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Phosphorylation at tyrosine 527 of the proto-oncogene product, pp60()src, has been proposed to decrease the
tyrosine kinase activity of the enzyme. We have investigated potential factors that might influence phosphor-
ylation at this site by making mutant variants of the pp60"csrc protein. By effectively eliminating the site of
N-terminal myristylation, we demonstrated that stable membrane association is not necessary for tyrosine 527
phosphorylation. Furthermore, mutational elimination of the enzymatic activity of this mutant pp60Csr
protein did not alter the efficiency of phosphorylation at tyrosine 527. These data are consistent with the
proposal that pp60csrc may be phosphorylated at tyrosine 527 by a cellular tyrosine kinase distinct from
pp60)CSrC. In addition, using detergent-permeabilized celis, we established conditions that allow efficient
phosphorylation of tyrosine 527 in vitro.

The proto-oncogene product, pp6c-Jsrc' is the normal
cellular homolog of the transforming protein of Rous sar-
coma virus, pp6v-src (1). Although both of these proteins
possess tyrosine-specific protein kinase activity, pp60v-src is
a potent transforming protein, while pp60csrc does not
induce oncogenic transformation even when expressed at
levels comparable to those of pp6Ovsr, (20, 21, 28). Inves-
tigations of the fundamental properties that may be respon-
sible for the difference in the oncogenic potential of
these proteins have revealed several criteria that distinguish
these proteins. (i) pp6Ov-src represents a mutated version of
pp60c-src which contains several single-amino-acid differ-
ences throughout the protein and a major digression located
in the extreme carboxy terminus, where the last 12 amino
acids of pp6fv-src are unique and distinct from the last 19
amino acids of pp6Oc-src (35). This carboxy-terminal substi-
tution (as well as some of the single-amino-acid changes) has
been shown to be sufficient for activation of the oncogenic
potential of pp60c src (20, 33). (ii) The tyrosine-specific
protein kinase activity of pp60v-src is 20- to 100-fold higher
than the specific activity of pp6Ocsrc (13, 19). (iii) pp60c-src
and pp60v-src both undergo autophosphorylation in vitro at
tyrosine 416 (29, 34); however, the in vivo site of tyrosine
phosphorylation of pp6Ov-src is tyrosine 416, whereas pp6OC-
src is phosphorylated in vivo at tyrosine 527 (8). Tyrosine
residue 527 is not found in pp60v-src, and there is no tyrosine
residue in the unique 12-amino-acid carboxy tail.

Several lines of evidence suggest that phosphorylation at
tyrosine 527 may regulate the tyrosine kinase activity of
pp6c-src. (i) pp60csrc molecules isolated in the presence of
sodium orthovanadate (a potent inhibitor of phosphotyro-
sine-specific phosphatases) possess a lower specific activity
than pp60c src molecules isolated under conditions that allow
hydrolysis of phosphate at this site (11). (ii) Enzymatic
dephosphorylation of tyrosine 527 causes an activation of
pp6fic-src tyrosine-specific protein kinase activity in vitro
(10). (iii) pp60 c-src molecules that are bound to the middle T
antigen of polyomavirus and possess an elevated tyrosine-
protein kinase activity are phosphorylated on tyrosine resi-
due 416 instead of on 527 (6). (iv) All variant forms of
pp60 c-src which are oncogenic and display elevated levels of
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tyrosine-protein kinase activity are phosphorylated on tyro-
sine residue 416 and not on tyrosine 527 (16, 19). (v)
Mutational substitution of phenylalanine for tyrosine 527
causes an activation of the kinase activity and oncogenic
potential of pp60c-src (5, 24, 30, 32). Taken together, these
results indicate that phosphorylation of tyrosine residue 527
suppresses the kinase activity and the oncogenic potential of
pp60c-src and that this posttranslational modification plays a
role in regulating the functional activity of this molecule.
These studies have raised the question of whether phos-

phorylation of pp60c-src tyrosine 527 is mediated by auto-
phosphorylation or by another cellular protein kinase. The
possibility that intramolecular autophosphorylation is re-
sponsible for tyrosine 527 phosphorylation was addressed in
a recent analysis of the sites of phosphorylation of an
enzymatically inactive mutant form of pp6Ec-src (22). This
mutant protein, although incapable of autophosphorylation,
is phosphorylated in vivo on tyrosine 527 at levels compa-
rable to those for wild-type (wt) pp60c-sr. This result clearly
demonstrates that tyrosine 527 can be phosphorylated by
some mechanism other than intramolecular autophosphory-
lation. Further investigation of the mechanism of tyrosine
527 phosphorylation has been limited by the inability to
obtain efficient phosphorylation of tyrosine residue 527 in
vitro. When either crude cell extracts or purified ppfc-3src
are subjected to in vitro kinase assays, tyrosine phosphory-
lation of pp60csrc takes place almost exclusively at residue
416 (10, 34). A very low level of in vitro phosphorylation at
tyrosine 527 was detected in pp6Oc-sr, immunoprecipitates
that were pretreated with phosphatase; however, the phos-
phorylation at this site was only 10% of the level of tyrosine
416 phosphorylation (10). This result suggests that condi-
tions within the cellular environment are essential to allow
efficient phosphorylation of tyrosine 527. It is possible that
phosphorylation of tyrosine 527 requires proper association
of pp6Oc-src with the membrane in vivo, due either to changes
in the conformation of pp6Oc-sr upon association with the
lipid bilayer or to interactions with other cellular proteins
which either phosphorylate tyrosine 527 or indirectly affect
the ability of pp6Ocsrcr to undergo intermolecular autophos-
phorylation at this site. In this report, we investigate
whether stable association with the membrane is required for
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phosphorylation of tyrosine 527 in vivo, and we establish
conditions that allow phosphorylation at this site in vitro.

MATERIALS AND METHODS

Cells, plasmids, and viruses. Chicken embryo fibroblasts
(CEF) were prepared from 11-day-old gs- embryos
(SPAFAS, Inc., Norwich, Conn.). The pc-src plasmid and
pRSV plasmid vector system were obtained from S. Hughes
(17) and modified by L. Fox (unpublished results) by substi-
tuting the c-src gene obtained from H. Hanafusa for the v-src
gene and by eliminating the permutation in the envelope
gene. Expression of plasmid DNA was accomplished by
calcium phosphate transfection (15). NIH(pMcsrc/cos)A
cells, which overexpress avian pp60c-,rc (21), were obtained
from D. Shalloway.
Mutant constructions. All enzymes and the SacII linker

were obtained from New England BioLabs. DNA (pMc-
src295) encoding the arginine 295 c-src mutant was obtained
from T. Kmiecik and D. Shalloway and transferred into the
pRSV c-src and pRSV LN c-src plasmids by substitution of
the analogous MluI-to-BglI fragment.

In vivo labeling of cells. [35Sjmethionine (Amersham, 50
p.Ci/ml, 900 ,uCi/mmol) and carrier-free 3"P, (ICN, 1 mCi/ml)
labeling was performed in methionine-minus or phosphate-
minus Dulbecco modified Eagle medium supplemented with
10% complete Dulbecco modified Eagle medium (growth
medium) for 18 h. 3H-labeled myristic acid (New England
Nuclear Corp.; 375 ,uCi) was dried under nitrogen, dissolved
in 7 ,u1 of dimethyl sulfoxide, and added to 750 ,ul of growth
medium. Cells were labeled for 5 h.

Immunoprecipitation and in vitro kinase assay. pp60c`s
was immunoprecipitated from RIPA (0.1% sodium dodecyl
sulfate [SDS], 1% Triton X-100, 1% sodium deoxycholate,
150 mM NaCl, 10 mM Tris [pH 7.2], 5 mM EDTA)-
solubilized lysates with 0.01 p.1 of monoclonal antibody 327
(obtained from ascites fluid), using Formalin-fixed Staphylo-
coccus aureus prebound with anti-mouse antibody as the
immunoabsorbent as described (27). In vitro kinase reac-
tions were performed after immunoprecipitation of pp60-src
by the addition of 2 p.g of acid-treated enolase (9), 5 ,uCi of
[y-32P]ATP (ICN, 7,000 Ci/mmol), 10 mM Tris hydrochlo-
ride (pH 7.2), and 5 mM MnCl2 for 15 min at 4°C.

Cellular fractionation. Cells were fractionated into soluble
and particulate fractions by homogenization in hypotonic
lysis buffer and sedimentation as described previously (2).

Cleavage of pp6O-src proteins. After immunoprecipitation
and excision from the gel, pp60csr was subjected to addi-
tional electrophoresis on a 12.5% SDS-polyacrylamide gel in
the presence of 100 ng of V-8 protease. For CNBr cleavage,
immunoprecipitated pp60"crc was eluted from the gel piece
in 50 mM ammonium carbonate (pH 8.5)-0.1% SDS-1%
,-mercaptoethanol. After filtration over glass wool, proteins
were precipitated (along with 100 p.g of Pentex bovine serum
albumin as a carrier) with one-fourth volume of 100%
trichloroacetic acid. Pellets were washed twice with cold
ethanol-ether, vacuum dried, and cleaved for 1 h at room
temperature in 30 p.1 of 50-mg/ml CNBr in 70% formic acid.
Products were lyophilized four or five times with 1 ml of
distilled H20. Dried pellets were suspended in borate sample
buffer (75 mM Tris sulfate [pH 8.3], 2% SDS, 1% ,B-
mercaptoethanol) and subjected to electrophoresis on a
27.5% acrylamide-0.18% bisacrylamide borate gel (separa-
tion gel buffer, 375 mM Tris sulfate [pH 8.3]; stacking gel,
5% acrylamide-0.0125% bisacrylamide; stacking gel buffer,
75 mM Tris sulfate [pH 8.3]; running buffer, 65 mM Tris

borate [pH 8.3]-0.1% SDS). Gels were dried and exposed to
film as described below.

In situ phosphorylation. Approximately 106 NIH(pMcsrc/
cos)A cells were scraped into phosphate-buffered saline and
pelleted for 5 s in a microcentrifuge (13,000 x g). The pellet
was gently suspended in a small volume (25 [LI) of in situ
phosphorylation buffer (1% Triton X-100, 2.5 mM MnCI,, 10
mM Tris [pH 7.4], 150 mM NaCl, 100 p.M leupeptin, 1%
aprotinin). After a 30-min incubation on ice, 5 p.1 of a kinase
mix (25 p.Ci of [y-32PJATP per reaction, 600 p.M sodium
orthovanadate, 6 p.M unlabeled ATP) was added and gently
mixed. After the kinase reaction was allowed to proceed for
15 min at 4°C, 250 p.1 of RIPA was added to further solubilize
the cells, and pp6Oc-src was immunoprecipitated from the
clarified lysate as usual.

Electrophoresis and autoradiography. Immunoprecipitates
were suspended in SDS sample buffer and subjected to
electrophoresis on 7.5% SDS-polyacrylamide gels as de-
scribed by Laemmli (26). Gels containing 35S or 3H were
fluorographed with En3Hance (New England Nuclear Corp.)
before drying. Dried gels were exposed to XAR-5 film
(Kodak) and enhanced with DuPont Cronex Lightning-Plus
intensifying screens (Fotodyne).

RESULTS

Construction of a myristic acid-minus pp6Oc-src molecule.
The evidence that tyrosine 527 of pp6Ocsrc is not efficiently
phosphorylated under any condition that removes pp60c-src
from the cellular environment raised the possibility that
association with the membrane is required for phosphoryla-
tion at this site. To address this possibility, a mutant form of
pp60c-src was constructed that was unable to associate stably
with the membrane. The strategy utilized the fact that
attachment of the 14-carbon saturated fatty acid, myristic
acid, to the viral oncogene product, pp60"vSr, is necessary
for membrane localization (14, 23). Myristic acid attachment
to the N terminus of pp6O -src occurs either during or shortly
after translation and shows a strict specificity for an N-
terminal glycine (3, 36). Since pp60csr` also contains a
myristyl modification (4, 19), a mutant variant of pp6Oc-src
was created that disrupted myristic acid attachment to
pp6Oc-src. This mutant, referred to as LN c-src for "linker at
NcoI," was made by inserting an 8-base-pair SacII linker
into the unique NcoI site located at the initiator ATG site of
the c-src gene (Fig. 1). This linker insertion strategy was first
utilized by Cross et al. (14) in constructing a myristic
acid-deficient pp6Ovsrc. pp60csrc encoded by this mutant
contained four additional amino acids N terminal to authen-
tic pp60`csr: an N-terminal methionine and three alanine
residues. This insertion moved the original myristic acid
acceptor glycine to amino acid position 5. The mutated c-src
gene was transferred to the pRSV plasmid, which contains
the entire Rous sarcoma virus genome (minus v-src) (Fig. 2).

Effect of the LN c-src mutation on the cellular localization of
pp6Ocsrc. Previous studies have demonstrated that the ma-
jority of wt pp60c-sr' fractionates as a membrane-associated
protein (12, 31), with only a small percentage (8 to 15%) of
pp60c-src associated with the soluble cell fraction. To exam-
ine how disruption of myristylation affects the localization of
pp6Ocsr, we examined the fractionation of the mutant LN
c-src gene product. CEF cultures were transfected with the
pRSV plasmid containing either the LN or the wt c-src gene.
One week later, cells labeled with [35S]methionine or
[3H]myristic acid were broken by hypotonic lysis and were
separated into soluble and particulate fractions. The c-src
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Nco 1

5' ACC ATG( GGG ...
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1 8 bp Sac II linker

ATG GCC GCG GCC ATG GGG ...

Met Ala Ala Ala Met Gly ...

wt ppW6c-src
c-src(LN)

FIG. 1. Strategy for LN c-src construction. Asterisk indicates
myristylation site.

gene products immunoprecipitated from these lysates are
shown in Fig. 3. Unlike wt pp6Ocsrc, which fractionates
predominantly as a particulate protein (Fig. 3A, lane 2), the
majority of the LN c-src mutant gene product was found in
the soluble fraction (Fig. 3A, lane 3). As expected, the
soluble pp6oc-cr(LN) molecules were not labeled with
[3H]myristic acid (Fig. 3B, lane 3). The pp6Oc-src molecules
detected in lanes 4 of Fig. 3 represent endogenous mem-
brane-bound pp6csrc as well as exogenous myristylated
pp60c-src produced by internal initiation at the second AUG
within the LN c-src gene (see Fig. 1 and discussion of Fig.
5). [By comparing the levels of [3H]myristate and
[35S]methionine incorporation into endogenous pp60c-src
from uninfected CEF and the levels detected in CEF ex-
pressing pp6OCsrcLN), we estimate that authentic pp6Ocsrc
generated by internal initiation of LN c-src mRNA repre-
sents approximately 5 to 10% of the total exogenous
pp60c-sr, in LN c-src-transfected cells (data not shown).]
Since the LN c-src gene can allow translation of a small
amount of myristylated wt pp6Ocsrc, we have analyzed
pp60c-src from the soluble cell fraction in all further experi-
ments to examine exclusively the mutant pp6OC-src(LN) mol-
ecules. The 52-kilodalton protein found in lane 1 of Fig. 3A
is a degradation product of pp6Oc-src that is generated during

MI,I

NCOI ~~~~BgII
NcoI 4 6 B gloI

pC.Src

pRSVcsrc

FIG. 2. Plasmids used in the construction and transfection of

mutant c-src genes (as described in Materials and Methods).
Hatched region represents the c-src gene.

1 2 3 4
FIG. 3. Cellular fractionation of pp60C-src(LN'. Labeled cell ly-

sates were fractionated by hypotonic lysis into soluble (lanes 1 and
3) and particulate (lanes 2 and 4) fractions. pp6Oc rc was immuno-
precipitated with monoclonal antibody 327 as described in Materials
and Methods. (A) [35S]methionine-labeled lysates from cells trans-
fected with pRSV wt c-src (lanes 1 and 2) and pRSV LN c-src (lanes
3 and 4). (B) Identical to panel A except that cells were labeled with
[3H]myristic acid.

fractionation of the cells (12). The absence of this degrada-
tion product in lane 3 of Fig. 3A suggests that the protease-
sensitive site is inaccessible to cleavage in the LN c-src gene
product.
To confirm the identity of the immunoprecipitated protein

from mutant-transfected cells, V-8 protease digestion was
performed on in vivo 32P-labeled pp6Oc-src. The characteris-
tic amino-terminal V3 and V4 fragments (7) from the LN
c-src mutant protein migrated slightly more slowly than the
analogous fragments from the wt protein (Fig. 4A, cf. lanes
2 and 1). This slower migration was presumably due to the
four additional amino acids that were present in the N
terminus of the pp6O`src'LN) molecules.

Phosphorylation sites of the pp6oC-rC(LN) molecule. To ex-
amine the sites of phosphorylation of a pp60c-src molecule
that was not stably associated with the membrane, pRSV

A B

!

vi

V2i
I

I

v4 I4k_-

2

-_ NH2

tvr 416

4w tyr527

2 3

FIG. 4. Phosphopeptide analysis of pp6csrc(LN. pp6csrc was

immunoprecipitated from total cell lysates of 32P-labeled pRSV wt
c-src-transfected CEF and from the soluble fraction of 32P-labeled
pRSV LN c-src-transfected CEF and subjected to electrophoresis
on SDS-polyacrylamide gels. pp6OCs-rc was excised from the gel and
either subjected to limited proteolysis with V-8 pro-
tease (A) or cleaved to completion with CNBr (B) as described
in Materials and Methods. (A) Lanes: 1, in vivo-labeled wt pp6fc-src;
2, in vivo-labeled soluble pp60c-rc(LN). (B) Lanes: 1, pp6c3c
phosphorylated in an immune complex kinase assay, used as a
marker for the phosphopeptide containing tyrosine 416; 2, in vivo-
labeled soluble pp6Oc-src(LN); and 3, in vivo-labeled wt pp6Ocsrs.
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LN c-src-transfected cells were labeled in vivo with 32pi.
The soluble pp6O`src(LN) was immunoprecipitated, eluted
from the gel, and subjected to chemical cleavage by CNBr.
CNBr cleaves specifically at methionine residues and pro-
duces three phosphate-labeled fragments: a large 32-kilo-
dalton fragment, which contains serine 17, and two smaller
fragments, one of 10 kilodaltons that contains tyrosine 416,
and another of 6 kilodaltons containing tyrosine 527 (22).
These products were separated on a 27.5% borate gel and
visualized by autoradiography. The pp6fic-src(LN) molecules
were phosphorylated at tyrosine 527 (Fig. 4B, lane 2), and
the stoichiometry of phosphorylation at tyrosine 527 (as
indicated by 32p incorporation in the V-8 protease fragments
shown in Fig. 4A) was indistinguishable from that of wt
pp60 c-src. This result indicated that stable membrane associ-
ation is not necessary for phosphorylation of pp60-src at
tyrosine 527. However, in these mutant-transfected cells,
which contain high levels of soluble, active pp60-crc, it is
possible that the phosphorylation of tyrosine 527 is medi-
ated by the tyrosine kinase activity of the mutant mole-
cules themselves. To address the possibility that the mutant
pp6Oc-src(LN) molecules were phosphorylated at tyrosine 527
by an intermolecular autophosphorylation event, an enzy-
matically inactive variant of the LN c-src mutant was made.

Analysis of an enzymatically inactive pp60csrc(LN) mutant.
A double mutant of pp6Ocsrc was constructed that contained
the LN mutation combined with a mutation that encoded a
single-amino-acid change from lysine to arginine at the
ATP-binding site of pp60-src. This construction was accom-
plished by exchanging the MluI-to-BglI fragment (see Fig. 2)
of the pRSV LN c-src mutant with the analogous fragment
from pMcsrc 295, a mutant c-src gene that encoded the
change at the ATP-binding site. This double-mutant c-src
gene (LN-295 c-src) should encode a pp6Oc-src variant that is
inactive as a kinase (since lysine 295 is required for binding
ATP) and that cannot stably associate with the membrane
(as demonstrated above). Chick cells transfected with the
double-mutant plasmid pRSV LN-295 c-src or control con-
structions (pRSV wt c-src, pRSV LN c-src, and pRSV 295
c-src) were labeled with [35S]methionine and separated into
soluble and particulate fractions. pp6Oc-src immunoprecipi-
tated from these fractions either was subjected to an in vitro
immune complex kinase assay or was analyzed directly to
detect the level of in vivo-labeled pp6Oc-sr' protein. The
detection of pp6OCsrc(LN-295) in the soluble cell fraction (Fig.
SA, lane 7) and the absence of enolase phosphorylation in
the pp6Ocsrc immunoprecipitates from the soluble fraction of
the pRSV LN-295 c-src mutant-transfected cells (Fig. SB,
lane 7) indicated that the mutant pp6Oc-src molecules were
not stably associated with the membrane and were inactive
as kinases.

In this experiment, the level of autophosphorylation of
pp60 c-src immunoprecipitated from the particulate fraction of
pRSV 295 and pRSV LN-295 c-src-transfected cells (Fig.
SB, lanes 6 and 8) was higher than the observed autophos-
phorylation seen in uninfected CEF (Fig. SB, lane 2). It is
likely that this phosphorylation results from transphosphory-
lation of the mutant inactive pp60-crc molecules by the
endogenous pp6Ocsr, present in those immunoprecipitates.
Consistent with this possibility is the evidence that, while
the level of autophosphorylation of pp6f`csr, immunoprecip-
itated from the mutant transfected cells is higher than that of
pp6fic-src from uninfected CEF, the level of enolase phos-
phorylation is not higher than the levels detected in uninfec-
ted CEF (Fig. SB, compare lanes 2 with 6 and 8). Although
pp6Oc-Src(LN-295) should not be present in the particulate cell

fraction, the evidence that pp60-src detected in this fraction
migrates slightly faster than the retarded mobility of soluble
pp60c-src(LN-295) (Fig. SA, compare lanes 7 and 8) suggests
that the membrane-bound pp6OCsrc(LN-295) protein is gener-
ated by internal initiation at the AUG at codon position 5
(see Fig. 1). Therefore, this protein would contain the
authentic myristylation signal in the correct position, be
subject to myristic acid addition, and be associated with the
membrane.
Mutant pp6O"csr from the soluble fraction of pRSV LN-

295 c-src-transfected cell lysates was examined to determine
the extent and the sites of in vivo phosphorylation. A direct
comparison of the ratio of incorporation of 32p, to that of
[35S]methionine in the LN c-src mutant and wt pp6Oc-src
molecules indicated no difference in the stoichiometry of
phosphorylation in vivo (data not shown). Figure 6 shows an
analysis of the sites of phosphorylation of this mutant variant
of pp60'csrc'. The profile of CNBr-cleaved fragments (Fig. 6B)
demonstrated that pp6oc-src(LN-295) was phosphorylated on
tyrosine 527 (lane 4). The extent of phosphorylation at
tyrosine 527 was determined by partial proteolytic digestion
with V-8 protease (Fig. 6A). In this assay, the amount of
phosphate incorporated at tyrosine 527 (V2 fragment) could
be directly compared with the amount incorporated at serine
17 (V1 fragment). Using this comparison, it was evident that
pp60c-src(LN-295) (Fig. 6A, lane 3) was phosphorylated at
tyrosine 527 to the same extent as wt pp6Oc-src (lane 1) and
pp6Oc-src(295) (lane 2). These results indicated that enzymat-
ically inactive pp6Oc-src molecules that are not stably asso-
ciated with the membrane are able to be phosphorylated at
tyrosine 527.

In situ phosphorylation of pp6jc-src at tyrosine 527. The

A 1 2 3 4 5 6 7 8

-opp6Oc-srcm -~~~~~AAW~

B
1 2 3 4 5 6 7 8

i*

dw 4

_ - pp60c-src

1**- -K E-nolase

FIG. 5. Cellular fractionation of mutant pp6Oc-src and determina-
tion of in vitro kinase activity. [35S]methionine-labeled cell lysates
were fractionated by hypotonic lysis into soluble (lanes 1, 3, 5, and
7) and particulate (lanes 2, 4, 6, and 8) fractions. pp6Oc-src was
immunoprecipitated with monoclonal antibody 327 as described in
Materials and Methods. Immunoprecipitates were split; half were
analyzed directly on a 7.5% SDS-polyacrylamide gel (A), and the
other half were subjected to an in vitro kinase assay using enolase as
an exogenous substrate (B). Lanes: 1 and 2, uninfected CEF; 3 and
4, pRSV wt c-src-transfected CEF; 5 and 6, pRSV 295 c-src-
transfected CEF; and 7 and 8, pRSV LN-295 c-src-transfected CEF.
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FIG. 6. Mutant pp6Oc-rc phosphopeptide analysis. pp60cr' was immunoprecipitated from lysates of 32P-labeled mutant-transfected cells
and subjected to electrophoresis on SDS-polyacrylamide gels. pp60-src was excised from the gel and either subjected to limited proteolysis
with V-8 protease (A) or cleaved to completion with CNBr (B) as described in Materials and Methods. (A) Lanes: 1, in vivo-labeled wt
pp6csrc; 2, in vivo-labeled pp ,csr(295); 3, in vivo-labeled soluble pp60c-srcsLN-295); and 4, wt pp60c-src phosphorylated in vitro in an immune
complex kinase assay, used here as a marker. (B) Lanes: 1, in vivo-labeled wt pp60csrc; 2, in vivo-labeled soluble pp6,c-csr(LN); 3, in
vivo-labeled soluble pp6Oc-src(295); 4, in vivo-labeled soluble pp60c-src(LN-295); and 5, included as a marker, wt ppW-src phosphorylated in vitro
in an immune complex kinase assay.
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pp660_
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FIG. 7. Analysis of pp60-fsrc phosphorylated in situ. Cell pellets
were incubated in in situ buffer in the presence of [y-32P]ATP as
described in Materials and Methods. (A) RIPA-solubilized pellets
were then immunoprecipitated with monoclonal antibody 327 and
subjected to electrophoresis. Lanes: 1, pp60-src from approximately
10' NIH(pMcsrc/cos)A cells phosphorylated in vitro in an immune
complex kinase assay; 2 through 5, pp60c-src from approximately 106
NIH(pMcsrc/cos)A cells phosphorylated in the in situ assay in the
presence of 0.5% Triton X-100 (lanes 2 and 3) or 1% Triton X-100
(lanes 4 and 5) and either 5 mM MgCl2 (lanes 2 and 4) or 2.5 mM
MnCl2 (lanes 3 and 5). (B) pp6c-src was excised from the gel in panel
A and cleaved to completion with CNBr. Lanes: 1, pp6c-src
phosphorylated in vitro in an immune complex kinase assay; 2 and
3, pp60C-srC phosphorylated in situ in the presence of 1% Triton
X-100 and either 5 mM MgCl2 (lane 2) or 2.5 mM MnCl2 (lane 3); and
4, included as a marker, in vivo-phosphorylated pp6Ocsrc.

above data, combined with a previous study (22), indicate
that mutations which either inactivate the kinase activity of
pp60c-src or prevent stable membrane association do not
interfere with phosphorylation at tyrosine 527. While these
experiments did not eliminate the possibility that endoge-
nous membrane-bound pp60c src molecules may be respon-
sible for tyrosine 527 phosphorylation by an intermolecular
transautophosphorylation event, this event seems unlikely
since the pp6OCsrc(LN-295) mutant was phosphorylated to
the same extent as its membrane-bound counterpart,
pp60C-src(295) (Fig. 6A, lanes 2 and 3). The results above,
together with the evidence that pp60csrc is not efficiently
phosphorylated on tyrosine 527 in vitro, support the possi-
bility that another tyrosine kinase may be responsible for
tyrosine 527 phosphorylation. To examine this possibility
further, conditions were sought that would promote efficient
pp60 c-src tyrosine 527 phosphorylation in vitro. Since effi-
cient tyrosine 527 phosphorylation had previously been
demonstrated to occur only in vivo, conditions that mim-
icked the cellular environment were used. A concentrated
slurry of permeabilized cells was allowed to undergo phos-
phorylation in the presence of [_y-32P]ATP. After completion
of the phosphorylation reaction the lysates were solubilized
in RIPA buffer and were immunoprecipitated with antibody

against ppfcsrc ppc-sr' labeled by this method (Fig. 7A,
lanes 2 through 5) was subjected to CNBr cleavage and was
analyzed as described previously. The major site of tyrosine
phosphorylation on the pp6Jcsrc molecules labeled in this in
situ assay was tyrosine 527, with a minor amount at tyrosine
416 (Fig. 7B, lanes 2 and 3). MnCl2 used in this assay was
only marginally better than MgCl2 in promoting pp60c src
phosphorylation (Fig. 7A, compare lanes 2 versus 3 and 4
versus 5) and resulted in no difference in the sites of
phosphorylation (Fig. 7B, lanes 2 and 3). Although there was
no significant difference between the use of 0.5 or 1% Triton
X-100 in the assay in promoting pp60c src phosphorylation
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(Fig. 7A, lanes 2 versus 4 and 3 versus 5), titration of the
Triton X-100 concentration from 1 to 0.01% resulted in a
gradual decrease of tyrosine 527 phosphorylation and a
concurrent increase in phosphorylation at tyrosine 416 (data
not shown).

DISCUSSION

In this report, we establish that myristic acid-mediated
association of pp60csr' with the membrane is not necessary
for phosphorylation of tyrosine 527. This was demonstrated
by the evidence that phosphorylation at tyrosine 527 was not
altered in a mutant variant of pp60c-src that could not stably
associate with the membrane due to mutational displacement
of its myristic acid attachment site. We further demonstrated
that phosphorylation of this soluble, mutant c-src gene
product on tyrosine 527 was not affected by the mutational
loss of pp6Oc-src enzymatic activity. These results indicate
that efficient phosphorylation of tyrosine 527 is not depen-
dent on a membrane-induced conformation of pp6c-src and
also suggest that the poor efficiency of phosphorylation of
tyrosine 527 under in vitro phosphorylation conditions is not
due to disruption of the interactions of pp60csrc with the lipid
bilayer.
These results also suggest that the phosphorylation of

tyrosine 527 is not strongly influenced by other membrane-
bound proteins. These proteins could affect phosphorylation
of tyrosine 527 either by directly phosphorylating this tyro-
sine residue or by inducing a conformational change in
pp60c-src which would allow autophosphorylation to occur at
tyrosine 527. If elimination of myristic acid-mediated attach-
ment to the membrane has effectively removed pp60c src
from the direct influence of intrinsic membrane proteins,
then the evidence presented here would suggest that neither
membrane-associated endogenous pp60c-src, nor another
membrane-bound tyrosine kinase, is responsible for tyrosine
527 phosphorylation. However, it is difficult to evaluate the
extent to which the interaction of pp60c src with membrane
proteins was affected by the additional N-terminal amino
acids or by the disruption of myristic acid-mediated associ-
ation of pp60csrc with the membrane. While myristic acid
attachment is essential for stable association with the mem-
brane (as defined by biochemical fractionation procedures),
it is likely that other factors influence the association of
pp60c-src with the membrane. The myristic acid-deficient
mutant may be able to establish protein-protein interactions
critical for mediating phosphorylation of tyrosine 527 in the
absence of stable association with the membrane. However,
since these mutant pp60c src molecules are not stably asso-
ciated with the membrane, it seems likely that any residual
interaction that the mutant proteins may have established
with membrane proteins would be weakened by the absence
of myristic acid and that this weakened interaction would
reduce the efficiency of phosphorylation at tyrosine 527 (if
these interactions are crucial for mediating tyrosine 527
phosphorylation). Indeed, we demonstrate that these mutant
pp60c-src molecules are phosphorylated on tyrosine 527 as
efficiently as wt pp60csrc. The data presented here are
consistent with the proposal that another cellular tyrosine
kinase may be responsible for the phosphorylation of pp
60C-Src tyrosine 527. However, we cannot exclude the possi-
bility that the small fraction of pp60csr' that has been shown
to fractionate as a soluble cytoplasmic protein (12, 31) is
responsible for the phosphorylation of pp6OCsr(LN295). This
possibility seems unlikely since the levels of soluble endog-
enous pp60c src would be approximately 200-fold lower than

the levels of the exogenous mutant pp60c-src molecules. In
addition, it is difficult to evaluate whether the 8 to 15% of
pp60c-src which is associated with the soluble cell fraction is
truly soluble and cytoplasmic in vivo.

In this report, we have established conditions under which
tyrosine 527 can be efficiently phosphorylated in vitro. When
incubated in vitro in the presence of total cellular proteins,
the majority of tyrosine phosphorylation of pp60c src took
place at residue 527, with only a low level of phosphorylation
at residue 416. This result suggests that some aspect of the
cellular environment is crucial for mediating the phosphor-
ylation of pp60csrc tyrosine 527 since, under the best possi-
ble in vitro conditions, phosphorylation of tyrosine 527 is
very inefficient (10).

In this assay, we anticipated the possibility that the minor
amount of phosphate incorporated at tyrosine 416 could
result from pp6Ocsrc molecules that were solubilized to a
greater extent than the majority of pp60csrc in the extract.
Investigation of this possibility gave a puzzling result. Titra-
tion of the detergent used in the assay from 1 to 0.01%
resulted in a gradual decrease of tyrosine 527 phosphoryla-
tion and a concurrent increase in phosphorylation at tyrosine
416, with no change in the overall efficiency of phosphory-
lation of pp60csrC. This result was unexpected since one
might predict that, with increased concentrations of deter-
gent, pp6Ocsrc would be more likely to undergo autophos-
phorylation at tyrosine 416. One possible explanation of
these results is that the tyrosine 527 phosphatase is detergent
sensitive and that the detergent inhibits turnover of phos-
phate at this site.
Taken together, the results presented here are consistent

with the hypothesis suggested previously (10, 22) that phos-
phorylation of pp60c-src on tyrosine 527 may be mediated by
another cellular tyrosine kinase. Our data suggest that this
kinase would have access to both a soluble and a membrane-
bound substrate. This raises the possibility that this kinase
resides in the cytoplasm. Most of the well-studied tyrosine
kinases are located in the plasma membrane; however, some
members of the c-abl-encoded kinase family (25) and the
c-fps-encoded tyrosine kinase (37) are proposed to be cyto-
plasmic enzymes.
The prospect that a cellular kinase distinct from pp60c-srC

is responsible for the phosphorylation of tyrosine 527 is very
important in light of the facts that this residue is highly
conserved in the src family of tyrosine kinases (18) and that
phosphorylation at this site has been demonstrated to nega-
tively regulate the in vitro tyrosine-specific kinase activity
of pp60'csrc (10, 11). Identification of the enzyme that
may regulate the tyrosine-specific protein kinase activity of
pp60c-src may reveal a universal mechanism used to regulate
all of the tyrosine kinases in the src gene family.
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