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The kinase activity of p60c-rc is derepressed by removal of phosphate from Tyr-527, mutation of this residue
to Phe, or binding of a carboxy-terminal antibody. We have compared the structures of repressed and active
p60c-src, using proteases. All forms of p60c.src are susceptible to proteolysis at the boundary between the
amino-terminal region and the kinase domain, but there are several sites elsewhere that are more sensitive to
trypsin digestion in repressed than in derepressed forms of p60csrc. The carboxy-terminal tail (containing
Tyr-527) is more sensitive to digestion by pronase E and thermolysin when Tyr-527 is not phosphorylated. The
kinase domain fragment released with trypsin has kinase activity. Relative to intact p60-src, the kinase domain
fragment shows altered substrate specificity, diminished regulation by the phosphorylated carboxy terminus,
and novel phosphorylation sites. The results identify parts of p60csrc that change conformation upon kinase
activation and suggest functions for the amino-terminal region.

p60c-'' is a membrane-associated, protein-tyrosine kinase
that is expressed in most mammalian and avian cell types
examined (13). Its oncogenically activated form, p60v-", is
the transforming protein of Rous sarcoma virus. In vitro
mutagenesis experiments on v-src and sequence compari-
sons with other protein kinases suggest that p60""'r has a
catalytic domain extending from about residue 260, close to
a nucleotide-binding motif (Gly-Xaa-Gly-Xaa-Xaa-Gly), to
Leu-516 (20, 36, 42, 52). The region carboxy terminal to
Leu-516 does not appear to be directly involved in catalysis
(39, 53, 54). The amino-terminal 250 residues appear to be
unimportant for catalysis but are probably involved in other
p60csrc functions, since deletions in the amino-terminal
region of p60v-"Sr can affect the phenotype of transformed
cells (24, 48).
The repressed form of p60c"'r has two major sites of

phosphorylation in vivo: Ser-17 (33) and Tyr-527 (14, 27).
Ser-17 can be phosphorylated by the cyclic AMP-dependent
protein kinase (33, 41), and Tyr-527 can be phosphorylated
by p6OC-vrC and perhaps by other protein-tyrosine kinases
(16, 17, 21, 43). Transformation by p60c-'' is generally
associated with the replacement of carboxy-terminal se-
quences or the loss of phosphate from Tyr-527 and the
stimulation of p60c's kinase activity. Site-directed mutagen-
esis experiments have shown that either truncation of
p60'cs%r between Leu-516 and Tyr-527 or replacement of
Tyr-527 by Phe or Ser is oncogenic (7, 9, 26, 34, 39. 53).
Transformation of cells by polyomavirus middle T antigen
involves formation of a complex between middle T antigen
and p60'cs", dephosphorylation of Tyr-527, and stimulation
of p60cs"" kinase activity (3, 8, 18). Dephosphorylation of
Tyr-527 by cellular phosphatases or by exposure to acid
phosphatase in vitro stimulates the kinase activity of p60c-'('
(15, 18, 43).
These results suggest that the phosphorylated Tyr-527 in

p6Oc-src represses kinase activity. The mechanism of repres-
sion is not known, but the kinetics of the repressed state are
consistent with models in which the phosphorylated tail
serves as a product analog inhibitor or in which the active
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site undergoes a conformation change (15). The activation of
p6Oc'-"' by mutations in the amino-terminal domain suggests
that this region may be required for repression of the kinase
domain by phosphorylated Tyr-527 (23, 35). Point mutations
in the amino-terminal region, in the vicinity of Arg-95, can
partially activate the transforming potential of c-src while
retaining phosphorylation of Tyr-527 at unknown stoichiom-
etry. These mutations may exert their effects by either
altering the accessibility of Tyr-527 to kinases or phos-
phatases or affecting enzymatic activity more directly, for
example, by abrogating the ability of the phosphorylated
carboxy terminus to inhibit.

p60C-N'C molecules become phosphorylated upon incuba-
tion with ATP in vitro, in a reaction that appears to be
intermolecular (16). The site phosphorylated by p60c-'' in
vitro is Tyr-416 (32, 44). This residue is also a major site of
phosphorylation in vivo in all active forms of p60c-%',
including p6Ov--, various activated mutants, and p60c-r'C
complexed with middle T antigen (8, 18). Both genetic and
biochemical evidence suggest that phosphorylation of Tyr-
416 is important for full activity (25, 26, 45). A Phe-416,
Phe-527 double-mutant form of p60c's( is less oncogenic and
has a lower kinase activity than the Phe-527 single mutant
(26). Incubation of cells expressing wild-type p60c " in
media containing ortho-vanadate. a phosphotyrosine-phos-
phatase inhibitor, raises the level of phosphorylation of
Tyr-416 in p6Oc-'' and increases p60c--' kinase activity (25).
A homologous residue is found in all protein-tyrosine ki-
nases, and in some other cases (e.g., p140Q"g(gfP- and the
insulin receptor) phosphorylation at this position is stimula-
tory (19, 40, 49, 51).
The regulation of enzymatic activity is generally associ-

ated with conformational changes that can be probed by
using chemical reagents or proteases. Proteases cleave na-
tive proteins at the exposed regions between tightly folded
domains, which can vary as a result of changes in confor-
mation. Two protein-tyrosine kinases have been mapped by
partial proteolysis to define structural domains. Digestion of
the epidermal growth factor receptor with trypsin resulted in
cleavage to produce a 42-kilodalton (kDa) fragment that
binds 5'-p-fluorosulfonylbenzoyl adenosine and retains ki-
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nase activity (1, 10). Partial proteolysis of p60"-"' by mem-

brane-associated proteases clips off the amino-terminal 8
kDa, releasing the bulk of the protein from the membrane as

a 52-kDa fragment (28). Further proteolysis with trypsin
produces a 30-kDa fragment that retains the protein-tyrosine
kinase activity (4, 28). This fragment has a three- to fivefold-
increased specific kinase activity, relative to that of intact
p60v-r, when assayed with angiotensin as a substrate (4).
We used proteases to map exposed regions in repressed
(wild-type) and derepressed (dephosphorylated wild-type
and Phe-527 mutant) p60""s'r molecules and found that the
phosphorylation state of residue 527 directly affected the
conformation of p60c's(. Repressed p60c-'s had a protease-
sensitive site in the kinase domain, but the tail was relatively
protected. Derepressed p60C-"( had a protease-resistant ki-
nase domain, but the tail was exposed. Furthermore. the
activity of the kinase domain was modified in a substrate-
specific fashion by the amino-terminal region of p60c-('.

MATERIALS AND METHODS

Antisera and immunoprecipitations. The monoclonal anti-
body 327 (30) was kindly supplied as a hybridoma by J.
Brugge (State University of New York, Stony Brook, N.Y.).
Ascites fluid from nude mice was used for immunoprecipi-
tation. The antiserum aZ was from rabbits immunized with a

synthetic peptide corresponding to amino acids 519 to 533,
the extreme carboxy terminus of chicken p60C-'', conju-
gated to bovine serum albumin (15). The immunoglobulin
fraction was partially purified from the serum on a DEAE
Affigel Blue column (Bio-Rad Laboratories, Richmond,
Calif.) according to the recommended procedure of the
manufacturer. Dishes (50 mm) of NIH 3T3 cells expressing
high levels of p6OWT or p60F527 were lysed with 1 ml of
modified RIPA buffer (15), and the lysates were clarified by
centrifugation at 20,000 x g at 4°C for 30 min. p60cs'r was

then immunoprecipitated from the clarified lysates either
with 327, rabbit anti-mouse immunoglobulin G (IgG), and
Pansorbin (Calbiochem-Behring, La Jolla, Calif.) or with aZ
and Pansorbin (15). The immunoprecipitates were washed
three times with RIPA buffer and once with 100 mM NaCl-
10 mM PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid)
(pH 7.0)-40,ug of aprotinin per ml. The immunoprecipitates
were then stored at -70°C until use.

Phosphatase treatment. For phosphatase treatment of
p60c-rU, the immunoprecipitates were pelleted from 100 mM
NaCI-10 mM PIPES (pH 7.0)-40,ug of aprotinin per ml and
suspended in the same volume of 40 mM PIPES (pH 6.0)-i
mM dithiothreitol-10 p.g of aprotinin per ml-20,uM leupep-
tin. One-tenth of a volume of potato acid phosphatase (PAP:
1 mg/ml) was added, and the samples were incubated at 30°C
for5 min (15). After PAP treatment, samples were washed
twice with RIPA and once with 100 mM NaCl-10 mM PIPES
(pH 7.0) before kinase assays. Treatment without PAP did
not affect kinase activity.

Kinase reactions. In vitro phosphorylation reactions of
p60C-sC were performed, using the following proportions.
One-fortieth of an immunoprecipitate from a 50-mm dish of
cells was incubated in 10 p.1 of 20 mM PIPES (pH 7.0)-10
mM MnCl,-5 p.Ci [y-32P]ATP for 10 min at 30°C. Reactions
were terminated by 50-fold dilution with trypsin digestion
buffer (TDB, defined below) and centrifugation.

Partial proteolysis. After immunoprecipitates were incu-

bated in an in vitro kinase reaction, 0.5 ml of TDB (con-
taining 1 mM CaClI and 10 mM Tris hydrochloride [pH 8.1])
was added, and the immunoprecipitates were collected by

centrifugation. The pellets were suspended in TDB to 2.5%
(wt/vol) final concentration of Pansorbin. The proteases used
and their final concentrations are indicated below. The
analytical digests were done for 5 min at 25°C, and the
preparative digests used to produce the 29.5-kDa fragment
for kinase assays were done with a final concentration of 100
p.g of pronase E per ml for 10 min at 25°C. After partial
proteolysis, the fragments that remained bound to the im-
munoprecipitate were assayed for kinase activity by being
washed twice with RIPA buffer and once with 10 mM PIPES
(pH 7.0)-100 mM NaCI-40 p.g of aprotinin per ml before
being suspended in the same kinase mix used with the intact
p60c-''. For kinase reactions with exogenous substrates, the
substrates were included in the kinase reaction mix at the
concentrations indicated in the legends to the figures, and
the reactions were at 30°C for 5 min and were terminated by
adding EDTA to a final concentration of 0.025 M. The
reaction products were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (enolase
and tubulin) or by thin-layer electrophoresis at pH 3.5
(angiotensin). The regions containing the phosphorylated
products were removed and counted by Cerenkov radiation.

Tryptic peptide mapping. Intact p6Oc-'' and 29.5-kDa
fragment labeled in in vitro kinase reactions were isolated
from gel pieces. Extracted phosphoproteins were trichloro-
acetic acid precipitated with 10 p.g of RNase A as a carrier
and oxidized with performic acid (2). After lyophilization,
the samples were digested at 37°C in 50 mM ammonium
bicarbonate with two additions of 5 p.g of TPCK (tolysul-
fonyl phenylalanyl chloromethyl ketone)-trypsin over 16 h.
The samples were lyophilized and analyzed on thin-layer
cellulose plates by electrophoresis at pH 8.9 and chromatog-
raphy (butanol:H2O:acetic acid:pyridine, 15:12:3:10).

RESULTS
The structure of p60c"rU was probed by proteolysis of

material labeled in in vitro kinase reactions. Tyr-416 is the
major site of phosphorylation in vitro, so only fragments that
contain Tyr-416 are detectable in this type of experiment.
Furthermore, since the only digestion products detected
were phosphorylated at Tyr-416, it was not possible to draw
any conclusions regarding possible effects of the Tyr-416
phosphorylation state on protease sensitivity. p60XWT (wild-
type chicken p60Oc'') and p60FS27 (an activated form of
chicken p60Oc'' with Phe at residue 527) were immunopre-
cipitated from NIH 3T3 cells expressing high levels of these
proteins from introduced genes. Two antibodies specific for
p60c-src were used for immunoprecipitation. Monoclonal
antibody 327 recognizes an epitope contained between resi-
dues 92 and 128 (W. Potts and T. Parsons, personal commu-
nication). Antiserum aZ was raised to a synthetic peptide
corresponding to residues 519 to 533 at the carboxy terminus
ofp60c-,r( (15). The p6OWT immunoprecipitated by antibody
327 is in a repressed state but can be activated in vitro by
either treatment with PAP or binding of the aZ antibody (15).
The p60WT immunoprecipitated by aZ is derepressed,
p60F527 is constitutively derepressed.

Digestion with trypsin. Immunoprecipitates of p60WT and
p60F527 were prepared with antibody 327, incubated with or
without PAP (15), washed to remove PAP, and then incu-
bated with [y-32P]ATP. The immunoprecipitates were then
incubated with TPCK-treated trypsin (100 p.g/ml final con-
centration) for5 min at 25°C. The digestion products were
centrifuged to separate products that were bound to the
antibody from those that were released. Equal fractions of
each sample were analyzed by SDS-PAGE.
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FIG. 1. Partial trypsin digestion of derepressed and repressed
forms of p60-""'. (A and B) p60WT and p60F527 were immunoprecip-
itated with monoclonal antibody 327, incubated with (-+t) or without
(-) PAP, labeled in an in vitro kinase reaction, and incubated with
0 (-) or 100 (+) p.g of trypsin per ml. Aprotinin was then added to
a final concentration of 200 p.g/ml, and the reactions were centri-
fuged. Each pellet was washed once with TDB. and this wash was

pooled with the first supernatant. The pooled supernatants (S) were
mixed with an equal volume of twice-concentrated SDS-PAGE
sample buffer. The washed pellets (P) were suspended in SDS-
PAGE sample buffer, and equal fractions of the samples were

analyzed by SDS-PAGE (15% acrylamide. 0.087% bisacrylamide).
Gel lanes containing p60WT that had not been treated with PAP were

exposed six times as long as the other lanes to allow for lower
incorporation. The locations of p6O'-"' and the 50-. 40-. and 29.5-
kDa proteolytic products are indicated on the left. (C) Fragments
(60, 50, 40, 29.5, and 17 kDa) generated by trypsinolysis of p60Awl
were excised from a polyacrylamide gel and digested with 0 (-) or

50 (+) ng of S. aiur-eis V8 protease during SDS-PAGE (11). Major
digest products of about 25 and 12 kDa are marked. (D) Putative
structures of the fragments. The heavy line indicates p60'C"''. The
327-binding site (V). the position of labeling by in vitro phosphory-
lation (@), the approximate sites of trypsin cleavage ( y ), and the
position where S. aiurelus V8 protease cleaves p6O'-"' under dena-
turing conditions (K. Beemon. personal communication) ) are

shown.

Trypsin digestion of derepressed forms of p60'-"' (PAP-
treated p60\WT and PAP-treated or control p6oFS27) released
major products of approximately 29.5 and 16 to 18 kDa (Fig.
1A and B). The 29.5-kDa fragment was released from
antibody 327 but could be reprecipitated by aZ (data not
shown). When incubated with [y_-32PIATP, this fragment
became labeled and could transfer phosphate to exogenous

substrates (see below). These data identify the 29.5-kDa
fragment as the kinase domain of p60C--"" . comparable to the
30-kDa kinase fragment of p6O--"' (4, 28). Immunoprecipi-
tation of the 29.5-kDa fragment by aZ suggests that the
carboxy terminus is intact, since there are no Lys or Arg
residues (sites for trypsin cleavage) within the 15-residue
sequence recognized by aZ. Therefore, the cleavage site that
produces the 29.5-kDa fragment must lie close to residue
260, at the start of the kinase domain (Fig. 1D). Treatment of
p6OF527 with PAP prior to labeling and digestion did not alter
the pattern of fragments that was generated (Fig. IB). Since

p60'1527 is phosphorylated at Ser-17 in the cell and the
phosphate is removed by PAP treatment (15), this suggests
that the phosphorylation state of Ser-17 does not affect the
protease-sensitive sites.

In contrast to the pattern produced from derepressed
forms of p60"c%r, digestion of the phosphorylated, repressed
form of p60WT produced two major fragments of 40 and 50
kDa, as well as the 29.5- and 16- to 18-kDa fragments (Fig.
1A). The 29.5-. 40- and 50-kDa bands were digested much
more slowly than intact p60c-(" and did not appear to be
related to each other as precursors and products. Presum-
ably, individual molecules of p60WT are cleaved initially at
different sites, and the fragments released resist further
digestion. Phosphorylated p60w' appeared to be more resis-
tant to proteolysis than either dephosphorylated p60" or
p60F527. The 29.5-kDa fragment produced by trypsin diges-
tion of p6oWT resembled that from p60'527. on the basis of
immunoprecipitation by aZ and intrinsic kinase activity (data
not shown). The lower yield of 29.5-kDa fragment from
p6OWT suggests that the proteolysis site at about residue 260
is less accessible in repressed forms of p60"C.

Several pieces of information allow tentative mapping of
trypsin-sensitive sites in p60WT to residues 90 to 100, 170 to
180, and 440 to 450 (Fig. 1D). The 50-kDa fragment was
immunoprecipitated by aZ, suggesting that its carboxy ter-
minus was intact. This was confirmed by digestion of the
SDS-denatured fragment with V8 protease (11, 12). Under
these conditions. p60'-"' is cleaved at residues 305 to 310
(K. Beemon, personal communication) to give a 25-kDa
band. V8 digestion of SDS-denatured 50- and 29.5-kDa
bands gave the same size fragment as was obtained from
p6Oc-"( (Fig. 1C) showing that the entire region between
residues 305 to 310 and the C terminus was present. There-
fore, a site of trypsin sensitivity falls in the vicinity of
residues 90 to 100 (Fig. 1D).
The 40-kDa band often appeared as a doublet. with

variable resolution and yields of the two bands. The two
fragments are thought to represent two distinct digestion
products, as illustrated in Fig. 1D. One of the fragments is
released from antibody 327 and can be reprecipitated by aZ,
suggesting that it has an intact C terminus and is cleaved in
the vicinity of amino acids 170 to 180. This should give rise
to the usual 25-kDa V8 protease fragment. The other was at
least partially retained by 327 and cannot be precipitated
with aZ, suggesting that it lacks the carboxy terminus and
should give a smaller V8 protease fragment. Indeed, diges-
tion of a mixture of the 40-kDa fragments with V8 protease
in the presence of SDS gave both the 25-kDa band and a
12-kDa band (Fig. 1C). A labeled fragment of 12 kDa could
be produced by cleavage by trypsin in the vicinity of
residues 440 to 450 and by V8 at residues 305 to 310. The
origin of the small tryptic fragments of 16 to 18 kDa is not
clear, they may be a heterogeneous mixture of peptides.
They were cleaved by V8 to yield several subfragments,
including one of 12 kDa (Fig. IC). This is consistent with the
possibility some of the fragments were derived by cleavage
near amino acid 260, at the amino-terminal boundary of the
kinase domain, and near amino acid 450 in the kinase domain
(Fig. 1D).

Digestion of immunoprecipitates of p6OWT or p60FS27
prepared with aZ yielded products similar to those generated
from 327 immunoprecipitates of derepressed forms of
p60'-"'( (data not shown). This result is consistent with the
ability of aZ to derepress p60c"('.

Digestion with pronase. Antibody 327 precipitates of
p60WT and p60F5-7 were exposed to four proteases besides

29.5.



DIFFERENCES BETWEEN REPRESSED AND DEREPRESSED p60c-sr 2

p.Y527 F527

0-Q CL 0.i CL X -
0 00 000O 0 0 0 00 0 0 0o C) oC0 CN ) 0 N N0 N1 C 04N N:y0 CN 0 N

A Ab327
0 100 20

P S P S P S

B az
0 100 20

P S P S P S

60.0
_ _-- ~m

FIG. 2. Partial digestion of p60wT and p60 527 with various
proteases. p60WT (left) and p60h527 (right) were immunoprecipitated
with antibody 327, labeled at Tyr-416 in vitro, washed with TDB,
and digested with no protease (0) or 20 or 100 ±Lg of thermolysin
(Th), proteinase K (PK), papain (Pa), or pronase E (Pr) per ml.
Digestion products were separated by SDS-PAGE. The reactions
containing p6OWT were exposed for three times longer than those
containing p6OF527. Molecular sizes (in kilodaltons) are shown at the
left.

trypsin (Fig. 2). Thermolysin and pronase E digestions gave
two different sets of products according to whether the
substrate was a repressed or derepressed form of p60cs(.
p6OF527 was cleaved by either protease to 28- or 16- to
18-kDa fragments (Fig. 2). On the other hand, digestion of
p60WT with either protease resulted in major products of 50-
and 29.5-kDa, in addition to the 28- and 16- to 18-kDa
fragments detected with p60F527 (Fig. 2). The 50-kDa frag-
ment resembled that produced by trypsin in its partial
retention by antibody 327, suggesting cleavage at the
trypsin-sensitive site (Fig. 3A). The sizes and kinase activi-
ties of the 29.5-kDa fragments released by pronase and
thermolysin indicated that they were produced by cleavage
at the trypsin-sensitive site at the beginning of the kinase
domain. The 29.5-kDa pronase fragment could be precip-
itated by aZ, confirming that it contained most or all of the
extreme carboxy terminus (Fig. 3C). In contrast, the 28-kDa
fragment was not precipitated by aZ (Fig. 3C) and seemed to
be derived from the 29.5-kDa fragment by further digestion
(Fig. 4), suggesting that it lacked the extreme carboxy
terminus. Since the sequence specificity of pronase E is
broad, it is not clear where the carboxy-proximal cleavage
may lie, but the size difference of 1.5 kDa allows tentative
placement of a pronase-sensitive site close to Leu-516, the
last residue in the kinase domain (Fig. 3D) (39, 52, 54).

Digestion with papain or proteinase K gave a subset of the
fragments created by pronase E or thermolysin: mostly small
fragments from both p60WT and p6OF527, with low yields of a
28-kDa fragment (Fig. 2).
The pattern of pronase digestion depended on the anti-

body used for immunoprecipitation (Fig. 3A and B). The
major pronase digestion product from an immunoprecipitate
prepared with aZ appeared to be identical with the 29.5-kDa
fragment produced by digestion of antibody 327 immunopre-
cipitates. The 28-kDa fragment was absent, consistent with
masking of the proposed pronase cleavage site near Leu-516
when aZ was bound (Fig. 3D).
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FIG. 3. Partial pronase E digestion of p60'T in 327 and aZ
immunoprecipitates. (A) p60WT was immunoprecipitated with
monoclonal antibody 327 (Ab327), labeled in an in vitro kinase
reaction, and washed in TDB. Pronase E was added to a concen-
tration of 20 or 100 ,ug/ml and incubated at 25°C for 5 min. The
samples were centrifuged, and the supernatants (S) and pellets (P)
were separated. An equal volume of twice-concentrated sample
buffer was added to the supernatants, and the pellets were brought
to the same final volume with sample buffer. Equal volumes of the
samples were analyzed by SDS-PAGE. The positions of p60c"' and
29.5- and 28-kDa bands are indicated on the left of the gel. (B) p6oWT
immunoprecipitated with aZ was labeled and prepared for digestion
as described above. The sample was incubated with 0, 100, or 20 p.g
of pronase E per ml at 25°C for 5 min. The digested samples were
fractionated as described for panel A and analyzed by SDS-PAGE.
(C) p60wT immunoprecipitated with 327 was labeled and digested
with 100 ,ug of pronase E per ml as described for panel A. The
supernatant from the digestion was diluted 25-fold with RIPA buffer
and immunoprecipitated with aZ (lane aZ). A sample of the undi-
luted supernatant was retained. and an equal volume of twice-
concentrated sample buffer was added (lane T). The samples were
analyzed by SDS-PAGE. (D) Putative structures of fragments. Sites
of cleavage ( Y ). the site of in vitro labeling (0). and the antibody-
binding sites (V) are indicated.

We tested whether the increased pronase sensitivity of the
carboxy-terminal region of p6oF527 (Fig. 2) was a general
feature of derepressed forms of p60""'. Indeed, derepres-
sion of p60WT by PAP treatment (15) also sensitized the site
near Leu-516 (Fig. 4). At low doses of pronase, repressed
p6 WT was cleaved to 52-. 50-, and 29.5-kDa fragments, but
derepressed. PAP-treated p6QWT was cleaved to 29.5- and
28-kDa fragments. At higher doses of pronase, repressed
P60WT was cleaved further to give mostly the 29.5-kDa
fragment and some of the 28-kDa fragment, but PAP-treated
p6 WT or p60F527 was cleaved to give mostly the 28-kDa
fragment (Fig. 2 and 4A). The enhanced cleavage of the
dephosphorylated p60'WT or p6OF527 by pronase E suggests
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TABLE 1. Protein kinase activities of p60c-"` and
its 29.5-kDa fragment'

Kinase activity (cpm ± SE) of:

Substrate Rela-"'fragment Corrected ctive

Angiotensin 3,220 + 141 6.000 ± 414 12,600 ± 870 3.9
Enolase 1,820 ± 21 112 + 25 260 + 60 0.14
Tubulin 10,955 ± 500 785 ± 120 1,800 ± 280 0.16

" p60"" was labeled in vivo with [35SJmethionine. immunoprecipitated with
aZ, and suspended in TDB. Half the immunoprecipitate was incubated with
pronase E (final concentration, 20 Fig/ml) for 10 min at 25'C. The immuno-
precipitates were washed, and kinase reactions were performed, as described
in Materials and Methods. The relative amounts of p6OWT and the 29.5-kDa
fragment were derived by analysis of a fraction of the two samples by
SDS-PAGE and densitometry of the autoradiograms. The actual counts per
minute incorporated into the substrates and the corrected values are shown,
and the fold change in relative specific activity of the 29.5-kDa fragment
relative to p60"WT was calculated. Each point was determined in triplicate.

B
p,Y527

29.5
28__, ,,

Y527

V
FIG. 4. Pronase E digestion of phosphorylated and dephosphor-

ylated p60"WT immunoprecipitated by antibody 327. (A) Antibody
327 immunoprecipitates of p60'WT were treated without (-) or with
(+) PAP, incubated in an in vitro kinase reaction, and prepared for
digestion as described in Materials and Methods. Pronase E was
added to the immunoprecipitates at final concentrations of 0, 10, 20,
50, and 100 ,ug/ml and incubated at 25°C for 5 min. An equal volume
of twice-concentrated sample buffer was added, and the samples
were analyzed by SDS-PAGE. Gel lanes containing phosphorylated
p60"WT were exposed five times longer than lanes containing dephos-
phorylated p60WT. The 50-, 29.5-, and 28-kDa bands are indicated on
the left. (B) Sites of cleavage that are believed to give rise to the
fragments are shown on the line drawing of p60c"rc. The sensitivity
of the region of residue 520 to pronase is lower in phosphorylated
p60WT (v ) than in dephosphorylated p60WT ( ). Antibody-binding
sites (V) are shown.

that derepressed p6Ocsrc is in a different conformation and
that the carboxy-terminal region is more exposed in dere-
pressed than in repressed forms of p6oc-s'(.

Kinase activity of the 29.5-kDa fragment. Digestion of
p6Ov-src with trypsin releases a 30-kDa fragment with three-
to fivefold-increased specific activity, relative to that of
undigested p6Ovsr', when assayed on [Val5]-angiotensin II
(4). We determined the specific activity of the 29.5-kDa
fragment of p60csrc on angiotensin, enolase, and tubulin
substrates. To permit comparison with intact p60oc-', we
used immunoprecipitates prepared with aZ, incubated with
or without pronase E, so that the 29.5-kDa fragment and
intact p60csr' were both assayed as immune complexes. This
approach avoided the necessity of comparing antibody-
bound intact p60csrc with soluble 29.5-kDa fragment that
would have arisen if antibody 327 immunoprecipitates were
used, but introduced the complication that only derepressed
activities could be measured (aZ derepresses the activity of
p60c-sr'). The yield of 29.5-kDa fragment was estimated by
digesting in parallel an aZ immunoprecipitate of p60c-s' that
had been labeled either in vivo with [35S]methionine or in

vitro with [y_-32PIATP. The yield of 29.5-kDa fragment
relative to intact p6oc'-"' was then used to correct the
measured kinase activities.
Table 1 shows that the specific activity of the 29.5-kDa

fragment relative to that of intact p6oWT was elevated
fourfold (three- to fivefold in six different experiments) with
angiotensin as the substrate but decreased sixfold in this
experiment with tubulin as the substrate and decreased
sevenfold (7- to 15-fold over four experiments) with enolase
as the substrate. Since a fraction of the p6OWT was undi-
gested after pronase E treatment, as much as 30 to 50% of
the phosphorylation of enolase or tubulin detected with the
29.5-kDa fragment may be due to intact p6OWT, suggesting
that cleavage of p60"WT reduces phosphorylation of protein
substrates as much as 15- to 20-fold.

Phosphorylation of exogenous substrates by p60WT is
stimulated by aZ (15). To test whether the 29.5-kDa fragment
from p60WT was similarly stimulated by aZ, soluble 29.5-kDa
fragment was released with trypsin from a 327 immunopre-
cipitate of p60WT, and phosphorylation of angiotensin was

assayed in the presence of various concentrations of aZ (Fig.
5A, lower panel). The 32p incorporated into angiotensin fell
within 10% of a mean of 2,220 cpm, independent of aZ
concentration, suggesting that the 29.5-kDa fragment from
p60"WT is not regulated by its phosphorylated carboxy termi-
nus.

Phosphorylation of the 29.5-kDa fragment. Intact p60c-s
becomes phosphorylated at Tyr-416 when incubated with
[_y-32P]ATP in vitro, apparently due largely to an intermolec-
ular reaction (16). In contrast, when soluble 29.5-kDa frag-
ment was released with trypsin from 327 immunoprecipitates
of p60WT or p6OF527 and incubated with [y-32PJATP, the rate
of phosphorylation of the fragments was very low. If purified
aZ IgG was added to the phosphorylation reaction, phos-
phorylation of the 29.5-kDa fragment was stimulated (Fig.
5A). This was observed for 29.5-kDa fragments derived from
both p60WT (Fig. SA, upper panel) and p60F527 (data not
shown). The degree of stimulation depended on the concen-

tration of aZ: with increasing concentrations of aZ (up to 1%
of the reaction volume) the incorporation increased up to
100-fold, but increasing the aZ concentration further (to 10%
the reaction volume) gave only 15- to 30-fold stimulation of
autophosphorylation over that of the unstimulated reaction.
It is possible that aZ stimulates phosphorylation of the
29.5-kDa fragment because it increases the frequency of
intermolecular collisions between 29.5-kDa molecules.
The sites of aZ-stimulated 29.5-kDa fragment phosphory-
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FIG. 5. Protein kinase activity and phosphorylation of the 29.5-kDa fragment. (A) p60WT (upper panel) was immunoprecipitated with
antibody 327, washed and suspended in TDB, and digested with 100 p.g of TPCK-trypsin per ml at 25°C for 5 min. Aprotinin was added, the
reaction was centrifuged, and the supernatant was reserved. The supernatant was split into nine aliquots, and IgG purified from aZ serum was
added to the following relative concentrations: lane 1, 10-1; lane 2, 10-1.5; lane 3, 10-2; lane 4, 10-2.5; lane 5, 10-'; lane 6, 10-3-5; lane 7, 10-4;
lane 8, 10-45 ; lane 9, 10-1 preimmune IgG. After incubation for 10 min at 0°C, an equal volume of 40 mM PIPES (pH 7.0)-20 mM MnCl,-0.5
V.Ci of [y-32P]ATP per ,ul was added and the reactions were incubated at 30°C for 10 min. The reaction products were separated by SDS-PAGE
and autoradiographed. In a parallel experiment (lower panel) the released 29.5 kDa was incubated with the purified aZ serum added to the
following relative concentrations: lane 1, 10-l; lane 2, 10-1-5; lane 3, 10-2; lane 4, 10-1 (minus angiotensin); lane 5, 10-1 preimmune IgG. The
reactions were performed as described above, except kinase reactions 1, 2, 3, and 5 included angiotensin at 1 mM. The reaction products were
separated by thin-layer electrophoresis, and the 32P incorporated into the angiotensin was determined by Cerenkov radiation. (B to D) The
29.5-kDa fragment derived from p6OF527 was isolated from the gel and exhaustively digested with trypsin. A sample of p60WT labeled in vitro
was treated in parallel. The resultant phosphopeptides were separated by thin-layer electrophoresis and chromatography. (B) Tryptic
phosphopeptides from the 29.5-kDa fragment. (C) Tryptic phosphopeptides of p60WT phosphorylated in vitro. (D) Mixture of the tryptic
phosphopeptides of p60WT and the 29.5-kDa fragment. Peptide 1. Novel site of phosphorylation of the 29.5-kDa fragment; peptide 2,
phosphopeptide containing Tyr-416. The arrowheads mark the origin.

lation were analyzed by exhaustive trypsin digestion (2, 31).
Major and minor phosphopeptides were detected (spots 1
and 2, respectively, Fig. SB). Both peptides contained only
phosphotyrosine. Mixing the phosphopeptides with those
released from p60c- phosphorylated in vitro (Fig. SC)
showed that the minor site of phosphorylation (spot 2)
contains Tyr-416 (Fig. 5D). The major site of phosphoryla-
tion (spot 1) is neither Tyr-416 nor Tyr-527. Partial digestion
of the in vitro-labeled, denatured 29.5-kDa fragment with
Staphylococcus aiureus V8 protease followed by immuno-
precipitation of the fragments with aZ showed that the major
phosphorylation site lay in the carboxy-terminal 15 kDa of
the kinase domain, but the site has not been localized
further. It seems unlikely that the unusual phosphorylation
in the 29.5-kDa fragment is an artifact of the reaction
promoted by aZ, since aZ does not alter the site of phos-
phorylation of intact p60csrc (15). Instead, we suggest that
removal of the amino-terminal region of p60c-src changes the
conformation of the kinase domain to render Tyr-416 less
accessible and reveal an alternative site for phosphorylation.

DISCUSSION

Partial proteolysis of p60c'rc by pronase or trypsin re-
vealed four or five sites of cleavage, respectively. Some of
the sites are cleaved to different extents in repressed and
derepressed forms of p60csr', presumably reflecting different
conformations. The derepressed forms of p60csrc that were
examined included p6OF527, p60v-sr, PAP-treated p6QWT,
and p6oWT bound to aZ. All these proteins gave similar
products after partial proteolysis with trypsin (Fig. 1 and
unpublished data). The derepressed forms of p60csrc also
gave similar patterns of fragments when digested with pro-
nase E (Fig. 2 to 4). The sites of cleavage were mapped by
further digestion of SDS-denatured fragments with S. aureus
V8 protease and by testing for binding to antibodies that
recognize different epitopes in p60csr. Some of the sites of
cleavage coincide with boundaries between the three struc-
tural domains predicted from the amino acid sequence: the
amino-terminal 250 to 260 residues, the kinase domain, and
the carboxy-terminal regulatory tail.
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The different cleavage patterns of repressed and dere-
pressed forms of p60csr are thought to represent alternative
conformations. Others lie within these domains. An alter-
nate explanation would be that phosphorylation of Tyr-527
results in steric or electrostatic effects that alter the sites of
cleavage. This has not proven to be the case for proteins for
which the results of partial proteolysis can be compared with
other structural information. In glycogen phosphorylase, the
site of phosphorylation that modulates enzymatic activity
and structure as documented by X-ray crystallography and
partial proteolysis is relatively far away from the site of
proteolytic cleavage (37, 46, 50). The physical separation of
the site of phosphorylation and proteolytic site requires that
communication between the two sites involve conforma-
tional changes within the protein (46, 47). We feel that a
similar model is likely to apply to p60c"", although other
explanations cannot be eliminated.
The major site of cleavage by trypsin in derepressed forms

of p60csc' lies close to residue 260, which marks the begin-
ning of the kinase domain defined by deletion analysis in
v-fps- and v-abl-encoded protein-tyrosine kinases (36, 42)
and may represent a bridge between the amino-terminal
region and the kinase domain. The repressed form of p60"CA
showed a pattern of fragments that was different from that of
the activated forms of p6O-c"' when digested with either
trypsin or pronase E (Fig. 1). In the repressed form of
p60csrc, the bridge between the amino-terminal and kinase
domains is not as accessible to trypsin, although it is still
cleaved efficiently by pronase E and thermolysin. The in-
creased accessibility of the bridge to trypsin upon activation
may result from a shift of the amino terminus relative to the
kinase domain.
A major site of trypsin cleavage in repressed phosphory-

lated p60cs'r was mapped approximately to residues 440 to
450. This site falls within the kinase domain in the vicinity of
mutations that modulate p60vsr( activity (6, 23, 29). The
exposure of this region implies that repression of p60cs"
kinase activity by phosphorylation of Tyr-527 alters the
conformation of the catalytic domain. Another major site of
cleavage in the repressed p60c-sr appears to fall in the SH2
region upstream of the kinase domain, which is conserved
between src family kinases and also found in other cytoplas-
mic protein-tyrosine kinases (42). The function of this region
is unknown, but mutations in this region in p60v' or
P130`1-fP' can abrogate transforming activity (5, 42). The
conformational changes in the SH2 region during activation
of p60csr( implicate it in regulation of kinase activity.

Digestions with pronase E and thermolysin suggest that
the carboxy-terminal regulatory region exists as a separate
domain. Mutant forms of p6O-c"'' truncated at various resi-
dues distal to Leu-516 have catalytic activity (39, 53, 54),
implying that the kinase domain folds independently of the
carboxy terminus. The sequence immediately surrounding
Tyr-527 can sustain some point mutations without abrogat-
ing the regulatory function (9, 31), but insertions or deletions
between Asp-518 and Tyr-519 are activating (B. Cobb, M.
Payne, and T. Parsons, personal communication). It appears
that the contributions of individual residues to the structure
of this region are relatively unimportant, but the spacing
between Tyr-527 and the kinase domain may be important to
allow interaction between the carboxy terminus and the
body of the protein. The region may exist in a relatively
extended conformation, hence its accessibility to proteases.
Phosphorylation of Tyr-527 represses kinase activity and
partially protects the tail from proteolysis by pronase E or
thermolysin. The change in protease sensitivity in the regu-

latory tail provides evidence that the regulation of p60cS/C by
its carboxy terminus may involve a conformational change
of the tail relative to the rest of the molecule.
The existence of a protease-sensitive bridge between

amino-terminal and kinase domains of p60c"s' suggests that
the halves of the protein fold independently. However, it is
clear from enzyme assays that the amino-terminal region
does influence the function of the kinase domain (Table 1).
The specific kinase activity of the isolated kinase domain
differed from that of intact p60c-'s. The three- to fivefold
increase in peptide (angiotensin) phosphorylation following
proteolytic removal of the amino-terminal region of p60csrc
is similar to the increase that has been reported for p60v-sC
(4). In contrast, the specific phosphorylation of two protein
substrates by the proteolytic fragments was reduced. The
different effects on specific activity toward the various
substrates suggests that the amino-terminal region modifies
substrate specificity.

Since the amino-terminal domain participates in substrate
recognition, we wondered whether it was also required to
allow regulation of kinase activity by the phosphorylated
carboxy terminus. Our approach was to test whether aZ
antibody would stimulate phosphorylation catalyzed by the
soluble 29.5-kDa kinase active fragment produced from
repressed p6oWT. When assayed with angiotensin as the
substrate, aZ had no effect on phosphorylation catalyzed by
the soluble catalytic fragment (Fig. 5), even though it stim-
ulated angiotensin phosphorylation catalyzed by intact
p60WT six- to eightfold. It appears that the amino-terminal
domain is required for normal regulation of the kinase
domain by the phosphorylated carboxy-terminal tail. If
regulation involves the tail acting as a pseudosubstrate or
pseudoproduct (15), then it is possible that the amino-
terminal domain induces a conformation in the kinase do-
main that can interact with the carboxy terminus.

Curiously, aZ stimulated phosphorylation of the soluble
catalytic domain up to 100-fold (Fig. 5). Since this effect was
observed whether the fragment was derived from p60WT or
p60F527 and was not seen when an exogenous substrate was
used, it is unlikely that aZ exerts its effect by increasing the
specific activity of the fragment. We suspect that phosphor-
ylation of the catalytic fragment is an intermolecular reaction
that occurs at a negligible rate at the low enzyme concentra-
tions employed but which is stimulated by cross-linking with
aZ. The dose-response curve suggests that aZ is serving to
promote intermolecular interactions between catalytic frag-
ments. Thus, in antigen excess, at low doses of aZ, most
antibody molecules bind two molecules of catalytic frag-
ment, but in antibody excess the proportion of catalytic
fragments that are bound with a partner to a single aZ
molecule decreases.
The structural changes that result from proteolytic re-

moval of the amino terminus are reflected in the change in
the major site of phosphorylation as well as in changes in
specific kinase activity. It is clear that the amino-terminal
domain interacts with the kinase domain both to modify its
substrate selectivity and to allow its regulation by the
phosphorylated carboxy terminus. The complex effects of
the amino-terminal domain on catalytic activity in vitro are
consistent with the complex phenotypes of amino-terminal
mutants of p60v sr' and p60csr (22, 24, 38, 48).
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