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The transforming protein of the Abelson murine leukaemia
virus encodes a protein-tyrosine kinase. Previously, we have
shown that in Abelson-transformed cells, the Abelson kinase
regulates the phosphoserine content of ribosomal protein S6.
Phorbol 12-myristate 13-acetate (TPA), which activates pro-
tein kinase C, induces the phosphorylation of S6 at the same
five phosphopeptides as found in S6 isolated from Abelson-
transformed cells. We have investigated three models whereby
the Abelson kinase might regulate S6 phosphorylation via the
activation of protein kinase C. First, the Abelson kinase could
phosphorylate protein kinase C on tyrosine. However, we do
not detect significant amounts of phosphotyrosine in protein
kinase C in vivo. Second, it has been suggested that protein-
tyrosine kinases might phosphorylate phosphatidylinositol.
This could increase the intracellular levels of diacylglycerol
and thereby activate protein kinase C. Our data strongly sug-
gest that direct phosphorylation of phosphatidylinesitol by the
Abelson protein-tyrosine kinase has no physiological role.
Third, an indirect activation of protein kinase C may occur
via an increase in the rate of phosphoinositide breakdown.
We have found that phosphoinositide breakdown appears to
be constitutively activated in Abelson-transformed cells. The
implications of these observations are discussed with regard
to S6 phosphorylation and the mechanism of Abelson-induced
transformation.
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Introduction

Nearly half of the known oncogenes (reviewed in Hunter and
Cooper, 1985), as well as the membrane receptors for epider-
mal growth factor (Ushiro and Cohen, 1980), platelet-derived
growth factor (Ek and Heldin, 1982; Ek et al., 1982), insulin-
like growth factor-1 (Rubin et al., 1983) and insulin (Avruch ez
al., 1982; Kasuga et al., 1982), encode protein-tyrosine kinase
activities (reviewed in Foulkes and Rich Rosner, 1985). These
findings have suggested that the phosphorylation of proteins on
tyrosine residues plays a critical role in the control of cell growth.
However, physiologically important substrates for these enzymes
have yet to be identified in any of these systems (Cooper and
Hunter, 1983a; Foulkes and Rich Rosner, 1985).

All of the above protein kinases appear to be specific for tyro-
sine residues in vitro, but the addition of epidermal growth factor
(Thomas et al., 1982), platelet-derived growth factor (Nishimura
and Deuel, 1983) or insulin (Kasuga et al., 1982; Swergold et
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al., 1982; Thomas et al., 1982) to responsive cells also results
in the increased phosphorylation of certain proteins on serine resi-
dues. Similarly, in cells transformed by Abelson murine leu-
kaemia virus (A-MuLV) or Rous sarcoma virus (RSV), both of
which encode protein-tyrosine kinases, an increase in protein-
bound phosphoserine has been observed (Decker, 1981; Cooper
and Hunter, 1983b; Maller ez al., 1985). Among these phospho-
seryl-proteins, ribosomal protein S6 is of particular interest
because its phosphorylation is correlated with growth-promoting
stimuli in a wide variety of systems (Haselbacher ez al., 1979;
Thomas et al., 1982; Nishimura and Deuel, 1983).

Previously, we have shown that the phosphorylation of S6 in
NIH 3T3 fibroblasts is dependent on the presence of serum but,
after transformation of these cells by A-MuLV, S6 is highly phos-
phorylated on serine residues either in the absence or presence
of serum. These results imply that the protein-tyrosine kinase
encoded by A-MuLV can bypass the requirement for the growth
factors in serum which normally regulate S6 phosphorylation
(Maller er al., 1985).

In the course of these experiments, we had observed that the
phorbol ester phorbol 12-myristate 13-acetate (TPA), which is
known to activate protein kinase C and induce S6 phosphoryl-
ation (LePeuch er al., 1983; Nishizuka, 1984; Trevillyan et al.,
1984), induces the phosphorylation of the same five S6 phospho-
peptides as found in Abelson-transformed cells (Maller er al.,
1985). Furthermore, protein kinase C can phosphorylate S6
directly in vitro (LePeuch ez al., 1983; Parker et al., 1985). This
suggested that the Abelson kinase might regulate S6 phosphoryl-
ation by activation of protein kinase C. We were very intrigued,
therefore, by the reports that the protein-tyrosine kinases encoded
by UR2 virus and RSV might also phosphorylate phosphatidyl-
inositol, leading to the production of phosphatidylinositol
4,5-bisphosphate (Macara et al., 1984; Sugimoto et al., 1984).

It has been proposed that hydrolysis of phosphatidylinositol
4,5-bisphosphate, by phospholipase C, generates two potential
second messengers (Berridge, 1984), namely diacylglycerol,
which activates protein kinase C (Nishizuka, 1984), and inositol
1,4,5-trisphosphate, which appears to release calcium from intra-
cellular sites and activate calmodulin-dependent pathways (Ber-
ridge and Irvine, 1984; Irvine et al., 1984).

We speculated that the Abelson kinase might regulate the phos-
phorylation of S6 by phosphorylation of phosphatidylinositol,
increasing the level of diacylglycerol and thereby activating pro-
tein kinase C. Given that multiple control mechanisms are likely
to be involved in any pathway important in the transformation
process, we have also examined the possibility that protein kinase
C might be a direct substrate of the Abelson tyrosine kinase in
vivo.

Here we present evidence which suggests that the direct phos-
phorylation of phosphatidylinositol by the Abelson protein-tyro-
sine kinase has no physiological role. Furthermore, we have failed
to detect significant amounts of phosphotyrosine in protein kinase
C in cells transformed by A-MuLV. We have found, however,
that phosphatidylinositol turnover appears to be constitutively acti-
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Fig. 1. Phosphorylation of protein kinase L in vivo. NIH 313 and ANN-1 cells were 32P-labelled, protein kinase C immunoprecipitated and analysed by
autoradiography following SDS gel electrophoresis as described in the text. Panel A. Immunoprecipitation of protein kinase C from NIH 3T3 cells with pre-
immune serum (lane 1), immune serum (lane 2) and immune serum in the presence of 2 ug purified protein kinase C (lane 3). Panel B. Immunoprecipitation
of protein kinase C with either pre-immune serum (lanes 2 and 4) or immune serum (lanes 3 and 5). Immunoprecipitates from NIH 3T3 cells (lanes 2 and 3)
and ANN-1 cells (lanes 4 and 5). Lane 1 shows purified protein kinase C autophosphorylated in vitro. The data were normalised to the total trichloroacetic
acid precipitable counts incorporated into each cell type. Panel C. Phosphoamino acid analysis of protein kinase C immunoprecipitated from ANN-1 cells.

vated in Abelson-transformed cells. The implications of these
observations are discussed.

Results

Our lysis buffer (see Materials and methods) has been designed
to minimise post-homogenisation phosphorylation-dephosphoryl-
ation events. EDTA inhibits all known protein kinases. EDTA-
fluoride inhibits phosphoseryl-phosphothreonyl protein phospha-
tases. SDS, deoxycholate, 3-glycerophosphate and vanadate
inhibit the dephosphorylation of phosphotyrosine (Foulkes and
Rich Rosner, 1985). Figure 1 shows that the protein kinase C
antibodies immunoprecipitate specifically one major phosphopro-
tein (mol. wt. 80 kd) from 32P-labelled Abelson-transformed NIH
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3T3 cells. This protein co-migrates on one-dimensional SDS gel
electrophoresis with purified protein kinase C autophosphorylated
in vitro (Figure 1B). The ability of purified protein kinase C to
compete specifically the binding of this protein to the protein
kinase C antibodies further substantiates the identity of this immu-
noprecipitated polypeptide as protein kinase C (Figure 1A).
Immunoprecipitation of protein kinase C from both 32P-labelled
NIH 3T3 and Abelson-transformed NIH 3T3 cells (ANN-1) indi-
cated that there was no significant change in the amount of 32P-
labelled protein kinase C between normal and Abelson-trans-
formed cells (Figure 1B). Phosphoamino acid analysis of the
immunoprecipitated protein kinase C revealed that phosphoserine
and a smaller amount of phosphothreonine were the major phos-
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Fig. 2. In vitro phosphorylation of phosphatidylinositol by
immunoprecipitates containing the Abelson protein-tyrosine kinase. The
Abelson protein-tyrosine kinase was immunoprecipitated from ANN-1 cells,
and incubated with phosphatidylinositol and [y-3?P]ATP as described. The
figure shows an autoradiograph of 32P-labelled products separated by
chromatography in buffer system A as detailed in the text. Lanes 1 and 2:
immunoprecipitates from ANN-1 cells prepared with pre-immune serum;
lanes 3 and 4: immunoprecipitates from ANN-1 cells prepared with anti-
Abelson protein kinase serum; lanes 5 and 6: immunoprecipitates incubated
with phosphatidylinositol and ATP and prepared in the absence of cell
lysates.

phorylated amino acids in protein kinase C isolated from either
Abelson-transformed cells (Figure 1C) or NIH 3T3 cells (data
not shown). Protein kinase C, autophosphorylated in the presence
of [y-3?P]ATP shows a similar composition of phosphoamino
acids (data not shown). Phosphoamino acid analysis of the corre-
sponding gel region from the pre-immune lane revealed only very
small traces of either phosphoserine or phosphothreonine.
Our method of assaying for phosphatidylinositol kinase activity
is based on that described previously for the immunoprecipitated
oncogene product of UR2, p68"-"%% (Macara et al., 1984). Incu-
bation of the immunoprecipitated Abelson protein kinase with
[v-32PJATP and phosphatidylinositol resulted in the formation
of a 32P-labelled species that co-migrates on two t.l.c. systems
with authentic phosphatidylinositol 4-monophosphate. Figure 2
shows the data for chromatography system A. The kinase activity
observed in these immunoprecipitates was in the range 8 fmol/
min/mg of lysate protein (Figure 2, lanes 3 and 4; Figure 3b,
lane 4). The phosphorylation of phosphatidylinositol was found
to proceed linearly over a period of at least 20 min at 30°C (data
not shown). No phosphatidylinositol 4-monophosphate was de-
tectable in assays lacking cell lysate (Figure 2, lanes 5 and 6)
or in the absence of phosphatidylinositol (data not shown). When
lysates from NIH 3T3 cells were immunoprecipitated with anti-
Abelson antibodies, or when lysates from NIH 3T3 (data not
shown) or ANN-1 cells (Figure 2, lanes 1 and 2) were immuno-
precipitated with a goat pre-immune serum only very low levels
of phosphatidylinositol kinase activity were detectable. The nature
of the two 3?P-labelled spots migrating near the origin has not
been determined. They appear to vary irreproducibly with differ-
ent batches of ATP and from one experiment to the next, regard-
less of our ability to measure reproducibly the phosphatidylinositol
kinase activity of the immunoprecipitates, e.g., see Figure 2, lanes
2 —4. The extensive washing procedure used in the preparation
of the immunoprecipitates (see Materials and methods) was found
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Fig.3. Panel A. Protein-tyrosine kinase activity of NIH 3T3 and ANN-1
cell lysates. Protein kinase activity in lane 1, NIH 3T3 extracts;

lane 2, ANN-1 extracts before the immunoprecipitation of the Abelson
kinase; lane 3, ANN-1 extracts after the immunoprecipitation of the
Abelson kinase; lane 4, protein-tyrosine kinase activity of
immunoprecipitates containing the Abelson tyrosine kinase. Panel B.
Phosphatidylinositol kinase activity in NIH 3T3 and ANN-1 cell lysates.
Lane 1, phosphatidylinositol kinase activity in NIH 3T3 extract;

lane 2, phosphatidylinositol kinase activity in ANN-1 extracts before the
immunoprecipitation of the Abelson kinase; lane 3, phosphatidylinositol
kinase activity in ANN-1 extracts after immunoprecipitation of the Abelson
kinase; lane 4, phosphatidylinositol kinase activity of immunoprecipitates
containing the Abelson kinase. In both panels A and B the relative kinase
activities of the various lysates and immunoprecipitates were standardised to
the protein concentration of the extract. The bars show standard errors from
three independent experiments.

to be necessary to obtain a reproducible difference in the phospha-
tidylinositol kinase between the immune and pre-immune
reactions.

Next we examined the levels of both the phosphatidylinositol
kinase activity (Figure 3b) as well as the protein-tyrosine kinase
activity (Figure 3a) in the cell lysates before and after removal
of the Abelson protein kinase by immunoprecipitation. The pro-
tein-tyrosine kinase activity (determined using angiotensin II as
a synthetic substrate) is ~ 50-fold higher in the extracts from
Abelson-transformed cells (Figure 3a, lane 2) compared with the
very low levels of activity measurable in NIH 3T3 cells (Figure
3a, lane 1). Immunoprecipitation of the Abelson tyrosine kinase
removed >75% of the total angiotensin tyrosine kinase activity
detectable in the ANN-1 extract (Figure 3a, lane 3). Further-
more, 80% of the immunoprecipitated protein kinase was found
to retain its enzyme activity in the immune complex (Figure 3a,
lane 4).

In contrast to the 50-fold increase in protein-tyrosine kinase
activity, we observed only a 2.2-fold stimulation of the phospha-
tidylinositol kinase activity in the extracts from Abelson-trans-
formed cells compared with normal NIH 3T3 cells (Figure 3b,
lanes 1 and 2). Immunoprecipitation of >75% of the Abelson
protein had no effect on the level of phosphatidylinositol kinase
activity in the ANN-1 extracts (Figure 3b, lane 3). Furthermore,
the phosphatidylinositol kinase activity of immunoprecipitates
containing the Abelson protein represents only 1:15 000 of the
total potential phosphatidylinositol kinase activity of the cell
(Figure 3b, lanes 2 and 4).

We have also determined the rate of turnover of the inositol
phosphates in normal and Abelson-transformed cells (Figure 4).
The last stage of inositol phosphate breakdown, the dephosphoryl-
ation of inositol 1-phosphate to free inositol, can be blocked with
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Fig. 4. In vivo labelling of inositol phosphates. ANN-1 cells and NIH 3T3
cells were labelled with [3*H]inositol, incubated with Li* for 30 min,
followed by treatment for 10 min with or without serum, and inositol
monophosphate isolated as described in the text. Lane 1 (NIH 3T3 cells)
and lane 3 (ANN-1 cells) represent inositol monophosphate isolated from
unstimulated cells grown for 8 h in the presence of 0.5% serum. Lane 2
(NIH 3T3 cells) and lane 4 (ANN-1 cells) were treated with serum (10%
final) for 10 min. The data were normalised to the total counts incorporated
and are expressed in terms of the percentage of total *H c.p.m. in the form
of inositol monophosphate. The bars show standard errors from three
independent experiments.

10 mM lithium chloride (Allison and Blisner, 1976). Thus, the
percentage of the total inositol phosphates in the form of inositol
monophosphate provides an estimate of the rate of phospho-
inositide turnover (Allison et al., 1976; Berridge et al., 1982).
After a 40 min incubation in the presence of Li+, the per-
centage of inositol monophosphate in serum-starved ANN-1
cells was 2.5-fold higher than in serum-starved NIH 3T3
cells (Figure 4, lanes 1 and 3). Incubation of ANN-1 cells with
10% serum for 10 min after pre-incubation with Li* for 30 min
had little effect on the percentage of the inositol phosphates in
the form of inositol monphosphate (Figure 4, lanes 3 and 4). In
contrast, incubation of NIH 3T3 cells with serum for 10 min led
to a 2-fold increase in the percentage of the inositol phosphates
in the form of inositol monophosphate (Figure 4, lanes 1 and 2).

Discussion

Transformation of cells by retroviruses results in the alteration
of a multitude of cell parameters (Hanafusa, 1977). The discovery
that a large number of retroviral oncogenes encode proteins with
protein-tyrosine kinase activities suggested a common mechanism
via which many of the oncogenes might exert changes on a large
number of cell parameters. Unfortunately, physiologically import-
ant phosphotyrosine-containing substrates relevant to transform-
ation have yet to be identified in any system (Cooper and Hunter,
1983a; reviewed in Foulkes and Rich Rosner, 1985).

Despite the fact that the Abelson protein kinase phosphorylates
tyrosine residues exclusively (Foulkes et al., 1985a), transform-
ation of cells by A-MuLV also results in the increased phos-
phorylation of certain proteins on serine residues. One of these
proteins is the ribosomal protein S6 (Maller et al., 1985). The
exact role of S6 remains to be defined but phosphorylated S6
may function to stimulate cell growth via the acquisition and
preferential translation of growth-associated mRNAs (Duncan and
McConkey, 1982; Glover, 1982; Thomas et al., 1982). The most
direct mechanism whereby Abelson tyrosine kinase could regulate
the phosphorylation of S6 on serine would be the activation of
a serine-specific S6 kinase following phosphorylation of the S6
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kinase on tyrosine.

TPA, which is known to activate protein kinase C (Castagna
et al., 1982), induces the phosphorylation of S6 within the same
five S6 phosphopeptides as found in Abelson-transformed cells
(Maller er al., 1985). This suggests that the Abelson transform-
ing protein might be activating protein kinase C. The most direct
mechanism for such an effect would be phosphorylation of protein
kinase C on tyrosine. With this in mind, we immunoprecipitated
protein kinase C from 3?P-labelled cells. In both NIH 3T3 cells
and in Abelson-transformed NIH 3T3 cells (ANN-1) protein kin-
ase C was found to be phosphorylated. To our knowledge, this
is the first demonstration that protein kinase C is phosphorylated
in vivo. However, no difference was observed in the level of

. 32P-]abelled protein kinase C between these two cell types. Fur-

thermore, phosphoamino acid analysis of protein kinase C isolated
from ANN-1 cells revealed phosphoserine with smaller amounts
of phosphothreonine. On a very prolonged exposure of the auto-
radiograph, a trace amount of 32P-phosphotyrosine was detect-
able in protein kinase C from ANN-1 cells but not in protein
kinase C from NIH 3T3 cells (data not shown). This may rep-
resent either a minor contaminant present in the immunoprecipi-
tated protein kinase C which co-migrates on one-dimensional SDS
gel electrophoresis, or a trace phosphorylation of protein kinase
C on tyrosine. As different protein-tyrosine kinases show marked
differences in substrate specificity (Foulkes et al., 1985b), we
have also analysed protein kinase C from src-transformed NIH
3T3 cells and again only observe a trace level of phosphotyrosine
(data not shown). Our lysis buffer appears to inactivate all protein-
tyrosine phosphatase activities (Foulkes, 1984; J.G.Foulkes, un-
published observations) so it seems unlikely that phosphotyrosine
would be lost during our isolation of protein kinase C. These
data indicate that the Abelson transforming protein does not
modulate the activity of protein kinase C by the direct phosphoryl-
ation of this enzyme on tyrosine residues. This suggested that
we should search for alternative mechanisms whereby the Abel-
son transforming protein might activate protein kinase C in
ANN-1 cells.

Recently, a large number of hormones have been shown to
stimulate phosphoinositide turnover (Habernicht et al., 1981;
Creba et al., 1983; Downes and Wusteman, 1983; Rebecchi and
Gershengorn, 1983; Brown ez al., 1984; Nishizuka ez al., 1984)
and it has been suggested that the physiologically important targets
for certain oncogenes may be components of phospholipid metab-
olism (Berridge and Irvine, 1984; Macara et al., 1984; Sugimoto
et al., 1984; Berridge et al., 1985; Macara, 1985; Whitman et
al., 1985). In particular, data have been presented to suggest that
protein-tyrosine kinases might phosphorylate phosphatidylinositol
directly. It was possible that the Abelson transforming protein
could stimulate protein kinase C indirectly via phosphatidylino-
sitol phosphorylation. This perturbation might cause an increase
in the level of diacylglycerol in Abelson-transformed cells, which
would activate protein kinase C and in turn regulate S6 phos-
phorylation.

Immunoprecipitates containing the transforming protein of
A-MuLV are associated with a phosphatidylinositol kinase activity
in vitro (Figure 2), but the observed reaction rate is only 8 fmol
32p-incorporated into phosphatidylinositol/min/mg of lysate pro-
tein. This is very similar to the rate of phosphatidylinositol phos-
phorylation reported by Macara et al. (1984) for the p68¥-"0s
protein immunoprecipitated from UR2 virus-transformed cells.
Similar phosphatidylinositol kinase activities have also been ob-
served in immunoprecipitates of the polyoma middle T/c-src com-
plex (Whitman ez al., 1985) as well as in purified preparations



of pp60V=7¢, the transforming protein of RSV. pp60¥-’¢, purified
from RSV-transformed cells, phosphorylates phosphatidylinositol
with a V, determined at 12 nmol/min/mg (Sugimoto et al.,
1984). In contrast, the Abelson protein, purified from Escherichia
coli using an expression vector system, has a protein-tyrosine
kinase specific activity of 3 umol/min/mg and yet fails to
phosphorylate phosphatidylinositol (Foulkes et al., 1985a).
Phosphatidylinositol kinases with such low specific activities may
be of questionable physiological significance particularly when
one recalls that growth factor-stimulated phosphoinositide
breakdown is one of the most rapid effects detectable, occurring
within seconds following the addition of an agonist (Berridge,
1983; Creba et al., 1983; Downes and Wusteman, 1983; Rebec-
chi and Gershengorn, 1983).

In contrast to the 50-fold increase in protein-tyrosine kinase
activity following transformation by A-MuLV, only a 2.2-fold
stimulation of the phosphatidylinositol kinase activity in extracts
from ANN-1 cells could be observed. Furthermore, immunopre-
cipitation of >75% of the Abelson protein had absolutely no
effect on the phosphatidylinositol kinase activity in ANN-1 cells.
Although immunoprecipitates containing the Abelson protein ex-
press the majority of the protein-tyrosine kinase activity, they
express only 1:15 000 of the total potential phosphatidylinositol
kinase activity (Figure 3). Based on this analysis we consider
it extremely unlikely that direct phosphorylation of phosphatidyl-
inositol by the Abelson protein-tyrosine kinase has any physio-
logical significance.

The observed phosphatidylinositol activity of immunoprecipi-
tates containing the Abelson kinase may either represent a trace
phosphorylation of phosphatidylinositol by the Abelson protein
or a cellular phosphatidylinositol kinase which is partially immu-
noprecipitated. Due to the normal affinity of enzymes for their
substrates, kinases and their protein substrates are frequently
found in association with one another, even in highly purified
preparations. It is possible that a cellular phosphatidylinositol kin-
ase is a substrate for the Abelson kinase and hence is partially
immunoprecipitated by the anti-Abelson antibodies. In view of
the fact that the Abelson kinase purified from E. coli fails to phos-
phorylate phosphatidylinositol this latter possibility seems par-
ticularly attractive, and could explain the increase in the total
phosphatidylinositol kinase activity present in Abelson-trans-
formed cells.

To estimate the rate of phosphoinositide turnover in vivo, cells
were incubated for a short time in the presence of lithium chloride
to block the conversion of inositol monophosphate to free inositol
(Downes and Michell, 1981; Berridge, 1983; Berridge et al.,
1983). Any stimulation of the phosphoinositide pathways is then
reflected by an increase in the amount of inositol monophosphate.
As shown previously, differences in S6 phosphorylation between
normal and transformed cells are only apparent in the absence
of serum (Maller et al., 1985). Under these conditions S6 is
dephosphorylated in NIH 3T3 cells but remains phosphorylated
in ANN-1 cells. If the Abelson kinase regulated S6 phosphoryl-
ation by the activation of phosphatidylinositol turnover and there-
by protein kinase C, differences in phosphoinositide turnover
between normal and transformed cells might only be apparent
in the absence of serum. Our approach, therefore, was to measure
the rate of phosphoinositide turnover in the absence and presence
of serum. In the absence of serum inositol monophosphate levels
were 2.5-fold higher in ANN-1 cells than in NIH 3T3 cells. Fol-
lowing the addition of serum for 10 min there was a rapid stimu-
lation of inositol monophosphate levels in NIH 3T3 cells with
no significant effect in Abelson-transformed cells.

Phosphatidylinositel turnover and transformation of cells

These data indicate that the phosphoinositide pathway is con-
stitutively activated following transformation by A-MuLV. These
results are supported by previous investigations of phosphatidyl-
inositol metabolism in both UR2 virus and RSV-transformed cell
lines (Diringer and Friis, 1977; Macara et al., 1984). This could
lead to a sustained increase in the steady-state concentrations of
both diacylglycerol, leading to the activation of protein kinase
C, and inositol trisphosphate, leading to the release of intracellu-
lar calcium. Other phosphoinositide metabolites, e.g., arachidonic
acid, might also act on systems potentially important in the trans-
formation process. We are now determining the steady-state levels
of each of the phosphoinositide metabolites in both NIH 3T3 cells
and in Abelson-transformed cells. This may indicate which step(s)
is activated by the Abelson kinase. The phosphotyrosine content
of the enzymes regulating phosphoinositide metabolism in Abel-
son-transformed cells will then be examined. The relationship
between protein kinase C activation and S6 phosphorylation also
remains to be established as it is unclear whether protein kinase
C is directly responsible for the phosphorylation of S6 observed
in Abelson-transformed cells in vivo. Finally, this work suggests
that a valuable approach in studying the mechanism of cell
transformation by A-MuLV will be to identify the physiological
substrates of both protein kinase C and the Ca?*-calmodulin-
dependent kinases and phosphatases, as these may represent
key targets in the transformation process.

Materials and methods

Methods

Newborn calf serum was obtained from Imperial Laboratories. [y-*2P]Adenosine
5’ triphosphate was obtained from New England Nuclear (2900 ci/mmol) or from
Amersham (3000 Ci/mmol). Myo-[2-*H]inositol was obtained from Amersham
(19.1 Ci/mmol). Protein A-Sepharose CL-4B, Nonidet P-40 (NP-40), phospho-
lipids, angiotensin II, bovine serum albumin, ATP and Dowex-1 X8-400 (chlor-
ide form) were obtained from Sigma. Silica gel 60 t.l.c. plates were obtained
from Merck. All other chemicals used were of analytical grade or better. Staphyl-
ococcus aureus, Cowan strain, was grown and fixed as described previously
(Kessler, 1975).

Cell cultures and preparation of cell lysates

NIH 3T3 and ANN-1 cells (Scher and Siegler, 1975) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% newborn calf serum.
Tissue culture plates containing ~ 107 cells were washed twice in ice-cold
phosphate-buffered saline (PBS) and the cells scraped into 1.0 ml of lysis buffer
(50 mM Tris pH 7.4, 300 mM NaCl, 50 mM NaF, 30 mM Na pyrophosphate,
100 uM Na vanadate, 1% Triton X-100, 1% NP-40, 20 mM g-mercaptoethanol
and 2 mM EDTA) at 4°C. After 15 min on ice the lysates were centrifuged at
13 000 g for 10 min at 4°C. Cleared cell lysates were prepared by three 15 min
incubations at 4°C with 5 pl of goat pre-immune serum and 50 ul of a 25%
formaldehyde-fixed S. aureus cell suspension. After each incubation the bound
material was removed by centrifugation at 13 000 g for 1 min. These cleared
cell lysates were used for immunoprecipitation and for assaying protein-tyrosine
kinase and phosphatidylinositol kinase activities in cell lysates. Protein concen-
trations were determined as described previously (Bradford, 1976).

Immunoprecipitation of the Abelson transforming protein

100 pl aliquots of the cleared cell lysates were incubated with 5 ul of the indi-
cated antiserum for 2 h on ice. 20 ul of Protein A-Sepharose CL-4B (Sigma)
(a 50% v/v slurry in lysis buffer) were added and mixed for 45 min at 4°C.
The adsorbed immune complexes were then spun down in a microfuge and the
supernatant removed. The Protein A-Sepharose pellet was washed once in 1 M
NaCl, 20 mM Tris, 0.1% NP-40, once in 0.5 M LiCl, 0.1 M Hepes (pH 7.4),
twice in cell lysis buffer and finally in 10 mM Tris (pH 7.4), 100 mM NaCl,
1 mM EDTA. The resulting pellets were assayed for either protein-tyrosine kinase
or phosphatidylinositol kinase activity.

Determination of protein-tyrosine kinase activity in cell extracts and in immuno-
precipitates

Protein tyrosine kinase activity was measured by the incorporation of 32P from
[v-3?P]ATP into the octapeptide angiotensin II. Assays were carried out as describ-
ed previously (Foulkes er al., 1985a) except that the reactions were terminated
by the addition of 5% trichloroacetic acid (instead of phosphoric acid) and protein
removed by centrifugation.
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Determination of phosphatidylinositol kinase activity

Phosphorylation of phosphatidylinositol was performed with either immunoprecipi-
tates from cleared cell lysates or with 2 ul of a 1/200 dilution of cleared cell
lysates, both before and after immunoprecipitation of the Abelson protein-tyrosine
kinase. 2 mg/ml phosphatidylinositol in 1% NP-40, 200 mM Hepes (pH 7.4)
was pre-incubated at 4°C with the immune pellet for 20 min at a final concen-
tration of 0.5 mg/ml phosphatidylinositol, S0 mM Hepes. After pre-incubation
the phosphorylation reaction was started by addition of 20 uCi [y-**P]ATP and
MgCl, to final concentrations of 50 uM ATP, 10 mM MgCl, in a final volume
of 50 pl. The reaction mixture was incubated for 10 min at 30°C. The reaction
was then terminated and the lipids extracted as described previously (Whitman
et al., 1985). The organic phase was redissolved in 30 ul of chloroform/methanol
(4:1) and spotted onto a silica gel 60 t.l.c. plate (Merck) impregnated with 1%
potassium oxalate. Phosphorylated products were separated using either system
A, chloroform/acetone/methanol/acetic acid/water (40:15:13:12:8), or system B,
chloroform/methanol/ammonia/water (45:30:3:5), and visualised by autoradiogra-
phy. Authentic lipids were run as standards on each plate and were visualised
by exposure to iodine vapour.

Determination of inositol phosphate turnover in vivo

Confluent 10-cm dishes of cells were grown in 0.5% serum, inositol-free DMEM
for 8 h. 5 uCi myo-[2-*H]inositol/ml was added and the incubation continued
for 5 h at which time LiCl was added to a final concentration of 10 mM. After
30 min the cells were treated with or without serum as specified in the figure
legends and incubated for a final 10 min. Cells were washed once in PBS and
then scraped in 0.72 ml of 0.03 N HCI. 2.7 ml of chloroform/methanol (1:2)
was added and the mixture incubated on ice for 15 min. Finally 0.9 ml chloroform
and 0.9 ml water were added and the resultant two phases separated by centrifu-
gation at 2000 r.p.m. for 10 min.

The water-soluble inositol phosphates present in the upper phase were frac-
tionated using a 1-ml Dowex-1 (formate form) column as described previously
(Berridge, 1983). After passage of the inositol phosphate fraction through the
Dowex column, the column was washed through with 15 ml of distilled water
to remove free inositol, which fails to bind to the column. The inositol phosphates
were eluted sequentially by using 5 mM disodium tetraborate/60 mM sodium
formate (for glycerophosphoinositol), 0.1 M formic acid/0.2 mM ammonium for-
mate (for inositol monophosphates), 0.1 M formic acid/0.4 M ammonium formate
(for inositol bisphosphates) and 0.1 M formic acid/l M ammonium formate (for
inositol trisphosphates). In routine assays 15-ml fractions were collected, evap-
orated to dryness and their radioactivities determined by scintillation counting.
Immunoprecipitation and phosphoamino acid analysis of protein kinase C
Protein kinase C antibodies were prepared from rabbits inoculated with purified
protein kinase C isolated from human spleen and purified as described for the
bovine brain preparation (Parker et al., 1984).

2 X 108 NIH 3T3 or ANN-1 cells were labelled for 3 h with 2 mCi 32Pi in
5 ml of phosphate-free DMEM containing 10% dialysed newborn calf serum.
The cells were then washed once with PBS and lysed in RIPA buffer [20 mM
Na phosphate (pH 7.2), 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 100 uM
Na vanadate, 80 mM Na 3-glycerophosphate, 1% Triton X-100, 1% Na deoxy-
cholate, 0.1% SDS]. After two pre-precipitation steps with 10 ul normal rabbit
serum and 50 ul 10% formaldehyde-fixed S. aureus, the lysates were treated for
2—12 h with 10 pl of antiserum prepared against purified protein kinase C. In
the competition experiment, 2 pg purified protein kinase C were added to lysates
during the immune precipitation. Immune complexes, bound to S. aureus bacteria,
were washed four times with RIPA buffer, resuspended in SDS gel sample buf-
fer and treated at 80°C for 5 min. SDS-polyacrylamide gel electrophoresis in
10% slab gels was performed as described (Laemmli, 1970) and the dried gels
subjected to autoradiography. Protein kinase C was eluted from gel slices by diges-
tion with proteinase K, hydrolysed for 2 h at 105°C with 6 N HCI, and two-
dimensional phosphoamino acid analysis performed as described (Hunter and
Sefton, 1980).

Acknowledgements

Anti-Abelson protein kinase antibodies were a kind gift from Dr L.Pritchard and
Dr M.Rosenberg (Smith, Kline and French Laboratories, PA). We would also
like to thank Dr S.Courtneidge (NIMR) for help in the development of the phospha-
tidylinositol kinase assay, and Dr G.Klaus and Dr M.Bijsterbosch (NIMR) for
help in determination of inositol phosphate levels. This work was supported by
the MRC and in part by the ICRF.

References

Allison,J.H. and Blisner,M.E. (1976) Biochem. Biophys. Res. Commun., 64,
1332-1338.

Allison,J.H., Blisner,M.E., Holland,W.H., Hipps,P.P. and Sherman,W.R. (1976)
Biochem. Biophys. Res. Commun., 71, 664-670.

Avruch,J., Nemenoff,A., Blackshear,P.J., Pierce, M.W. and Usathanondh,R.

3178

(1982) J. Biol. Chem., 257, 15162-15166.

Berridge,M.J. (1983) Biochem. J., 212, 849-858.

Berridge,M.J. (1984) Biochem. J., 220, 345-360.

Berridge,M.J. and Irvine,R.F. (1984) Nature, 312, 315-321.

Berridge,M.J., Downes,C.P. and Hanley,M.R. (1982) Biochem. J., 206, 587-595.

Berridge,M.J., Dawson,R.M.C., Downes,C.P., Heslop,J.P. and Irvine,R.F.
(1983) Biochem. J., 212, 473-482.

Berridge,M.J., Brown,K.D., Irvine,R.F. and Heslop,J.P. (1985) BSCBY, in press.

Bradford, M.M. (1976) Anal. Biochem., 72, 248-254.

Brown,K.D., Blay,J., Irvine,R.F., Heslop,J.P. and Berridge,M.J. (1984)
Biochem. Biophys. Res. Commun., 123, 377-384.

Castagna,M., Takai,Y ., Kaibuchi,K., Sano,K., Kikkowa,U. and Nishizuka,Y.
(1982) J. Biol. Chem., 257, 7847-7851.

Cooper,J.A. and Hunter,T. (1983a) Curr. Top. Microbiol. Immunol., 107,
125-161.

Cooper,J.A. and Hunter,T. (1983b) J. Biol. Chem., 258, 1108-1115.

Creba,J.A., Downes,C.P., Hawkins,P.T., Brewster,G., Michell,R.H. and
Kirk,C.J. (1983) Biochem. J., 212, 733-747.

Decker,S. (1981) Proc. Natl. Acad. Sci. USA, 78, 4112-4115.

Diringer,H. and Friis,R.R. (1977) Cancer Res., 37, 2979-2984.

Downes,C.P. and Michell,R.H. (1981) Biochem. J., 198, 133-140.

Downes,C.P. and Wusteman,M.M. (1983) Biochem. J., 216, 633-640.

Duncan,R. and McConkey,E.H. (1982) Eur. J. Biochem., 123, 535-538.

Ek,B. and Heldin,C.H. (1982) J. Biol. Chem., 257, 10486-10492.

Ek,B., Westermark,B., Wasteson,A. and Heldin,C.H. (1982) Nature, 295, 419-
420.

Foulkes,J.G. (1984) Curr. Top. Microbiol. Immunol., 107, 163-180.

Foulkes,J.G. and Rich Rosner,M. (1985) in Cohen,P. and Housley,M. (eds.),
Molecular Aspects of Cellular Regulation, 4, in press.

Foulkes,J.G., Chow,M., Gorka,C., Frackelton,A.R. and Baltimore,D. (1985a)
J. Biol. Chem., 260, 8070-8077.

Foulkes,J.G., Mathey-Prevot,B., Guild,B.C., Prywes,R. and Baltimore,D.
(1985b) in Feramisco,J., Ozanne,B. and Stiles,C. (eds.), Cancer Cells, 3, Cold
Spring Harbor Laboratory Press, NY, pp. 329-337.

Glover,C.V.C. (1982) Proc. Natl. Acad. Sci. USA, 79, 1781-1785.

Habernicht,A.J.R., Glomset,J.A., King,W.C., Nist,C., Mitchell,C.D. and
Ross,R. (1981) J. Biol. Chem., 256, 12329-12335.

Hanafusa,H. (1977) Comprehensive Virol., 10, 401-481.

Haselbacher,G.K., Humbel,R.E. and Thomas,G. (1979) FEBS Lett., 100,
185-190.

Hunter,T. and Sefton,B.M. (1980) Proc. Natl. Acad. Sci. USA, 77, 1311-1315.

Hunter,T. and Cooper,J.A. (1985) Annu. Rev. Biochem., 54, in press.

Irvine,R.F., Brown,K.D. and Berridge,M.J. (1984) Biochem. J., 221, 269-272.

Kasuga,M., Zick,Y., Blith,D.L., Karlsson,F.A., Haring,H.U. and Kahn,C.R.
(1982) J. Biol. Chem., 257, 9891-9894.

Kessler,S.W. (1975) J. Immunol., 115, 1617-1624.

Laemmli,U,K. (1970) Nature, 227, 680-685.

LePeuch,C.J., Ballester,R. and Rosen,O.M. (1983) Proc. Natl. Acad. Sci. USA,
80, 6858-6862.

Macara,l.G., Marinetti,G.V. and Balduzzi,P.C. (1984) Proc. Natl. Acad. Sci.
USA, 81, 2728-2732.

Macara,l.G. (1985) Am. J. Physiol., 248, (Cell Physiol. 17): C3-Cl11.

Maller,J.L., Foulkes,J.G., Erikson,E. and Baltimore,D. (1985) Proc. Natl. Acad.
Sci. USA, 82, 272-276.

Nishimura,J. and Deuel,T.F. (1983) FEBS Len., 156, 130-134.

Nishizuka,Y. (1984) Nature, 308, 693-698.

Nishizuka, Y., Takai,Y ., Kishimoto,A., Kikkawa,U. and Kaibuchi,K. (1984) Rec.
Prog. Horm. Res., 40, 301-345.

Parker,P.J., Stabel,S. and Waterfield, M.D. (1984) EMBO J., 3, 953-959.

Parker,P.J., Katan,M., Waterfield,M.D. and Lender,D.P. (1985) Eur. J.
Biochem., 148, 579-586.

Rebecchi,M.J. and Gershengorn,M.C. (1983) Biochem. J., 216, 287-294.

Rubin,J.B., Shia,M.A. and Pilch,P.F. (1983) Nature, 305, 438-440.

Scher,C.D. and Siegler,R. (1975) Nature, 253, 729-731.

Sugimoto,Y., Whitman,M., Cantley,L.C. and Erikson,R.L. (1984) Proc. Natl.
Acad. Sci. USA, 81, 2117-2121.

Swergold,G.D., Rosen,0.M. and Rubin,C.S. (1982) J. Biol. Chem., 257, 4207-
4215.

Thomas,G., Martin-Perez,J., Siegmann,M. and Otto,A.M. (1982) Cell, 30, 235-
242.

Trevillyan,J.M., Kulkarni,R.R. and Byus,C.V. (1984) J. Biol. Chem., 259, 897-
902.

Ushiro,H. and Cohen,S. (1980) J. Biol. Chem., 255, 8363-8365.

‘Whitman,M., Kaplan,D.R., Schaffhausen,B., Cantley,L. and Roberts,T.M. (1985)
Nature, 315, 239-242.

Received on 19 July 1985; revised on 13 September 1985




