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Phosphorylation of the src gene product pp6Ov-src was studied in plasma menmbrane fractions prepared from
Rous sarcoma virus-transformed vole cells. Upon addition of [.y-32P]ATP to isolated membrane vesicles,
phosphate was incorporated into a 60,000-dalton polypeptide identified as pp60vsrc. In the presence of
vanadate, pp60v-src phosphorylation was stimulated ca. 30-fold. At low concentrations of ATP (1 ,uM), this
reaction occurred almost exclusively on the carboxy-terminal 26,000-dalton region of pp6v-src. However, at
higher ATP concentrations (100 ,uM), additional sites of phosphorylation were evident in the amino-terminal
34,000-dalton region. Kinetic analyses, performed under conditions in which ATP hydrolysis was minimal,
revealed that the phosphorylation reaction at the carboxy terminus exhibited a higher Vmax and a lower Km for
ATP than those occurring at the amino terminus. In addition, the amino-terminal region of pp6Ov-sc was more
rapidly dephosphorylated than the carboxy-terminal region. These results indicate that interaction of pp6Ov-src
with the plasma membrane may limit the extent of amino-terminal phosphorylation by lowering the rate of the
reaction and the affinity for the substrate while increasing its susceptibility to phosphoprotein phosphatases.
We suggest that the use of transformed-cell membrane preparations provides a model system for studying the
possible regulatory roles of phosphorylation and dephosphorylation on pp60v-src function.

Cellular transformation by Rous sarcoma virus (RSV) is
mediated by the expression of the viral src gene product
pp60v-src (21). This 60,000-dalton polypeptide (2, 14, 31, 32)
exhibits protein kinase activity specific for tyrosine residues
and is itself a phosphoprotein (7, 8, 15, 18, 22, 28, 29).
Studies of pp6Ov-src immunoprecipitated from RSV-infected
cells have identified a serine residue in amino-terminal
region of the molecule (Ser-17) and a tyrosine residue in the
carboxy-terminal domain (Tyr-416) as the major sites of
phosphorylation (6, 36, 39). Phosphorylation of Ser-17 is
mediated by a cyclic AMP-dependent protein kinase,
whereas the carboxy-terminal tyrosine phosphorylation oc-
curs through a cyclic AMP-independent reaction (6). The
phosphorylation of Tyr-416 probably represents pp6Ov-src
autophophorylation, since it occurs when purified prepara-
tions of pp60vsrc are phosphorylated in vitro (20, 30). Inter-
estingly, upon addition of increasing concentrations of ATP,
additional sites of tyrosine phosphorylation in the amino-ter-
minal region of pp60v-src have been observed (1, 9, 20). Since
these sites had not been identified in in vivo-labeled cells,
their physiological significance was unclear.

Biochemical and cytological investigations have estab-
lished that a significant fraction of the pp6Ov-src in trans-
formed cells is associated with the plasma membrane (11, 23,
25, 26, 33) through a domain near the amino terminus (12,
24). There is a strong correlation between membrane asso-
ciation of pp6Ov-src and expression of cellular transformation
parameters (10, 17, 24). Initial studies by Garber et al. (17)
demonstrated that addition of [_y-32P]ATP to isolated plasma
membranes from RSV-transformed cells results in phosphor-
ylation of pp60v-src in the carboxy-terminal region of the
molecule. These experiments were performed with ATP
concentrations well below the Km of the enzyme for ATP.
Therefore, it was logical to question whether incubation with
higher ATP concentrations would allow amino-terminal
phosphorylation to occur in membrane-bound pp6Ov-src or
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whether interaction with the plasma membrane blocked the
amino-terminal phosphorylation reaction. It was also not
clear whether phosphorylation at the amino terminus repre-
sented a physiologically relevant reaction or was an artifact
of performing kinase reactions in vitro.
To resolve these issues, we prepared plasma membrane-

enriched fractions from RSV-transformed vole cells and
established conditions which maximized phosphate incorpo-
ration into pp6Ovsrc. In this paper, we describe kinetic
studies of phosphorylation of amino- and carboxy-terminal
sites in membrane-bound pp6Ov-src and suggest that both
kinetic parameters and the presence of phosphoprotein
phosphatases may limit the extent of amino-terminal
phosphorylation. While this work was in progress, Collett et
al. (5) and Brown and Gordon (1) reported the identification
of variant forms of pp6ov-src containing amino-terminal
phosphotyrosine in transformed cell lysates. Our work with
membrane vesicles complements and extends these findings.

MATERIALS AND METHODS

Cells and virus. European field vole (Microtus agrestis)
cells transformed by the Schmidt-Ruppin strain of RSV,
subgroup D (clone 1T), were maintained in culture at 37°C.

Antisera. Antiserum specific for p6osrc (ap60) was used as
previously described (19). Preparation of antiserum specific
for the carboxy-terminal 26,000-dalton region of p60 will be
described in a future publication. This antiserum (aC) effi-
ciently immunoprecipitated pp60v-src from in vivo-labeled
cells. Under in vitro phosphorylation conditions, no pp6Osrc
autophosphorylation was observed and addition of aC anti-
serum blocked the immunoglobulin G kinase reaction of
tumor bearing rabbit antibody.
Membrane preparation. A plasma membrane-enriched

membrane fraction was prepared as described previously
(32a). Briefly, cell monolayers were rinsed twice with STE
(150 mM NaCl, 50 mM Tris, 1 mM EDTA [pH 7.2]) and
removed from the dish by vigorous pipetting with ice-cold
STE. Cells were collected by low-speed centrifugation,
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allowed to swell in 0.8 ml of hypotonic buffer (10 mM Tris,
0.2 mM MgCI2 [pH 7.4]) per 100-mm dish for 10 min at 0°C,
and disrupted by 30 up-and-down strokes in a Dounce
homogenizer with a tight-fitting pestle. The homogenate was
adjusted to a final concentration of 0.25 M sucrose and 1 mM
EDTA and centrifuged at 1,000 x g for 10 min at 4°C. The
supernatant was removed immediately and saved, and the
pellet was suspended in 0.25 M sucrose-10 mM Tris-1 mM
EDTA (pH 7.4) by 10 strokes in a Dounce homogenizer.
After a 10-min centrifugation at 1,000 x g, the supernatant
was removed, combined with th, supernatant from the first
1,000 x g spin, and centrifuged at 100,000 x g for 1 h at 3°C
in a type 65 rotor. The resultant pellet, denoted P100, was
suspended in Tris-Mg2' buffer (10 mM Tris, 5 mM MgCI2
[pH 7.4]) by Dounce homogenization (ca. 1 to 2 mg of
protein per ml), divided into portions, rapidly frozen in
liquid nitrogen, and stored at -70°C.

Phosphorylation assays. Frozen 1T P100 membranes were
thawed and diluted with 2 volumes of Tris-Mg2' buffer. The
reaction mixture contained 100 ,ul of membranes, 1 mM
Na3VO4, and 0.1 to 200 p.M ATP. In some experiments, the
reaction was performed in a final volume of 1.0 ml to reduce
the amount of extraneous ATP hydrolysis. Assays were
initiated by the addition of 50 ,uCi of [-y-32P]ATP, followed by
incubation at 22°C for 1 min (to determine initial rates) or 15
min (steady state). The reaction was quenched by the
addition of disodium EDTA to a concentration of 10 mM and
adjusted to RIPA buffer (10 mM Tris, 150 mM NaCl, 1%
sodium deoxycholate, 1% Triton X-100, 0.1% sodium do-
decyl sulfate) at 4°C.

Immunoprecipitation and polyacrylamide gel analysis. Re-
action mixtures in RIPA buffer were immunoprecipitated in
a volume of 1.0 ml with 3 p.1 of ap6O antiserum (19),
processed as previously described (2), and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(27) on 10% polyacrylamide gels. Dried gels were exposed to
either Kodak XAR or Cronex 4 X-ray film with Lightning-
Plus intensifying screens (E. I. duPont de Nemours & Co.,
Inc., Wilmington, Del.) at -70°C. The amount of radiolabel
incorporated into pp6Osrc was quantitated by excising the
pp6O band from dried gels and counting it in 4 ml of
toluene-based liquid scintillation fluid. For one-dimensional
peptide mapping, the bands corresponding to pp6Osrc were
.excised from wet gels and treated with 20 ng of Staphylo-
coccus aureus V8 protease (Miles Laboratories, Inc.,
Elkhart, Ind.). At this concentration, complete digestion of
pp6Osrc into 34,000- and 26,000-dalton fragments was
achieved, without significant cleavage of the 34,000-dalton
fragment into smaller peptides. Reelectrophoresis through
10% polyacrylamide gels was performed as described by
Cleveland et al. (4).

Assay of ATP hydrolysis. At various times during the
phosphorylation reaction, 1-,I portions were spotted on
polyethyleneimine cellulose thin-layer chromatography
(Brinkmann Instruments, Inc., Westbury, N.Y.) and chroma-
tographed in 0.4M Na2HPO4 (pH 3.5). The spots correspond-
ing to ATP and inorganic phosphate were localized by
autoradiography, excised from the plate, and quantitated by
liquid scintillation spectrometry.

RESULTS
To study phosphorylation of pp6f-vsrc in vitro, a plasma

membrane-enriched population (P100) was prepared from
RSV-transformed vole cells. Incubation of this membrane
fraction with [y-32P]ATP resulted in phosphate incorporation
into numerous proteins, including a 60,000-dalton polypep-

tide. The latter was identified as pp60vsrc based on specific
immunoprecipitation by ap6O antibody (Fig. 1, lanes 1 and
2). Since the plasma membrane contains ATPases and
phosphoprotein phosphatases which might restrict the ex-
tent of protein phosphorylation, we sought to establish
conditions to maximize phosphate incorporation into
pp60v-sr. When 1 mM Na3VO4, a potent ATPase and
phosphatase inhibitor (3, 35, 38), was included in the reac-
tion, a dramatic increase in the amount of 32p incorporated
into pp6Ovsrc was observed (Fig. 1, lanes 3 and 4). Depend-
ing on experimental conditions, vanadate-treated mem-
branes incorporated 5- to 30-fold more phosphate into
pp60v-src than did untreated samples. The variation in the
degree of vanadate stimulation seemed to be dependent on
the ATP concentration in the assay. At low ATP concentra-
tions (0.5 ,uM), greater stimulation of pp60Orc phosphoryla-
tion was observed (15- to 30-fold, Table 1 and Fig. 1) than at
higher ATP concentrations (100 ,uM; see Fig. 2). Other
phosphatase inhibitors, such as fluoride and Zn2+, were
ineffective, whereas vanadyl ions were partially effective in
stimulating pp6Ovsrc phosphorylation when compared with
the effect of vanadate (Table 1). The inclusion of KCI or
NaCl in the presence of vanadate reduced the amount of
pp60v-src phosphorylation when compared with vanadate
alone. Soybean trypsin inhibitor, a compound reported to
prevent proteolysis of pp6Ov-src in cell lysates (40), did not
significantly affect the levels of phosphorylated pp60vsrc that
we detected (Table 1). However, antibodies directed against
the carboxy-terminal region of pp60v-src (see above, the
putative kinase domain, were highly effective inhibitors of
the reaction (Table 1). This implies that the reaction we
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FIG. 1. Vanadate stimulation of membrane-bound pp6O-src
phosphorylation in vitro. Membrane fractions in 100 pul were incu-
bated with 50 ,uCi of [y-32P]ATP (0.5 ,uM) for 15 min at 22°C in the
presence (lanes 3 and 4) or absence (lanes 1 and 2) of 1 mM
vanadate. The reactions were quenched by the addition of EDTA,
immunoprecipitated with nonimmune rabbit serum (lanes 1 and 3) or
ap6O antiserum (lanes 2 and 4), and analyzed by polyacrylamide gel
electrophoresis as described in the text.
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monitored is pp60v-src autophosphorylation. Thus, we dem-
onstrated that in the presence of Mg2+ and ATP, phosphor-
ylation of membrane-bound pp6Ov-src can be detected and
that this reaction is greatly enhanced by vanadate ions.
The dependence of pp6Ov-src phosphorylation levels on the

concentration of vanadate was quantitated and is illustrated
in Fig. 2. The maximal effect of vanadate was exerted at
approximately 10 ,uM. All subsequent experiments were
performed in the presence of 100 ,uM to 1 mM Na3VO4.

During the course of this investigation, it became apparent
that incubation with increasing concentrations of ATP pro-
duced phosphorylated pp60v-src which migrated as a doublet
band on polyacrylamide gels. Previous work on purified
preparations of pp6f-vsrc had established that this behavior
was due to the appearance of additional tyrosine phosphor-
ylation sites in the amino-terminal region of the molecule (9,
20). Accordingly, the location of the sites phosphorylated in
membrane-bound pp6Ov-src was probed by one-dimensional
peptide analysis. At ATP concentrations of 1 ,uM and lower,
radiolabel was incorporated almost exclusively into the
26,000-dalton V8 fragment derived from the carboxy termi-
nus (Fig. 3, lanes 1 and 2). As the ATP was increased to 100
,uM, phosphorylation in the amino-terminal region occurred
as well (Fig. 3, lanes 3 through 6). Phosphoamino acid
analyses confirmed that all these reactions were on tyrosine
residues. This implies that interaction with the plasma
membrane does not block the accessibility of the amino-ter-
minal sites of phosphorylation.

Since membrane-bound pp6ov-src could be differentially
phosphorylated depending on the ATP concentration, it was
of interest to determine the kinetic parameters of this
reaction. These analyses require the establishment of exper-
imental conditions under which steady-state incorporation of
phosphate can be achieved. This is not a trivial matter with
membrane preparations because of the presence of ATP
hydrolases and phosphoprotein phosphatases. The 1T P100
membranes contained ATP hydrolytic activity which hydro-
lyzed nearly all of the available [_y-32P]ATP within 5 min at
room temperature, even in the presence of 1 mM vanadate.
The only conditions which proved effective in inhibiting this
activity were dilution of the reaction volume from 100 ,ul to

TABLE 1. Effect of various compounds on pp60v-src
phosphorylation"

% of
Addition 32P-labeled

pp60v-sr,

None........................................... 3
1 mM Na3VO4 .................10...................
1 mM VOS04 .. 22
100 mM NaF...................................... 2
25 mM ZnSO4..................................... 3
1mM Na3VO4 + 50 mM KCl....................... 72
1 mM Na3VO4 + 50 mM NaCl...................... 45
1 mM Na3VO4 + 100 ,ug of STIb per ml.............. 104
1 mM Na3VO4 + anti-p60 antibody ................... 18
" Membrane fractions in 100 ±1l were incubated with the indicated com-

pounds and 50 ,Ci of [y-32PIATP (0.5 ,uM) for 15 min at 22°C. The reactions
were quenched by the additon of EDTA, immunoprecipitated with ap6O
serum, and analyzed by polyacrylamide gel electrophoresis as described in the
text. The radiolabeled bands corresponding to pp60r' were excised from the
dried gel, and the radioactivity incorporated was quantitated by liquid
scintillation spectrometry.

b STI, Soybean trypsin inhibitor.
Antibody specific for the carboxy-terminal 26,000-dalton V8 fragment of

pp6-sr

u
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FIG. 2. Dependence of pp6O-vsrc phosphorylation on vanadate
concentration. Membrane fractions in 100 ,ul were incubated with 50
,uCi of [-y-32P]ATP (100 ,uM) for 15 min at 22°C in the presence of the
indicated concentrations of vanadate (0 to 1 mM). The reactions
were quenched and immunoprecipitated with atp6O antiserum, and
the amount of 32p incorporated into pp60vsrc was determined after
gel electrophoresis. Half-maximal stimulation was obtained at ca.
0.5 ,uM vanadate.

1 ml and addition of carrier, nonradioactive ATP. When the
phosphorylation reaction was performed under these condi-
tions, steady-state incorporation of phosphate into pp60v-src
was achieved in 15 min at 22°C (Fig. 4). Since the reaction
was linear for at least 1 min, a time at which greater than
90% of the initial [y-32P]ATP remained unhydrolyzed, we
were able to evaluate the initial rate of both amino- and
carboxy-terminal phosphorylation reactions as a function of
ATP concentration. The results of these analyses, which
exhibited classical Michaelis-Menten kinetics, are illustrated
in Fig. 5. The apparent Km for ATP was approximately 3 p.M
(± 1 ,uM) for phosphorylation in the carboxy-terminal re-
gion, wheras amino-terminal phosphorylation exhibited an
apparent Km of 25 ,uM (± 6 ,uM) ATP (n = 3 experiments).
Moreover, the carboxy-terminal Vmax was two- to threefold
higher than the Vmax for the amino-terminal reaction (Fig. 5).
Taken together, these data reveal that pp60v-src-catalyzed
phosphorylation of sites in the amino-terminal region of the
molecule exhibits a lower affinity for substrate (ATP) and
proceeds more slowly than the reaction at the carboxy
terminus.

In general, membrane vesiculation often occurs after
Dounce homogenization of many cell types. We believe this
is also the case with the 1T P100 fractions, since addition of
low concentrations of nonionic detergent, which did not
release pp6V-srC from the membrane, resulted in a twofold
increase in the amount of phosphate incorporation. Since
pp6Vv-src is exposed only on the inner face of the plasma
membrane (41), in our system only the inside-out vesicles
would support pp60v-src autophosphorylation. To ensure that
we were not excluding the contribution of other populations
of vesicles, we performed the experiment of Fig. 5 in the
presence of 0.1% octyl glucoside. The Km and Vmax values
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FIG. 3. One-dimensional V8 proteolytic maps of membrane-

bound phosphorylated pp6Ovrc. Membrane fractions phosphory-
lated in the presence of 1 mM vanadate and 1 (lanes 1 and 2), 10
(lanes 3 and 4), or 100 (lanes 5 and 6) FiM ATP were immunopre-
cipitated and resolved by gel electrophoresis. The bands correspond-
ing to pp6f-vsrc were excised, reelectrophoresed in the presence of 5

(lanes 1, 3, and 5) or 50 (lanes 2, 4, and 6) ng of S. aureus V8
protease, and analyzed by autoradiography. The positions of unpro-
teolyzed pp60v-src and the V8 proteolytic products corresponding to
the amino-terminal 34,000-dalton (N34) and carboxy-terminal 26,000-
dalton (C26) fragments are denoted in the margin.

determined were not significantly different from those ob-
tained by using nondetergent-treated membranes.
Based on the data presented in Fig. 5, one might argue that

amino-terminal tyrosine phosphorylation should be detected
in intact cells, where steady-state levels of ATP are in the
range of 1 to 2 mM. We therefore questioned whether the
amino-terminal phosphorylation site(s) might be regulated
by additional mechanisms, such as by dephosphorylation.
Accordingly, membranes were phosphorylated with [y-
32P]ATP for 15 min, EDTA was added to quench the kinase
reaction, and the phosphorylated membranes were then
incubated further. After various periods of time, pp6(v-src
was immunoprecipitated, and the amount of radiolabel re-

maining in each half of the molecule was quantitated by
one-dimensional peptide mapping. Although radiolabel was

lost from both regions as a function of time, the dephosphor-
ylation of the amino-terminal domain of pp60v-sr proceeded
more rapidly than that of the carboxy terminus (Fig. 6). This
implies that the amino-terminal site(s) is more susceptible to
the action of phosphatases and suggests that phosphatases
may function to limit the extent of amino-terminal pp6v-src
phosphorylation both in membrane fractions and intact cells.

DISCUSSION

In this paper, we have demonstrated that pp6o0-vrc can be
phosphorylated while bound to plasma membrane vesicles.
The extent of phosphorylation was greatly enhanced in the
presence of vanadate. Incubation of membranes with mi-

cromolar concentrations of ATP resulted in phosphorylation
of pp6fv-src in the carboxy-terminal 26,000-dalton domain.
With increasing ATP concentrations, additional sites of
tyrosine phosphorylation appeared in the amino-terminal
region. The amino-terminal phosphorylation reaction exhib-
ited a higher K,, for ATP and a lower Vmax and was more
rapidly dephosphorylated when compared with phosphoryla-
tion at the carboxy terminus.
The use of membrane vesicles has provided a system in

which the kinase activity of pp6ov-rC can be evaluated while
the polypeptide is still anchored to the lipid bilayer. Several
studies have shown that the proportion of labeled phospho-
tyrosine increases when [y-32PIATP is added to membranes
from RSV-infected cells compared with normal cells (16, 17,
34). Garber et al. (17) showed that pp6Ov-src could be
phosphorylated in vitro in RSV-transformed chicken em-
bryo fibroblast membranes. We have extented their initial
finding by characterizing the kinetic parameters of pp60vS?C
phosphorylation in RSV-transformed vole cell membranes.
Our results indicate that phosphatase and ATP hydrolytic
activities must be considered for quantitative analysis of
membrane kinase reactions. Of the numerous compounds
assayed, only vanadate ions (Na3VO4) were highly effective
in enhancing pp60v-Src phosphorylation levels. This property
is probably due to the ability of vanadate to inhibit ATPases
(3, 35) and phosphotyrosyl-protein phosphatases (38). How-
ever, even in the presence of vanadate, it was difficult to
quantitate steady-state levels of phosphate incorporation
into pp6Ov-sr due to residual activity of ATP hydrolyses. At
low ATP concentrations, one could not determine whether
the leveling off of the kinase reaction with time was due to
saturation of available sites or was simply a reflection of the
decreasing concentration of [y-32P]ATP. This situation pre-
cluded a precise determination of the stoichiometry of
pp60 v-src phosphorylation.
The region of pp6Ov-src responsible for anchoring the

molecule to the plasma membrane has been mapped to the

u

LI)
0

z
500

a-
C"1

0 10 20
TIME (MIN)

FIG. 4. Time dependence of phosphorylation of membrane-
bound pp60V"SC. Membrane suspensions in 1.0 ml were incubated
with 50 ,uCi of [y-32P]ATP (100 ,uM) and 1 mM vanadate at 22°C. At
various times, the reaction was quenched and the amount of 32P
incorporated into pp60v-s( was determined as described in the text.

0

VOL. 5, 1985



920 RESH AND ERIKSON

A

c

-6
E

z
0
I-

tr
-a.
0

z

w
1-

a:

B

2.0

1.5

"E 1.0--6

0.5

.

0 10 20 50 100 0 0.5 1.0
(ATP| (MM) 1/ (ATPJ (MM1)

FIG. 5. Dependence of the rate of amino- and carboxy-terminal phosphorylation on the concentration of ATP. Membrane suspensions in
1.0 ml were incubated with concentrations of ATP ranging from 0.5 to 200 ILM in the presence of 50 ,uCi of [(-32P]ATP and 1 mM vanadate
for 1 min at 22°C (linear portion of the reaction, see Fig. 4). The amount of ATP remaining after 1 min was 85% of the total at 0.5 1±M and
94% at 200 ,uM ATP. The reactions were quenched, immunoprecipitated, and gel electrophoresed. The pp60v-src band was reelectrophoresed
in the presence of 20 ng of V8 protease, and the amounts of 32P incorporated into the amino-terminal 34,000-dalton (0) and carboxy-terminal
26,000-dalton (0) fragments were quantitated. (A) The rate of phosphorylation as a function of ATP concentration is illustrated. The lines
drawn through the data points represent the theoretical best fit based on linear regression analysis of the data in panel B. (B) The data in panel
A are graphed in double-reciprocal form (Lineweaver-Burk plot). The data for amino (NH2)- and carboxy (COOH)-terminal phosphorylation
were analyzed by linear regression by the method of least squares (0.5 to 100 ,uM ATP). In this experiment, for the carboxy terminus, the
Km was 2.5 ,uM ATP, the Vmax was 19 fmol/min, and the coefficient of determination, r2, was 0.97. For the amino terminus, the Km was 19
,M ATP, the Viax was 8 fmol/min, and r2 was 0.98.

extreme amino terminus (12, 24). We were therefore inter-
ested in determining whether interaction of amino-terminal
residues with the membrane prevented phosphorylation of
tyrosine residues near this region. The data illustrated in Fig.
3 indicate that this is not the case. We suggest that the in
vitro phosphorylation patterns of pp6Ov-src that we observed
are mediated by the tyrosine kinase activity of pp6Ov-src
itself, since antibody to the kinase domain effectively inhib-
its the phosphorylation reaction (Table 1). The appearance
of amino-terminal phosphorylation sites in membrane-bound
pp6Ov-src implies that this reaction may occur in vivo. The
recent results of others (1, 5) with vanadate- or Mg2+-treated
cells support this conclusion.

It is tempting to compare the kinetic data reported here
with that obtained with purified pp6Ov-src preparations. The
Km for autophosphorylation of purified pp6Ov-src is on the
order of 25 ,uM (20). However, since phosphorylation of the
amino and carboxy termini was not evaluated separately, it
is difficult to make direct comparisons with the work cited
here. It is interesting, however, that when purified pp6O-src
is phosphorylated at high ATP concentrations, three to four
times more phosphate is incorporated into the amino termi-
nus than into the carboxy terminus (20). In membrane
vesicles, this ratio was closer to one. This implies that in
membranes only one phosphate molecule is incorporated
into the amino-terminal region of the pp6-src polypeptide
and is consistent with the notion that interaction with the

membrane partially restricts the extent of amino-terminal
phosphorylation.

Finally, we have presented the first direct evidence that
the amino-terminal phosphotyrosine residues are more sus-
ceptible to the actions of phosphoprotein phosphatases than
those in the carboxy terminus. The fact that dephosphoryla-
tion of pp60v-src is observed even in the continued presence
of vanadate (Fig. 6) is puzzling at first. However, it is
possible that the presence of high concentrations of divalent
cations (5 mM Mg2+), in addition to functioning in the
phosphorylation reaction, may also serve to inhibit phospha-
tase activity (5, 16). The addition of EDTA (time zero, Fig.
6) might thereby release this inhibition by chelation of the
Mg2+ ions. Clearly, further characterization of the phospha-
tase species involved in this reaction is required.
The rapid dephosphorylation of amino-terminal phospho-

tyrosine residues observed in membrane-bound pp60f-src
may explain why these sites are not observed when lysates
are prepared from untreated, in vivo-labeled cells (6). Both
our studies and those of Collett et al. (5) lend support to the
hypothesis that the extent of pp6Ov-src phosphorylation in
vivo may be regulated by the action of phosphatases.
Genetic engineering experiments have established that
phosphorylation of Ser-17 and Tyr-416 is dispensable for
transformation (13, 37), but nothing is known about the role
of the amino-terminal phosphotyrosine sites. It has been
suggested that occupancy of these sites may serve to in-
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FIG. 6. Dephosphorylation of amino- and carboxy-terminal re-

gions of pp60-src. The membrane suspension was incubated with
[y-32PIATP, 100 ILM carrier ATP, and 50 I1M vanadate for 15 min at
22'C. After the addition of 10 mM EDTA at time zero, portions were
removed at various times (1 to 25 min), immunoprecipitated, and
analyzed by one-dimensional peptide mapping as described in the
legend to Fig. 5. The amounts of radioactivity incorporated into the
amino (NH2)-terminal (0) and carboxy(COOH)-terminal (0) frag-
ments were approximately equal at this concentration of ATP
(amino-terminal fragment: 990 cpm, carboxy-terminal fragment: 820
cpm), and were each normalized to 100o at time zero.

crease pp6Ov-src kinase activity (1, 5). Although the phosphor-
ylation parameters of pp6Ov-src in our system are complex,
we contend that membrane preparations are ideal systems in
which to study the regulatory roles of phosphorylation and
dephosphorylation on pp60vsrc function.
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