

A number of studies have indicated that changes in the pattern of plasma
membrane proteins take place after RSV transformation. These include;:
(i) the loss of the 200-250K dalton external protein fibronectin
(Robbins et al., 1974); (ii) the termination of synthesis of a 47K
dalton glycoprotein (Wickus, 1974); (iii) a decrease in a glycoprotein
of an apparent molecular welght of 140K (Bussell and Robinson, 1973);
(iv) 1increase in proteins of molecular weights 73-79K and 90-95K (Isaka
and Yoshida, 1975; Stone et al., 1974); and (v) 'a decrease in the amount
of membrane bound actin (Robbins et al., 1974) caused probably by depoly-
merization of actin cables as seen in other transformed cells (Polleck et
al., 1975). However, the importance of these protein changes with regard
to the alteration of growth properties and transformation by RSV is still
unknown. It is now becoming apparent that the decrease of the external
protein fibronectin appears universal both in this and other virus-

cell systems and that the amount of fibronectin present is related to

the tumorgenicity of the cell (Hynes, 1976;.Spicer and Branton, 1980).
Increasing evidence also indicates that fibronectin probably plays an
important role in cell morphology, adhesion and movement (Hynes, 1976;
Yamada e£ al., 1976), possibly via an interactién with cbllagen and

actin.



There is now a considerable body of evidence to suggest that
cyclic nucleotides may play a role in growth regulation. Intracellular

levels of cAMP are higher in density inhibited non-growing cells than

in rapidly-growing normal cells (Pastan and Johnson, 1974; Pastan et al.,

1975). Transformed cells which are less susceptible to growth inhibi-
tion generally have lower cAMP levels than their normal counterparts
(Otten et al., 1972; Sheppard, 1972). Also, treatment of some trans-
formed cells with dibutyryl cyclic AMP, an analog of cyclic AMP, was
found to induce the flattened appearance characteristic of normal
fibFoblastic cells (Pastan and Willingham, 1978). Transformation of
CEF by RSV results in a reduction of intracellular cAMP which correlates
with decreased membrane-bound adenyl cyclase activity (Anderson et al.,
1973). Another cyclic nucleotide, cyclic GMP, also may be involved in
growth regulation. It has been proposed that high levels of cyclic GMP
may be associated with rapidly-growing cells. Goldberg and coworkers
(1973) have proposed the Yin-Yang hypothesis and argued that cyclic GMP
and cyclic AMP work in opposing fashion, cyclic GMP promoting cell pro-
liferation and cyclic AMP promoting cessation of growth. However,
other evidence indicates that cyclic GMP and cyclic AMP both increase
as cells commence density-dependent growth inhibition (Nesbitt et al.,
1976). It is now generally believed that the relative levels of cyclic
AMP and cyclic GMP may play a role in cell proliferation. The mechan-
ism involved in this regulation is not understood, however it is likely
that protein phosphorylation is involved since the only known biochemi-
cal function of cyclic nucleotides in eukaryotic cells is the activation

of protein kinases.
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Protein kinases are ubiquitous in eukaryotic cells and are found
as both soluble and membrane-bound enzymes. These enzymes catalyze the
phosphorylation of hydroxyl groups of serine and threonine through the
transfer of the y-phosphate of ATP (Krebs, 1972; Langan, 1973; Rubin and
Rosen, 1975). Many protein kinases function independently from cyclic
nucleotides (Krebs and Beavo, 1979). However, the activity of a‘ﬁajor
class of protein kinases can be stimulated via an interaction with cyclic
AMP. The holoenzyme is composed of two types of subunits, a regulatory
subunit, which binds on cyclic AMP, and a catalytic subunit, which
carries out the phosphorylation reaction. The binding of cyclic AMP to
the regulatory sugunit results in the release of the highly active cata-
lytic subunit and an increase in enzyme activity (Brostrom et al., 1970),
cyclic GMP-dependent protein kinase has also been described (Kuo,

1974) and this enzyme is regulated in a somewhat similar fashion. The
regulation of some classes of protein kinases can involve Ca2+ or a
heat-stable protein-inhibitor, however, the mechanism of regulation of
most protein kinases 1is not yet known.

It is therefore possible that cyclic nucleotides affect cell
functions via changes in protein phosphorylation. The biological
activities of many proteins have been shown to be altered by phosphoty~
lation {Krebs and Beavo, 1979). The activities of over 20 enzymes are.
regulated by phosphorylation and more will undoubtedly be found. These
enzymes are involved in cell activities such as energy p;oduction,
carbohydrate metabolism, protein and nucleic acid synthesis and hormone

action (Greengard, 1978). One of the classic examplFs is glycogen

phosphorylase (Fischer and Krebs, 1955; Sutherland and Wosilait, 1955),



which has been shown to exist in two interconvertible species, now known

to be nonphosphorylated and phosphorylated form of the enzymes. Biologi-

cal activity of many non-enzymatic proteins is also affected by phosphory-

lation. The binding of glucocorticoid is dependent upon the phosphoryla-
tion of its receptor (Nielson, 1977). The phosphorylation of histones
(Lake, 1973; Balhour, 1972) and non-histone chromosomal proteins
(Kleinsmith, 1975; Karn et al:, 1974) appear to play a role in the
regulation of gene activity (Stein, 1978). Membrane protein
phosphorylation is important in the central nervous system in the
postsynatic action of neurotransmitters (Greengard, 1976). TFurthermore,
many viruses code for phosphoproteins and most virions possess protein
kinase activity (Rubin and Rosen, 1975). Thus it appears that a great
number of biological processes could be controlied via protein
phosphorylation.

It is now clear that protein phosphorylation plays an important
role in control of many biological processes, some of‘which may partici-
pate in cell proliferation. Changes in nuclear protein phosphorylation
(Brade et al., 1974; Sons ét al., 1976) and nuclear protein kinase
activity (Ahmed, 1971; Jungmann, 1974) are associated with alterations
in cell proliferation and these may induce associated changes in geﬁe_
activity. 1In studies on cytosol type I and type II cyclic AMP-depend-
ent protein kinase of CHO cells it has been shown that levels of both
classes change during the cell cycle, type Il increasing under trans-
criptional control at the G1/S interface (Costa et al., 1976). 1In the

kin A mutant lymphoma cell line it has been shown that the growth

o
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inhibitory effects of cyclic AMP are mediated through a cyclic AMP-
dependent protein kinase (Insel et al., 1975; Hochman, 1977). The
progesterone-induced meiosis in xenopus ococytes is blocked by the
catalytic subunit of a cyclic AMP-dependent protein kinase (Maller and
Krebs, 1977). Using the technique of in vitro phosphorylation with

32P]ATP, labeling of a specific soluble 100,000 dalton protein was

(y-

found to increase upon cell contact (Wehner et al., 1977). The phos-

phorylation of several other cytosol proteins was found to be altered

by cell growth (Kletzien et al., 1977). 1In these experiments with BHK

cells it was found that the cyclic AMP;stimulated phosphorylation of

- several polypeptides was greater inquie§cent cells than in proliferat-

ing cells. In studies with chick cells, cell growth was associated

with a slight increase in the protein kinase activity of whole cells

and associated changes in the phosphorylation of several polypeptides

were also observed. 1In experiments with plasma membranes isolated from

chick cells (Branton, 1980), growth inhibition was characterized by in-

creased cyclic AMP-dependent protein kinase activity. Again, phosphory-

lation changes in specific membrane proteins also took place. ‘
Because of the known regulatory role of protein kinases it is

possible that at least some of‘the phenotypic.changes in the cell

following oncogenic transformation could result from alteration in

protein phosphorylation. It seems logical to propose that protein

kinases could be important in transformation, since the function of

many proteins and the regulation of many biological processes is known

to be controlled by phosphorylation (Rubin and Rosen, 1975; Greengard,

1978; Krebs and Beavo, 1979). Earlier studies on hepatoma and normal

rat liver cell homogenates indicated that less cyclic AMP was bound by
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hepatoma protein kinase than by normal cell enzymes (Mackenzie and
Stellwagen, 1974). This difference was shown to be due to the pre-
sence of an inhibito; in hepatoma cells (Mackenzie and Stellwagon,
1977). Studies usiné plasma membranes isolated from normal and RSV-
transformed CEF phosphorylated in vitro with [Y—32P]ATP showed that
transformation resulted in both a slight increase in membrane protein
kinase.activity and changes in the pattern of endogenous membrane
protein phosphorylation (Branton and Landr&—Magnan, 1978; 1979).
Increased phosphorylation of a non-histone chromosomai protein (Pumo
et al., 1975) and many other endogenous protein substrates (Epstein
et al., 1979) was shown in SV40-transformed human fibroblasts. The
‘level of endogenous protein phosphorylation in non-histone chromosomal.
and ribosomal wash proteins is 7-10 times greater in SV40-transformed
rat cells than in untransformed parental cells and it was caused
mainly by increased activity of protein kinase and the nature of
‘protein substrates (Segawa and Oda, 1978).

More recently, Collett and Erikson (1978) found that protein
kinase activity was associated with the RSV src transforming protein.
Using sera from tumor-bearing rabbits, they were able to immunopreci-
pitate a protein from both RSV-transformed cells (Brugge and Erikson,
1977) and from proteins synthesized from src-specific mRNA in vitro
(Purchio et al., 1928). When the immunoprecipitates containing src
protein were incubated with [Y—32P]ATP, phosphorylation of the heavy-
chain pf the antibody was observed (Collett and Erikson, 1978). These
results indicate that the src gene product is associated with protein

kinase activity. These experiments have now been repeated in several
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laboratories (Levinson et al., 1978; Rubsamen et al., 19?9; Sefton et
al., 1979) and the src protein is now known as pp60§£5.

Since the src gene only codes—for one protein (Brugge and
Erikson, 1977; Purchio et al., 1978) and is also responsible for both
the induction and maintenance of neoplastic transformation (Vogt, 1977),
the data suggest that RSV transformation is entirely dependent on a
viral protein kinase and raise the possibility that phosphorylation of
specific cellular targets ﬁight account for the pleiotropic effect of
src on the host cell

The original experiment by Collett and Erikson (1978) 'does not
determine whether the ppéO-S-EE kinase activity is coded for by the viral
gene or if ppéOizs is associated with a cellular kinase. However, from a
number of considerations it seems likely that the §££f§rotein kinase is
coded for by the viral gene. The pp60§—r-E has been synthesized in vitro
from RSV src-specific RNA and that protein kinase activity can be detect-
ed by immunoprecipitation (Sefton'et al., 1979; Erikson et al., 1978).
Substantial support also comes from the observation that temperature-
sensitive mutants which render the virus unable to transform, simultan-
eously reduce the progein kinase activity induced at the nonpermissive
temperature and cause this activity to be extremely labile after lysis
of infected cells (Levinson et al., 1978; Rubsamen et al., 1979; Collett
and Erikson, 1978; Sefton et al., 1979; Owada and Moelling, 1980). Also
persuasive is the fact that pp60§-r—S and the kinase activity copurify
(Erikson et al., 1980; Maness, 1980). Nevertheless, whether pp60EEE
itself is a protein kinase, or binds to a cellular kinase and thus

modifies its action, changes in protein phosphorylation appear likely
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to play a critical role in RSV transformation. It has now been shown
that the pp60§£E-kinase, unlike other known protein kinases, phosphory-
lates tyrosine instead of serine and threonine (Hunter and Sefton,
1980; Collett et al., 1980). This observation suggests that the
phosphorylation of tyrosine may be important in the process of trans-
formation (Langan, 1980; Hunter and Sefton, 1980).

"The results of Collett and Erikson (1978) have lead to a number
of studies to ask if protein kinase activity is associated with the
transformation-specific proteins of other tumor viruses. Branton and
coworkers have studied the tumor antigens of human adenovirus type 5
(Ad53). They have immunoprecipitated the tumor antigens from cytoplas-
mic extracts of Ad5-infected KB cells using a tumor serum, 14b, which
is specific for Ad5 transforming proteins. Again, protein kinase
activity was observed when such immunoprecipitates were incubated with
[Y—32P]ATP. The incubation resulted in phosphorylation of the heavy
chain of IgG and the 58K Ad5 tumor antigen (Lassam et al., 1979;
Branton et al., 1979; 1981). These results lead to the proposal that
perhaps all tumor viruses induce transformation via virus-specific
protein kinase. é?

A number of reports on other viruses tend to support this
hypothesis. The T antigens immunoprecipitated from adenovirus type 12 !

infected and transformed cells demonstrated protein kinase activity

(Branton et al., 1979; Raska et al., 1979). SV40 large T antigen
possesses both ATPase and protein kinase activities (Tjian and ﬁobbins,
1979; Griffin et al., 1979). There is still some controversy as to

-

which activity is T antigen-specific, Tjian claiming the kinase is
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only an associated protein (Tjian and Robbins, 1979; Tji;n, 1979),
Livingston claiming the ATPase is a contaminant (Griffin et al.,

1979). The middle T antigen of polyoma virus has also been reported

to be associated with protein kinase activity (Smith et al., 1979;
Eckhart et al., 1979; Schaffhausen and Benjamin, 1979) and it also
processes an activity phosphorylating tyrosine (Eckhart et al., 1979).
There are ;gveral reports demonstrating that the transforming proteins of
several mammalian RNA tumor viruses, including feline sarcoma virus
(Reynolds et al., 1980; Van de Ven et al., 1980), Agelson murine
leukemia virus (Witte et al., 1980; Van de Ven et al., 1980; Blomberg
et al., 1980) and Molony murine sarcoma virus (Sen and Toda:gi\if79),
are associated with protein kinase activity. Thus, transformation may
be induced in part or in whole by viral phosphoproteins which possess
kinase activity:

In Qiew of the important role of both the plasma membrane and
protein phosphorylation in growth regulation ané viral transformation,
the studies in this thesis have focussed on an investigation of protein
phosphorylation at the external surface of normal CEF and RSV-trans-
formed CEF. Studies with mammalian cells using 3T3 and SVAO-transforméd
3T3 cells labeled externally with [Y—32P]ATP indicated that (i) pro-
tein kinase activity was detected in the external cell surface,

(ii) differences in protein kinase activities were found betw;en
normal and SV40-transformed celis, and (iiii the phosphorylation

pattern of cell surface proteins varied between normal and SV40-trans-

formed 3T3 celis.
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Using techniques similar to Mastro and Rozengurt (1976), intact normal
CEF and RSV-transformed CEF were incubated with [Y—32P]ATP while they
were still attached to the culture plates. Because ATP is not taken up
directly by intact cells, only the external cell surface was éxpected
to participate in the phosphorylation reaction. External cell surface
protein kinase activity was measured in normal and RSV-transformed CEF
and pattern of protein phosphorylation were determined by SDS-PAGE.

In addition, using wild-type RSV and a transformation-defective
temperature~sensitive RSV mutant, experiments were done to establish

if changes in protein kinase activity at the cell surface and in the
pattern of surface protein phosphorylation occur spcifically in associ-

ation with oncogenic transformation.
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MATERIALS AND -METHODS

A. Cells and Viruses

Primary chick embryo fibroblast cultures were prepared from 1l1-
day old COFAL negative chick helper factor negative embryo essentially
according to the procedure of Vogt (1969). The limbs, head and interna;
organs of the chick embryo were removed. The bodies were minced with
scissors. The tissue was washed twice with phosphate buffered saline
(PBS) and then it was incubated with 0.25% trypsin for 30 min at 37%¢.
The cell suspension was filtered through sterilized cheese ¢loth and
then the cells were pelleted by centrifugation for 5 minutes at 1500 rpm
in a 50 ml plastic centrifuge tube (Falcon). Normal cells were seeded
at a density of leO7 cells per 100.mm plastic Petri dish (Corning) in
medium 199 supplemented with 2% tryptose phosphate broth (TPB), 1%
calf serum and 17 heat-inactivated chick serum (2:1:1). To prepare
Rous sarcoma virus (RSV) transformed cell cultures, cell pellets were
incubated with wild-type Schmidt-Ruppin RSV (subgroup A) at a multi-
plicity of approximately 1 focus-forming unit per cell at 37°C.  After
1 hour, medium 199 (2:1:1) was added and all primary cultures were
grown to confluency (approx. 3 days) at 39°¢.

Secondary cultures were prepared from trypsinized (0.057 tryp-
sin) infected and uninfected primary cells. They were plated in
medium 199 (10:4:1) at a density of approximately 6X105 cell pér 60 m

plastic Petri dish (Falcon) and they were cultured at specified

Nt wrw e
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temperatures. Medium was frequently changed (every day or two) to en-
sure that the normal cells were actively proliferating.
I}

Cultures infected with the temperature-sensitive src¢ mutant

NY68 (Kawai and Hanabusa, 1971) were prepared in a similar manner and

secondary cultures were grown at either 36° or 41°C.

B. Standard Cell Surface Phosphorylation Procedure

Phosphorylation of the external plasma membrane was performed
using a modification of the procedure of Mastro and Rozengurt (1976).
The medium was removed and the cultures were washed twice with 4 ml of
solution A [0.03M Tris/acetate (pH7.5) containing 0.15M NaCl and 4mM
Mg acetate] and then they were preincubated at 37°C for 5 min in 2 ml
of standard reaction mixture consisting of 0.03M Tris/acetate (pH
7.5), 0.15M NaCl, 4mM Mg acetate, 0.lmM sodium phosphate, 0.01M NaF and
0.3mM EGTA. The phosphorylation was initiated by the addition of 1.5
nmoles of [Y—32P]ATP (specific activity 3-5 Ci/mmol) and the cultures
were incubated.for 20 minutes at 37°C. The reaction was stopﬁed by re-
moving the reaction Amixturé and - washing twice with iceiésld solution
A containing 0.01M NaF and l1mM ATP (solution B). Five ml of ice-cold
10% TCA in 0.1N.phosphoric acid was added and the precipitate was
scraped into a centrifuge tube. The suspension wag combined with 0.2
ml of 0.1% BSA and then centrifuged at 1500 rpm for 15 min. at 4°C.
The supernatant was rembved,‘éhe pellet was dissolved in 0.2 ml of
ice-cold 1N NaOH and precipitation was again carried out with 5 ml of
- cold 5% TeA containing 0.05N phosphoric acid. This step was repeated
once more and the final precipitate was solubilized in 0.2 ml of

either 1N NaOH or NCS and the amount of 32? was measured on. a Beckman
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liquid scintillation counter using Formula 950A triton-toluene scinti-
llation fluid. The amount of phosphate incorporated was calculated
from the amount of radicactivity detected and was expressed as the

number” of pmoles of phosphate.

C. Characterization of Phosphorylated Product

Cultures were phosphorylated under standard phosphorylation
conditions and after three washes with ice-cold solution B the cells
were scraped into ice-cold water. The cell suspensions from several
p{ftes were combined and were lysed by freezing and thawing three
times and then they were sonicated until a homogeneous suspension was
formed. The lysate was divided into a number of equal aliquots for
individual treatments. Samples were digested with pronase (25 ug/ml),
cryskalline trypsin (50 pg/ml) or ribonuclease A (60 ug/ml) in 0.05M
Tris/HC1 (pH7.0) and with deoxyribo;uélease I in 0.05M Tris/HC1l (pH
7.0) containing 1lmM MgClz. Hydroxylamine treatment was also carried
out, according to Hokin et al.(1965). For all treatments, incub;tion was
performed using 1IN NaOH at 37°C for 1 hour. Acid hydrolysis was at
100°C for 1 hour. For ethanol:ether extraction, samples were pre-
cipitated with iO% TCA, centrifugéq at 1500 rpm and the precipitates
were washed with 10% TCA. The pellets were resuspended in ethanol:
ether (1:3, v/v) and incubated at 37°Q for 30 min. The samples were
centrifuged and the procedure was repeated with a 10 min. incubation.
Following treatment all samples were combined with an equal volume of
107 TCA containing O.lN'phosphoric acid, and precipitates were collect-
ed by centrifugation and redissolved in 1IN ice—colb NaOH. This step

was repeated twice and the final precipitates were collected by



19 4

filtration and the amount of radioactivity present was determined by
scintillation counting. Controls were done by incubation of samples

in 0.5M Tris/HCl (pH7.0).

D. Thin Layer Electrophoresis

1. High Voltage Paper Electrophoresis~

Cells were phosphorylated using the standard procedure and 10%
TCA in O0.IN phosphoric acid was added and the precipitates were pellet-
ed by centrifugation as described above. The pellet was resuspended in
ethanol-ether (3:1, v:v) and the mixtu;e was incubated at 37°C for 30
min. The samples were centrifuged and the procedure was repeated with
a 10 min incubation. The samples were allowed to air-dry and then they
were hydrolysed in 6N double~distilled HCl under vacuum at 110°C for 6
hrs. Samples were lyophilized, combined with unlabelled O-phospho-L-
serine and phosphothreonine markers and spotted on Whatman 3mm paper.
Electrophoresis was carried out for 3 hours at 400V using 0.1M phos-
phoric acid (pH2.5) as the electrode buffer. After electrophoreéis,
the chromogram was dried, stained with ninhydrin and autoreadiography

was carried out using Kodak RP Royal X-Omat film.

2. Two-Dimensional Thin Layer Electrophoresis

Cells were phosphorylated and processed as described above.
For acid hydrolysis the precipitates were incubatéd in 6N HCL for 2
hours at 110°C under vacuum. The HCl was reméved by freeze-drying
and the hydrolyzates wére dissolved and combined with a marker mix-
ture containing unlabelled phosphoserine, phosphothreonine, and

phosphotyrosine (see appendix 1) each at 1 mg/ml. The acid hydroly-
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zates were then analyzed on cellulose thin layer plates (100 p) by two
dimensional electrophoresis. The first dimension was ran at pH1.9 ggr
2 hours at 1000V in a buffer containing glacial acetic acid, formic
acid and water in a ratio 78:25:897 (vol/vol). After rotating the
plate 900, the second dimension was run at pH3.5 for 45 minutes at
1500V in a buffer contalning glacial acetic acid, pyridine and water
in a ratio 50:5:945 (vol/vol). The amino acia markers were located

by ninhydrin staining; the radioactive material was located by auto-
radiography using Kodak RP Royal X-Omat film. After the autoradio-
graphy was done, the ninhydrin~stained spot on the cellulose plate was
scraped. The phosphoamino acid was eluted from the cellulose by wash-
ing three times with 100 ul of 0.1M HCl. The HC1l was then collected
and pooled together and the amount of 32? was measured on a Beckman
liquid scintillation counter using Formula 950 A triton-toluene

scintillation fluid.

E. Sodium dodecyl sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Cells were phosphérylated using the stanéard procedure except
that a higher specific activity of [Y—32P]ATP (30 Ci/mmole) was used,
and following two washes with ice-cold solution B, cells were solubil-
ized directly on the plate in 0.8 ml of sample buffer containing 0.05M
Tris/HC1 (pH6.8), 1% SDS, 1% 2-mercaptoethanol, 2mM PMSF, 10% glycerol
and 0.001% bromophenol blue. The samples were heated for\2 min. at
100°C. The labeled proteins were analyzed by SDS-PAGE using a system
based on that of Laemmli (1970) consisting of a 5% acrylamide stacking

gel and a 7.5 to 15% acrylamide gradient separating gel. The ratio of
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acrylamide to N-N'-bis-methylene acrylamide was 30:0.8. In addition,
the separating gel contained 0.375M Tris/HC1 (pH8.8), 17 glycerol,
0.025% (v/v) TEMED and 0.1% SDS. The gels were polymerized chemically
by the addition of ammonium persulfate as was the stacking gel which
consisted of 5% acrylamide containing 0.125M Tris/HC1 (pH6.8), 0.5%
glycerol and 0.1% SDS. The electrode buffer contained 0.025M Tris/
HCl (pH8.3) and 0.192M glycine and 0.1% SDS. Electrophoresis was
.-carried out at constant current of 35 mAmps until the .bromophenol
blue marker reached the bottom of the gel (about 4 hours). Gels were
stained with Coomassie Blue, destained with several changes of isopro-
panol-acetic acid and then dried under vacuum. Autoradiography was

carried out using Kodak RP Royal X-Omat film.



22

RESULTS

A. Characterization of the Phosphorylated Product

Incubation of intact normal and RSV-transformed CEF growing on
tissue culture plates with [Y—32P]ATP under standard phosphorylation
conditions resulted in the incorporation of 32P into TCA-insoluble
material (see table 1). The incorporated radiocactivity could have re-
sulted from either the incorporation of the labeled y-phosphate of ATP,
or the incorporation or binding of the entire ATP molecule. In order
to distinguish between these two possibilities the incorporation of 32P
using [a—BZP]ATP and [Y-32P]ATP at the same specific activities and
containing an equal amount of labeled ATP were compared. As shown in

2P]ATP incorporation of 32P was less than 3% of levels

Table 1, with [o->
obtained with [Y—32P]ATP. Thus the uptake of 32P appeared to be due to
the incorporation of the y-phosphate of ATP rather than the entire ATP
molecule.

In order to assess the nature of the phosphorylated product,
the labeled material was analyzed using several enzymatic and chemical
treatments. To determine if phospholipids were labeled in the reaction,
the TCA-insoluble material was extracted twice with ethanol:ether (1:3,
v:v) to remove the phospholipids. As shown in Table 2, this treatment
failed to remove any radioactivity, indicating that little 32? was
present in phospholipids. The incorporated label was also resistant

to DNase and RNase (Table 2), thuds showing that nucleic acids were not

phosphorylated to any significant degree during the reaction. However,
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TABLE 1

"Incorporation of 32P using [a32P]ATP and [Y32P]ATP

. 32 % .
Incorporation of ~7P Ratio
(cpm)

32 32 [a32P]ATP
Cells {o"“PlATP [y “plaTP =5
[y “PlATP

CEF 65 2573 0.025

RSV-CEF 67 3543 0.019

—

-
* ;

External cell surface phosphorylation of normal and RSV-transformed
CEF was carried out under standayd conditions using either [Y32P]ATP
or [a32PJATP present in equal amounts of radioactivity.



Characterization of Phosphorylated Substrate

24

TABLE 2

*
% 32P remaining (vs contrdls)

Treatment CEF RSV-CEF
Control 100 100
deoxyribonuclease 97 98
ribonuclease 100 100
pronase 33 21
trypsin 29 27
IN HC1 6 3
1N NaOH 4 2
ethanol-ether 100 100
hydroxylamine 100

100

%

Cells were phosphorylated using [Y32P]ATP and then equal aliquots were
subjected to various treatments, as described in Materials and Methods.
The data has been presented as the % of radioactivity remaining after

treatment vs controls which were incubated in buffer alone.

The amount

of radioactivity present in controls was 1169 cpm for CEF and 1589 cpm

for RSV-CEF.
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the labeled material was sensitive to pronase, trypsin and hot HCl. As
shown in table 2, over 70% of the radiocactivity was removed after the
labeled material was treated with trypsin and pronase and only about 5%
of the radiocactivity was left after the hot HCl treatment. These re-
sults indicated that protein was the major phosphorylated product. Mild
alkaline hydrolysis removed over 95% of the radioactivity but hydroxyla-
mine treatment failed to remove any significant quantity of 32?. These
data suggested that phosphorylation was not via an acyl-phosphate linkage
but rather appeared to be a phosphomonoester bond. This conclusion was
strengthened by the results described below involving acid hydrolysis
(Fig. 1) and SDS-PAGE analysis (Fig. 12). These processes also would
have been expected to remove 32? if phosphorylation had been via an
acyl-phosphorylate linkage. Thus the properties of the phosphorylated
product suggested a phosphomonoester linkage to a protein.

The nature of the phosphate bonding was further characterized
by acid hydrolysis followed by high voltage electrophoresis. Labeled
material was hydrolyzed in 6N HCl at 110°C under vacuum for 6 hours and
the hydrolysate was analyzed by high voltage paper electrophoresis. As
shown in Fig. 1, with both normal and RSV-transformed CEF, four labeled
species were detected. The first, which was located furthest away from
the origin, migrated in the position of inorganic phosphate. A second
species, which did not migrate far from the origin, probably represented
incompletely hydrolyzed polypeptides. A third major labeled species co-
migrated with authentic phosphoserine marker. A fourth minor species,
which was barely detectable, comigrated with phosphothreonine marker.

Phosphoserine and phosphothreonine have been found to be the major

e e
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FIGURE 1
Analysis of hydrolysed 32P—labeled cells by high voltage
paper electrophoresis. Normal and transformed cells were phosphory-
lated, then hydrolysed and subjected to high voltage paper electro-
phoresis as described in Materials and Methods. The arrows marked
P-Ser and P-Thr indicated the positions of ninhydrin-stained

phosphoserine and phosphothreonine markers.

4
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phosphoamino acids present in nature, phosphorylation occurring as a
result of the action of protein kinase (Rubin and Rosen, 1975). All
these results suggested that the incorporation of [32P] phosphate

following incubation of intact normal and RSV-transformed cells with

32P]ATP was due to protein kinases.

[y~
There are now two reports (Hunter and Sefton, 1980; Collett et
al., 1980) which demonstrate that RSV pp60§££ protein kinase is tyro-
sine-specific and RSV-transformed CEF contain as much as 8-fold more
phosphotyrosine than do normal CEF (Hunter and Sefton, 1980). Since
phosphotyrosine is relatively unstable under standard conditions of
hydrolysis and also phosphotvrosine and phosphothreonine comigrate
under the present conditions of electrophoresis, a further attempt was
made to analyze the phosphoamino acids. Labeled material was hydrolys-
ed in 6N HC1 at 110°C under vacuum for 2 hours and the phosphoamino
acids were separated by two-dimensional electrophoresis on cellulose
thin layer plates. As shown in figs. 2 and 3, under these conditions
phosphoserine, phosphothréonine and phosphotyrosine were well separat-
ed. Again, phosphoserine and phosphothreonine represented the major
labeled species in both normal (fig. 2) and RSV-transformed cells
(fig. 3). As shown in table 3, phosphoserine, phosphothreonine and
phosphotyrosine represented about 65, 35 and less than 0.1%, respect-
ively, in both normal and RSV-transformed cell preparations. No
significant increase in labeled phosphotyrosine was observed with

RSV-transformed cells, suggesting that tyrosine-specific src-related

protein kinase activity is not detected by the present method.

.\1\’
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Figure 2

Identification of phosphoamino, acid composition of 32P—labeled
normal CEF. Normal CEF weré phosphoryvlated and hydrolysed in 6N HC1
for 2 hours at 110°C. This material was then combined with unlabeled
phosphoserine, phosphothreonine and phosphotyrosine markers and the
mixture was analyzed by two dimensional thin layer electrophoresis
as described in Materials and Methods. The positions by labeled amino
acids and of the markers were determined by autoradiography and ninhy-
crin-staining, respectively. The dashed lines indicate the positions

of ninhydrin-stained reference markers.
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FIGURE 3
Identification of phosphoamino acid composition of 32P—labeled

RSV-transformed CEF. RSV-transformed CEF were phosphorylated and
hydrolysed in 6N HC1l for 2 hours at 110°C. This m;terial was then
combined with unlabeled phosphoserine, phosphothreonine and phos-
photyrosine markers and the mixture was analyzed by two—dimensioh;i
thin layer electrophoresis as described in Materials and Methods.‘

The positions of labeled aﬁino acids and of the markers were deter-
mined by autoradiography and ninhydrin staining, respectively. The
dashed line; indicate the positions of ninhydrin-stained reference

markers.
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TABLE 3

*
Abundance of Phosphoamino Acids in Cells

Cells Phosphoserine Phosphothreonine Phosphotyrosine
CEF 64.7 35.2 0.09
RSV-CEF 65.1 34.8 0.09 e

*The cells were phosphorylated under standard conditions and subjected
to two-dimensional electrophoresis as described in Materials and
Methods. The phosphoamino acids, which were visible by ninhydrin-
staining, were scraped from the thin layer plates and eluted from
cellulose by washing three §§mes with O.1IN HC1l. The HCl washes were
combined and the amount of P was measured on a Beckman liquid
scintillation counter using Formula 950A triton-toluene scintillation
fluid. An arbitrary spot on the thin layer plate was also scraped and
the radioactivity was measured as background control. The amount of
each phosphoamino acid was calculated as the percentage of total
phosphoamino acids detected.

R i e
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B. Characterization of the Phosphorylation Reaction

Various parameters of the protein kinase reaction with normal
and RSV-transformed CEF incubated with [Y—32P]ATP directly on culture
plates were analyzed. As shown in fig. 4, under the standard assay
conditions the rate of 32P incorporation was approximately constant for
at least 60 minutes in normal CEF. With RSV-transformed CEF, there was
a rapid initial rate of incorporation for the first 10 minutes, follow—
ed by a slower rate similar to normal CEF. The amount of 32P incorpor-
ation was measuréd with different cell densitites. As shown in fig. 5,

2P incorporation increased linéarly with cell number with both normal
and RSV-transformed CEF. The incorporation of 32P was markedly
dependent on the concentration ;f Mg2+ and 10mM appeared to be optimal
for botﬁ normal and RSV-transformed CEF (fig. 6). The incorporation

of 32P was proportional to the amount of ATP present, at least up to

5 nmoles (fig. 7). As shown in fig. 8 and 9, the incorporation of 32?
was also affected by temperature and pH, and both normal and RSV-
transformed cells showed an optimal temperature and pH of 41°C and
pH7.5. The reaction kinetics of the protein kinase}detected in both
normal and RSV-transformed CEF were found to be very similar, the

only difference being that the levels of 32? incorporation were

generally higher with transformed than with normal cells.

C. Localization of the Protein Kinase and its Phosphate Acceptors

The data presented so far have shown that proteins are the
principle, if not the only, phosphorylated product in the reaction.
However, it was still not.clear that phosphorylation tock place

exclusively at the external cell surface. Several kinds of evidence
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FIGURE 4
Effect of period of incubation on cell surface protein kinase
activity. Normal and RSV-transformed CEF were phosphorylated as de-
scribed in Materials and Methods except that the period of incubation
was varied as indicated. The number of pmoles of phosphate incorpor-
ated was determined from the incorporation of 32P into TCA-insoluble
material. The values given represent the average two separate

determinations.
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FIGURE 5

Effect of cell number on cell surface protein kinase activity.

Normal and RSV-transformed CEF were phosphorylated as described in
Materials and Methods except that the number of cells per plate
was varied as indicated. The number of pmoles of phosphate incor-
porated was determined from the incorporation of 32P into TCA-
insoluble material. The values given represent the average of two

separate determinations.

RSV-CEF (e—w). Normal CEF (o—vo).
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FIGURE 6
2+ - . .
Effect of Mg concentration on cell surface protein kinase
activity. Normal and RSV-transformed CEF were phosphorylated as de-
scribed in Materials and Methods except that the Mg2+ concentration
was varied as indicated. The number of pmoles of phosphate incor-
porated was determined from the incorporation of 32? into TCA-
insoluble material. The values‘given represent the average of two

separate determinations.

RSV-CEF (e—w®). Normal CEF (o—0).
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FIGURL 7
Effect of ATP concentration on cell surface protein kinase
activity. Normal and RSV-transformed CEF were phosphorylated as
described in Materials and Methods except that the ATP concentra-
tion was varied as indicated. The number of pmoles of phosphate
incorporated was determined from the incorporation of 32? into
TCA-insoluhle material. The values given represent the average of

two separate determinations.

RSV-CEF (e—we). Normal CEF (o—v0).
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FIGURE 8
Effect of temperature on cell surface protein kinase activity.
Normal and RSV-transformed CEF were phosphorylated as described in
Materials and Methods except that the temperature was varied as
indicated. The number of pmoles of phosphate incorporated was deter-
mined from the incorporation of 32? into TCA-insoluble material. The

values given represent the average of two separate determinations.

RSV-CEF  (e—9). Normal CEF (o—0).
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FIGURE 9
Effect of pH on cell surface protein kinase activity. Normal
and RSV-transformed CEF were phosphorylated as described in Materials
and Methods except that the pH was varied as indicated. The number
of pmoles of phosphate incorporated was determined from the incor-
poration of 32? into TCA-insoluble material. The values given

represent the average of two separate determinations.

RSV-CEF (e——v»). Normal CEF (o~—o).
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suggested that such was the case. While ATP does not enter the cell
readily, it was possible that [Y—32P]ATP was hydrolyzed, and internal
proteins were phosphorylated from the incorporation of [32P] phos-
phate, rather than from the direct utilization of [Y—32P]ATP by exter-
nal cell surface protein kinases. To investigate this possibility,

two control experiments were carried out. First, the proportion of
free [32P] phosphate generated from [Y—32P]ATP which had been incubated
in the standard reaction mixture for 20 minutes at 37°C was measured
by ascending chromatography (see appendix II). Less than 10%Z of 32P
migrated away the bulk of the [Y—32P]ATP (appendix II) indicating that
hydrolysis occurred in only a minor fraction of the total ATP present.
Furthermore, any free 32P0A should have been effectively diluted out

by the 10,000 fold excess of cold phosphate present in the reaction
mixture. Second, since free phosphate could enter the cell readily,

it is possible that internal proteins would utilize the phosphate.

In order to examine this possibility, the pattern of protein phos-
phorylation of RSV-tranSformed CEF labeled with [Y—BZP]ATP and [32P]
phosphate (equal amount of radioactivity and under the same conditions)
were directly compared by SDS-PAGE. As shown in fig. 10, incorporation
of radioactivity was detected in both cases. Over 25 polypeptides
were phosphorylated when ATP was used. However, when [32P] phosphate
was used, fewer polypeptides were fabeled and the amount of incorpor-
ation was very much reduced relative to [Y—32P]ATP, and the pattern

of phosphorylation was clearly different. Similar results were also
obtained using normal CEF (data not shown). These results suggested

that the protein phosphorylation found in the present system did not
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FIGURE 10

Analysis of 32P—labeled proteins by SDS-PAGE. RSV-transformed
CEF were phosphorylated under various conditions and the labeled pro-
ducts were analyzed by SDS-PAGE. A. Standard cell surface phosphory-
lation (1.5 nmoles [Y32P]ATP containing 45 uCi). B. Standard cell
surface phosphorylation as in A, followed by treatment with 100 ug/ml
trypsin for 10 min at 37°c. C. Cells incubated under standard
conditions except 45 uCi of 32?04 used instead of [Y32P]ATi’.
D. Arginine-rich histone (2 mg) was added to the reaction mixture
used for a standard surface phosphorylation reaction. After incuba-
tion, the reaction mixture (containing histone) was removed and a

small fraction was analyzed. Tor A to C, and equal amount of cell

protein was analyzed.
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result from the hydrolysis of [Y-BZP]ATP and subsequent utilization of
liberated 32P04'

Direct evidence also indicated that only external cellular pro-
teins were phosphorylated. If the labeled proteins were located at the
external cell surface, the radioactivity should be sensitive by trypsin
treatment. As shown in fig. 10, RSV-transformed CEF were treated with
crystalline trypsin following the standard phosphorylation procedure
using [Y—32P]ATP. Virtually all of the labeled material (>95%) was
removed by the trypsin treatment. To demonstrate further that the
protein kinase activity was present on the external cell surface,
experiments were carried out in which histones were added to the reac-
tion mixture as an exogenous substrate. The histones were then
analyzed by SDS-PAGE. As shown in fig. 10, experiments using RSV-
transformed CEF indicated that all three major separable arginine-rich
histone species were labeled with 32P. Similar results were also
obtained using normal CEF (data not shown).

It was also possible that the observed protein kinase activity
originated from enzymes that were released from dead cells. This
possibility was examined by staining the monolayer with trypan blue
"following the washing and incubation procedure. There were very few,
if any, stainable dead cells in the monolayer (data not shown): Also,
the reaction mixture following the incubation procedu;e was recovered
and assayed for protgin kinase activities using [Y—32P]ATP and histones
as substrates. No detectable protein kinase activity was detected
under these conditions (Table 4). These results indicated Fhat

significant amounts of protein kinase were not released into the
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TABLE 4

Protein Kinase Activity to Conditioned Incubation Mixture

Assay

Cells Conditions Incorporation of 32P
(cpm)
CEF + cells 2453
-~ cells 12
RSV-CEF + cells 3689
- cells 9

*Phosphorylation was carried out as described in Materials and Methods
except that the incubation mixture contained 2 mg of histone. The
incubation mixture was collected after the incubation and any detached
cells were removed by centrifugation. The histone was then precipi-
tated by ice~cold TCA and radioactivity incorporated was measured. In
another case, 2 ml of reaction mixture containing 2 mg of histone was
incubated with cells under standard conditions except that no ATP was
added. The incubation mixture was then collected and any detached
cells were removed by centrifugation. Protein kinase activity in the
conditioned incubation mixture was then assayed in the absence of any
cells.
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reaction mixture during the incubation period. Finally, protein kinase
activity was also assayed with culture medium containing serum. Again,
as shown in table 5, no detectable protein kinase activity were detect-
ed in culture medium. Thus, it appeared that incubation of normal and
RSV-transformed CEF with [Y—32P]ATP under the present conditions re-
sulted primarily in the phosphorylation of extermal cell surface
proteins by protein kinases located at the external surface of the

plasma membrane.

D. Effect of Cyclic Nucleotides on External Surface Protein Kinase

Acitivities

It is well known that the activities of certain classes of
protein kinases can be stimulated by cyclic AMP and cyclic GMP. In
order to determine if the external cell surface protein kinases can
be stimulated by these cyclic nucleotides, cAMP and cGMP were added
to the reaction mixture at various concentrations and phosphoryla-
tion was carried with both normal and RSV-transformed CEF, and the
amount of 3?'P incorporation into cell surface proteins was measured.
In a companion experiment, histone was also present in the reaction
mixture added to cells, and following the incubation period, this
mixture was removed to determine the incorporation of 32P into histone.
As shown in figs. 11A and liB, the incorporation of 32? in both normal
and RSV-transformed CEF was slightly stimulated by cAMP and cGMP. The
maximum stimulation observed was 307 (i.e. 1.3 fold) which was not a
great deal more than the level of experimental error. As a positive
control, purified beef heart cAMP-depeundent protein kinase was incu-

bated with [Y—BZP]ATP and arginine-rich histone under the same condi-
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TABLE 5

Protein Kinase Activity in Medium 199 (10:4:1)

. 32 %
Material Incorporation of P
(cpm)
Medium 199 (10:4:1) 6
2453

CEF

K0.2 ml of medium 199 (10:4:1) was added to 2 ml of reaction mixture
containing 2 mg of histone. Phosghorylation was carried out at 37°C
for 20 min in the presence of [Y3 PJATP. The reaction was stopped by
adding 2 ml icezgold 207 TCA. The precipitate was then collected and
washed and the 7P incorporated was measured by scintillation count-

ing.
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FIGURE 11
Effect of cyeclic nucleotides on cell surface protein kinase

activity. The standard reaction was carried out in the presence or
absence of histone (2 mg) using reaction mixture containing various
concentrations of either cyclic AMP or cyclic GMP. The amount of

ZP incorporated into cells was determined as described in Materials
and Methods. With cultures incubated in the presence of histone,
reaction mixture was removed, then centrifuged to remove detached

32

cells and the P present in histone was measured. The data has
been plotted in terms of 32? incorporation relative to samples
containing no cyclic nucleotides. As a control, purified cyclic
AMP-dependent beef heart protein kinase (5 pg) was reacted under
identical conditions using histone substrate. A. Effect of cyclic
AMP. @---f1) beef heart protein kinase. Normal CEF without (o—0)
and with (o---0) exogenous histone. RSV-transformed CEF without
(e—9o) and with (e---e) histone. B. Effect of cyclic GMP. Same
symbols as A. (No beef heart kinase studies included). The amount
of phosphate incorporation for normal and transformed cells in the
absence of histone was 3.45 and 3.80 pmoles, and incorporation into
histone was 3.64 and 4.86 pmoles respectively. The data represent
the average of 4 separate determinations. Experimental error over-

all was about 8-14%.
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tions. As shown in fig. 11A, over a 3-fold increase in kinase activity
was observed with cAMP. These results suggested that if cyclic nucleo-
tide-dependent protein kinases exist at external cell surface, they are
present only in verv low quantities. The analysis of the pattern of
phosphorylation by SDS-PAGE also confirmed these results., The addition
of ¢AMP and c¢GMP had no detectable quantitative effect of the phos-
phorvlation of any polypeptides present in normal and RSV-transformed

CEF (see below, Fig. 12).

E. External Cell Surface Protein Kinase Activity in Normal and RSV-

Transformed CEF

The data described in Fig. 5 suggested that RSV~transformed
CEF contained higher protein kinase activity than normal CEF. In
order to examine this difference more precisely and determine whether
or not it is transformation-specific, experiments were carried out
with uninfected, wild-type-infected and temperature-sensitive mutant
NY68-infected cells. Cells were cultured at both 36°C and 41°C and
all assays were done at 36°C. In order to obtain a quantitative com-
parison, protein kinase activity was expressed in terms of 3X106 cells
or 500 ug of cell protein. As shown in Table 6, the following results
were obtained: (i) culture temperature did not affect the kinase
activity in uninfected cells, or in wild-type RSV-infected cells which
were phenotypically transformed at both 36°C and AIOC, (iii) approx-
imately 1.5-fold higher kinase activity was found in wild-type RSV-
transformed cells than in uninfected cells at both culture tempera-
tures, (iii) with NY68~infected cells cultured at 36°C the level of

kinase activity was similar to wild-type infected cells, but
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TABLE 6

External Cell Surface Protein Kinase Activity in Normal and RSV-Transformed CEF

.

lk *
CEF Cell Growth Phosphate Incorporation Phosphate Incorporation
Infected Temperature (cpm per 3X10° cells) (cpm per 500 ug nmenmwpw
with [ratio vs uninfected at 36°CJ [ratio vs uninfected at 36 C]
uninfected 36°¢C 937 + 48 [1] 694 + 36 [1]
51°¢ " 914 + 52 [0.98) {1.0]
wild-type 36°¢C 1426 + 85 [1.52] [1.53]
SR-RSV () 41°¢ 1446 + 79 [1.54] [1.45]
NY68 36°C 1412 + 47 [1.51] 1079 + 36 [1.55]
41% 990 + 94 [1.06) 657 + 63 [0.95]

*c:wsmmnnma. wild-type RSV-transformed and NY68-infected cells were cultured at both 36 mwm 41°¢.
These cells were then phosphorylated under standard conditions at 36°C and the amount of P in-
oovanwnwm: was measured. The results presented were from two completely separate experiments.

In one, P incorporation was normalized to cell number based on quadruplicate cell counts of
identical sister cultures. In the other it was normalized to protein concentration as amnwmswsmm
directly by the method of Lowry et al. (1951). The data presented represent the amount of P in-
corporation (+ mwm standard deviation) based on 4 separate determinations. Using Student's t-test,
differences in P incorporation for uninfected cells grown at 36 and 41°C were not significant
(P>.25), nor were they significant for wild-type RSV-transformed cells grown at the two temperatures
(P>.25). There was a significant difference in incorporation between uninfected and wild-type RSV~
nww:mmwmsma cells grown at 36°C (P<0.005) and at bﬁoo (P<0.005). With NY68-infected cells grown at
36°C, P incorporation was not significantly different from wild-type RSV-transformed cells (P>.25)
but was mwmswmmow:mwz higher than with uninfected cultures (P<0.005). With NY68~infected cells grown

at uuoo. P incorporation was significantly lower than with wild-type RSV-transformed cells (P<0.005),

but was not significantly different than with uninfected cells (P>.25).
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significantly (v 1.5-~fold) higher than in uninfected cells, (iv) with
phenotypically normal NY68-infected cells cultured at 410C, the level
of kinase activity was lower than that in wild-type infected cells, but
it was similar to that in uninfected cells. Thus these results demon-
strated that RSV-transformed cells possess approximately 50% higher
external cell surface protein kinase activity than normal CEF and such

increase was transformation specific.

F. Analysis of the Pattern of External Cell Surface Protein Phosphory-

lation by SDS-PAGE

The pattern of external cell surface protein phosphorylation
was analvzed by SDS-PAGE. As shown in Fig. 12, the pattern of labeled
polypeptides with both normal and RSV-transformed CEF Were quite com-
plex. The phosphoproteins ranged in size from <15,000 to >200,000
daltons as judged by molecular weight markers. As discussed above
(Page 52), addition of cAMP or ¢GMP to the reaction mixture had
absolutely no effect on the pattern of phosphorylation wigh either
normal or transformed cells, indicating that little or no cyclic
nucleotide ~dependent kinase activity was present on the external cell
surface.

Although several quantitative differences were detected between
the normal and RSV-transformed CEF, four major phosphoprotein altera-
tions were consistently detected over the course of many experimeﬁts.
Three polypeptides with molecular we{ghts of 110,000, 95,000 and
90;000 (referred as 110K, 95K and 90K) were highly phosphorylated in

RSV-transformed CEF but virtually not phosphorylated in normal CEF.
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FIGURE 12

Pattern of cell surface protein phosphorylation in normal and
RSV-transformed CEF as determined by SDS-PAGE. Normal and transformed
CEF were phosphorylated under standard conditions in the absence of
cyclic nucleotides or in the presence of cyclic AMP(10~6M) or cyclic
GMP(lO_SM). An equal amount of radiocactivity for each was analyzed
by SDS-PAGE. Transformed CEF incubated in the presence of cyclic GMP
(A), cyclic AMP (B) or no cyclic nucleotides (C). Normal CEF incubated

in the absence of cyclic nucleotides (D) or in the presence of cyclic

AMP (E) or cyclic GMP (F).
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-In addition,- a protein with a molecular weight of 23,500 was phosphory-
lated far more in normal than in RSV-transformed CEF. It was unlikely
that these differences in protein phosphorylation resulted from the
presence of different amounts of these proteins on the normal and RSV-
transformed cells, as Coomassie blue-stained patterns were identical
in these regions (data not shown).

In order to examine whether these differences in protein
phosphorylation were trapsformation~specific, uninfected, wild-type
RSV-infected CEF and CEF infected with NY58 cultivated at 36°C and
41°C were phosphorylated. As shown in Fig. 13, differences in the
phosphorylation of these polypeptides were again detected between
normal and RSV-transformed CEF. Again, the phosphorylation of 110K,
95K and 90K was far higher in wild-type RSV-transformed cells than in
uninfected cells, and the phosphorylation of 23.5K was much less
(Figs. 12A and B). The phosphorylation pattern of NY68-infected CEF
cultivated at the permissive temperature was very similar to that
found Qith wild-type RSV-infected CEF (Fig. 13D). With NY68-infected
CEF cultured at tlye non-permissive temperatugf (Fig. 13A), no phosphor-
ylation of 95K was detected and the phosphorylation of 23.5K was
reasonably high. Some phosphorylation of 110K and 90K was detected
in these cells. The level of phosphorylation of these two peptides
was higher than in uninfected cells but lower than in transformed
cells. Thus these results suggested that the phosphorylation differ-
ences in 95K and 23.5K appeared to be transformation-specific whefeas

phosphorylation of 110K and 90K may not be.
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FIGURE 13
Cell surface phosphoproteins of normal and wild-type or NY68-
infected CEF. Uninfected and wild-type RSV-tranformed CEF grown at
36OC or NY68-infected CEF grown at either 36 or 41°¢ were phosphory-
lated under standard conditions. Equal amounts of radioactivity
were analyzed by SDS-PAGE. A. NY68-infected cells grown at 51°¢.
B. Uninfected normal cells. C. Wild-type RSV-transformed cells.

D. NY68-infected cells grown at 36°C.



(«-OLX) WBIOAA JB8IN0SJ0WN

1100

m:m.n_ Ao .%.,
T RN r’\w - >
o 3, Foomy
3
. ¢
ity ¢
e Raane Y5 .
S
——— TP

€0«
BE(—>

0 b

A

(,

K

o RS o e b
»



64

DISCUSSION

The present study was carried out to determine the effect of
RSV transformation on external cell surface protein phosphorylation in
chick embryo fibroblasts. By incubating intact cells on culture plates
with [Y—32P]ATP, protein kinase activity and phosphate acceptor pro-
teins were detected on the external cell surface of both normal and
RSV-transformed CEF. Transformation induces changes in both external
surface kinase activity and surface protein phosphorylation.

It was important to ensure that the incorporation of 32P
resulted from the phosphorylation of cell surface proteins by external
surface protein kinase. Analysis of the labeled material using several
enzymatic and chemical treatments indicated that neither nucleic acids
nor phospholipids were labeled to any significant degree by 32P. Pro-
teins were indeed found to be the only phosphorylated species and 32P
was bound to serine and threonine by a monoester linkage.

Several lines of evidence indicated that the protein kinases
and substrates are located at the external surface of the cells.
Firstly, the igcubation was cafried out under conditions in which ATP
does not enter the cell. Because ATP is not transported into intact
cells, it was likely that only external celi surface protein kinases
and substrates could participate in the phosphorylation reaction.
However, it was possible that ATP was hydrolyzed by cellular ATPases

and that 32P incorporation resulted from liberated 32?04. This poss-

ibility seems unlikely as an ATPase inhibitor, NaF, was present in the
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reaction mixture throughout the entire incubation period. Neverthe-
less, small amounts of ATP might still be hydrolyzed as it may not be
totally stable under the conditions of incubation. The amount of
32PO4 liberated during the course of the incubation period was
measured and less than 107 of ATP was hydrolyzed. Also, there was a
10,000-fold excess of cold PO, relative to 1.5nm of [Y—BZP]ATP present
in the reaction mixture. Thus any 32PO4 liberated from this [Y-32P]ATP
should have been effectively diluted out. 1In order to further examine
whether or not significant 32P incorporation could have resulted from
liberated 32P04’ cells were incubated with equal amounts of either
32?04 or [Y—32P]ATP. The results indicated that 32P incorporation was
considerably reduced using 32?04 and that the pattern of phosphoryla-
tion was markedly altered compared with that obtained using [Y—32P]ATP.
Again, these data indicated that the cell surface phosphorylation did
not result from incorporation of %ree 32?04. In addition, if signi-
ficant incorporation of 32PO4 resulted from hydrolysis of ATP, nucleic
acids and phospholipids should have been highly labeled, and such was
not the case. Secondly, virtually all of the incorporated 32? was
removed by trypsin treatment of cells following standard incubation
wfth [Y;32P]ATP. This result strongly suggested that all of the
labeled proteins were present on the external cell surface. If sig-
nificant incorporation resulted from 32PO4 which can be transported
into intact cells readily, it would have been expected that many of
the 32P—labeled protein would be resistent to trypsin treatment.

Finally, the demonstration that exogenous histone could serve as a

substrate suggested that the protein kinase activity being measured
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was present on the external surface of the cells, It was possible
that 3ZP incorporation was due to cytoplasmic protein kinases released
from cells into the reaction mixture or to protein kinases originating
from culture medium trapped in the cell monolayer after the washing
pfocedure. However, experiments carried out to directly test these
posei%ilities indicated that virtually no detectable protein kinase
activity was present in culture medi&m containing serum or in the
reaction mixture after the 20 minute incubation period. All these
data indicated that chick cells possess external cell surface protein
kinases capable of phosphorylating other cell surface proteins or exo-
genous protein substrates.

Various biochemical properties of chick cell surface kinase
were examined. The kinases present on both normal and RSV-transformed
chick cells had properties similar to those of other protein kinases
including dependence on Mg2+ (optimum Vv 10mM) and ATP concentration.
The temperature opti@um was about‘bloc, the body temperature of
chickens. The optimal pH was 7.5. The incorporation of 32P increased
linearly with the period of incubation and with the number of cells in
the culture. The properties of cell surface protein kinase in normal
and RSV-transformed chick cells were very similar, if not identical.

The cyclic nucleotide~-dependence of cell surface kinases was
also examined. Little effect of cyclic nucleotides was observed
either by the measurement of total 32? incorporation or by the
detection of increased phosphorylation of specific polypeptides as
shown by SDS-PAGE. Thus even though significant levels of cyclic

AMP-dependent protein kinases have been detected in purified chick
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cell plasma membrane preparations (Branton and Landry-Magnan, 1978;
1979) little such activity is expressed at the outer surface of the
cells. 1t 1s well known that cyclic AMP does not penetrate the cell
readily. Therefore it is possible that cyclic AMP-dependent protein
kinases exist at the cell surface, however, both the regulatory and
catalytic subunits (cf. Krebs and Beavo, 1979) would have to be pre-
sent at the external cell surface in order to be detected in the
present assay. Dibutyryl-cyclic AMP, which is an analog of cyclic AMP
and is transported into intact cells readily, was used in the present
assay in order to detect any cell surface cyclic AMP-dependent pro-
tein kinases in which the regulatory subunit is not located in the
external plasma membrane. The results were identical to those obtained
with cyclic AMP (data not shown). These data together suggested that
little cyclic AMP-dependent protein kinase was present on the external
cell surface. External protein kinase activity has also been detected
in normal and SV40-transformed 3T3 cells (Mastro and Rozengurt, 1976),
as well as with normal human fibroblasts and fibrosarcoma cells (Chiang,
Kang and Kang, 1979). A lack of cell surface cAMP-dependent protein
kinase was also observed with these cell types. 1In contrast, Schlager
and Kohler (1976) reported the presence of cyclic AMP-dependent pro-
tein.kinase activity on the outer surface of c-6 glioma cells. Thus
the absence of this class of enzyme may be typical of fibroblasts and
not of all cell types.

The levels of extérnal cell surface protein kinase activity
were normalized to a per cell or per mg cellular protein basis in

order to compare the difference in activity between normal and RSV-
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transformed chick cells. The results revealed that a 507% higher act-
ivity was found on RSV-transformed chick cells than on normal chick
cells. That this difference was specifically related to transforma-
tion, and not simply to replication of RSV, was shown in a study
carried out with the RSV src mutant, NY68, which is temperature-sensi-
tive for transformation but not virus production. The results from
these studies clearly showed that transformation was associated with
the increase in kinase activity and such increase was under the
control of the RSV src gene. A similar difference was also observed
in comparisons made between 3T3 and SV40-transformed 373 cells (Mastro
and Rozengurt, 1976), and thus viral transformation may generally be

associated with increased cell surface kinase activity.

There are several possible explanations for the higher external

cell surface protein kinase activity found in RSV-transformed chick
cells. It could result from the presence of an increased amount of
available substrates on the surface of transformed cells, as was
suggested in the case of SV40-transformed 3T3 cells (Mastro and
Rozengurt, 1976). However, this possibility seems unlikely in RSV-
transformed chick cells since the patterns of protein phosphorylation
in normal and RSV-transformed CEF were similar, with some exceptions.
Phosphoprotein phosphatase has been detected at the external cell
surface of 3T3 cells and such activity is higher than in SV40-trans-
formed 3T3 cells (Makin, 1979). It is possible therefore that such
phosphatase are also present at the external cell surface of chick

cells and that the increased 32? incorporation observed with RSV~

transformed CEF was due to lower levels of external cell surface
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phosphoprotein phosphatase.

There are several reports indicating that the RSV src protein
(pp60§££) is a protein kinase (Collett and Erikson, 1978; Levinson et
al., 1978). It is tempting to postulate that the increased 32? in-
corporation in RSV-transformed cells is due to the presence of pp60EEE
at the external cell surface. It is now believed that pp60§;—EE is
partially, if not entirely, associated with plasma membranes (Brugge
et al., 1978; Willingham et al., 1979; Krueger et@al., 1980; Court-
neidge et al., 1980). It has also been found that plasma membrane
purified from RSV-transformed CEF contain both pp()()—s—ES and src-related
protein kinase activity (Branton, unpublished result). However, in
studies using immunofluorescence involving src-specific antiserum,
Rohrschnefder (1979) concluded that pp60§££—was not found at the out-
side surface of RSV-transformed cells. It is known that pp60EES
undergoes an apparent autophosphorylation in the presence of ATP
(Erikson et al., 1979). 1In studies using cell surface phosphorylation
as employed in this report and antiserum from tumor-bearing rabbits
(supplied by Dr. J. Buchanan, M.I.T.) that contains antibodies to
pp60§££, I have been unable to precipitate a 32P-labeled polypeptide
with the characteristics of pp60§£g. Furthermore, unlike other classes
of known protein kinases that phosphorylate serine and threonine (Krebs
and Beavo, 1979), it has recently been shown that pp60-9’-3.-S protein
kinase specifically phosphorylates tyrosine (Hunter and Sefton, 1980;
Collett et al., 1980). The data in this report indicate that virtually
all of the 32? incorporation is alkali labile, while the tyrosine-

phosphate bond is relatively alkali stable. In addition, the
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majority of 32? was ﬁncorporated into phosphoserine and only a small
percentage was incor;orated into phosphothreonine as revealed by the
high voltage paper electrophoresis separation. Since the phosphotyro-
sine is relatively unstable under standard hydrolysis conditions and
also it would comigrate with phosphothreonine at low pH, a second
attempt took place to separate these amino acids. The phosphorylated :
polypeptides were hydrolyzed under milder conditions and the phospho-
amino acids were separated using two dimensional electrophoresis. -
Again the data confirmed the previous result that the majority of 32?
was incorporated into phosphoserine and virtually no 32P—phosphotyro—-
sine was detected. Thus these data suggest that pp60§£E—specific
protein kinase does not contribute significantly to the external
surface phosphorylation reaction. However, because the increased
level of surface kinase activity in the RSV-transformed CEF appears
to be under the control of pp60§55, this virus transforming protein
could regulate the activity of other surface kinases (or phosphopro-
tein phosphatases) directly via phosphorylation. It is also possible
that changes in the plasma membrane, including loss of fibronectin or
cytoskeletal elements, alterations in membrane fluidity, etc. (cf.
Nicolson, 1976) induced by pp60§£g, could lead indirectly to altered k
enzymatic activity through configurational modifications in the mem=-
brane.

The patterns of phosphorylation as analyzed by SDS-PAGE ”/
indicated four reproducible phosphorylation differences between

normal and transformed CEF. Using cells infected by the temperature-

sensitive src mutant, NY68, it was shown that the increased phosphory-
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lation of two of these proteins 110K and 90K, which were phosphorylated
more in transformed than in normal cells, did not appear to be entirely
transformation-specific. The level of phosphorylation of these two
polypeptides in phenotypically normal NY68-infected cells cultured at
410C, was higher than with normal infected g@lls, but considerably
less than with transformed CEF. This result could have been due to
leakiness of the mutant, however, it is more likely that virus repli-
cation which is normal at AIOC, affects their phosphorylation to some
extent. Neither the identity nor the function of these polypeptides
is known. It is possible that 90K is PrQOSEX, the precursor to RSV
envelop antigen (Eisenman and Vogt, 1978), however, this protein is
not normally phosphorylated. A third polypeptide, 23.5K was phos-
phorylated more in normal than in transformed cells and this differ-
ence was transformation-specific. TH; increased phosphorylation of a
fourth polypeptide, 95K, also appeared to be transformation-specific.
This protein could be related to the 95,000 dalton protein shown to
play a role, along with a 75,000 dalton protein, in hexose transport
{Banjo and Perdue, 1976; Shiu et al., 1977). 1In a study in which
plas&a membranes purifieﬁ from normal and RSV-transformed CEF were
phosphorylated in vitro using [Y—BZPJATP, it was found that increased
phosphorylation of 75K and 95K polypeptides occurred following trans-
formation (Branton and Landry-Magnan, 1979). Increased hexose trans-
port is an early phenotypic change associated with the onset of
transformation. Thus it is possible that phosphorylation of 75K and
95K play a role in altering sugar transport.

It is clear that a number of pathways in the cell are regulated
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by protein phosphorylation mediated by protein kinases (Rubin and
Rosen, 1975; Krebs and Beavo, 1979; Greengard, 1978). With the pre-
sence of both protein kinases and phosphoprotein phosphatases

(Makan, 1979) at the cell surface, the possibility is raised that
protein phosphorylation-dephosphorylation represents a mechanism in

the control of membrane-dependent properties. Cell surface mitogen
receptors may be regulated by this phosphorylation-dephosphorylation
mechanism in a fashion similar to that proposed for glucocorticoid
receptor (Nielson et al., 1977). 1In addition, external ATP is known

to alter a number of cell surface-dependent phenomena. The addition

of exogenous ATP will alter the cell volume (Stewart et al., 1969) in
ascites timor cells, cell adhesion, aggregation and movement in fibro-
blasts (Jones, 1966; Knight et al., 1966) and prevents insulin stimula-
tion of glucose transport in adipocytes (Chang and Cuatrecasas, 1974).
External ATP has also been shown to change membrane permeability to
various metabolites such as uridine, adneosine and 2-deoxyglucose in a
transformed mouse cell line but ‘not in normal mouse cells (Rozengurt

et al., 1977; Makan, 1978; Rozengurt and Heppel, 1979; Dicker et al.,
1980). Evidence exists that ATP may be translocated from the cytosol
to the exterior of the cell (Trams. 1974) and ATP may also be synthe~ i
sized at the external surface of the cell (Agren and Ronquist, 1969). f
The present data showing that both kinases and their phosphate accept- %
or proteins are detected in the external plasma membrane suggest that ;
at least some of the diverse effects of external ATP on the cell may
be mediated vira phosphorylation-dephosphorylation of the surface

membrane protein.
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At present, 1t is not clear .if surface phosphorylation occurs
between kinases and sabstrates on the same cell or if phosphorylation
can occur via edzyﬁes on neighboring cells. However, the incorporation
of 32? increased linearly as the Zell number increased. These data
ksuggested that phothorylatlon does not occur vig‘EnQymes on neighbor- .
ing cells alone. If this were the case, a rapid increase in incorpora-
tion of 32P would have b;en expected when cells came in contact with
neighboring cells (v 0.8—1.0X106 cells per 60mm plates) and such was
not observed. However, because cell sur?ace kinases are ;apable of
phosphorylating exogenous histone, it i; possible that éell suFface
protein phosphorylation could occur by enzymes on the same cell and by
those on neighboring cells. Such external cell surface protein kinases
could therefore play a major role in the regulafion of cell activity

and behavior. ! ‘



o e s WP R g e st O~ s -

-

REFERENCES

Agren, G. and G. Ronquist. 1969. Formation of extracellular adenosine
triphosphate by tumor cells. Acta Physiol. Scand. 75: 124-128.

Ahmed, K. 1971. Studies on nuclear phosphoproteins of rat ventral
prostate: Incorporation of 32? from [7—32P]ATP. Biochim,
Biophy. Acta 243: 39-48.

Anderson, W.B., G.S. Johnson and I. Pastan. 1973. Transformation of
chick embryo fibroblasts by wild-type and temperature-sensitive
rdus sarcoma virus alter adenylate cyclase activity.” Proc.
Natl. Acad. Sci. U.S.A. 70: 1055-1059.

Balhorn, R., J. Bordwell, L. Sellers,.D. Granner and R. Chalkley. 1977.
ﬁistone phosphorylation and DNA synthesis are linked in
synchronous cultures of HIC cells. Biochem. Piophy: Res. Comm.
46: 1326-1333.

Banjo, B. and J.F. Perdue. 1976. Increased synthesis of selected

| membrane polypeptides correlated with ingreased sugar transport
sites in glucose-starved phick embryo fibroblasts. J. Cell.
" Biol. 270: 270a (Abstract). ,

Beemon, K.L., A.J. Faras, A.T. Haase, P.H. Duesberg and J.E., Maisel.

- 1976. Genbmié complexities of murine leukemia and sarcoma
reticuloen%efheliosis, and visna viruses; ‘J. Virol, 17: 525-
537, |
* 1

Beemon, K. and T..Hunter. 1978. Characterization of rous sarcoma virus

src gene products synthesized in vitro. J. Virol. 28: 551-566.

. . 7 . #

/



o ———————— o e e

75

Bender, W. and N. Davidson. 1976. Mapping of poly(A) sequenées in the
electron microscope reveals unusual structure of type C
oncornavirus RNA molecule. Cell 7: 595-607.

Blomberg, J., F.H. Reynolds, Jr., W.J.M. Van de Ven and J.R. Stephenson.
1980. Abelson murine leukemia virus transformation involves
loss of epidermal growth factor-binding sites. Nature 286:
504~507.

Brade, W.D., J.H. Thompsen, J.F. Chiu and L.S. Hnilca.  1974. Chromatin
non~histone proteins during earl§ kidney regene;ation after
folic acid. -Exp. Cell Res. 84: 183-190.

Branton, P.E. and J. Landry-Magnan. 1978. Plasma membrane protein -
kinase activity of normal and Rous sarcoma virus-transformed
chick embryo fibroblasts.l Biochim. Biophys. Acta 508: 246-259.

Branton, P.E. and J. Landry-Magnan. 1979. Plasma membrane phospho-
proteins in normal and Rous sarcoma virus transformed chick
embryo fibroblasts: Characterization by in vitro phosphoryla-
tion. J:-Qell Phys. 100: 159-168.

Branton, P.E. 1980. Protein phosphorylation and the proliferation of
chick embryo fibroblasts: analysis by in vitro phosphorylation
qsing isolated plasma membranes and whole cell homogenates.
Can. J. Biochem. 58: 30-39.

Brostrom, M.A., E.M;'Reimann, D.A. Walsh and E.G. Krebs. 1970. A
cyclic 3', 5'-AMP~stimulated protein kinase from cardiac
muscle. 1970. ° Adv. EnZ. Reg. 8: i9l-203.

Brugge, J;S.vand R.L. Erikson. 1977. Identification of a transfor-

' mation-sp;cific antigen induced by an avian sarcoma'viru;.

Nature 269: 346-348,

-



76

Brugge, J.S., P.J. Steinbaugh and R.L. Erikson. 1978. Characteriza-
tion of the ASV protein péosrc. Virology 91: 130-140.

Burger, M.M. and G.S. Martin. 1972. Agglutination of cells transform-
ed by Rous sarcoma virus by wheat germ agglutinin and
concanavalin A. Nat. New Biol. 237: 9-12.

Bussell, B.H. and W.S. Robinson. 1973. Membrane proteins of uninfected
and Rous sarcoma virus-transformed avian cells. J. Virol. 12:
320-327.

Chiang, T.M., E.S. Kang and A.H. Kamp. 1979. Ecto-protein kinase
activity of fibroblasts. Arch. Biochem. and Biophy. 195:
518-525.

Chang, K. and P. Cuatrecasas. 1974. Adenosine triphosphéte—dependent
inhibition of insulin-stimulated glucose transport in rat cells.
J. Biol. Chem. 249: 3170-3180.

Collett, M.S. and R.L. Erikson. 1978. Protein kinase activity
associated with the avian sarcoma virus src gene product.

Proc. Natl. Acad. Sci. U.S.A. 75: 2021-2024.

Collett, M.S., A.F. Purchio and R.L. Erikson. 1980. Avian sarcoma
virus-transforming protein, pp605rc shows protein kinase
activity specific for tyrosine. Nature 285: 167-169,

Costa, M., E.W, Gerher and D.H. Russell. 1976. Cell cycie—specific
activity o} type I and type II cyc&}c adenosine 3', 5'-
monophasphaté-dependent protein kinases in Chinese hamster
ovary-celis. J: Biol. Chem. 251: 3313-3319.

Courtneidge, S.A., A.D. Levinson and J.M. Bishop. 1980.. The protein

encoded by the transforming gene of avian sarcoma virus



Dicker,

77

(ppéosrc) and a homologous protein in normal cells (pp60proto—src)
are associated with the plasma membrane. Proc. Natl. Acad. Sci.
U.S.A. 77: 3783-3787.

P., L.A. Heppel and E. Rozengurt. 1980. Control of Mb permea-
bility by external and internal ATP in 3T6 cells grown in
serum-free medium., Proc. Natl. Acad. Sci. U.S.A. 77: 2103~

2107.

Eckhart, W., M.A. Hutchinson and T. Hunter. 1979. An activity

phosphorylating &yrosine in polyoma T antigen immunoprecipitates,

Cell 18: 925-933. .

L 4

Eisenman, R. and V.M. Vogt. 1978. The biosynthesis of oncovirus pro-

teins. Biochim. Biophy. Acta 473: 187-239.

@
England, J.M., D.P. Bolognesi, B. Dietzschold and M.S. Halpern. 1977.

Evidence that a precursor glycoprotein is cleaved to yield the
major glycoprotein of avian tumor virus. J. Virol. 21: 810-

814,

Epstein, J., J.L. Breslow and J.H. Fontaine. 1979. Enhanced phosphory-

lation of many endogenous protein substrates in human fibroblasts
transformed by simian virus 40. Proc. Natl. Acad. Sci. U.S.A.

76: 6396-6400.

Erikson, E., M.S. Collett and R.L. Erikson. 1978. In vitro synthesis

of a functional avian sarcoma virus transforming-gene product.

Nature 274: 919-921.

Erikson, R.L., M.S. Collett, E. Erikson and A.F. Purchio. 1979.

Evidence that the avian sarcoma virus transforming gene

product 'is a cyclic AMP-independent protein kinase. Proc.



G

78

Natl. Acad. Sci. U.S.A. 76: 6260-6264.

Fenner, F. 1976. Classification and nomenclature of viruses.
Intervirology 7: 61-64.

Fischer, G.H. and E.G. Krebs. 1955. Conversion of phosphorylase b
to phosphorylase a in muscle extracts. J. Biol. Chem, 216: ~
212-132.

Gelderblom, H., H. Bauer and T. Gra. 1972. Cell-surface antigens
induced by avian RNA tumor viruses: Detection by immuno-
ferritin technique. Virol. 47: 416-425,

Gospodarowicz, D. and J.S., Moran, 1976. Mammalian c?ll culture. Ann.
Rev. of Bilochem. 45: 531-558. |

Greengard, P. 1976. Possible role for cyclic nucleotides and phosphory- .
lated membrane proteins in post synaptic actions of neuro-
transmitters. Nature 260: 101-108.

Greengard, P. 1978. Phosphorylated proteins as physiological effectérs.
Science 199: 146-152. |

Griffin, J.D., G. Spangler and D.M. Livingston. 1979. Protein kina;e
activity associated with simian wirus 40 T antigen. Proc. Natl.
Acad. Sci. U.S.A..76: 2610-2614.

Gutmann, N.S., P.A. Rae and B.P. Schimmer. 1978. Aitered cyclic AMP-
dependent .protein kinase activity in a mutant adrenocortkcal
tumor'cel} line. J. Cell Physiol. 97: 451-460.

Hakomori, S., J.A. Wyke-ana P.K. Vogt; 1977. Glycolipids of chick
embryo fibroblasts infected with temperature~sensitive
mutants of avian sarcoma viruses. Virol. 76: 485-493. \

N

Hanafusa, H. 1977. Cell transformation by RNA tumor viruses. In:




. s W gt e .

[

79

Comprehensive Virology,.10, H. Fraenkel-Conrat and R.P. Wagner
eds. (New York, Plenum Press) pp. 401-483.

Hatanaka, M. and H. Hanafusa. 1970. Analysis of a functional change
in membrane in the process of cell transformation by Rous
sarcoma virus; alteration in the characteristics of sugar
transport. Virol. 41: 647-652.

Haywood, W.S. 1977. Size and genetic content of viral RNAs in avian
oncovirus-infected cells. J. Virol. 24: 42—63.

Hochman, J., H.R. Bourne, P. Coffino, P.A. Insel, L. Krasny and
K.L. Meimon. 19775 Subunit interaction in cyclic AMP-
dependent protein kﬁnase of mutant lymphoma cells. Proc. Natl.

i
Acad. Sci. U.S.A. f4: 1167-1171.
Hokin, L.E., P.S. Sastry, %.R. Galsworthy and A. Yoda. 1965. Evidence
svthat a phosphorylaéfd intermediate in a brain transport adeno-
sine triphosphatase‘is an acyl phosphate. Proc. Natl. Acad.
Sci. U.S.A. S4: 177-184.

Holley, R.W. 1972, A unif}iﬁg hypothesis concerning the nature of
malignant growth. Proc. Natl. Acad. Sci. 69: 2840-2841.

Hunter, T. and B.M. Sefton. 1980. The transforming gene product of

Rous sarcoma virus phosphoylates tyrosine. Proc. &atl. Acad.

Sci. U.S.A. 77: 1311-1315.

Hynes, R.0. 1976. Cell surface proteins and malignant transformation.
Biochim. Biophy$. Acta 458: 73-107.

Insel, P.A., H.R. Bourne, P. Coffino and G.M. _Tomkins.- 1975. Cyclic

i

AMP-dependent protein kinase: Pivotal role in regdi&tion of °

» ]
enzyme induction and growth. Science 190: 896-898.

#

«*




et
Wt

RSN S - " S
e e SR, P R IG

LY

" Kleinsmith, L.J. 1975.

80

Isaka, T. and M. Yoshida. 1975. Alterations in membrane polypeptides

of chick embryo fibroblasts induceduby transformation with
Avian sarcoma virus. Virology 65: 226-237.

Jones, B.M. 1966. A unifying hypothesis of cell adhesion. Nature

212: 362-365.

Jungmann, R.A., P.C. Hiestand and J.S. Schweppe. 1974. Mechanism of

action of gonadotropin IV. Cyclic adenosine monophosphate-

dependent translocation of ovarian cytoplasmic cyclic adenosine
monophosphate binding protein and protein kinase to nuclear

<
acceptor sites. Endocrinology 94: 168~183.

Karn, J., E.M. Johnson, G. Vidali and V.G, Allfrey. 1974. Differential

phbsphorylation and turnover of nuclear acidic proteins during
the cell cycle of synchronized Hela cell. J. Biol. Chem. 249:
667-677.

Kawai, S. and H. Hanafusa. 1971. The effects of reciprocal changes

in temperature on the transformed state of cells infects with

!
a Rous sarcoma virus mutant. 'Virology 46: 470-479.

Phosphorylation of non-histone proteins in the
regulation of chromosome structure and function. J. Cell

Physiol. 85: 459-476.

Kletzien, R.F., M.R. Miller and A.B. Pardee. 1977. Unique cytoplasmic

phosphoproteins are associated with cell growth arrest. Nature

270: 57-59. . ‘ '

Knight, V.A., B.M, Jones and P.C.T. Jonés., 1966. Inhibition of the

aggregation of dissociated embryo—gﬁqZ;ffibroblast_cell by ATP.

Nature 210: 1008.



81

Krebs, E.G. 1972. Protein kinases. Curr. Top. Cell Reg. 5: 99-133.

Krebs, E.G. and J.A. Beavo. 1979. PW?sphorylation—dephosphorylation ’
of enzymes. Ann. Rev. Biochem. 48: 923-959.

Krueger, J.G., E. Wamp and A.R. Goldberg. 1980. Evidence that the src
gene product of RSV is membrane associated. Virology 101: 25-40.

Kuo, J.F. 1974. Guanosine 3':5'-monophosphate-dependent protein
kinases in mammalian tissues. Proc. Natl. Acad. Sci. U.S.A. 71:
4037-4041.

Kurth, R. and H. Bauer. 1972. Cell-surface antigens induced by avian
RNA tumor viruses: Detection by a cytotoxic microassay. Virol.
47: 426-433.

Kurth, R. and H., Bauer. 1972, Common tumor-specific surface antigens
on cells of different species transformed by avian RNA tumor virus.
Virol. 49: 145-149.

Lai, M., S.F. Hu and P.K. Vogt. 1977. Occurrence of partial deletion
and substitution of the src gene in the RNA genome of a&&an
sarcoma virus. Proc. Natl. Acad. Sci. U.S.A. 74: 4781-4785.

Lake, R.S. 1973. Fl~histone phosphorylation in metaphase chromosome of
cultured Chinese hamster cells. Nature New Biol. 242: 145-146.

Langan, T.A. 1973. 'Protein kinases and protein kinase substrates.
Adv. Cycl. Nucl. Res. 3: 95—153.

Langan, T. 1980. Malignant transformation and protein phosphorylation.
Nature 286: 329-330. ’

Lassam, N;J., S.T. Bayley, F.L. Graham and P.E. Branton; 1979. Immuno-
precipitaiion of protein kinase activity from Adenovirus 5-

infected cells using antiserum directed against tumor antigen.

&%



82

Nature 277: 214-243.
Levinson, A.D., H. Oppermann, L. Levintow, H.E. Varmus and J.M. Bishop.
1978. Evidence that the transfo;ming gene of avian sarcoma
virus encodes a prétein kinase associated with a phosphoprotein.
Cell 15: 561-572.
Lis, H. and S. Nathan. 1973. The biochemistry of plant lectins (Phyto-
hemagglutinins). Ann. Rev. of Biochem. 42: 541-574.
Lowry, O.H., N.J. Rosebrough, A.L. Farr and A.J. Randall. 1951.
Protein measurements with the folin phenol reagent. J. Biol.
Chem. 193: 265-275.
Mackenzie, C.W. III and R.H. Stellwagen. 1974, Differences between liver and
i hepatoma cells in their compleménts of adenosine 3': 5'-monophos-
phate-binding proteins and protein kinases. J. Biol. Chem. 249:
5755-5762.
Mackenzié,.C.W., III and R.H. Stellwagen. 1977. Altered interaction .
between binding and catalytic subunits of d cyclic AMP-stimulated
protein kinase from hepatoma cells. Arch. Biochem., Biophy. 179:
495-505.
Maller, J.L. and E.G. Krebs. 1977. Progesterone-stimulated meiotic cell
division in xenopus oocytes. J. Biol. Chem. 252: 1712-1718.
Makan. N.R. 1978. Induction of permeability changé and restoration of
‘ Mb permeability barrier in transformed cell cultures. Exptl:
Cell Res. 1l4: 417-427.
Makan, N.R. 1979. Phosphoprotein phosphatase activity at the.oucer

surface of intact normal and ‘transformed 3T3 fibroblasts.

Biochim. Biophys. Acta 585: 360-373,

? -




83

Maness, P.F., H. Engeser, M.E. Greenberg, M. O'Farrell, W.E. Gall and
G.M. Edelman. 1979. Characterization of the protein kinase
activity of avian sarcoma virus src gene product. Proc. Natl.
Acad. Sci. U.S.A. 76: 5028-5032.

Mastro, A.M. and E. Rozengurt. 1976. Endogenous protein kinase in
outer plasma of cultured 3T3 cells. J. Biol. Chem. 251:
7899-7906.

Mitchell, H.K. and K.D. Lunan. 1964. Tyrosine-0O-phosphate in drosophilia,
Arch. of Biochem. and Biophy. 106: 219-222.

Moelling, K. and M. Hayami. 1977. Analysis of precursor to the
envelope glycoproteins of avian RNA tumor viruses in chicken
and quail cells. J. Virol. 22: 598-507.

Nesbitt, J.A., III, W.B. Anderson, Z. Miller, I. Pastan, T.R. Russell
and D. Gospodarowicz. 1976. Guanylate cyclase and cyclic
guanosine 3'-5'-monophosphate phosphodiesterase activities and
cyclic guanosine 3':5'-monophosphate levels in normal and trans-
formed fibroblasts in culture. J. Biol. Chem. 251: 2344-2352.

Nicolson, G.L. 1974. The interactions of lectins with animal cell
surfaces. Int. Rev. Cx&g&. 39: 89-190.

Nicolson, G.L. 1976. Trans-membrane control of the receptor; on normal
and tumor celis. IL. Surface changes associated with transfor-
mation and malignancy. Biochim. Biophy. Acta 458: 1-72.

Nielsen, C.J., J.J. Sando and W.B. Pratt. 1977. Evidence that
dephosphorylation inactivates glucocorticoid receptors. Proc.

Natl. Acad. Sci. U.S.A. 74: 1398-1402.



84

Oppermann, H., J.M. Bishop, H.E. Varmus and L. Levintow. 1977. A
joint product of the genes gag and pol of avian sarcoma virus:
a possible precursor of reverse transcriptase. Cell 12: 993~
1005.

Oseroff, A.R., P.W, Robbins and M.M. Burger. 1973. The cell surface
membrane: Biochemical aspect and biophysical probes. Ann.
Rev. of Biochem. 42: 648-682.

Otten, J., G.S. Johnson and I. Pastan. 1972. Regulation of cell
growth by cyclic adenosin 3', 5'-monophosphate. J. Biol.
Chem. 247: 7082-7087.

Owada, M. and K. Moelling. 1980. Temperature-sensitive kinase activity
associated with various mutants of avian sarcoma virus which
are temperature-sensitive fér transforgation. Virology 101:
157-168.

Pardee, A.B. 1975. The cell surface and fibroblast proliferation:
some current research tremnds. Bigihim. Biophy. Acta 417: 153-
172.

Pastan, I. and G.S. Johnson. 1974. Cyclic AMP and the transformation
of fibrohlasts. @Adv. Canc. Res. 19: 303-329.

Pastan, I., G.S. Johnson and W.B. Anderson. 1975. Role of cyclic
nucleotides in growth control. Ann. Rev. Biochem. 44: 491-
522.

Pastan, I. and W. Willingham. 1978, ‘Cellula; transformation and the

'morphologic phenotype' of .transformed cells. Nature 274:

645-650.

e ) A



85

Pollack, R., M. Osborn and K. Weber. 1975. Patterns of organization
of actin and myosin in normal and transformed cultured cells.
Proc. Natl. Acad. Sci. U.S.A. 72: 994-998.

Pumo, D.E., G.S. Stein and L.J. Kleinsmith. 1975. Stimulated phos-
phorylation of non-histone phosphoprotein in SV-40 transformed’
W1-38 human diploid Jfibroblasts. Biochim. Piophy. Acta 402:
125-130.

Purchio, A.F., E. Erikson, J. Brugge and R. EFikson. 1978. Identifi-
cation of a polypeptide encoded gy-the avian sarcoma virus src
gene. Proc. Natl. Acad. Sci. U.S.A. 75: 1567-1571.

Raska, K., Jr., A. Geis and B. Fohring. 1979. Adenovirus type 12 tumor
atigen. II. Immunoprecipitation of protein kinase from in-
fected and transformed cells by antisera to T antigen and some
normal rat sera. Virol. 99: 174-178.

Reynolds, F.H., Jr., W.J.M. Van de Ven and J.R. Stephenson. 1980.
Feline sarcoma virus polyprotein Pl1l5 binds a host phosphopro-
tein in transformed cells. Nature 264: 409-412.

Roblin, R., I. Chou and P;H. Black. 1975. Proteolytic enzymes, cell
surface changes and viral transformation. Adv. Canc. Res. 22:
205-260.

Rohrschneider, L.R. 1979. Immunofluorescence on ASV-transformed cells:
localization of the src gene product. Cell 16: 11-24.

Roué, P. 1911. A sarcoma of the fowl transmissible by an agent
separable for the.tumor cell. J. Exp. Med. 13: 397-411.

~Rozengurt, E. and L.A. Heppel. 1979.° Reciprocal control of Mb

| Permeability of transformed cultures of mouse cell lines by

external and internal-ATP. J. Biol. Ch§m. 254: 708-714.



86

Rozengurt, E., L.A. Heppel and I. Friedberg, 1977. Effect of exogen-

ous ATP on the permeability properties of transformed cultures

of mouse cell lines. J. Biol. Chem. 252: 4584-4590.

Rubin, C.S. and 0.M. Rosen. 1975. Protein phosphorylation, Ann. Rev.

Biochem. 44: 831-837.

Rubsamen, H., R.R. Friis and H. Bauer. 1979. Src gene product from

different strains of avian sarcoma virus: kiﬁétics of possible
mechanism of heat inactivation of protein kinase activity from
?ells infected by . transformation-defective, temperature-
sensitive mutant and wildttype virus. Proc. Natl. Acad. Sci.

U.S.A. T76: 967-971,

Schaffhausen, B.S. and T.L. Benjamin. 1979. Phosphorylation of

polyoma T antigens. Cell 18: 935-946.

Schlaeger, E.-J. and G. Kohler. 1976. External cyclic AMP-dependent

Sefton,

Segawa,

Sen, A.

protein kinase activity in rat C-6 glioma cells. Nature 260:
705.

B.M., T. Hunter and K. Beemon. 1979. Product of in vitro
translation of Rous sarcoma virus src gene has protein kinase
activity. J. Virol. 30: 311-318.

K. and K. Oda. 1978. Protein kinases and their protein sub-
L2
strates associatkd with chromatin and ribosomes in Sv40-trans-

*

formed ‘rat'cells. Biochim. Biophys. Acta 5212 374-386.

and G.J. Todhro. 1979. A murine sarcoma virus-associated
li

grotein kinase: 1Interaction with actin and microtubular

proteim. Cell 17: 347-356.



¢

87

Shapiro, S.F., M. Strand and S.T. August( 1976. High molecular weight
precursor polypeptides to structural proteins\ngrauscher
murine leukemia virus. J. Mol. Biol. 107: 459"477‘1

Sheppard, J.R. 1972. Differences in the cyclic adenosine 3',5'-mono-
phosphate levels in no;;al and transformed cells. 1972.

Nature New Biol. 236: 14-16.

Shin, R, Pouyssegur and I, Pastan. 1977, Glucose depletion accounts
for the induction of two transformation-sensitive mb ptns in
RSV-transformed CEF. Proc. Natl. Acad. Sci. U.S.A. 74: 3840-
3844,

Singer, S$.J. and G.L. Nicolsoh. 1972. The fluid mosaic model of the
structure of cell membranes. Science 175: 720-731.

Singer, S.J. 1974. The molecular organization of membranes. Ann. Rev.
of Biochem. 43: 805-833.

Smith, A.E., R. Smith, B. Griffin and M. Fried. 1979. Protein kinase
activity associated with polyoma virus middle T antigen in
vitro. (Ceil 18: 915-924.

Sons, W., H.S. Unsold and R. Knippers. 1976. Increase of chromatin-

bound protein kinase after stimulation of lymphocytes by

E=Y

concanavalin A. Eur. J. Biochem. 65: 263-269.

Spicer, D. and P.E. Brantoﬁ. 1980. Reduction of cell surface fribo-
nectin (LETS Protein) correlates with tumorigenicity of hamster
fibroblasts transformed by herpes simplex virus type 2.
Intervirology 13: 58~64.

Stein, G.S., J.L. Stein and J.A. Thomson. 1978. Chromosomal proteins
in transformed and neoplastic cells: A review. Canc. Res. 38:

1181-1201.° ¢

o e A e e i e



w3

\\ o ,

\ /
\
|

\

Stewart,\F.C., G. Gasic and H.G. Hempling. 1969. Effect of exogenous

ATP on the volume of TA3 ascites tumor cells. J. Cell Phys.

733 125-132.

Stoker, M.;\F‘ and H. Rubin. 1967. Density dependent inhibition of
cell\§rowth in cutlrue. Nature 215: 171-172.

Stone, K.R., R&E. Smith and W.K. Joklik. 1974. Changes in membrane
polypeﬂtides that occur‘when chick embryo fibroblasts and NRK
cells are transformed with avian sarcoma virus. Virology 58:
86-100. | '

Sutherland, E.W. %nd W.D. Wosilait. 1955. 1Inactivation and activation
of liver pkosphorylase. Nature 175: 169-170. ‘

Tjian, R, and A. Rngins. 1979. Enzymatic activities associated with
a purified ;imian virus 40 T antigen-related protein. Proc.
Natl. Acad. Sci. U.S.A. 76: 610-614. .

Tjian, R., A. Robbins and R. Clark. 1979. Catalytic propert{es of the
SV 40 large T antigen. Cold Spring Harbor Symp. 6n Quant. Biol.
vol. 44, PP. 103-111.

Trams, E.G. 1974. Evidence for ATP action on the cell surface. Nature
252: 480-481.

Van de Ven, W.J.M., f.H. Reynolds; Jr. and J.R. Stephenson. 1980. The
nonstructural components of polyproteins encoded by replication-
defective mammalian transformin; retroviruses are éhosphoryalted
and have associated protein kinase activity. Virology 101:
185-197.

Vogt, P.K. 1969. Focus asséy of Rous sarcoma virus in fundamental

techniques of Virology. Habel, K. and Salzman, N.P. eds.,

pp. 198-211, Academic Press, New York.

o Ao e bl



Vogt, P.

Vogt, V

LY

Warren,

Wehner,

4

- '

K. 1977. Genetics of RNA Tumor Viruses. In: Comprehensive
Virology, 9. H. Fraenkel-Conrat and R.P. Wagner eds., New

York, Plenum Press, pp. 341-456.

.M., R. Eisenman and H. Diggelmann. 1975. Generation of

avian myeloblastosis virus structural proteins by proteolytic
cleavage of a precursor polypeptide. J. Mol. Biol. 96: 471~
493.

L., D. Critchley and I. MacPherson. 1972. Surface glycopro-
teins and glycolipids of chick embryo cells transforme& by a
temperature—sensitive‘mutant of Rous sarcoma-virus. Nature
235: 275-277. /

J.M., J.R. Sheppard and'A.M. Malkinson. 1977. Density-
dependent phosphorylation of a specific protein in cultured

cells. Nature 266: 842-844. .

Weiss, S.R., H.E. Varmus and J.M. Bishop. 1977. The size and genetic

Wickus,

composition of virus-specific RNAs in the cytoplasm of cells
producing avian sarcoma-leukosis viruses.
G.G. and P.W. Robbins. 1979. Plasma membrane proteins of

normal and Rous sarcoma virus-transformed chick embryo

fibroblasts. Nature New Biol. 245: 65-67.

Willingham, M.C., G. Jay and I. Raston. 1979. Localization of the

ASV and src gene product to the plasma membrane of transformed

cell by Ers immunochemistry. Cell 18: 125-134.

Witte, 0.N., A. Dasgupta and D. Balltimore.s 1980. Abelson murine
‘ 4

\
leukemia viurs ptn is phosphorylated in vitro to form phos-

photyrosine. Nature 283: 826~831.

Ed



90

Wyke, J.A. 1975. Temperature-sensitive mutants of avian sarcoma viruses.
Biochim. Biophf. Acta 417: 91-121, ‘
Yamada, K.M., S.S. Yamada and I. %astan. 1976. Cell surface protein
partially restores morphology, adhesiveness, and contact inhibi-

tion of movement to transformed fibroblasts.. Proc. Natl. Acad.

Sci. U.S.A. 73: 1217-1221.

“.t




APPENDIX I

’
Synthesis and Characterization of Phosphotyrosine

)

Phosphotyrosine is not commerciafly available and therefore
must be synthesized in the laboratory. Phosphotyrosine was synthesized
by a method similgrﬁto that of Mitcheil and Lunan'(l964). Five grams
of tyrosine and 15 grams of phosphoric acid anhydride were added to 35
grams of 857% phosphoric acid. The mixture was heated at 110°C for 24
hrs. After addition of afurther 5 grams &6f phosphoric acid anhydride,
heating was continued for another 24 hrs after which the prode;s was
repeated with an additional 3 grams of phosphoric acid anhydride. The
mixture was then dissolved in 150 ml of water contaiﬁ;ng 50 grams of
ice. )

\

The phosphotyrosine wagpurified on a Dowex 50x8 column
(5.0 x30 cm, H+ form) and the column was washed with water. Fractions
eluting from tﬁe column.contained two peaks as monitored by absorbance
at 280 mm: peak I (beginning at the void volumn of the column) that
contained tyrosine and inorganic phosphate, and peak II, eluting over
a large number of fractions. Results are shown in fig. 14. Those
fractions of peak IL with an absorbance of >0.8 were pooled togeéher
and mixed with 1500 ml ethanol:ether (1300:200, volivol) and stored
at 4°C for 48 hrs. The white precipitate was recovered by filtration,
washed with the ethanol:ether solutlion and was dried in air.

Over 3.6 grams of white crystal was recovered. The product

was examined to verify whether it was phosphotyrosine or not. The *
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FIGURE 14
Purification of phosphotyrosine. Phospﬁotyrosine was synthe-
sized as described in appendix I and was purified on a Dowex 50x8 .
column (5.0x30 cm, H+ form). The phosphot&roé@pe was eluted with

H.O and 5. ml fractions were collected. Each fraction was monitored

2

by absorbance at 280 nm.
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melting point was measured and the white crystal melted between 246°-

2470C, which is the melting point of phosphotyrosine. The ‘®6dution of

the white crystal with a concentration of ‘1 mg/ml was treated with
24

alkaline phosphotase (10 u/ml) for 1 hour at 37°C in 0.05M Tris-HC1

(pH8.0): This treatment was carried out to remove the phosphate ester

. .

.bonding of phosphotyrosinei The mobility in thin-layer electrophoresis

of the treated sample was measured and compared with untreated sample
‘and tyrosine, as well as phosphoserine and phosphothreonine. Thus, if
the white crystal was indeed phosphotyrosine, the alkaline phosphatase-

treated sample should comigrate with tyrosine in the thin-layer electro-
phoresis. '
.Y -

. As shawn in fig. 15, while phosphoserine, phosphothreonine and

the untreated phosphotyrosine miékated towards the anode, tyrosine and

the alkaline phosphatase-treated-phosphotyrosine migrated towards

cathode. The tyrosine and alkaline phosphatase-treated phosphotyrosine

both migrated an gqual distance away from the origin. These results

indifatEd that the laboratory'synthesized product was indeed phospho-

tyrgsine. v., P
1

o
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FIGURE 15
Characterization of phosphotyrosine by thin-layer electropho-
resis. The phoi? ino acids were analyzed by thin-layer electro-
phoresis at pH3.5 for 0 min at 1500 V in a buffer containzhg glacial
acetic acid, pyridine and water in a ratio 50:5:945 (vol:vol). The
position of the phosphoamino acids are vi§ualized by ninhydrin-

]

staining and are shown together with the origin. The samples were

/
as follows: -

’Z. A mixture of phosphoserine, phosphothreonine, phosphotyrosine and
L-tyrosine. -

B. Phosphotyrosine alone. . k .

C. L-tyrosine alone.

D. Phosphotyrosine treated with alkaline phosphatase as described in

.

the text.
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APPENDIX II

Hydrolysis of ATP

v

In order to get an estimate of the amount of ATP hydrolysed
throughout the incubation period, [Y—32P]ATP was added to incubation
mixture éhd incubated for 20 min. at 370C. Following the incubation,

2 Ul of 0.1M ATP were mixed with 100 pyl of the incubation mixture as

a carrier and the combination was spotted on DEAE cellulose paper.

The ATP and phosphate were separated by ascending chromatography. The
result is shown in fig. 16. A small peak of radioactivity was detected

close to the solvent front. This peak represented the bulk of 32P—

phosphate. The mgjor peak of radioactivity which c;migrated with the
ATP carrier (visible under UV-light at 280 nm) represenfed the unhydro-
lysed ATP. The phosphate and ATP were well separated and represented
8.27% and'9l.82 of the total radioactivity detected, respectively.

The phosphate detected in the present study could have resulted
from hydrolysis of ATP during™the incubation period and/or during the
process of separation, or from contaminating phosphate present in the
stock [Y—BZP]ATP. In order to examine this further, another experiment
was done in the same way except that no incubation took place. The re-
sult is also shown in fig. 16.- Again phosphate and ATP were well
separated and represented 7.5% and 92.5% respectively, of the total
radioactiyity detected. The phosphate detected in the second study

probably resulted from ATP hydrolysed during the separation process

and/or contaminant phosphate present in the ATP stock solution.
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FIGURE 16

Separation of ATP and phosphate by ascending chromatography.
Reaction mixture containing [Y32P]ATP was subjected to asceading
chromatography using DEAE cellulose paper with a buffer containing
100 mM ammonium formate and 17.5% formic acid. The DEAE cellulose
paper was then air dried and cut into 0.5 cm strips. . The radioactivity
on each strip was then determined by scintillation counting. The
direction of the chromatography is from left to right. The value
given represents the average of two ;eparate determinations. Reaction
mixture containing [Y32P]ATP incubated (o0—o) and incubated for 20

min at 37°¢C (e—e) prior to analysis.
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Nevetheless, the amount of 32P-~phosphate present after 20 minutes

incubation was at most 8.2% of the total radiocactivity present.



