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ABSTRACT

Transformation of cells by Rous Sarcoma virus results from the action

of a single virally coded phosphoprotein with a molecular weight of 60,000

STC) src

results in many significant

daltons (pp60 The expression of pp60

changes in the cell's phenotype which include disruption of the cytoskeleton
and the deregulation of cell growth.

During the last few years significant progress has been made in many

laboratories towards understanding the structure and function of pp60Src

(reviewed by Erikson et al., 1980). This thesis work describes procedures

OSYC

that were developed for purifying and characterizing pp6 and some of

its target proteins.
The src protein associated kinase activity was purified several thousand

fold, in detergent-free solution. Analysis of the purified protein by immuno-

src

precipitation indicated that the pp60 had degraded during the purification

to a 52,000 dalton species. Detergents were found to be necessary to extract

src

pp60 from cell membranes in an undegraded form. A second reproducible

05"C as an intact protein in the pres-

procedure was developed to purify pp6
ence of detergents. The purified protein migrated as a monomer with an
approximate molecular weight of 60,000 daltons when analyzed on glycerol
gradients or by gel filtration.

The purification schemes successfully removed phosphatases and inhibitors
so that it was possible to study the kinase activity of pp60src in solution
under controlled conditions. Both casein and TBR IgG were phosphorylated at

tyrosine residues by partially purified ppsosrc. The src protein did not



iv

phosphorylate histones or phosvitin and the phosphorylation of casein was

not enhanced in the presence of cAMP.

src

The interaction of pp60 with more physiological substrates was also

examined. No direct interaction of ppGOSY‘c with purified cytoskeletal com-

ponents was detected but several of these proteins were phosphorylated at

src

tyrosine residues by pp60 in vitro including tubulin, actin, vinculin,

myosin, and filamin. Other proteins including the 34 kD phosphoprotein

identified by Radke and Martin (1979) and cytosolic malate dehydrogenase

were also phosphorylated by ppGOSrC.

Further biochemical characterization of the partially purified ppszs‘”C

OSFC

and pp6 preparations resulted in the identification of a 50 kD protein

that appears to interact with the src protein. The 50 kD protein was found

2+—ca1modulin dependent manner and this phos-

to be phosphorylated in a Ca
phorylation was inhibited by the calmodulin inhibitor chlorpromazine. The
Ca2+-ca1modu11n activated phosphorylation of the 50 kD protein is not pp605rc-
induced since it occurs to a significant extent in samples prepared from
non-transformed chick embryo cells. Several experiments suggested that
pp52$r‘c binds to the 50 kD protein. Ca2+-ca1modulin regulation was further

implicated in the in vivo action of ppGOSrc. The calmodulin inhibitor

chlorpromazine was observed to inhibit the ppGOSrC-induced deregulation of

DNA synthesis. The drug had no detectable in vivo effect on the ppGOSrC-

associated kinase activity.

While a variety of in vitro and in vivo experiments from different

laboratories (Sefton et al., 198la; Radke and Martin, 1979; Brugge et al.,

c

1981) have identified several ppGOsr substrates, the role of these proteins



in cell transformation is still not understood. To begin characterization

of the src targets, monoclonal antibodies were prepared against vinculin and
the 34 kD protein. Four different monoclonal antibodies were raised which
immunoprecipitated a 130,000 dalton phosphoprotein from both normal and trans-
formed cells. By immunofluorescence the antibodies were found to stain chick
embryo fibroblasts at sites of cell contact with the substratum. The immuno-
precipitation and immunofluorescence data demonstrated that the four anti-
bodies recognized vinculin.

One monoclonal antibody was identified which immunoprecipitated a 34 kD
phosphoprotein from normal and transformed cells. A second antibody was iso-
lated which recognized a non-phosphorylated 34 kD protein. It was determined
that the 34 kD phosphoprotein was phosphorylated at a tyrosine residue in a
transformation specific manner and it is probably the same protein originally
identified by Radke and Martin (1979).

The tissue distribution and subcellular localization of the two 34 kD
proteins was examined using the monoclonal antibodies. The 34 kD phosphopro-
tein was localized, by indirect immunofluorescent staining, to the plasma mem-
brane. The antibody to the non-phosphorylated protein specifically stained
the nucleoli.

The monoclonal antibodies to vinculin and the 34 kD phosphoprotein
allowed the rapid purification and characterization of these substrates from
normal and transformed cells. The purified target proteins and the specific
antibodies should make it possibie to further probe the biochemical mechanisms

involved in cellular transformation by ppﬁosrc.
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I. INTRODUCTION

The controlled growth and division of cells is necessary for the
development and survival of multicellular organisms. A cell can exist
in a proliferative state, during which it grows and.divides; but it can
also survive in a quiescent state during which its division is inhibited
and its overall metabolism is slowed down. Whether a cell will be
quiescent or proliferative is controlled in part by the cells extra-
cellular milieu. Biological molecules such as hormones present in the
cell's external environment can have stimulatory or inhibitory effects
on growth. Other factors that influence cell growth or division are
cell density and, perhaps, cell-cell contact.

The biochemical mechanisms by which extracellular growth factors
stimulate a cell to divide or inhibit a cell so it becomes quiescent are
not understood. Signals, generated by factors in the cell's external
environment, must be transmitted across the cell membrane to the cytoplasm
and eventually to the nucleus where DNA synthesis occurs. An hypothesis
was proposed by Edelman et al. (1973), suggesting that interactions
between the cell surface and the cytoskeleton were crucial in the prop-
agation of signals across the plasma membrane. The state of the cyto-
skeleton has been correlated with the cellular growth state in a variety
of cells but a causal connection has not been established.

In an effort to elucidate some of the detailed biochemical mechanisms
by which the cytoskeleton might regulate cell growth I chose to study
transformation of cells by Rous sarcoma virus (RSV). This sytem is
attractive because a single virally coded protein (the src protein, or

src gene product) has been shown to cause the disruption of the cytoskeleton



and the deregulation of cell growth. By analyzing the way this protein
perturbs these cellular processes it might be possible to determine if
the state of the cytoskeleton is biochemically linked to the state of
cell growth.

The src protein was identified biochemically only four years ago.
Since then significant progress towards understanding its mechanisms of
action has been made in many laboratories. The goal of this thesis work
was to purify the src protein and to at least in part identify some of
its substrates. Purified src substrates could be used to study cytoskeletal
alterations as they relate to cell growth under well-defined conditions.

The first section of this thesis briefly describes the genetic
structure of Rous sarcoma virus and the ways in which the virus is known
to affect the cell. The present understanding of the structure and
function of the §£§ protein and its potential substrates is described in
detail.

The experimental sections of this thesis describe two different
purification schemes which have enabled us to study activities associated
with the src protein in vitro under controlled conditions. Experiments
are presented which identified several in vitro src targets. One of
the src protein targets identified interacts with the src protein and is
regulated by the calcium binding protein calmodulin. Two other target
proteins were studied using monoclonal antibodies. The preparation and
characterization of the monoclonal antibodies, one specific for vinculin
and one for a 34,000 dalton protein of unknown function, are described.
The antibodies and purified proteins have made it possible to study the

roles these proteins play in the regulation of cell growth.



II. HISTORY AND BACKGROUND

Rous Sarcoma Virus

Rous sarcoma virus was isolated in 1911 by Peyton Rous at The
Rockefeller Institute and was shown by him to cause sarcomas in chickens
(Rous, 1911). More recently Temin and Rubin (1958) showed that the
virus can also infect and transform chick cells in tissue culture. By
transforming cells in culture it has been possible to study Rous sarcoma
virus infection under well-defined conditions.

RSV is a member of the class of RNA tumor viruses called retro-
viruses (reviewed by Bishop, 1978). These viruses are composed of a
single stranded RNA genome which is a dimer, surrounded by a nuclear
capsid and enclosed in an outer envelope made up of lipid and protein
(reviewed by Bader, 1974). When the retrovirus infects a cell, the
viral RNA is transcribed into double stranded DNA by the viral enzyme
reverse transcriptase. The double stranded DNA is circularized and
incorporated into the cellular genome. Transcription of the incorpor-
ated DNA into RNA and translation of the RNA into proteins results in
cellular transformation and also in the production of progeny virus.

For comprehensive reviews of RNA tumor viruses, see Bader (1974) and
Hanafusa (1977).

The Rous sarcoma virus genome consists of four genes (Fig. 1) (Wang
et al., 1976 a,b). Starting at the 5' end of the RNA, are found the
genes for the capsid antigen (gag), the RNA dependent DNA polymerase

(pol), the envelope glycoprotein (env) and the transforming protein



Fig. 1.
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Genetic map of Rous sarcoma virus.



(src). The c region is a noncoding region which is required for propagation

of the virus. Expression of the first three genes gag, pol, and env is

necessary for virus production. By isolation of both non-conditional
(Goldé, 1970; Toyoshima et al., 1970; Graf et al., 1971; Vogt, 1971) and
conditional (Martin, 1970; Biquard and Vigier, 19703 Kawai and Hanafusa,
1971) transformation defective mutants it has been shown that the fourth
viral gene src is necessary for cellular transformation but not for
virus production. The non-conditional transformation defective mutants
have a deletion in the src gene and do not transform cells.

The conditional mutants have significantly aided the study of the
mode of action of the src gene product. These temperature sensitive
mutants transform cells at permissive (37°C) but not at nonpermissive
(42°C) temperatures. Viral infection and replication proceeds equally
well at both temperatures. It is possible to shift cells infected with
temperature sensitive virus from the transformed to normal phenotype and
vice versa by changing the temperature at which the cells are incubated.
For example, the mutant virus, tsNY68-SRA RSV (Kawai and Hanafusa, 1971)
has been used to study some of the biochemical changes that occur upon
transformation by RSV. Cells infected with tsNY68-RSV are grown at the
nonpermissive temperature so that they are phenotypically normal. When
these cells are then shifted to the permissive temperature the src gene
product becomes active and the sequence of temporal events that occur as
a result of src expression can be studied. In this way it has been
possible to distinguish between cellular changes that occur early and
may be direct effects of src gene product action and those that are

secondary changes occuring later in the sequence of events.



Cellular Transformation

Expression of the src gene in cells transformed by Rous sarcoma
virus results in many significant changes in the cell's phenotype. For
example, transformed cells will grow under conditions of nutrient
deprivation or serum starvation that will not support the growth of
normal cells. Transformed cells also do not exhibit the same degree of
density dependent inhibition of growth as do normal cells. Significant
changes also occur in cellular morphology (Fig. 2). Whereas normal
fibroblasts are flattened and grow in orderly arrays, transformed cells
become round or spindle shaped and pile up on top of one another in
culture.

Both the changes in cell morphology and cell growth in transformed
cells have been found to correlate with a dramatic change in the cellular
cytoskeleton. Edelman and Yahara (1976) have shown by immunofluorescence
microscopy that the microfilament and microtubule networks are disrupted
when cells are transformed by RSV. Similar results have been obtained
by Wang and Goldberg (1976) using immunofluorescence and electron micro-
scopy to visualize the microfilaments.

In addition to the morphological and cytoskeletal changes, many
other changes in cellular properties occur upon transformation. The
levels of some cell surface components increase while others decrease in
amount. A drastic decrease in the content of fibronectin (Hynes and
Destree 1978; Hogg, 1974) occurs upon transformation. Fibronectin, a
protein with a molecular weight of 240,000 daltons present on the cell
surface, is a component of the extracellular matrix that may play a role

in cell adhesion. Unkeless et al. (1973 a,b) discovered that the level



Normal Transformed

Fig. 2. Transformation of chick embryo fibroblasts with SR-RSV.
(A) uninfected cells; (B) SR-RSV-infected cells, 48 h
after infection.



of the protease plasminogen activator is also significantly increased
when cells are transformed by RSV. 1In addition, novel tumor specific
antigens can be detected on the surface of the transformed cells (Rohr-
schneider et al., 1975). Functions associated with the plasma membrane
are also affected by transformation with RSV. Transformed cells exhibit
an increase in the rate of sugar transport across the plasma membrane
(reviewed by Hatanaka, 1974) and increased agglutinability by plant
lectins (Burger and Goldberg, 1967; Aub et al., 1965). The latter
property may be related to alterations in the carbohydrate portions of
glycoproteins or in these proteins' location or mobility within the
plasma membrane.

Compared with normal cells, RSV infected cells also have an increased
rate of aerobic glycolysis, consistent with Warburg's (1931) hypothesis
that increased glycolysis was an important change common to all tumor
cells. Although RSV transformed cells have been shown to have increased
levels of some of the glycolytic enzymes (Singh et al., 1974), other
studies have determined that aerobic glycolysis is not necessarily
correlated with malignancy (Steck et al., 1968; Temin, 1968).

It is clear that the changes that occur in the cell during trans-
formation are complex (reviewed by Tooze, 1973 and Hanafusa, 1977). It
was possible, using the temperature sensitive virus infected cells, in
downshift experiments, to study the kinetics of cellular transformation.
While cytoskeletal changes occur rapidly as a result of src expression
after temperature shift from the nonpermissive to the permissive temper-
ature, the transport and metabolic changes occur more slowly. The

extensive Tist of RSV-induced changes and a knowledge of the kinetics



by which these events occur still did not point clearly to the key early
biochemical events that are necessary and sufficient to cause transformation.

Identification of the Src Gene Product

In recent years significant progress has been made towards defining
the molecular basis of cellular transformation by studying the src gene
product and its activities. By 1972, studies using temperature sensitive
viral mutants (Martin, 1970; Kawai and Hanafusa, 1971) had suggested
that the product of the src gene was Tikely to be a protein. The identif-
ication and biochemical characterization of the src gene product is
clearly of great interest. This area of research is one of intense
activity, with many different laboratories attempting to understand the
biochemical mechanisms of src action. The most direct approach would be
to purify the src protein so that it would be possible to study its
activity in vitro under controlled conditions. In order to do this an
assay for detecting the src protein in the extracts of transformed cells
was needed.

By 1978, several assays had been developed which could be used to
detect the src protein. McClain, Maness and Edelman (1978) developed a
cell microinjection assay for the src gene product designed to probe its
effects on the cytoskeleton. They showed that extracts containing the
src protein caused disruption of cytoskeletal structures when microinjected
into normal cells. The disruption appeared to result from the action of
the src gene product since the activity was temperature labile in extracts
from cells transformed with a mutant virus temperature sensitive for
transformation. The microfilament disrupting activity was inactivated

by treatment with trypsin but not by treatment with RNase, indicating that
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the activity was due to a protein in the extract rather than to a small
molecule or to a protein synthesized from injected RNA (Stacey and
Hanafusa, 1978). Disruption of the cytoskeleton was not inhibited by
puromycin or cycloheximide, suggesting that ongoing protein synthesis is
not required for dissolution of the microfilaments. Together, these
results suggest that the changes in microfilament morphology resulted
from the direct or indirect action of the src gene product itself.

Around the same time, Brugge and Erikson (1977, 1978a) developed a
direct immunological assay for the src gene product using an antibody
raised by injecting Rous sarcoma virus into newborn rabbits. The rabbits
subsequently developed tumors at the site of injection. Serum obtained
from tumor bearing rabbits (referred to as TBR serum) immunoprecipitated
a phosphoprotein with a molecular weight of 60,000 daltons from transformed
cells but not from normal cells. The TBR serum specifically immunoprecip-
itated the 60 kD protein as well as structural proteins of Rous sarcoma
virus from transformed cell extracts. Absorption of the antiserum with
disrupted unlabelled RSV decreased the precipitation of the viral structural
proteins, but did not diminish the amount of the 60 kD protein immuno-
precipitated. This suggested that the 60 kD protein was not a structural
protein of Rous sarcoma virus. The 60 kD protein was later shown to be
the src gene product and not a cellular protein whose synthesis is
induced during cell transformation. This was accomplished by cell free
translation experiments using src specific RNA (Purchio et al., 1978).

The 60 kD protein synthesized in vitro by translation of the viral RNA

was immunoprecipitated by TBR serum. In vitro translation experiments
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in other laboratories (Beemon and Hunter, 1978; Kamine et al., 1978)
corroborated the results of Purchio et al., showing that the viral RNA
coded for a 60 kD protein. The 60 kD proteins synthesized by cell-free
translation and the cell transformation specific antigen yielded identical
tryptic maps indicating that they are the same protein (Purchio et al.,
1978). The src protein is designated ppGOSrC because it is a phospho-
protein with a molecular weight of 60,000 daltons.

A significant breakthrough by Collett and Erikson (1978) gave a
clue to an enzymatic activity associated with the src gene product.
pp6OSY‘C in immunoprecipitates catalyzed the transfer of radioactive
phosphate from [y-S2PJATP to the heavy chain of TBR specific IgG (dia-
grammed in Fig. 3). It was subsequently shown (Maness et al., 1980)
that the site of phosphorylation on the IgG heavy chain is in the
variable region, indicating that the reaction occurs in the antigen
binding site. ppGOS'ﬁC did not catalyse the transfer of phosphate from
ATP to kinase substrates such as casein or histones added exogenously to
the immunoprecipitates. No phosphotransferase activity was detected in
non-immune serum immunoprecipitates from transformed cell extracts. In
addition Collett and Erikson detected only very low levels of kinase
activity in TBR immunoprecipitates from normal chick fibroblasts.
Measuring the kinase activity found in immunoprecipitates proved to be a
useful assay for the presence of the src protein. Levinson et al.

src

(1978) have independently observed that pp60 in immunoprecipitates is

associated with a kinase activity.



Fig. 3.
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Sepharose

Sepharose

protein A

Diagram of the immune complex kinase assay of pp60Src activity.
(Collett and Er;béon, 1978; Levinson et al., 1978). Cell extracts
containing pp60 are incubated with TBR serum followed by the
addition of protein A-Sepharose which binds to the Fc region of
the3£gG mo]ecu]e.2+1mmune complexes are washed and incubated with
[y-"“P]ATP and Mg -3pIn this reaction radioactive phosphaggcis
transferred from [y-"“PJATP to the heavy chain of the pp60
specific antibody.
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Assaying for pp6OSY‘C kinase activity in immunoprecipitates is more
rapid and quantitative than the microinjection assay of the src gene
product, and the TBR serum and kinase assay is generally used to detect
ppGOS‘r‘C during fractionation and other in vitro experiments. In the last
few years, largely due to the availability of the TBR antibody, significant

progress has been made in many laboratories towards understanding the

src (

structure and function of pp60 for review see Erikson et al., 1980).

In the first section of this thesis I will summarize what is currently

src

known about pp60 and its substrates as a result of work done in other

laboratories.

A Normal Cell Protein Similar to pp605r‘C

When pp60°"C was first identified by Brugge and Erikson (1977)
in extracts of transformed chick embryo fibroblasts (CEFs) using TBR
serum, no comparable protein was detected in extracts of normal uninfected
cells. However, normal uninfected cells do contain a src gene, as shown
by Stehelin et al. (1976) using a DNA probe complementary to viral src
sequences. This work raised the possibility that the src gene is actually
a normal cellular gene that has become associated with the Rous virus.
In the virus the gene may be deregulated resulting in the deregulated
growth of infected cells. Since the normal src sequences are trans-
cribed into polyadenylated polyribosome associated RNA (Spector et al.,
1978 a,b) it seemed 1ikely that the protein product of these sequences
would be present in normal cells.

Workers in a number of different laboratories have recently identified
a normal cell protein similar in structure and function to ppGOSrC. Such

a protein is present in a variety of different species. This normal
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c-src

cellular protein is designated pp60 and the viral analogue is

vV=-Src

designated pp60 pp60c-src has been identified by immunoprecipi-

32

tation of “"P labelled cell extracts from frog, chicken, rat, and human

cells but was not detected in Drosophila cells (Collett et al., 1978;
Brugge et al., 1979; Oppermann et al., 1979; Rohrschneider et al., 1979;
Sefton et al., 1980a). pp60Y"S"C and pp60°~3"C from chick cells are
similar but not identical by peptide analysis, and analyses of peptide
maps of pp60c-srC from different species indicate that the protein is
highly conserved. The level of pp60v'src found in RSV transformed CEF
is 100-fold greater than the amount of ppGOC'S‘PC found in normal chick
cells, consistent with the hypothesis that it is the deregulation of the
protein's expression that causes transformation.

c-src

pp60 also has an associated kinase activity in TBR immunopre-

cipitates (Oppermann et al., 1979; Rohrschneider et al., 1979; Karess et
al., 1979; and Collett et al., 1979a). The ppGOC_Src-associated kinase
activity in normal cells is 100-fold less than the amount of activity

detected in RSV transformed cells. Since the enzyme concentration in

normal cells is also 100-fold lower, the specific activities of pp60v'srC

Cc-src

and pp60 are probably similar. Karess et al. (1979) however have

reported a significantly lower specific activity for the pp60c'srC

kinase.

Studies using recovered transforming viruses (Karess et al., 1979;

Karess and Hanafusa, 1981) further support the possibility that pp60v—src

C-src

and pp60 have similar functions in the cell. These viruses are

transforming viruses that have been recovered from tumors arising in



chickens infected with transformation defective src gene deletion mutants
of RSV (Hanafusa et al., 1977). The recovered viruses are apparently
generated by recombination between viral and cellular src sequences to
form a functional src gene (Wang et al., 1978). 75% of the src gene in
the recovered viruses is derived from cellular sequences and the ppGOS"'C

produced by these viruses is similar to pp60c-src_ The ppGOS‘”C from

cells infected with recovered viruses, however, has a level of associated

vV-src src

kinase activity similar to pp60 , and the expression of pp60 in

these cells results in transformation (Karess and Hanafusa, 1981).

It has been proposed (reviewed by Erikson et al., 1980) that pp60° >"C
may function in the normal cell as a protein kinase and tHat overproduction
of this kinase in the cell after infection with RSV is the cause of
cellular transformation (Karess et al., 1979). The other possibility

V=sSrc

that has been suggested is that small differences in pp60 and

pp60c'srC structure may actually be significant, resulting in altered

V=-src vV=Src

activity for pp60 Such a structural alteration in pp60 might
be responsible for cellular transformation. Current evidence favors the
possibility that transformation is the result of overproduction of the
src kinase; however, at this time, the data is insufficient to conclude
definitively which of these hypotheses is correct.

In a recent report it was shown (Shealy and Erickson, 1982) by
immunoprecipitation with TBR serum that cultured human cells contain two
forms of pp600-src; one of molecular weight 59,000 daltons, the other
60,000 daltons. The significance of the two forms has not yet been

determined.

15



Subcellular Localization of pp60Src

The TBR serum proved to be a useful reagent for localizing pp60v's"'C

in the cell. Brugge and her collaborators (1978b) and Rohrschneider

src

(1979) localized pp60 to the cell cytoplasm of transformed cells by

crude cell fractionation and immunofluorescence staining experiments.

More detailed analysis in several laboratories has suggested that pp60v'srC
may interact with the plasma membrane. It was shown by cell fractionation
and immunofluorescence microscopy (Krueger et al., 1980b) that ppGOV'SFC
in RSV transformed chick cells is associated with the plasma membrane.

By subcellular fractionation Courtneidge et al. (1980) also localized

both pp60v's‘”c and pp60c'5rc to the inside of the plasma membrane. No
pp60Src antigenic determinants were detected on the outside of the cell
either by fluorescence microscopy (Brugge et al. 1978b; Rohrschneider,
1979) or cell surface iodination (Sefton et al., 1978). Using electron
microscopic immunocytochemistry Willingham et al. (1979) found that in

ASV transformed rat kidney cells the src protein is concentrated on the
inner surface of the plasma membrane near sites of cell-cell contact.

src

They have also detected small amounts of pp60 in the cytoplasm and in

the perinuclear Golgi region of the cell. Rohrschneider (1980) reported

Src

a more specific membrane localization for pp60 By immunofluorescence

L to cell

and interference-reflection microscopy he has localized pp60
membrane adhesion plaques in RSV transformed rat kidney cells, transformed
chick cells, and tsNY68-infected chick cells at the permissive temperature.
At the nonpermissive temperature, when cells are phenotypically normal,

ppGOSrC was not detectable in adhesion plaques. Rohrschneider has

proposed that, since adhesion plaques are the points of microfilament

16
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attachment to the plasma membrane, the pp60$rC might interact directly

with both the cytoskeleton and the cell membrane.

In the rat tumor cell Tine RR1022 it was found that ppGOSrc is

associated with intracellular membranes (Krueger et al., 1980b). In

src

these cells pp60 was localized to the nuclear envelope and juxta-

nuclear reticular membrane structures by immunofluorescence microscopy

and subcellular fractionation. Their data suggest that pp60src assoc-

jation with the plasma membrane may not be a requirement for transformation.

Further experiments are needed to address this question rigorously.

src

The nature of the association of pp60 with the plasma membrane

has been characterized. pp60src was found to be synthesized on soluble

polyribosomes (Lee et al., 1980) and pulse chase experiments have shown

src

that pp60 is first synthesized in a soluble form which rapidly becomes

associated with the plasma membrane (Levinson et al., 1981). 1In the

pulse chase experiments no high molecular weight pp60$rc precursor was

’ detected. The data suggests that pp60$rc

is synthesized without a
hydrophobic signal sequence (Blobel and Dobberstein, 1975) and that it
becomes localized at the plasma membrane after synthesis. An earlier

report by Kamine and Buchanan (1978), indicating that pp60°"C

is synth-
esized with a signal sequence that is subsequently cleaved, has not been
substantiated.

Incubation of membranes from transformed cells with reagents such
as EDTA or 0.5 M KC1 does not release ppGOSYC from the membrane, suggesting
that pp60Src may be an integral membrane protein (Levinson et al., 1981;
Krueger et al., 1980a). Several different experiments indicate that pp60$rC

is linked to the plasma membrane via a sequence at its amino terminus. It
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was observed that a 52K proteolytic fragment of pp60 which has Tost

an 8,000 dalton fragment from its amino terminus no longer binds to
membranes. The studies suggest that this amino terminal portion is

src

involved in anchoring pp60 to the membrane (Levinson et al., 1981;

Krueger et al., 1980b).

Src

Most of the data support the conclusion that pp60 interacts with

the inside of the plasma membrane, perhaps at the points where the cyto-
skeleton is linked to the membrane. It is not yet clear if pp60Src
interacts directly with the 1ipid bilayer or indirectly by binding to
another membrane associated protein. The possibility that pp60Src
interacts with both the plasma membrane and the cytoskeleton is especially
intriguing since it could explain the observed correlations of cellular
growth control with cytoskeletal states and membrane phenomena discussed

earlier.

pp60$rC is a Tyrosine Kinase

Hunter and Sefton (1980) have found that the pp60$rC kinase activity
seen in TBR serum immunoprecipitates is novel in that it phosphorylates
a tyrosine residue on the TBR IgG heavy chain. A1l previously described
protein kinases have been found to phosphorylate either serine or threonine
residues. The site of phosphorylation on the TBR IgG heavy chain, in
pp60°"C immunoprecipitates, was originally identified by Collett and
Erikson (1978) as a threonine residue. This error was due to the fact
that classical one dimensional phosphoamino acid analysis by e]ectrophoﬁ?
esis at pH 1.9 does not distinguish phosphothreonine from phosphotyrosine;
two dimensional electrophoresis is required. The discovery that ppGOSY'c

phosphorylates tyrosine in TBR immunoprecipitates has aided significantly
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in the effort to understand the biochemical mechanisms of pp60
since src induced phosphorylation can be distinguished from the large
background of normal cellular phosphorylations at serine and threonine
residues.

Hunter and Sefton (1980) have further observed that the level of
phosphotyrosine in RSV transformed cells is increased 10-fold over the
levels detected in normal chick cells. This increase is partly accounted

for by the fact that pp60$rC

itself was found to be phosphorylated at a
tyrosine residue. Hunter and Sefton have hypothesized that the overall
increase in phosphotyrosine levels in transformed cells results from the
phosphorylation of substrate proteins at tyrosine residues by ppsosrc.
The phosphorylation of tyrosine in RSV transformed cells was shown

=G expression (Sefton et al., 1980b).

to be an early effect of pp60
Normal levels of phosphotyrosine were detected in cells infected with a
mutant RSV, temperature sensitive for transformation, grown at the non-
permissive temperature. One hour after downshift to the permissive
temperature, however, the levels of phosphotyrosine incorporated into
protein had increased 3-5 fold. The amount of phosphotyrosine present
in protein decreased rapidly if the cells were shifted back up to the

nonpermissive temperature. These results suggest that ppGOSY‘c

phos-
phorylation of tyrosine residues in substrate proteins may be critical
for transformation. Subsequently, studies on other RNA tumor viruses
have established that phosphorylation of tyrosine may be a generalized
mechanism by which avian sarcoma viruses mediate transformation (Cooper
and Hunter, 1981b). So far, the retroviruses can be grouped into four

classes which contain structurally similar transforming proteins (Table

I). Little or no structural homology is detected between the transforming



TABLE 1

Classes of Retroviruses that Code for Tyrosine Kinases

Class Virus Transforming Protein

I Rous sarcoma virus (RSV) p60
(various strains)

II Fujinami sarcoma virus (FSV) p140
PRC II sarcoma virus (PRC II) p105
Snyder-Theilen feline sarcoma virus (ST-FeSV) p85
Gardner-Arnstein feline sarcoma virus (GA-FeSV) p90

ITI Yamaguchi 73 avian sarcoma virus (Y73) p90
Esh avian sarcoma virus (ESV) p80

IV Abelson murine leukemia virus (Ab-MuLV) p120

The retroviruses, in most cases, each code for a phosphoprotein which
is actually a polyprotein composed of virus ggg_proteig gequences fused to
nonstructural transformation specific sequences. Pp60 "t is an exception
in that it is composed only of transformation specific sequences. The
different viral phosphoproteins are each associated wtih a tyrosine kinase
activity in immunoprecipitates. Furthermore, the level of phosphotyrosine
increases 5-10 fold when normal cells are infected by any one of these
viruses. The transforming sequences of the proteins within a virus class
exhibit structural homology but no homology exists between the transforming
sequences of proteins from different classes. The data compiled in the

%gg}i is reviewed (Neil et al., 1981; Ghysdael et al., 1981 a,b; Beemon,

20
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proteins from different classes (Neil et al., 1981; Beemon, 1981);
however, all of the proteins are similar in that each one is coded for
by a viral gene that has a normal cell homologue (Shibuya et al., 1980;
Yoshida et al., 1980). Rous sarcoma virus, Yamaguchi 73 avian sarcoma
virus (Y73) (Kawai et al., 1980), Fujinami sarcoma virus (FSV) (Hanafusa
et al., 1980; Lee et al., 1980) and Abelson murine leukemia virus (Ab-
MuLV) (Abelson and Rabstein, 1970) are representative viruses from each
class. The transforming protein coded for by each virus gene has been
shown to be associated with protein kinase activity in immunoprecipitates
(Collett and Erikson, 1978; Kawai et al. 1980; Feldman et al., 1980;
Witte et al., 1980). These kinases specifically phosphorylate tyrosine
residues on substrate proteins and the level of phosphotyrosine is
increased approximately 10-fold when cells are transformed by any one of
these viruses (Hunter and Cooper, 1981; Sefton et al., 1981b; Beemon,
1981).

Increased tyrosine phosphorylation is not, however, a general
phenomenon in all transformed cells. No increase in the abundance of
phosphotyrosiné in protein is detected when mouse cells are transformed
by Kirsten sarcoma virus, Moloney sarcoma virus, or SV-40 virus, when
chick embryo fibroblasts are transformed with avian myelocytomatosis

virus MC29, or in rat cells transformed by polyoma virus (Sefton et al.,

1980b) .
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Structural Characterization of ppGOSrc

The phosphorylation sites of both pp60Y~°"C and pp60°™>"C have been
characterized (Collett et al., 1979b). Cells were radiolabelled with
[32P]orthophosphate, extracts immunoprecipitated with TBR serum, and

precipitates digested with V8 protease from Staphylococcus aureus. Two

large phosphopeptide fragments of ppﬁosrc

were obtained after V8 protease
digestion. Phosphoamino acid analysis showed that the amino terminal
fragment contained a phosphoserine residue. The carboxy terminal fragment
was originally reported to be phosphorylated at a threonine‘residue.
However, after the discovery (Hunter and Sefton, 1980) that pp60°"C is

a tyrosine kinase, more careful analysis revealed that the C-terminal

fragment was actually phosphorylated at a tyrosine residue. The same

OV-SY‘C c-src

amino-terminal serine residue is phosphorylated on pp6 and pp60
(Collett et al., 1979b) but the viral and cellular src proteins are
phosphorylated at different tyrosine residues (Collett et al., 1979a;
Smart et al., 1981; Karess and Hanafusa, 1981). Possibly this difference
in phosphorylation will be reflected in differences in the kinase activity
of the two proteins.

ppGOSY‘c was shown to be phosphorylated at the serine residue by a
cCAMP-dependent protein kinase in cell-free extracts (Collett et al.,
1979b). Since the activity of an enzyme can be influenced by phosphor-
ylation (Krebs and Beavo, 1979), the activity of pp605r° may be regulated
by the cAMP-dependent protein kinase. In contrast, the phosphorylation
of pp60$rc at the tyrosine residue is cAMP-independent (Collett et al.,

1979b). Interestingly, pp60v-src extracted from tsNY68-infected cells
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grown at the nonpermissive temperature is not phosphorylated at the

s extracted from cells transformed at the

tyrosine residue, whereas ppb6
permissive temperature is phosphorylated at a tyrosine residue. In
parallel with the decreased amount of phosphotyrosine, the kinase activity
in tsNY68 cells grown at the nonpermissive temperature is significantly
lower than the activity found in these cells grown at the permissive
temperature (Levinson et al., 1978; Ribsamen et al., 1979). Thus,
phosphorylation at tyrosine may activate the ppGOsrC kinase, resulting
in cellular transformation at the permissive temperature.

More detailed analysis has recently revealed the sequence of amino

acids surrounding the phosphotyrosine residue on ppGOV'SrC.

Phosphor-
ylation occurs at residue 419 in the amino acid sequence of the protein
(Smart et al., 1981). The surrounding sequence was determined to be
Leu-I1e-Glu-Asp-Asn-Glu-Tyr(P)-Thr-Ala-Arg. Three of the four amino
acids that precede phosphotyrosine in the sequence are acidic residues
and it has been proposed (Smart et al., 1981) that the acidic residues
may be a common aspect of acceptor sites for tyrosine phosphorylation in
c-src

proteins. The site of tyrosine phosphorylation on pp60 in vivo is

different from the site phosphorylated in pp60Y "¢, but because pp60°~S"¢

is present in such small amounts in the cell it has not yet been possible
to determine the sequence surrounding the phosphotyrosine in the normal

protein.

Patchinsky et al. (1982) have reached somewhat different conclusions

by analyzing the sequence around the site of phosphorylation on pp6osrC

and several other tyrosine kinases and their substrates. The sequences

src

around the site of phosphorylation on pp60 and p90, the transforming
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protein of the avian sarcoma virus Y73, are identical. In addition,
these two kinases and two other transforming proteins that are phos-
phorylated at tyrosine residues, p105 of PRCII virus and p85 of Snyder-
Theilen feline sarcoma virus (ST-FeSV), all have a lysine or arginine
seven residues to the NH2-termina1 side of the phosphotyrosine residue.
A11 four sites also have at least one acidic amino acid among the residues
between the phosphotyrosine and the NHZ-termina1 lysine or arginine.
Patchinsky et al. have preliminary data on the acceptor sites of several
other tyrosine kinases and substrates that suggest that the location of
the basic amino acid and the acidic amino relative to the phosphotyrosine
residue is not always constant.

Wong and Goldberg (1981) recently synthesized a peptide fragment of
pp605rc which contains the phosphotyrosine. They have found that the

peptide inhibits the kinase activity of pp60$rC in vitro. These experi-

ments are consistent with the hypothesis that the sequence around the

src

tyrosine residue in pp60 may be a widely used signal site for tyrosine

phosphorylation and may be involved in the regulation of cellular function.
It has not yet been determined how phosphorylation at serine and
tyrosine residues affects the enzymatic activity associated with wild

v-src. This is because it is difficult to obtain the various

src

type pp60
phosphorylated forms of pp60 in pure form and in large enough quantities
to do the experiments. The src gene was recently cloned and could be

expressed in Escherichia coli (Gilmer and Erikson, 1981; McGrath and

Levinson, 1982). pp60src synthesized in bacteria is present as 5% of

the bacterial cell protein; therefore, in the future, it should be



possible to obtain large quantities of this protein. Furthermore, E. coli

have been reported to exhibit very Tow levels of protein kinase activity

STC isolated from these cells does not appear to be phosphor-

src

and the pp60
ylated (McGrath and Levinson, 1982). This bacterial source of pp60
should make it possible to answer some of the questions concerning the
effect of phosphorylation on pp60$rC activity.

Identification of a Potential pp605rC Substrate, a 34,000 Dalton

Phosphoprotein

Cellular transformation after infection with Rous sarcoma virus
results in a pleiotypic response. There is considerable evidence,
presented above, suggesting that transformation is mediated via the
action of a special kind of kinase, the tyrosine kinase. Several other
types of protein kinase, such as the cAMP-dependent protein kinase
(reviewed by Greengard, 1978) have already been well characterized.
This kinase regulates a variety of different cellular enzymes by phos-

sre could cause a drastic alteration in

phorylation, and analogously pp60
many cell properties by phosphorylating different substrate proteins at
tyrosine residues. In order to better understand the mechanisms of
ppGOSrc action there has been considerable effort in the last few years
aimed at defining its substrates.

The first potential substrate was identified indirectly by the
experiments of Radke and Martin (1979). They compared [32P]orthophosphate
labelled extracts of normal and transformed cells using two dimensional
polyacrylamide gel electrophoresis. A protein with a molecular weight

of 36,000 daltons was found to be phosphorylated in transformed cells

but not in normal cells. Using a temperature sensitive RSV mutant the
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36,000 dalton protein was found to be phosphorylated within 30 minutes
of downshift from the nonpermissive to the permissive temperature,
marking this phosphorylation as an early event in transformation. Radke
and Martin have suggested that the 36 kD might be a direct target of
ppGOSrC. Erikson and Erikson (1980) also identified a protein, with a
molecular weight of 34,000 daltons, that is phosphorylated in a trans-
formation specific manner. The 34 kD protein has the same isoelectric
point as Radke and Martin's 36 kD protein, suggesting that the two
proteins may be identical. Erikson and his colleagues have partially
purified the 34 kD protein and have raised a rabbit antibody to the
purified protein. Further characterization of this protein (Erikson

and Erikson, 1980) has shown that it is phosphorylated at a tyrosine and
a serine residue in transformed cells but only at the serine residue in
normal cells. They have found that partially purified ppGOs'”C will
phosphorylate the 34 kD protein in vitro at the same tyrosine residue
that is phosphorylated in vivo. These data suggest that the 34 kD

protein might be an actual pp60$rc

substrate, although the function of
this 34 kD protein is virtually unknown. Unconfirmed results by Ribsamen
et al. (1982) showed that the 34 kD protein copurifies with cytosolic
malate dehydrogenase. These workers have suggested that the two proteins

may be identical and that ppGOS‘”c

phosphorylation of malate dehydrogenase
may regulate this enzyme which functions as a link between the tricarb-
oxylic acid cycle and glycolysis.

Phosphorylation of the 34 kD protein also occurs in cells transformed

by several unrelated avian sarcoma viruses which code for other tyrosine

kinase transforming proteins (Erikson et al., 1981). The 34 kD protein
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is phosphorylated at the same tyrosine residue in cells transformed by
Fujinami, PRCII, or Rous sarcoma virus. These data suggest that phos-
phorylation of the 34 kD protein may be intrinsic to the mechanism of
oncogenesis by avian sarcoma viruses. Further analysis of this protein
will be presented in the Results section. o

The Cytoskeleton as a Target of pp60$‘r‘C

STC js the cytoskeleton.

Another possible direct target of pp60
Transformed cells differ in morphology from normal cells and specific
cytoskeletal alterations are an early event in cellular transformation
(Edelman and Yahara, 1976; Wang and Goldberg, 1976). The effects of
transformation on the cytoskeleton are of particular interest in view
of the proposed relationships between cell surface receptor mobility,
the cytoskeieton and cell growth (Edelman, 1976). The cytoskeleton is
known to be composed of three major filamentous systems: the micro-
filaments, the microtubules, and the intermediate filaments.

The microfilaments can be seen in electron micrographs as a thin
fibrous network of 5-7 nm filaments arrayed both in a reticular meshwork
and in bundles extending across the length of the cell. The microfilaments
can be visualized by indirect immunofluorescent microscopy of cultured
cells (Fig. 4A). Actin and myosin are the major constituents of the
microfilament bundles (reviewed in Pollard and Weihing, 1974). Actin is
a monomer (G-actin) with a molecular weight of 42,000 daltons. It
polymerizes to form double helical filaments (F-actin) which interact
with myosin. Other proteins such as filamin (Wang and Singer, 1977), o-
actinin (Lazarides, 1976), tropomyosin (Lazarides, 1975) and vinculin

(Geiger, 1979) have been found to interact with F-actin both in vitro

and in vivo.
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Fig. 4. Indirect immunofluorescence microscopy of cultured cells.
(A) chick embryo fibroblasts; fixed, permeabilized and stained
with rabbit antibody to actin. (B) mouse embryo fibroblasts;
fixed, permeabilized and stained with rabbit antibody to

tubulin.



By analogy to skeletal muscle the microfilaments were postulated to
play a role in cell motility (Pollard and Weihing, 1974). This acto-
myosin system has been implicated in such processes as cell surface
receptor mobility (Taylor et al., 1971; Yahara and Edelman, 1972) and
phagocytosis (Stossel and Hartwig, 1976). When cells are transformed by
RSV the actin cables dissolve (Edelman and Yahara, 1976; Wang and Goldberg,
1976) (Fig. 5). The distributions of the microfilament associated
proteins a-actinin, myosin, tropomyosin, and vinculin are also altered
(David-Pfeuty and Singer, 1980; Boschek et al., 1981). These cytoskeletal
alterations occur as early as 15 min. after downshift of cells infected
with tsNY68 virus from the nonpermissive to the permissive temperature,

src

suggesting that the changes are an early effect of pp60 action (Fig.

6). These observations, in addition to subcellular localization and

=P acts

microinjection experiments, support the hypothesis that pp60
directly on the microfilaments.

The microtubules are large cylindrical structures 25 nm in diameter,
and are composed of tubulin dimers and associated proteins. Tubulin
polymerization can be studied in vitro (Weisenberg, 1972) and the micro-
tubules can be visualized within the cell by immunofluorescence
microscopy using antibodies to tubulin (Weber et al., 1975) (Fig. 4B).
The assembly of microtubules in vitro is Ca2+—dependent and is also
regulated by the action of the cAMP-dependent protein kinase (Gillespie,
1974). Tubulin is a dimer composed of similar subunits (« and g) of
molecular weights 54,000 and 56,000 daltons (Shelanski and Taylor, 1967;
Weisenberg et al., 1968; Bryan and Wilson, 1971; Lee et al., 1973). A

wide variety of non-tubulin proteins have been reported to copurify
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Comparison of immunofluorescence staining patterns with anti-
actin and anti-tubu1in in chick fibroblasts and SR-RSV-A 1nfected
fibroblasts at 41° C and 37°C: (a-d) ch1ck fibroblasts: (a) 41°C,
ant1 -actin, (b) 41°C, anti-tubulin, (c) 37°C, anti- actln, éd
37°C, anti- tubu11n6 (e-h) SR-RSV-A- 1nfected cells: (e) 41°C,
ant1 -actin; (f) 41°C, anti-tubulin; (g) 37°C, anti-actin; (h)

37°C, anti-tubulin (magnification x800) From Edelman and Yahara,
1976.
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Comparison of tsNY&8-RSV infected cells at restrictive (410C).
and permissive (37°C) temperatures after binding gf fluorescein-
labelled antibodges to actin and tubu]én: (a) 41°C, phase

contrast; (b) 41°C, ansi—actin; (c) &17°¢C, anSi-tubu]in; (d) 37°¢C,
phase contrast; (e) 37°C, anti-actin; (f) 37°C, anti-tubulin
(magnification a and d, x360; b,c,e, and f, x900). From

Edelman and Yahara, 1976.
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with the microtubules kBorisy et al., 1975; Gaskin et al., 1974; Burns
and Pollard, 1974). These microtubule associated proteins, or MAPs,
include a spectrum of high molecular weight proteins and a protein of
70,000 molecular weight. The association of several of the MAPs with
microtubules has recently been found to be regu]atéd By Ca2+ and protein
phosphorylation (Schliwa et al., 1981; Burke and Delorenzo, 1981).

There has been some controversy over the effect of Rous sarcoma
virus transformation on the state of the microtubules. Edelman and
Yahara (1976) reported that the microtubules are disrupted when cells
are transformed by RSV (Figs. 5,6). It was later suggested by Osborn
and Weber (1977) that this difference in the microtubules was not real
but instead was a visualization artifact resulting from cell shape
changes during transformation. However, Edelman and Yahara (1976)
observed disruption of microtubules 1 hour after a temperature shift of
tsNY68 -infected CEFs from 42°C to 379C, well before a detectable change
in cell shape has occurred (Fig. 6). The visualization of the micro-
tubules in transformed cells is known to be affected by the method of
extraction prior to immunofluorescence staining, and certain extraction
and fixation procedures may not detect the difference in microtubular
structure that exists between normal and transformed cells (McClain,
1978).

Further evidence that microtubules are altered in transformed cells
comes from the work of Edelman and Yahara (1976). They showed that the
ability of plant lectins to induce anchorage of cell surface receptors
was reduced in transformed cells. This anchorage modulation has been

shown to require intact microtubules and is thought to reveal interactions



of surface receptors with the submembranous cytoskeleton. Lectins in

Src

doses that induce anchorage modulation also prevent pp60~ ~-induced

changes in cytoskeletal morphology as well as pp605rc

-induced growth
stimulation. Microtubules are implicated in the positive and negative
control of normal cell growth in a variety of different cell types (Wang
et al., 1975; Baker, 1976; Walker et al., 1977; McClain et al., 1977;
Friedkin et al., 1979; McClain and Edelman, 1980; Crossin and Carney,
1981). Al11 of these data are consistent with the hypothesis (Edelman et
al., 1973) that the microtubules function as key regulators of cellular
division.

The third cytoskeletal system seen in cells consists of filaments
8-10 nm in diameter. The filaments are intermediate in size between
microfilaments and microtubules and are thus often referred to as
intermediate filaments (reviewed by Lazarides, 1980). These filaments
exist in fibroblasts as radial arrays similar to the microtubules. The
protein composition of the intermediate filament varies depending on the
cell type. In chick embryo fibroblasts they are composed of two proteins;
vimentin and desmin, each with an approximate molecular weight of 52,000
daltons. The intermediate filament subunits are phosphorylated in vivo
and can be phosphorylated in vitro (0'Connor et al., 1981). The role of
phosphorylation in the regulation of assembly or other functions of the
filaments is unknown.

The state of the intermediate filaments is dramatically altered in
cells transformed by RSV (Hynes and Destree, 1978; Ball and Singer,
1981). 1In cells transformed by temperature sensitive transformation

defective mutants, the intermediate filaments retract around the nucleus
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within one hour of downshift from the nonpermissive to permissive temp-
erature (Ball and Singer, 1981). Thus, the change in intermediate
filament structure is a direct and rapid result of transformation. Ball
and Singer (1981) have demonstrated by indirect immunofluorescence
microscopy that the intermediate filaments and the microtubules are
often coincident, and they have proposed that this may reflect an inter-
action between these two filamentous systems. In fact, dissolution of
microtubules with drugs such as colchicine also causes a retraction of
the intermediate filaments (Hynes and Destree, 1978). A consequence of
transformation by RSV could be that the two filamentous systems no
longer interact normally, perhaps due to phosphorylation by pp6OSY‘C of

an és yet unidentified protein that links the microtubules and intermediate
filaments.

src

Identification of a Cytoskeletal pp60 Substrate, Vinculin

Vinculin is a 130,000 dalton protein reported by Geiger (1980) to
be found at sites of cell-cell and cell-substratum contact. It has been
Tocalized by immunofluorescence and electron microscopy to focal adhesion
plaques (Geiger, 1979; Geiger et al., 1980) and is thought to be involved
in Tinking the microfilaments to the plasma membrane. An additional
pool of vinculin has been detected in the cytoplasm by immunofluorescence
microscopy. Normal cellular vinculin has been purified (Feramisco and
Burridge, 1980) and has been shown (Wilkins and Lin, 1982) to interact
with the ends of actin filaments in vitro.

The distribution of vinculin in the cell is altered after trans-
formation with Rous sarcoma virus. In transformed cells less vinculin

is present in focal adhesion plaques and sites of cell-cell contact and
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instead, vinculin is clustered in small patches near the ventral surface
of the cell (David-Pfeuty and Singer, 1980; Shriver and Rohrschneider,

sSrc

1981). Shriver and Rohrschneider (1981) have localized pp60 to the

adhesion plaques in transformed cells and have suggested that ppﬁosrC
might specifically phosphorylate vinculin resu]ting'in're1ease of the
vinculin from the adhesion plaques with the concomitant disruption of

the cytoskeleton. The observation that vinculin in RSV transformed cells
contains eight-fold more phosphotyrosine than vinculin from normal cells
(Sefton et al., 1981a) supports this hypothesis. No significant change
in phosphotyrosine content in several other cytoskeletal proteins (a-
actinin, filamin, vimentin and myosin) was detected as a result of
transformation.

Vinculin was also specifically phosphorylated at a tyrosine residue
when cells were transformed by two other viruses: the Abelson virus and
avian sarcoma virus Y73, but not when cells were transformed by the
avian sarcoma virus PRCII (Sefton et al., 1981a). This is intriguing
because cells transformed by PRCII differ in cellular morphology from
the cells transformed by the other three viruses. Cells infected with
PRCII are not round but are elongated or fusiform and are morphologically
more 1ike normal cells than RSV transformed cells. The lack of tyrosine
phosphorylation on vinculin in PRCII infected cells offers support to
the hypothesis that phosphorylation of vinculin at tyrosine by pp605rc
can mediate cytoskeletal and morphological changes.

It is not clear from the experiments described above whether pp60$rC

phosphorylates vinculin directly or if it activates an intermediate

kinase(s). In vitro experiments using purified components might be a



useful way of addressing the question of direct interaction between

pp60‘wC and vinculin.

src

Other pp60 Targets

Recent work (Brugge et al., 1981) has identified two other potential

src

pp60 substrates. They demonstrated that two cellular proteins having

molecular weights of 90,000 and 50,000 daltons coimmunoprecipitate with
ppGOSrc. The two proteins were also found to copurify with ppGOV'S‘"C on
glycerol gradients. 5% of pp60$rC from RSV transformed cells sediments
as a high molecular weight species apparently complexed with the 90 kD

and 50 kD proteins. The remaining 95% of the pp6OSYAC

sediments on
glycerol gradients as a monomer with a molecular weight of 60,000 daltons.
The three proteins pp605rc, 50 kD, and 90 kD were present in the complex

e associated with these

in equimolar amounts. Interestingly, the pp60
two proteins has no detectable kinase activity and was found to be
phosphorylated only at a serine residue, again suggesting that tyrosine
phosphorylation may be necessary for the activity of pp6OSY‘C as a
kinase. Complex formation is dependent on the presence of salt, and no
complex was detected if salt was absent during cell lysis. In chick
cells infected with tsNY68 RSV, significantly more of the ppGOSY‘C was
associated with the 50 kD and 90 kD proteins than in cell infected with
wild type virus.

The 90 kD protein that interacts with pp60src

is a major cellular
Protein in normal and transformed cells. 1Its synthesis has been shown
to be induced as a response of fibroblasts to heat shock (Oppermann et

al., 1981). Brugge et al. (1981) and Hunter and Sefton (1980) have
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found that this protein is not phosphorylated at a tyrosine residue in
vivo. The 50 kD protein that interacts with pp60Src is a protein of
unknown function that has recently been found to be phosphorylated at a
tyrosine residue in a transformation-dependent manner (Brugge and Darrow,
1982; Gilmore et al., 1982) and thus it may be a substfate protein that

mediates some of the pp60$r‘C

induced changes that occur during cell
transformation.
Cooper and Hunter (1981a) have developed a technique which has

STC substrates. They first compared [32P]

aided in the search for pp60
labelled transformed and normal cell extracts by two dimensional poly-
acrylamide gels. Treating these gels with alkali hydrolyzed phospho-
serine bonds, thus reducing the number of protein spots visualized due

to phosphoserine. Cooper and Hunter observed that, out of a total of
approximately 200 alkali-resistant phosphoproteins, seven proteins had
increased levels of phosphotyrosine in transformed cells. These proteins

src

may be substrates of pp60 or of other tyrosine-specific kinases

activated by ppGOSrc.

Currently the function of these proteins in the
cell is not known. In vivo phosphorylation of these same seven proteins
was detected in cells infected with avian sarcoma viruses of the other
three classes. Perhaps these proteins are also important in the general
mechanism of oncogenesis by avian sarcoma viruses.

Ross et al. (1981) have taken an alternative approach in a general

search for substrates of the pp605rC

kinase. They developed a synthetic
hapten analogue to phosphotyrosine and raised specific antibodies to the
hapten which specifically immunoprecipitated phosphotyrosine containing

proteins.



38

src kinase continues. Most of the

The search for targets of pp60
targets identified so far are proteins whose function is unknown. Of
special interest is the way in which tyrosine phosphorylation induces
the deregulation of cell growth. A clue may be found in recent experi-
ments that suggest that the tyrosine kinases also piay-a role in the
control of normal cell growth (Ushiro and Cohen, 1980; Hunter and Cooper,

1981).

Activation of Tyrosine Kinases by Growth Factors

Epidermal growth factor (EGF) binds with high affinity to cell
surface receptors and stimulates the growth and replication of a number
of normal cell types (reviewed by Carpenter and Cohen, 1979; Gospodar-
owicz et al., 1978). In addition to the stimulation of growth, EGF has
a variety of effects on the cell, such as increases in the rate of ion
flux and hexose transport across the plasma membrane, rapid morphological
changes, and disruption of the cytoskeleton. Many of the changes are
similar to those seen in cells transformed by oncogenic viruses.

It was recently shown that in vitro EGF stimulates a membrane-
associated protein kinase which catalyzes the phosphorylation of the EGF
receptor (Cohen et al., 1980; Ushiro and Cohen, 1980). The EGF receptor,
a 150-170 kD glycoprotein, was found to be phosphorylated in vitro in
the presence of EGF at a tyrosine residue both in a crude membrane
preparation and in a purified form (Carpenter et al., 1978, 1979; Cohen
et al., 1980; King et al., 1980). The tyrosine kinase activity co-
Purifies with the EGF receptor but it is not clear whether it is an

intrinsic property of the receptor or a tightly bound associated kinase

(Cohen et al., 1980).
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Hunter and Cooper (1981) recently observed that the level of
phosphotyrosine in the human epithelioid tumor cell line A431 is increased
approximately four-fold when these cells are treated with EGF. This
increase in the level of phosphotyrosine detected in cellular protein
was complete within one minute of the addition of EGF and is the earliest
known cellular response to this hormone. Most of the increase in

phosphotyrosine in vivo after treatment with EGF was not due to phos-

phorylation of the EGF receptor, but was a result of the phosphorylation
of two other cellular proteins with molecular weights of 39 kD and 81 kD
(Hunter and Cooper, 1980). The 39 kD protein appears to be homologous
to the 34 kD pp605rC substrate.

The effect of EGF on the properties of A431 cells is unusual in
that the hormone inhibits rather than stimulates the growth of these
cells (Gill and Lazar, 1981) and this inhibition of proliferation in EGF
treated A431 cells is correlated with an increased phosphotyrosine
content. It would be interesting to know how the levels of phospho-
tyrosine are affected when other cell types are stimulated to proliferate
by EGF addition.

Ek et al. (1982) observed that another growth factor, platelet
derived growth factor (PDGF) also stimulates the phosphorylation of
tyrosine residues. PDGF is a 30,000 molecular weight polypeptide which
stimulates the division of connective tissue cells and glial cells in
culture (Ross and Vogel, 1978; Scher et al., 1979; Heldin et al., 1979).
PDGF causes changes such as membrane ruffling, reduction in cell adhesion,
as well as the disruption of the cytoskeleton (Chinkers et al., 1979).

The addition of PDGF to plasma membranes from human fibroblasts or glial
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cells resulted in thé phosphorylation of tyrosine residues on two
membrane proteins with apparent molecular weights of 175,000 and 130,000
daltons (Ek et al., 1982). The effect of PDGF on the phosphotyrosine
content of intact cells was not determined. Hunter and Cooper (1981) have
not detected in vivo increases in phosphotyrosine levels when A431 cells
were treated with a variety of other peptide hormones including nerve
growth factor, fibroblast growth factor, or insulin, supporting the
conclusion that the mechanism of action of these growth factors is
different from that of EGF (Rudlund and Jimenez de Asua, 1979; Halegoua
and Patrick, 1980). Further in vitro and in vivo studies of the action
of a variety of growth factors on normal cells should help to unravel

the role played by tyrosine kinases in the control of cell growth.
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III. PURIFICATION OF THE PP60°"C PROTEIN KINASE

The availability of an antibody to the src gene product has made it
possible in the last few years to identify and characterize this trans-
forming protein. Collett and Erikson (1978) discovered that ppGOSY‘c in
TBR immunoprecipitates is associated with a protein kinase activity.
Hunter and Sefton (1980) later found that the ppGOSrC associated kinase
is unique in that it phosphorylates a tyrosine residue on TBR IgG in

vitro and possibly on other pp605rc protein substrates in vivo. Purif-

jcation of pp605rc

was necessary in order to better characterize its
associated protein kinase activity in solution under well-defined conditions.
The antiserum was used to screen a variety of tumor cell Tines for

pp60src kinase activity. The RR1022 rat cell line was chosen as a

source of ppGOsrc

and two different purification protocols were developed
for purifying ppGOSrC from the RR1022 cells. The first purification
procedure was developed in collaboration with several colleagues (Maness

et al., 1979).

Materials and Methods

Cell Cultures and Viruses. Chicken embryo fibroblasts (CEFs) were

cultured as described (Hanafusa, 1969) except that medium DMEM:NCTC 109
(1:1) was used for primary cultures and Ham's F-10 medium containing 5%
calf serum and 20 ug/ml Gentamycin was used for secondary cultures.
Chick fibroblasts were transformed as described (Hanafusa, 1969) with
Schmidt-Ruppin strain of Rous sarcoma virus subgroup A (SR-RSV-A) and
with a temperature sensitive mutant tsNY68, both kindly provided by Dr.

H. Hanafusa (Rockefeller University, New York, N. Y.). The RR1022 cell



42

1ine, derived from a tumor induced in the inbred Amsterdam rat after
injection of Schmidt-Ruppin strain ASV (Ahlstrdm and Jonsson, 1961) was
obtained from the American Type Culture Collection and grown in Dulbecco's
modified Eagle's medium containing 10% calf serum. Cells were grown in
plastic roller bottles and were harvested when the cultures were approx-
imately 80% confluent. Harvested cells were washed three times with ice
cold Dulbecco's phosphate buffered saline (PBS) and stored at -70°c.

Preparation of Antiserum and Immunoprecipitation. Serum from tumor

bearing rabbits (TBR serum) was prepared as described (Brugge and
Erikson, 1977) by injecting newborn New Zealand white rabbits with 0.2
ml of 12 hour culture medium from a confluently transformed culture of
SR-RSV-D infected CEFs. Serum was collected six weeks after innoculation
at the point that the RSV induced tumors had begun to regress.
Uninfected and SR-RSV infected cells grown in 60 mm tissue culture
plates were incubated for 10 hours in 4 ml DMEM medium minus Teucine
(GIBCO, Grand Island, N.Y.) containing 0.25 mCi/ml L-[3H]-1eucine (40-60
Ci/mmole), Amersham, Arlington Heights, I11.) with 10% dialyzed fetal
calf serum or for 4 hours with 1.0 mCi of carrier-free [32P]-phosphate
(Amersham) in phosphate-free DMEM containing 10% dialyzed fetal calf
serum. After labelling, the culture medium was removed and the cells |
cooled on ice. Cells were washed three times with ice cold STE buffer
(150 mM NaCl, 10 mM Tris-HC1, pH 7.2, 1 mM EDTA) and lysed in 1 ml
modified RIPA buffer (Brugge and Erikson, 1977) containing 10 mM Tris-
HC1, pH 7.4, 0.15 M NaCl, 1% sodium deoxycholate, 1% Nonidet-40, 0.1%
SDS, 1 mM EDTA, 10 mM KC1, 1% trasylol (FBA Pharmaceutical, New York,

N.Y.). Cell lysates were vortexed vigorously for 30 sec and then
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centrifuged at 100,000 g for 30 min at 4°C. Protein determinations were
done on the clarified supernatants by the method of Bradford (1976).

The protein concentration of the transformed extract was diluted to that
of the normal extract by addition of RIPA buffer. The protein concen-
tration of the transformed extract prior to dilution was usually twice
that of normal extracts. Extracts of labelled cells were incubated with
TBR or preimmune serum (10 ul serum per 100 ul extract) for 60 min on
ice in Beckman 1.4 ml microfuge tubes. 50 ul protein A Sepharose CL-4B
(50% W/V slurry, Pharmacia) were added and mixed for 60 min to absorb
immune complexes by the method of Kessler (1975). Immunoprecipitates
were washed four times with modified RIPA buffer, two times with modified
RIPA/1.0 M NaCl, and one additional time with modified RIPA. During the
last wash immunoprecipitates were transferred to clean microfuge tubes.

SDS-Polyacrylamide Gel Electrophoresis. Washed immunoprecipitates

were resuspended in 100 ul SDS-sample buffer (Laemmli, 1970). Samples
were boiled for 5 min, pelleted, and the supernatants were electro-
phoresed on SDS polyacrylamide gels by the method of Laemmli (1970).

The stacking gel was 5% acrylamide, and the separation gel was 8.5%
acrylamide. The ratio of acrylamide to bisacrylamide was 30:0.8 and the
gels were 10 cm. long. Gels were run at 20 mAmp constant current untf1
the bromphenol blue tracking dye reached the bottom of the gel. Gels

were stained in 0.1% Coomassie brilliant blue, 8% acetic acid, 20%
methanol for 1 hr, destained overnight in 8% acetic acid,‘ZO% methanol.
Gels containing [3H]1eucine labelled proteins were prepared for fluorography
by treatment with sodium salicylate according to the procedure of Chamber-
lain (1979). After drying gels were exposed at -70°C to Kodak XAR-5 X-

ray film with a Cronex lightning plus intensifier screen.
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Protein Kinase Assay. Extracts to be assayed for ppGOSY‘C kinase

activity were immunoprecipitated and washed as described above. The
jmmune complex-protein A sepharose was washed two times with 20 mM
Tris-HC1, (pH 7.2), 10 mM MgC]z, 1 mM dithiothreitol (DTT) (kinase

7 M y-[32p]-ATP (3000 Ci/mmole,

buffer), and resuspended in 25 ul 10~
Amersham) dissolved in kinase buffer. The reaction mixture was incu-
bated at 37°C for 10 min with occasional mixing. The reaction was
quenched by the addition of 25 ul 2x concentrated SDS gel sample buffer.
Samples were boiled 5 min and applied to 8.5% SDS-polyacrylamide gels.

Gel procedures and autoradiography were described above.

Filter Assay for ppﬁosrC-Associated Protein Kinase. Aliquots of

cell extracts to be assayed for enzymatic activity were incubated with
10 u1 of TBR serum on ice for 1 hr. Protein A-Sepharose was added to
absorb the immune complexes formed. The antigen-antibody complexes were
washed three times with 200 ul of 50 mM Tris-HC1, (pH 7.2), 0.15 M NaCl;
once with 2.5 M KC1, 60 mM Tris-HC1, (pH 7.2); and once with 40 mM
Tris-HC1, (pH 7.2), 10 mM MgC12. The reaction was started by the addition
of 2.5 uCi of [y-?P1-ATP (Amersham, 1000-3000 Ci/mmol; 1 Ci = 3.7 x
1010 becquerels) in 20 mM Tris-HC1, (pH 7.2), 5 mM MgCl, and, after 10
min at 37°C, was stopped by washing the immunoprecipitates three timeé
with 200 ul of 20 mM Tris-HC1, (pH 7.2), 5 mM MgCl, and boiling for 2
min in 5% NaDodSO4, 1% 2-mercaptoethanol. After centrifugation to
remove protein A-Sepharose, the supernatant was brought to 10% in tri-
chloroacetic acid and heated to 90°C for 15 min to hydrolyze ATP. After

the precipitates were cooled, they were collected on Whatman glass fiber
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filters. The filters were washed with 0.1 M Na pyrophosphate, 5% tri-

32P was quantitated

chloroacetic acid and with methanol before drying.
by 1iquid scintillation counting. This filter assay is a modification
of the NaDodSO4/po1yacry1amide gel assay developed by Collett and

Erikson (1978). The recovery of radioactivity was comparable in both

assays.

V8 Protease Digestion Analysis. Proteins were excised from gel

bands and digested with V8 protease as described by Levinson and Levine
(1977). Gel bands were swelled in V8 sample buffer (0.0625 M Tris, (pH
6.8), 0.15% SDS, 20% glycerol, 20 mM DTT, 0.01% bromphenol blue) and
Toaded onto a 10% polyacrylamide gel. 1.0 mg/ml of S. aureus V8 protease
(Miles Biochemicals) in V8 sample buffer was loaded into the stacking

gel slots on top of the gel slices. The electrophoresis was run at 10

mA constant current until the dye front had run through the stacking

gel. The current was turned off for 15 min and then increased to 20

mA. The gel was processed for autoradiography as described above.

Preparation of Casein-Sepharose. Casein-Sepharose was prepared by

the method of Garvey et al. (1977). To 60 ml packed volume of Sepharose
CL-4B (Pharmacia) equilibrated with 2 M sodium carbonate, pH 11, was
added dropwise 9 m1 of 0.8 mg cyanogen bromide/ml acetonitrile. The
mixture was stirred on ice for 5 min. CNBr-activated Sepharose was
washed with 2 1. ice cold water followed by 2 1. 0.2 M sodium bicarb-
onate, pH 9.5. The washed Sepharose was resuspended to a total volume
of 70 ml with sodium bicarbonate buffer. 60 ml of casein 5 mg/ml
bicarbonate were added dropwise to the Sepharose. The mixture was

incubated overnight with shaking at 1°C. The casein-Sepharose was
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washed with 2 1. ice cold water followed by 60 m1 2 M ethanolamine-HC1,
pH 8.0. Casein-Sepharose was then incubated with an additional 60 ml 2
M ethanolamine-HC1 (pH 8.0) with shaking for 2 hours at 4°C and was
washed with 2 1. ice cold water, 500 ml1 0.1 M sodium acetate (pH 4.5),
1 liter water and stored in 500 m1 20 mM Tris-HC1 (pH 7.2), 5 mM MgC1,,
1 mM sodium azide.

Partial Purification of;ppSZsrc—Associated Protein Kinase. Frozen

RR1022 cells (30 ml packed volume) were suspended in 60 ml of 10 mM
potassium phosphate, (pH 7.0), 5 mM MgC]z, 10 mM diothiothreitol, 0.1 mM
EDTA, 0.34 M sucrose, 0.5 mM ATP, 1% (vol/vol) Trasylol, 2 mM phenyl-
methylsulfonyl fluoride and cells were lysed by homogenization for 5 min
in a Potter-Elvejhem homogenizer followed by 40 strokes in a Dounce
homogenizer. The homogenate was centrifuged for 2 hr at 100,000 x g.
Nucleic acids were removed from the supernatant by the addition of 1.25%
(wt/vol) streptomycin sulfate and centrifugation. Material precipitating
from this supernatant between 20 and 40% saturation with ammonium sulfate

contained approximately 90% of the pp605rC

kinase activity. The ammonium
sulfate precipitate was dialyzed against buffer A (10 mM potassium phosphate,
(pH 7.0), 5 mM MgCl,, 0.1 mM EDTA, 0.34 M sucrose, 10 mM dithiothreitol)

and chromatographed on a column (1.5 x 10 cm) of w-aminohexylagarose

(Miles) previously equilibrated with buffer A. The column was washed

with 100 m1 of buffer A, and a 500-m1 linear gradient of NaCl (0-1.0 M)

in buffer A was applied. The active fractions, eluting between 0.6 M

and 0.7 M NaCl, were pooled and dialyzed against buffer B (buffer A

containing 1 mM dithiothreitol) and chromatographed on a column (1.2 x
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16 cm) of phosphocellulose equilibrated with buffer B. The column was
washed with 60 m1 of buffer B, and a 200-m1 linear gradient of potassium
phosphate, pH 7.0, (0.01-0.4 M) in buffer B was applied. The active
fractions, eluting at 0.15 M potassium phosphate, were pooled and dialyzed
against buffer A. The dialyzed pool was chromatographed on a casein-
Sepharose affinity column (1 x 12 cm) equilibrated with buffer A. The
column was washed with 50 m1 buffer A and a 100-ml linear gradient of

NaCl (0-1.5 M) in buffer A was applied. The active fractions eluting at
0.50 M NaCl were pooled and dialyzed against buffer A. All procedures
were carried out at 4°C.

Partial Purification of pp60°"C. RR1022 cells (6 ml packed volume)

were suspended in 60 m1 20 mM Tris-maleate (pH 8.0), 1 mM EDTA, 0.5%
deoxycholate (DOC), 1% Nonidet P-40 (NP40), 1 mM g-mercaptoethanol, 2 mM
iodoacetamide, 1 mM phenylmethylsulfonylfluoride (PMSF), 1% (v/v)

Trasylol and homogenized by 20 strokes in a Dounce homogenizer with a
tight fitting plunger. The homogenate was centrifuged for 45 min at
100,000 x g. To 60 ml of supernatant were added 6.6 m1 glycerol and the
sample was chromatographed on a column of affigel blue (1.2 x 16 cm)
equilibrated with the initial extraction buffer/10% glycerol (buffer c).
The column was washed with 150 m1 of buffer C and a 150-ml1 linear gradient
of NaCl (0-1 M NaC1) in buffer C was applied. The active fractions
eluting at 0.75 M NaCl were pooled and dialyzed against buffer C, and
chromatographed on a column (1.2 x 10 cm) of w-aminohexylagarose equilibrated
with buffer C. The column was washed with 50 ml buffer C and a 100 ml
linear gradient of NaCl (0-1.5 M) in buffer C was applied. The active
fractions eluting at 0.7 M NaCl were pooled, dialyzed overnight and

applied to a column (1.2 x 8 cm) of phosphocellulose. This column was



washed with 20 ml buffer C, followed by 60 m1 20 mM Tris-maleate (pH 8.0),
1 mM EDTA, 1 mM g-mercaptoethanol, 0.05% NP-40, 1% trasylol (buffer D)

and eluted with a linear gradient of KC1 (0-1.0 M) in buffer D. The
active fractions eluting at 0.4 M KC1 were dialyzed against buffer D
overnight and chromatographed on a casein-Sepharose column (1.2 x 16 cm)
equilibrated with buffer D. The casein-Sepharose column was washed with
50 m1 buffer D and eluted with a linear gradient of NaCl (0-1.5 M). The
active fractions eluted in two peaks. Pool A was loosely bound to the
casein-Sepharose column and eluted during the column wash. Pool B was
eluted at 0.6 M NaCl. Both pools were dialyzed against buffer D/50%

glycerol and stored at -20%Cc. AT procedures were carried out at 1°c.
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Results

Preparation and Characterization of Tumor Bearing Rabbit Serum.

Newborn rabbits were injected with Schmidt-Ruppin D strain Rous sarcoma
virus (Brugge and Erikson, 1977). The rabbits developed palpable tumors
after approximately four weeks and were bled for serum two weeks later
when the tumors had begun to regress. The serum immunoprecipitated

src

pp60 and its associated kinase activity from detergent extracts of

transformed cells (described below). The antibody titer to pp60Src
remained high for 10 weeks. Serum was collected from rabbits every ten
days during this time period. The serum was tested for antibodies to
pp60S"C.

Chick embryo fibroblasts and SR-A RSV infected CEFs were labelled
with [3H]-1eucine and immunoprecipitated with tumor bearing rabbit serum.
Immunoprecipitates were washed and analyzed by SDS-polyacrylamide gel

e as well as

electrophoresis. The TBR serum immunoprecipitated pp60
‘the structural proteins of Rous sarcoma virus, Pr180, Pr76 and p27, from
extracts of SR-A RSV infected CEFs (Fig. 7, lane 1). The precipitation
of viral structural proteins was diminished by the addition of unlabelled
detergent disrupted RSV to the TBR immunoprecipitates but the amount of
the 60 kD protein precipitated did not decrease (Fig. 7, lanes 2 and 3).
This indicates that the 60 kD protein immunoprecipitated by the TBR

serum is not a structural protein of Rous sarcoma virus. Preimmune

serum did not precipitate the 60 kD species from transformed cell extracts

(Fig. 7, lane 4) and the TBR serum did not immunoprecipitate significant
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Autoradiogram of immunoprecipitates of [3H]1eucine-1abe11ed
normal and transformed CEFs after electrophoresis on a 8.5%
SDS-polyacrylamide gel (see Materials and Methods). (1-4)

SR-A RSV infected cells immunoprecipitated with (1) TBR serum,
(2) TBR serum preabsorbed with 25 ug disrupted RSV, (3) TBR
serum preabsorbed with 250 ug disrupted RSV, (4) preimmune
serum, (5) uninfected CEFs immunoprecipitated with TBR serum.
SDS gel standards are indicated in the right margin in daltons:
phosphorylase a, 94 kD; bovine serum albumin, 68 kD; ovalbumin,
43 kD; carbonic anhydrase, 29 kD.
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amounts of the 60 kD protein from radiolabelled extracts of normal chick
cells (Fig. 7, lane 5). Similar results were obtained in immunoprecipitates
from cells radiolabelled with [32P]orthophosphate indicating that the
transformation specific 60 kD protein is a phosphoprotein. These data

as well as V8 protease peptide analysis of the 60 kD protein established

that the TBR serum specifically recognizes ppﬁosrC

as originally described
by Brugge and Erikson (1977).

The TBR serum was tested as a substrate of pp605rc—associated
kinase activity in immunoprecipitates (Collett and Erikson, 1978).
Significant amounts of radioactive phosphate were incorporated into IgG

heavy chain when y32

P-ATP was incubated with TBR serum immunoprecipitates
of SR-A transformed cell extracts (Fig. 8, lane 1). Very little phospho-
transferase activity was detected in TBR immunoprecipitates of normal
cell extracts (Fig. 8, lane 2). In addition, very little transfer of
phosphate occurred when non-immune serum was used to immunoprecipitate
extracts of normal or transformed cells (Fig. 8, lanes 3 and 4). These

results further indicate that the TBR serum recognizes ppﬁosrc.

Characterization of;ppGOSrc in the RR1022 Tumor Cell Line. Using

the TBR serum a variety of cell lines were screened for ppGOSY‘C kinase
activity. The rat cell line RR1022 was chosen as a source of kinase
activity for fractionation experiments. This permanently transformed
cell Tine was easy to grow in culture and also had a high level of
kinase activity in TBR immunoprecipitates. The RR1022 rat cell line
used was originally derived from a tumor induced in the inbred Amsterdam
rat after injection of the Schmidt-Ruppin strain of ASV (Ahlstr8m and

Jonsson, 1961). The cells exhibit typical properties of transformation:
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1 2 3 4

Fig. 8. Autoradiogram of the products of the immune complex kinase
reaction after electrophoresis on an 8.5% SDS-polyacrylamide
gel. (1 and 3) SR-A RSV-infected cell extracts were immuno-
precipitated with (1) TBR serum, (3) preimmune serum; (2 and 4)
uninfected CEF cell extracts were immunoprecipitated with (2)
TBR serum, (4) preimmune serum. The reaction was performed as
described in Materials and Methods.
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diffuse immunofluorescence staining for actin, rounded morphology,

reduced adhesion to substratum, and Tack of density-dependent inhibition

of growth. The cells produce tumors when transplanted into susceptible

rats, but do not produce a detectable titer of infectious viral particles.
It was first necessary to verify that the kinaSe activity detected

in TBR immunoprecipitates of rat cell extracts was actually due to the

presence of ppGOSrC.

TBR serum immunoprecipitated a 60,000 dalton
phosphoprotein from the rat cells. The 60 kD protein is immunoprecipi-
tated from [3H]1eucine labelled rat cell extracts by TBR serum (Fig. 9,
lane 1) but not by non-immune rabbit serum (Fig. 9, lane 2). A phospho-
protein of the same molecular weight is the major protein immunoprecipi-
tated with TBR serum from [32P] labelled extracts of the rat cells (Fig.

9, lane 3). This 60 kD phosphoprotein is not detected in immunoprecipitates
of [32P] labelled rat cell extracts using an unrelated antibody raised
against the cell plasma membrane (Fig. 9, lane 4). The amount of the 60 kD
protein precipitated by the TBR serum was not diminished if the serum

was preabsorbed with disrupted unlabelled SR-D RSV, indicating that the

60 kD protein is not a structural protein of Rous sarcoma virus. Other
evidence verified that the RR1022 60 kD protein with associated kinase

src

activity is related to pp60 The 60 kD phosphoprotein from the rat

cells and pp60srC

yield two peptide fragments of 34 kD and 26 kD after
V8 protease cleavage. Fragments generated after cleavage of the RR1022
60 kD protein are shown in Fig. 9, lane 5. More extensive V8 protease
maps of the rat cell 60 kD protein and ppGOSrC labelled with tritiated
leucine are also similar. These results established that the 60 kD

Protein immunoprecipitated by TBR serum from the RR1022 cells is pp6osrc.
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Fig. 9. Autoradiogram of immunoprecipitates of RR1022 cell extractg
analyzed by SDS-polyacrylamide gel electrophoresis. (A) [PH]-
leucine-labelled cells, (B) [32P] labelled cells; immunoprecipi-
tated with (1) TBR serum, (2) preimmune serum, (3) TBR serum,

(4) anti-plasma membrane serum. (C) V8 protease cleavage ]
analysis of [3H]leucine-labelled 60 kD protein immunoprecipitate
by TBR serum from RR1022 cell extracts (described in Materials
and Methods).
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Filter Assay for pp60°"C-Associated Protein Kinase Activity.

Extracts of RR1022 cells stimulated phosphorylation of antibody heavy
chains in immunoprecipitates with TBR serum but not with normal rabbit
serum, as determined using the autoradiographic SDS-polyacrylamide gel
assay for the ppGOSrc-associated protein kinase described by Collett and
Erikson (1978). This assay has been modified to provide a faster quanti-
tative method which could be used to rapidly screen column fractions for
ppGOSrc kinase activity during fractionation experiments. Instead of
analyzing the products of the kinase reaction by SDS-polyacrylamide gel

electrophoresis, the 32

P-labelled IgG heavy chains in immunoprecipitates
were released from protein-A-Sepharose beads by boiling in SDS and
mercaptoethanol, precipitated with hot TCA, and collected on glass-fiber
filters. ‘As shown in Fig. 10, the recovery of radioactivity was comparable
in both assays. Increasing the amount of rat cell extract increased the
amount of 32P incorporated into IgG heavy chains. When large volumes of
extract were used, inhibition of the pp605rc—associated kinase activity was
observed. Similar levels of inhibition were detected in both systems;

this inhibition may result from nonspecific competition by other proteins
during immunocomplex formation.

src

Partial Purification of the pp60~ ~“-Associated Kinase Activity. A

purification protocol was developed by which it was possible to purify
the ppGOSrc-associated kinase activity several thousand fold. The

filter assay described above was used to screen column fractions rapidly.
Cells were extensively homogenized in detergent free buffers and centri-
fuged at 100,000 g. Up to 50% of the kinase activity was recovered in
the cell supernatant. The rest of the activity was in the membrane con-

taining pellet.
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Fig. 10. Comparison of filter assay with SDS-polyacrylamide gel assay.
Increasing amounts of rat cell extract were assayed by the
filter assay (®) and by running the samples on SDS-polyacryl-
amide gels, cutting out the IgG heavy chain and quantitating
by Tiquid scintillation counting (o). The phosphorlyation of
the IgG heavy chain was detected by autoradiography.
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The soluble fraction was fractionated by ammonium sulfate precipi-
tation, followed by sequential column chromatography on w-aminohexylagarose,
phosphocellulose, and casein-Sepharose. The results of the chromatographic
steps are shown in Fig. 11 A, B and C. A good separation of the ppGOS'ﬂC
kinase activity from the bulk of the contaminating protein was achieved
during each fractionation step. The results of the purification scheme
are summarized in Table II. The overall fractionation resulted in
greater than a 1000 fold purification of ppGOSY‘C kinase activity with a
5% yield. The protein obtained after the casein-Sepharose column was,
however, not homogeneous when analyzed by SDS gels stained with silver
nitrate (Merrill et al., 1980) to detect proteins.

In order to verify that pp60src

actually copurified with the kinase
activity, rat cells were radiolabelled with tritiated leucine and the

same purification scheme was followed. TBR serum immunoprecipitated
ppGOsrC from detergent extracts of rat cells (Fig. 12, lane 1). When

rat cells were extracted without detergent as in the purification scheme,
the TBR serum immunoprecipitated a 52,000 molecular weight protein (Fig.
12, lane 3). This 52 kD protein was also present in TBR immunoprecipitates
of the most purified column fractions (Fig. 12, lane 5). Lanes 2, 4 and

6 in Fig. 12 are comparable immunoprecipitates using preimmune rabbit
serum. The 52 kD protein was shown to be similar to pp605rC by peptide
analysis and most likely arises by proteolytic cleavage of pp60SrC
during cell lysis.

Krueger et al. (1980b) have reported that under certain conditions

of cell lysis, pp60src can be cleaved to a smaller molecular weight

src Sre

species designated pp52 They have shown that pp60 is associated
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Fig. 11. Purification of pp60Src kinase activity by column chromatography

(A) Chromatography of the 20-40% ammonium sulfate fraction on
w=-aminohexyl agarase. (B) Phosphocellulose chromatography of
the active pp60 fractions obtained from w-aminohexyl agarose
chromatogragpx. (C) Casein-Sepharose chromatography of the
active pp60 fractions obtained fgg@ the phosphocellulose
column. (®—e) represents the pp60° ~-associated protein kinase
activity in TBR serum immunoprecipitates of column fractions.
---) designates the absorbance of column fractions at A280 nm.
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TABLE II

Purification of pp52°"C from RR1022 Tumor Cells

Fraction Total protein Total activity Specific activity
(mg) (units) (units/mg)
Extract 1625 280 0.17
20-40% Ammonium Sulfate 2356 180 0.77
w-Aminohexyl Agarose 15 80 5.3
Phosphocellulose 0.19 21 110
Casein-Sepharose < 0.03 15 500

One un1t of activity incorporates 1X10

6

cpm into IgG heavy chains in 10

min at 37°C under the conditions described for the filter assay in Materials

and Methods.
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Fig. 12. Autogggiogram of immunoprecipitates of partially purified
pp60 kinase activity analyzed by SDS-polyacrylamide gel
electrophoresis. (1 and 2) are detergent extracts of RR1022
cells, (3 and 4) detergent free eépracts of RR1022 cells,

(5 and 6) partially purified pp60°'°C kinase activity; (1,3
and 5) were immunoprecipitated with TBR serum, (2,4, and 6)
with preimmune serum.
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with cell membranes and have proposed that cleavage to the 52 kD form
results in the release of pp52$r‘C into the cytoplasmic fraction. If

RR1022 cells are lysed in the cold, in the presence of detergents, no

src src

is detected in immunoprecipitates, only pp60 This suggests

pp52

that the 52 kD protein does not exist in an intact cell.

src

Partial Purification of pp60 as an Intact Species. pp605'ﬂC was

purified in the absence of detergents, since detergents could interfere

with in vitro and in vivo assays of the enzymes activity. Purified

src

pp52 proved to be useful for studying the protein's activity in deter-

gent free solution (see sections IV and V). Detergents are, however,

src

necessary to extract pp60 from membranes in high yield in an undegraded

form. Since it is possible that degradation of ppGOsrc to the 52 kD

protein might result in a protein with an altered enzymatic activity, it

src

would be useful to purify pp60 as an intact species.

Erikson et al. (1979) reported the partial purification of pp60$rc

in an undegraded form. An alternative protocol has been devised for the

purification of intact pp60$rc.

In this new protocol, which gives more
reproducible results, cells are lysed in dilute suspension in the presence
of high concentrations of detergents and protease inhibitors. The

extracted ppGOsrC

was found to be stable as a 60 kD species in crude

cell extracts incubated at 4°C for at least a week. pp605rc was purified
from [3H]1eucine labelled rat cells by sequential column chromatography
on affi-gel blue, w-aminohexylagarose, phosphocellulose, and casein-
Sepharose affinity supports. Column fractions were analyzed for pp60src—

associated kinase activity by the filter assay procedure. The results
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of purification scheme are shown in Fig. 13 A, B, C and D. ppGOSrC was
located by immunoprecipitation of radiolabelled column fractions with
TBR serum and was found in all cases to co-migrate exclusively with the
kinase activity.

In some preparations as much as 20% of the pp6'0srC degraded during
the purification to the 52 kD species; however, the two src species
eluted in separate fractions (Fig. 13, panel D), pools A and B, from the
casein-Sepharose column. The 52 kD species was found in TBR immunoprecipi-
tates of pool A (Fig. 14, lane 3). pp60°"C was present in TBR immuno-
precipitates of pool B (Fig. 14, lane 4). The partially purified pp605rC
was not homogeneous when analyzed by SDS gel electrophoresis and visualized
by autoradiography (Fig. 14, lane 2). The partially purified pp52°"¢
was also not homogeneous (Fig. 14, lane 1). 1In the partially purified
pp60$rC pool a major band migrating with an apparent molecular weight of
60,000 daltons was present. Other proteins in the preparation of 47,000
and 50,000 daltons (Fig. 14, lane 2) may be substrate proteins that

src

interact with and copurify with pp60 Proteins of similar molecular

weight were found by Purchio (1982) to copurify with pp60src

under
somewhat different conditions.

Molecular Characteristics of Partially Purified pp605rc. The

native molecular weight of the partially purified proteins was estimated.

pp52Se

, detected by its associated kinase acitivity, sedimented on
glycerol gradients at a rate similar to that of bovine serum albumin

(Fig. 15A) and migrated with an apparent molecular weight of approximately
60,000 daltons during gel filtration on Sephacryl $-200 (Fig. 15B).
Partially purified pp605rC also cosedimented on glycerol gradients with

bovine serum albumin. These results indicate that the partially purified
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Fig. 13. Purigigation of intact pp605r‘c in the presence of detergents.

Pp60 was purified by sequential column chromatography on
(A) affi-gel blue, (B) w-aminohexyl agarose, (C) phospho-
cellulose, and (D) casein-Sepharose. (---) designates the
total protein profile measured by coug;éng column fractions
for [3H]. (e—e) represents the pp60° --associated protein
kinase activity in TBR serum immunoprecipitates of column

fractions.
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Autoradiogram of partially purified pp6OsrC analyzed by
SDS-polyacrylamide gel electrophoresis. (1) Pool A, (2
pool B, (3) pool A immunoprecipitated with TBR serum, (
pool B immunoprecipitated with TBR serum.
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(A) Native molecular weight determination of pp52§:2. Glycerol
gradient centrifugation. Partially purified pp52 fractions
were layered on a linear gradient of 10-30% (wt/vol) glycerol
in 10 mM potassium phosphate (pH 7.0), 0.1 mM EDTA, 1 mM MgCl,
and centrifuged for 40 hr at 40,000 rpm in an SW 40 Beckman
rotor (Freifelder, 1973). The gradient was calibrated with

E. coli DNA polymerase I (109 kD), bovine serum albumin (68 kD)
and lysozyme (15 kD). gpa Sephacryl S-200 chromatography.
Partially purified pp52 was applied to a column of Sephacryl
$-200 (1.4x100 cm) previously equilibrated in 10 mM potassium
phosphate, (pH 7.0), 5 mM MgC1,, 0.1 mM EDTA, 0.34 M sucrose,
0.5 M NaCl, 1T mM diothiothreit81. The column was calibrated
with blue dextran (Vo), bovine serum albumin (68 kD), ovalbumin
(43 kD), and cytochrome ¢ (13 kD).



src proteins are monomers. They have a native molecular weight of

approximately 60,000 daltons similar to the weight determined on SDS

gels.

When the partially purified pp525rc was analyzed by isoelectric
focusing under non-denaturing conditions (Holtlund énd'Kristenson, 1978),
two peaks of src kinase activity were detected with apparent pIs of 5.0

and 6.0 (Fig. 16). The relative size of the two peaks varied in different

src

preparations. Possibly the two peaks represent pp52 in different states

ZSTC

of phosphorylation or pp5 interacting with other protein components

present in the preparation.
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Isoelectric focusing of pp52$rc was by the method of Holtlund

and Kristensen (1978). Pp52°"C was dialyzed into 20% sucrose,
1 mM DTT, 0.1 mM EDTA, and focused for 20 hr in a 20-40% (6 m1)
sucrose density gradient containing LKB ampholytes pH 5-8.
Gradient fractions were collected ?0.3 m1/tube), immunoprecipi-
tated with TBR serum and assayed for transfer of phosphate from
(v-32PJATP to IgG heavy chain (e—e). The pH of the column
fractions was recorded (---).
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Conclusions

TBR serum prepared by injection of newborn rabbits specifically
recognized ppGOSrC as well as structural proteins of Rous sarcoma virus
in extracts of transformed cells. ppGOS"'C and virai sfructura] proteins
were not detected in normal cell extracts. A significant amount of
transfer of phosphate from y[32P]-ATP to IgG heavy chain was observed in
TBR immunoprecipitates of transformed chick cell extracts.

TBR immunoprecipitates of extracts from the rat tumor cell Tine
RR1022 contained a high level of phosphotransferase activity. The TBR
serum immunoprecipitated a 60 kD phosphoprotein from these cells which

ST The pp60$rc-associated kinase activity was

was shown to be pp60
purified from the RR1022 cells over a thousand-fold in detergent free
solution. Analysis of the purified protein indicated that it was de-
graded to a smaller species with an apparent molecular weight of 52,000
daltons. It was determined that detergents are required to extract
pp605rc from cell membranes in high yield in an undegraded form. A
second reproducible protocol was developed which allows the purification
of ppGOS"c as an intact species.

The partially purified src proteins will be useful for functional

microinjection studies and also for in vitro assays of pp60Src function.
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IV. BIOCHEMICAL ACTIVITIES OF PP60°"°

src

Assays of pp60 activity in TBR serum immunoprecipitates suggested

src

that pp60 was tightly associated with an unusual kinase activity, but

STC in solution. pp60$rC

little was known about the activity of pp60
phosphorylates TBR IgG in immunoprecipitates, but does not catalyze the
transfer of phosphate from ATP to classical kinase substrates such as
casein or histones added exogenously to immunoprecipitates. It is

likely that pp605rc

sequestered by the antibody in immunoprecipitates is
unable to interact with substrates, and therefore no phosphorylation
occurs. In solution, however, ppGOS"c is accessible to interaction with

substrates; but in crude cell extracts containing ppGOSY‘C

no IgG heavy
chain kinase activity is observed. It is likely that the kinase activ-
ity is obscured by competing kinases, phosphatases or inhibitors present
in the extract.

This chapter describes experiments which examined the activity of

src

partially purified pp60 in solution. In particular the substrate

specificity of the ppGOSrC kinase was tested. First, the ability of

partially purified ppGOSrc

to catalyze the phosphorylation of classical
kinase substrates was measured. Later, additional experiments examined
the affect of ppﬁosrC on cytoskeletal proteins and other potential in

vivo substrates.
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Materials and Methods

Reagents. Histones type IIA, phosvitin, casein, avidin, bovine
serum albumin, phosphorylase a, alcohol dehydrogenase, lactate dehydrog-
enase and malate dehydrogenase (cytosolic) were purchased from Sigma
(St. Louis, Mo.). Malate dehydrogenase (mitochondrfa]) was purchased
from Boehringer-Mannheim (Indianapolis, Ind.). Concanavalin A was a
gift from Dr. John Hemperley (The Rockefeller University). Bo micro-
globulin was a gift of Dr. Jack Ziffer (The Rockefeller University).
Phosphotyrosine was synthesized from tyrosine, phosphoric acid, and
phosphorous pentoxide as described by Rothenberg et al. (1978).

Assay of Phosphotransferase Activity. The reaction solution

contains 10 mM Tris-HC1 (pH 7.5), 1 mM g-mercaptoethanol, 1 mM EDTA,
0.05% NP-40, 20% glycerol, 5 mM MgCl, and 0.1-1 uM [y-32P]ATP (800-1000
Ci/mmole, Amersham). The kinase reaction was initiated by the addition
of [y-32P]ATP and MgC12 to the solution containing ppGOSY‘c and protein
substrate in a total volume of 50 ul. After incubation for 20 min at
30°C the reaction was quenched by the addition of 25 ul 3-times concen-
trated electrophoresis sample buffer, heated to 95°C for 5 min, and
analyzed by SDS polyacrylamide gel electrophoresis. Gels were stained,
destained, dried and radiolabelled proteins were visualized by auto-
radiography.

Phosphoamino Acid Analysis. Proteins were processed for phospho-

amino acid analysis by a modification of the procedure of Hunter and

Sefton (1980). SDS gels were dried without fixing and the position of

3
the 2P band to be excised for phosphoaminoacid analysis was detected by
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autoradiography. The gel band was cut out and swollen for 5 min in 25
mM (NH4)HC03, pH 7.0 and then digested in 0.5 ml1 0.1 mg proteinase K

per ml 25 mM (NH,)HCO,, overnight with shaking at 37°C. The digested
protein mixture was centrifuged in a Beckman microfuge, the supernatant
was removed and saved and the gel pellet was reextracted with 0.5 ml 25
mM (NH4)HC03, pH 7.0, for five hours. The mixture was microfuged again
and the two supernatants combined. The extracted material was lyophilized,
the pellet resuspended in HZO and relyophilized several times. For

acid hydrolysis the residue was dissolved in 1 ml1 6 M HC1 by heating to
100°C under vacuum. The HC1 was removed by repeated lyophilization and
the hydrolysate was dissolved in a marker mixture containing phosphoserine,
phosphothreonine, and phosphotyrosine. The acid hydrolysates with
standards were analyzed by one dimensional thin layer electrophoresis on
100 um cellulose plates. Electrophoresis was at pH 3.5 for 90 min at 1
KV in glacial acetic acid/pyridine/HZO, 5:5:945 (vol/vol). Frequently
the hydrolysates were analyzed by two dimensional thin layer electrophor-
esis. In this case electrophoresis in the first dimension was at pH 1.9
for 90 min at 1 KV in glacial acetic acid/formic acid (98% by vo])/HZO,
78:25:297 (vol/vol) and in the second dimension at pH 3.5 as described
above. Phosphoamino acid standards were detected by staining with nih-
hydrin and the radioactive amino acids were detected by autoradiography.

Purification of Cytoskeletal Proteins. Tubulin was purified according

to the procedure of Bloodgood and Rosenbaum (1976). Fresh calf brain
was homogenized 2 gm/ml PM buffer (50 mM Pipes [pH 6.9], 0.5 mM MgCT,,
1 mM EGTA, 0.5 mM GTP) in a Waring blender. The homogenate was centri-

fuged at 100,000 g for 1 hour at 4°C. The supernatant was mixed with an
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equal volume of PM buffer with 8 mM glycerol, incubated at 37°C for 40
min, and centrifuged at 100,000 g for 1 hour at 30°C. The microtubular
pellet was resuspended in 1/5 the original volume of PM buffer, homogenized
and incubated for 30 min at 4°C to redissolve the tubulin dimers. After
centrifugation at 4°C the supernatant was again mixed with an equal
volume of PM-glycerol buffer and left at 37°C for 40 min. The micro-
tubules were centrifuged, resuspended in PM buffer at 4°C, centrifuged
and the depolymerized tubulin stored in glycerol at -20°c.

Dry acetone powders from freshly excised rabbit skeletal muscle
were prepared by the method of Straub (Feuer et al., 1948) and actin
was purified according to the procedure of Spudich and Watt (1971). The
acetone powder was extracted for 30 min with buffer A (2 mM Tris-HCT,
[pH 8.0], 0.2 mM ATP, 0.5 mM B-mercaptoethanol, and 0.2 mM CaC]z). The
extract was filtered and the residue re-extracted two times. The filtrates
were combined and centrifuged at 10,000 g for 1 hour, 4%. ke (to 50
mM) and MgC]2 (to 2 mM) were added slowly to the supernatant and the
actin was left to polymerize with slow stirring at 4°C for 2 hours. KCI
was then brought to a final concentration of 0.6 M and the solution was
stirred for 2 hours at 4°C followed by 2 hours at room temperature and
then centrifuged at 100,000 g for 3 hours at 4°C. The actin-containing
pellet was resuspended in buffer A and dialyzed against buffer A for 3
days at 4°C. This buffer depolymerizes F-actin to the G-actin monomer.
The G-actin was clarified by centrifugation at 100,000 g for 3 hours at
4°C and polymerized to F-actin by the addition of KC1 to 50 mM and MgC]2
to 2 mM, followed by stirring for 2 hours at room temperature. KC1 was
added to a final concentration of 0.5 M and the solution became viscous
and cloudy. After stirring for 2 hours at room temperature the F-actin

was stored at 4°C and used within a week.
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Vinculin was purified by the method of Feramisco and Burridge
(1980). Frozen chicken gizzards were thawed, ground up, and homogenized
with 10 volumes of distilled water, 0.5 mM PMSF (4°C) in a Waring blender.
The homogenate was centrifuged 10,000 g, 10 min and the pellet was re-
extracted same as above. After centrifugation the pellet was resuspended
in 10 volumes of buffer B at 379¢ (2 mM Tris, 1 mM EGTA, 0.5 mM PMSF, pH
9.0, room temperature). The suspension was stirred 30 min, centrifuged,
and the pellet discarded. The pH of the supernatant was adjusted to 7.2
with acetic acid and 1T M MgC12 was added to a final concentration of 10
mM. A precipitate formed and after stirring for 15 min the suspension
was centrifuged at room temperature. The supernatant was cooled to 4%¢
and protein was precipitated by the addition of ammonium sulfate (14.9
gm (NH4)ZSO4/1OO ml supernatant). The suspension was centrifuged 10,000
g for 10 min and additional (NH4)2504 added to the supernatant (5.6
gm/100 m1 supernatant). The suspension was centrifuged, the pellet
resuspended in and dialyzed against buffer C (20 mM Tris-acetate (pH 7.6),
20 mM NaCl, 0.1 mM EDTA, 15 mM g-mercaptoethanol. The dialyzed solution
was applied to a DEAE-cellulose column (1.2x20 cm) equilibrated in
buffer C, washed with buffer C, and eluted with a linear salt gradient
of NaCl (0-0.37 M) in buffer C. Three protein peaks were eluted by the
salt gradient. The first peak contained highly purified vinculin, the
second peak was enriched in filamin and the third peak contained partially
purified a-actinin.

Purification of filamin was as described by Shizuta et al. (1976).

Briefly, chicken gizzards were minced and then homogenized with 5 mM
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EDTA, 5 mM dithiothreitol pH 7.0. The homogenate was centrifuged and

the supernatant extracted in high salt buffer, 50 mM potassium phosphate
(pH 7.5), 0.6 M KC1, 1 mM EDTA, 1 mM DTT. After centrifugation the high
salt extract was dialyzed overnight. Dialyzed protein was precipitated
with ammonium sulfate (35% saturation), the pellet }eshspended, dialyzed
and chromatographed on a Sepharose 6B column. Three major peaks of
protein were eluted from the column; filamin was present in the second
peak. The filamin peak was applied to a DEAE cellulose column equilibrated
with 20 mM potassium phosphate (pH 7.5), 0.5 mM EDTA, 0.5 mM DTT. The
column was washed with this buffer and eluted with a linear salt gradient
of NaCl (0-0.4 M) in the column buffer. The first peak of protein

eluted with the salt gradient contained highly purified filamin when
analyzed by SDS polyacrylamide gel electrophoresis.

Myosin was purified from rabbit skeletal muscle as described by
Perry (1956). Tropomyosin, prepared by the procedure of Greaser and
Gergely (1971), was a gift from Dr. Minnie O'Farrell (The Rockefeller
University).

Purification of 34K Phosphoprotein. The 34 kD protein was purified

by the procedure of Erikson and Erikson (1980) except for a few modifica-
tions. Confluent primary chick embryo fibroblasts were scraped from
roller bottles, washed 3 times with 1XPBS, quickly frozen in 1liquid N2
and stored at -70°C. 12 m1 thawed chick cells were resuspended in 120

ml buffer D (10 mM Tris-HC1 (pH 7.2), 1 mM EDTA, 0.05% NP-40, 1 mM g-
mercaptoethanol, 1% trasylol) and homogenized with 40 strokes in a

Dounce homogenizer with a tight fitting plunger. The homogenate was

centrifuged at 100,000 g for 45 min., the supernatant brought to 10%
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glycerol and applied to a DEAE cellulose column (2 x 35 cm) equilibrated
with buffer D/10% glycerol. The unbound fraction from the DEAE cellulose
column was directly applied to a hydroxylapatite column (Bio-Gel HTP,
Biorad) equilibrated with buffer D/10% glycerol. The hydroxylapatite
column was washed with buffer D/glycerol, washed with buffer E (10 mM
Tris-HC1 [pH 7.2], 1 mM EDTA, 1 mM g-mercaptoethanol, 10% glycerol, 1%
trasylol) and eluted with a gradient of potassium phosphate (0-0.5 M) in
buffer E. The 34 kD protein eluted at 300-400 mM potassium phosphate,
fractions were analyzed by SDS polyacrylamide gel electrophoresis, and
proteins visualized by staining with silver nitrate. The 34 kD protein
was highly purified at this stage but was purified further by concen-

tration and then fractionation on Sephacryl S-200.
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Results

A. Inhibitors of pp605rC Kinase Activity in Cell Extracts. Significant

amounts of phosphatase activity were detected in crude cell extracts of
transformed cells. To demonstrate the presence of phosphatases or other
inhibitors in the cell extracts, crude ammonium sulfate fractions and

ppﬁosrC fractions purified by column chromatography on w-aminohexy]l

src

agarose were added to immunoprecipitates containing pp60 and the

kinase assay was initiated with [y-32P]ATP (Table III). Addition of the

crude ammonium sulfate fraction caused a significant reduction in the

32

amount of “"P incorporated into immunoglobulin heavy chains, as measured

by the filter assay. However, addition of purified ppGOS‘rC

32

did not sig-
nificantly reduce the ““P incorporation. Furthermore, incubation of the
ammonium sulfate fraction with immunoprecipitates previously labelled
with 32P resulted in marked dephosphorylation of the immunoglobulin

src . .
fraction contained

heavy chains. In contrast, the purified pp60
little dephosphorylating activity. These results suggest that a phos-
phatase activity acting on phosphorylated IgG was present in crude
extracts but was removed by hydrophobic chromatography.

Further evidence for a phosphatase in crude extracts was obtained
from studies on the kinetics of heat inactivation of pp603rc kinase
activity. The phosphatase inhibitor sodium fluoride increased the half-
Tife of ppGOSrc-associated kinase activity in crude cell extracts from
2.5 to 6.3 minutes during incubation at 42°c. Purification of pp60$rC
increased the half-life of kinase activity to 12.8 min, and the addition

of sodium fluoride resulted in no further increase in the half-life of



TABLE III

Dephosphorylation of IgG Heavy Chain by

Fractionated Cell Extracts

32p incorporation (cpm)
added added
Fraction added before reaction after reaction
Buffer 73,500 84,800
Ammonium sulfate 1,000 500
w-Aminohexyl agarose 76,200 50,000

Equal amounts of pp60°"C (0.08 units) were immunoprecipitated from an

w-aminohexyl agarose fraction with TBR serum. Either buffer (20 mM Tris-HC1,
[pH 7.2], 5 mM MgC12, 10 mM DTT), an aliquot of the ammonium sulfate fraction
of pp60°"C (0.0006 units), or an aliquot of the w-aminohexyl agarose fraction
of pp60°"C (0.0006 units) was added. The kinase reaction was initiated by
adding [y-32P]ATP. After 10 min at 37°C, samples were washed to remove
[y-32P]ATP. An aliquot of either the ammonium sulfate fraction (0.0006
units) or the w-aminohexyl agarose fraction (0.0006 units) was then added

to samples that had received buffer initially. A1l samples were incubated
for a further 10 min at 37°C before assay by the filter method. Results

were confirmed by SDS-polyacrylamide gel electrophoresis.
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the purified kinase activity. These data are consistent with the possibility
that the purification removed a phosphatase that could act on phosphorylated

STC o render its activity more thermolabile. Similarly, sodium

ppé0
fluoride was found to increase the thermostability of the src kinase
activity in extracts of ASV-infected chick embryo fibroblasts made in a
different buffer (RUbsamen et al., 1979). However, the identity of the
activity sensitive to sodium fluoride and the phosphatase activity has
not yet been established.

src

B. Phosphorylation of Casein and TBR IgG by pp60 in Solution.

Removal of the inhibitory activity made it possible to detect src kinase
activity in solution. The ppGOSY‘C purified through the casein-Sepharose
step (Chapter III) phosphorylated IgG heavy chains from TBR serum in
solution but did not phosphorylate IgG from preimmune rabbit serum.

In contrast, addition of [y—32P]ATP and TBR serum to the ammonium
sulfate fraction did not lead to incorporation of 32P into IgG.

Partially purified pp60°"°

phosphorylated a-casein in solution when
incubated with [y-32P]ATP and magnesium, as shown in two experiments

(Fig. 17, lanes 2 and 3). A low level of endogenous phosphorylation was
observed when casein was incubated with [y-32P]ATP alone (Fig. 17, lane

1). The ability of partially purified pp60°"C

to phosphorylate casein
was inhibited by the addition of TBR IgG to the reaction (Fig. 17,

lane 5) but not by incubation with preimmune IgG (Fig. 17, lane 4). The
inhibition of casein phosphorylation by TBR IgG indicates that casein is

src

being phosphorylated by pp60 and not by another kinase present as a

contaminant in the enzyme preparation.
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