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Phosphorylation and dephosphorylation of Tyr-530 in
human c-Src (Tyr-527 in avian c¢-Src) is critical in regu-
lating c-Src kinase activity. So far, it has not been pos-
sible to distinguish the active and inactive forms in vivo.
We now report a new monoclonal antibody that selec-
tively recognizes the active form of c¢-Src. This antibody,
termed clone 28, recognized a region adjacent to Tyr-530
(Q%2°YQP?32) in the C-terminal regulatory domain of c-
Sre, and its binding was hindered by phosphorylation of
this tyrosine as determined by peptide competition as-
say. Combined immunoprecipitation/Western blotting
revealed that clone 28 reacted with a 60-kDa protein
that was precipitated by mAb 327, a well known mono-
clonal antibody against v-Src and c-Src. Cyanogen bro-
mide cleavage and two-dimensional tryptic maps con-
firmed that clone 28 was specific for the active form
(Tyr-530 not phosphorylated), whereas mAb 327 recog-
nized the inactive form (Tyr-530 phosphorylated) as well
as the active form. Clone 28 selectively immunoprecipi-
tated the active form and augmented its kinase activity.
Preabsorption experiments revealed that clone 28 could
not completely immunoprecipitate the mAb 327 binding
60-kDa protein in either an in vitro or an in vivo phos-
phorylation system. These observations, taken together,
strongly suggest the existence of multiple forms of c-Src
as proposed by Cooper and Howell (1993) (Cooper, J. A.,
and Howell, B. (1993) Cell 73, 1051-1054).

Using clone 28, we demonstrated a distinct localiza-
tion of the active form of c-Src within cultured normal
fibrobast cells. In liver tissue sections, we also examined
the distribution of the active form in embryonic mice.
Megakaryocytes were strongly stained, in contrast to
completely negative immunoreactivity in hepatocytes,
reticulocytes, and granulocytes. This result provides the
first direct evidence that c-Src is highly activated in
platelets.

Src family tyrosine kinases are widely distributed nonrecep-
tor tyrosine kinases that have a role in many different signal
transduction pathways downstream from various types of re-
ceptor in the cell membrane; however, their exact roles in
signal transduction remain unknown. Src family tyrosine ki-
nases (for reviews, see Hunter (1987), Cantley et al. (1991), and
Bolen et al. (1992)) are known both from retroviruses that have
the ability to transform cells (Src, Yes, Fgr, and Lck) and from
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mammalian genomes by the use of DNA probes for src/yes/fgr
(Fyn, Lyn, Hck, Blk, and Yrk). A comparison of the correspond-
ing cDNA sequences revealed that each member of this family
has a very different sequence in the N-terminal region (50—80
amino acids from the N terminus). This region is thought to
participate in specific cellular function through binding to dif-
ferent types of signal transducer (Resh, 1989; Shaw et al., 1990;
Timson-Gauen et al., 1992), although the mechanism of regu-
lation remains unknown. By contrast, the rest of the sequence
is highly conserved, consisting sequentially of an Src homology
(SH)! 3 domain, an SH2 domain, a kinase domain, and a
C-terminal regulatory domain (for reviews, see Margolis
(1992), Pawson and Gish (1992), Cooper and Howell (1993), and
Erpel and Courtneidge (1995)).

Two tyrosine residues, Tyr-419 and Tyr-530 in human c-Src
(corresponding to Tyr-416 and Tyr-527, respectively, in avian
c-Src), can be phosphorylated, and their phosphorylation state
influences the tyrosine kinase activity. Whereas the phospho-
rylation of Tyr-419 leads to a dramatic increase in kinase
activity (Piwnica-Worms et al., 1987), the phosphorylation of
Tyr-530 negatively regulates the kinase activity (Cooper et al.,
1986). The csk gene product is responsible for the phosphoryl-
ation of Tyr-530 (Okada and Nakagawa, 1989; Okada et al.,
1991). The mechanism of regulation involving these tyrosine
residues is thought to be similar for other members of the Src
family (Okada et al., 1991). On the basis of these observations,
a model that involves intramolecular binding between Tyr-530
and the SH2 region was proposed (Roussel et al., 1991; Superti-
Furga et al., 1993; Sieh et al., 1993). In this widely accepted
model, subsequent signal transduction through direct binding
to other proteins or by tyrosine phosphorylation is assumed to
be prevented by this intramolecular binding. Consequently, the
C-terminal region is important not only in the regulation of
tyrosine kinase activity, but also in the association with SH2-
containing proteins.

In the present study, we have generated a monoclonal anti-
body (mAb) specific for the C-terminal regulatory domain of
c-Src. This mAb selectively recognized the active form of ¢c-Src
as demonstrated by in vitro and in vivo phosphorylation. Sev-
eral different types of experiment described here illustrated the
usefulness of this mAb. The antibody had a different range of
reactivity in comparison with mAb 327, which has been widely
used for the detection of c-Src and v-Srec. In particular, clone 28
was shown to have high sensitivity to the active form of c-Src in
normal cells and tissues.

! The abbreviations used are: SH, Src homology; mAb, monoclonal
antibody; TBS, Tris-buffered saline; PBS, phosphate-buffered saline;
RIPA, radioimmunoprecipitation buffer.
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MATERIALS AND METHODS

Production of mAbs—A peptide corresponding to the C-terminal re-
gion of human c-Src (LEDYFTSTEPQYQPGENL, residues 519-536)
was synthesized and coupled to keyhole limpet hemocyanin (Calbio-
chem) with the bifunctional coupling reagent sulfosuccinimidyl 4-(V-
maleimidomethyl)cyclohexane-1-carboxylate (Pierce). This conjugate
was used for mouse immunization as described by Harlow and Lane
(1988). The hybridomas obtained were screened by means of enzyme-
linked immunosorbent assay with a synthetic peptide as the antigen,
and by Western blotting or immunoprecipitation using human cell line
lysates.

Preparation of Lysates from Human Platelets—Freshly collected hu-
man blood was centrifuged at 1000 rpm for 10 min in the presence of
sodium citrate as an anticoagulant. The supernatant was collected and
centrifuged again at 3000 rpm for 10 min. The platelets, enriched in the
pellet, were disrupted in phosphate-buffered saline (PBS(—)) containing
1% (w/v) Nonidet P-40, 20 mM NaF, 2 mM orthovanadate, 5 pg/ml
leupeptin, and 0.25 mM (p-amidinophenyl)methanesulfonyl fluoride) in
a Teflon homogenizer. The homogenate was centrifuged at 100,000 X g
for 30 min and the supernatant was used for further analysis. Protein
concentrations were determined by means of the bicinchoninic acid
(BCA) assay (Pierce).

Western Blotting—After SDS-polyacrylamide gel electrophoresis,
proteins were transferred to a nylon membrane (Millipore, polyvinyli-
dene difluoride, IPVH 000-10) by means of a semidry blotting system
(Pharmacia Biotech Inc.) at a constant current of 0.8 mA/cm?. Blocking
was performed for 1 h in a Tris-buffered solution containing 2% (w/v)
skim milk (Difco). After incubation with either clone 28 or mAb 327
(Lipsich et al., 1983; Oncogene Science Inc., OP-07L), then with perox-
idase-conjugated sheep anti-mouse immunoglobulin (Amersham Corp.),
and the stain was developed with the Konica immunostain kit using
4-chloronaphthol as the substrate.

In Vitro and in Vivo Phosphorylation Assays—For in vitro phospho-
rylation, human platelets were disrupted with RIPA buffer without
SDS (50 mM Tris-HC], pH 8.2, containing 150 mm NaCl, 20 mM NaF, 10
mM EDTA, 2 mM orthovanadate, 1% (w/v) Triton X-100, 1% (w/v) so-
dium deoxycholate, 5 ug/ml leupeptin, and 0.25 mM (p-amidinophenyl)-
methanesulfonyl fluoride) and treated with mAbs. In each experiment,
we confirmed by titration that the amount of antibody used was suffi-
cient to precipitate all of the available protein. Immune complexes were
precipitated with protein A-Sepharose CL-4B (Zymed) or anti-mouse
IgG-agarose (American Corlex). After washing the precipitate three
times with RIPA buffer without SDS, then twice with phosphorylation
buffer (20 mm HEPES, pH 7.5, containing 150 mM NaCl and 5 mm
MnCl,), we added [y-3*P]JATP (37 kBq (1 uCi); Amersham PB170) to the
immune complex. For in vivo phosphorylation, human platelets were
metabolically labeled with [*?P]PO3~ (3.7 MBq (0.1 mCi)/ml; Amersham
PBS11) for 2 h. Immunoprecipitation was done by the same procedure
used for in vitro phosphorylation, except that the RIPA buffer used for
washing contained 0.1% (w/v) SDS. Peptide competition and preabsorp-
tion experiments were performed in these systems.

Phosphopeptide Mapping—Phosphorylated 60-kDa bands were ex-
cised from the dried gels and rehydrated with a solution containing 125
mM Tris-HCI, pH 6.8, 0.1% (w/v) SDS, and 1 mMm EDTA. The bands were
partially digested with V8 protease in the SDS-polyacrylamide gel as
described by Cleveland et al. (1977). Cyanogen bromide mapping was
performed according to Pepinsky (1983). For two-dimensional tryptic
mapping, V1 and V2 bands were excised from gels and rehydrated with
several changes of 20% (v/v) isopropanol and then 100% methanol. After
complete drying, gel bands were digested with trypsin treated with
tosylphenylalanyl chloromethyl ketone (50 pg/ml in 50 mM ammonium
bicarbonate, pH 8.5) at 37 °C overnight. Clarified supernatants of these
digests were dried down in a Speed-Vac concentrator (Savant) and
washed with water by three cycles of suspension and vacuum drying.
Finally, samples were resuspended in 10 ul of electrophoresis solvent
(acetic acid:formic acid:H,O = 15:5:80) and spotted on TLC plates (silica
gel 60; Merck). Tryptic peptides were first subjected to electrophoresis
in the above solvent, then to chromatography in the second dimension
in a different solvent (n-butanol:pyridine:acetic acid:H,O = 65:50:10:
40). Phosphopeptide maps were visualized by means of a Fujix
BAS2000 Bio-Image Analyzer (Itohara et al., 1993).

Immaunofluorescence Microscopy—Immunofluorescence microscopy
was performed as described by Sakai et al. (1995), with a slight modi-
fication. Briefly, rat normal (immortalized) cell line 3Y1 was fixed in
3.5% (w/v) paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) con-
taining 2 mM sodium orthovanadate for 20 min at 4 °C and washed with
Tris-buffered saline (TBS). Cells were then permeabilized by treatment
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Fic. 1. Reactivity of clone 28 and mAb 327 with human platelet
lysates. A, Western blotting with control mouse IgG (lane 1), clone 28
(lane 2), and mAb 327 (lane 3) in human platelets. B, combined immu-
noprecipitation/Western blotting in human platelets. Platelet lysates
were immunoprecipitated with control mouse IgG (lane 1), clone 28
(lanes 2 and 3), and immune complexes were subjected to electrophore-
sis for Western blotting by mAb 327 (lanes 1 and 2) or clone 28 (lane 3).

with 0.2% (v/v) Triton X-100 in TBS containing 2 mM sodium orthovana-
date for 15 min at 4 °C. They were washed with TBS containing 0.5 mm
sodium orthovanadate and incubated in TBS containing 1% (w/v) bo-
vine serum albumin for 30 min to block nonspcific protein binding.
Slides were then incubated with primary monoclonal antibodies for 60
min at room temperature (normal mouse IgG was used as a negative
control antibody). The slides were washed with TBS containing 0.5 mMm
sodium orthovanadate and were treated with fluorescein-labeled, affin-
ity-purified goat anti-mouse IgG (MBL, Nagoya, Japan) for 40 min at
room temperature. Slides were briefly washed with TBS, mounted with
glass coverslips, and viewed with a BX60 fluorescence microscope
(Olympus Optical Co., Ltd., Tokyo, Japan).

Immunocytochemistry—Immunocytochemical observations were per-
formed as described by Sakai et al. (1993) with a slight modification.
Deparaffinized sections were immersed in methanol containing 0.3%
(v/v) hydrogen peroxide to inactivate endogenous peroxidases. After
washing with PBS(—), the sections were incubated in PBS containing
5% (v/v) normal goat serum to block nonspecific protein binding, then
pretreated with a biotin/avidin blocking kit (Vector Laboratories Inc.) to
block avidin binding to endogenous biotin. They were then treated with
antibodies and left overnight at 4 °C (normal mouse IgG was used as a
negative control primary antibody). The sections were treated with a
secondary antibody, biotinylated goat anti-mouse IgG (Organon
Teknika), and then with peroxidase-conjugated streptavidin (Histofine,
Nichirei Corp.). The color was developed with a freshly prepared chro-
mogen solution containing 0.1% (w/v) 3,3'-diaminobenzidine tetrahy-
drochloride (Dojindo Laboratories) and 0.02% (v/v) hydrogen peroxide
in 50 mMm Tris-HCI, pH 7.6. Sections were counterstained with hema-
toxylin, mounted with glass coverslips, and observed under a New
Vanox-s microscope (Olympus Optical Co., Ltd.).

RESULTS

Clone 28 Detected a 60-kDa Protein Recognized by mAb
327—O0f five hybridomas screened by means of an enzyme-
linked immunosorbent assay system with the peptide that was
used for immunization (LEDYFTSTPQYQPGENL, amino acids
519-536 in human c-Src), one clone, termed clone 28, was
sensitive enough to detect a 60-kDa band in a human platelet
lysate by Western blotting (Fig. 14, lane 2). By combined im-
munoprecipitation/Western blotting, this 60-kDa protein was
recognized by mAb 327 (Fig. 1B, lane 2), whose epitope is
thought to be in the SH3 domain of v-Src and c¢-Src. The 60-kDa
protein in the immunoprecipitate of clone 28 was still recog-
nized by clone 28 in the above system, demonstrating that clone
28 retains its specificity even when the c-Src protein is dena-
tured (Fig. 1B, lane 3).

Clone 28 Sensitively Detected the Active Form of c-Src—Clone
28 immunoprecipitated phosphorylated 60-kDa protein from
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Fic. 2. Detection of phosphorylated proteins from human
platelets. A, in vivo phosphorylation assay. Platelets were metaboli-
cally labeled with [*2P]POj", then immunoprecipitated with control
mouse IgG (lane 1, 10 pg), clone 28 (lane 2, 10 ug; lane 3, 1 ug; lane 4,
0.1 pg), or mAb 327 (lane 5, 10 ug; lane 6, 1 ug; lane 7, 0.1 ug). B, in vitro
phosphorylation assay. In vitro kinase activity was assessed in human
platelet lysates immunoprecipitated by control mouse IgG (lane 1, 10
ng), clone 28 (lane 2, 10 ug; lane 3, 1 pg; lane 4, 0.1 pg), or mAb 327
(lane 5, 10 pg; lane 6, 1 ug; lane 7, 0.1 pg).

lysates of human platelets metabolically labeled with
[32P]PO3~ (Fig. 2A). The detection sensitivity of clone 28 was
comparable to that of mAb 327 as determined by titration of
each antibody. In contrast to this in vivo phosphorylation, only
the clone 28 precipitate displayed strong in vitro phosphoryla-
tion. A human platelet lysate was subjected to immunoprecipi-
tation by either clone 28 or mAb 327. After a thorough wash
with RIPA buffer without SDS, and then with phosphorylation
buffer, [y->?P]ATP was added for in vitro phosphorylation. The
fluorograph obtained (Fig. 2B) showed that the clone 28 pre-
cipitate was heavily phosphorylated compared with the mAb
327 precipitate. As determined by titration of the antibody
concentration, the clone 28 precipitate underwent 50 times as
much autophosphorylation as did the mAb 327 precipitate.
Taken together, these results show clone 28 to be a sensitive
and selective detector of the activated form of ¢-Src (Tyr-530
not phosphorylated). Augmentation of the kinase activity was
confirmed by mixing clone 28 and purified c-Src in the in vitro
phosphorylation system (data not shown).

The Epitope of Clone 28 Was Assigned to a Region Adjacent to
the C-terminal Tyrosine Residue of c-Src—In order to define the
site within the C-terminal region of c-Src to which clone 28
binds, we synthesized a series of peptides corresponding to
segments of the peptide used for immunization (Table I). The in
vitro phosphorylation assay was used to detect competition by
each peptide for clone 28 (Fig. 3A). Antigen recognition was
completely inhibited by the peptides QYQPGENL (amino acids
529-536), QFQPGENL (amino acids 529-536, Tyr 530 re-
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TABLE I
Peptides used in competition studies
Residues in bold type differ from the corresponding residues in hu-
man c-Src. In the epitope region, c-Fyn, c-Src, and c-Yes share the
sequence QYQPGENL, whereas c-Fgr has a different sequence,
QYQPGDQT.

c-Sre Peptide Numbering in human

*

LEDYFTSTEPQYQPGENTL 519-536

LEDYFTST 519-526

EPQYQPG 527-533

QYQPGENTL 529-536

QFQPGENL 529-536

QYQPGDQT 529-536

A
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FiG. 3. Competition for antibody binding in in viéro phospho-
rylation systems. We synthesized a series of short peptides as illus-
trated in Table I and determined their ability to inhibit immuno-
precipitation by clone 28 in the in vitro kinase assay (A).
Immunoprecipitation was performed in the presence of 0.1 mg/ml LE-
DYFTST (519-526, lane 1), EPQYQPG (527-533, lane 2), QYQPGENL
(529-536, lane 3), QF*QPGENL (529-536, lane 4), or QYQPGD*Q*T*
(529-536, lane 5) or in the absence of synthetic peptides (lane 6). We
also compared the inhibition of immunoprecipitation caused by the
non-phosphorylated peptide QYQPGENL (B, lanes 2-4) and the corre-
sponding phosphotyrosine-containing peptide (B, lanes 5-7). The con-
centration of each peptide was 1 pug/ml (lanes 2 and 5), 10 pg/ml (lanes
3 and 6), or 100 pg/ml (lanes 4 and 7). The control level was determined
in the absence of any peptide (lane 1).

60 K »
IgG »

placed by Phe) and QYQPGDQT (amino acids 529-536, ENL
replaced by DQT, identical to the corresponding region in c-
Fgr), and partially inhibited by EPQYQPG (amino acids 527—
533), all at a concentration of 100 ug/ml. The N-terminal eight
amino acids of the peptide used for immunization, LEDYFTST
(amino acids 519-526), did not influence antigen recognition.
We therefore concluded that clone 28 bound to the C-terminal
region of ¢-Src in the vicinity of Tyr-530. For further confirma-
tion of the specificity of this clone, we used the peptide QYQP-
GENL in either the nonphosphorylated or the phosphorylated
form for in vitro phosphorylation. Whereas the nonphosphoryl-
ated peptide completely inhibited antigen recognition even at
the lowest concentration used (1 ug/ml; Fig. 3B, lanes 2—-4), the
phosphorylated peptide only partially inhibited the phospho-
rylation (27% at 1 pg/ml and 88% at 10 ug/ml; Fig. 3B, lanes
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Fic. 4. Phosphopeptide mapping. Excised 60-kDa bands from
lanes 2 (clone 28 precipitate) and 5 (mAb 327 precipitate) in Fig. 24
were subjected to V8 protease partial digestion (A) or cyanogen bromide
cleavage (B). Lanes 1 correspond to clone 28 and lanes 2 to mAb 327.
Excised V1 and V2 bands from each lane in A were further analyzed by
two-dimensional tryptic peptide mapping (C).

5-7). Thus we could localize the epitope to the center of critical
C-terminal regulatory domain.

Comparison of Phosphorylation State of the Immunoprecipi-
tates by Peptide Mapping and Preabsorption—For the further
analysis of the phosphorylation state of c¢-Src recognized by
clone 28 or mAb 327, each 60-kDa band was excised from the
gel shown in Fig. 2A and subjected to partial digestion by V8
protease (Fig. 4A). The phosphorylation of both the V1 frag-
ment (which contains phosphorylated Ser-12, Ser-17, Thr-34,
and Thr-46 in c-Src; Courtneidge and Smith (1984)) and the V2
fragment (which contains phosphorylated Tyr-419 and Tyr-530
in c-Src) was observed in both precipitates by this mapping
procedure. Cyanogen bromide cleavage confirmed this result
and also showed that Tyr-530 was phosphorylated only in the
mAb 327 precipitate (Fig. 4B). Tryptic maps of V2 fragments
derived from clone 28 and mAb 327 precipitates also confirmed
this result; additional spots not seen in the clone 28 precipitate
were detected in the mAb 327 precipitate (Fig. 4C, ¢ and d),
whereas tryptic maps of V1 fragments from both precipitates
displayed almost identical patterns (Fig. 4C, a and b).

We also performed preabsorption experiments in in vitro and
in vivo systems. Lysates of human platelets metabolically la-
beled with [32P]PO3~ were pretreated with normal mouse IgG
or clone 28, then subjected to clone 28 and mAb 327 precipita-
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Fic. 5. Preabsorption of human platelet lysates. Human platelet
lysates were pretreated with control mouse IgG (lanes 1 and lanes 2) or
clone 28 (lanes 3). After preabsorption, lysates were further incubated
with clone 28 (lanes 1) or mAb 327 (lanes 2 and lanes 3). In vivo (A) or
in vitro (B) phosphorylation assays were performed as in Fig. 2.

tion (Fig. 5A). Lanes 1 and 2 show the basal level of clone 28
and mAb 327 binding activity toward the phosphorylated 60-
kDa form when normal mouse IgG was used in preabsorption
step. Even when excess clone 28 was used in the preabsorption
step, substantial phosphorylated 60-kDa bands remained that
were recognized by mAb 327 (lane 3). This result suggested
that substantial amounts of ¢-Src were phosphorylated at Tyr-
530 in human platelets. (If a significant amount of the observed
phosphorylation were due to Ser or Thr, we would have ex-
pected a reduction in the intensity of the 60-kDa band (see Fig.
4A).) In addition, we pretreated cold platelet lysates with nor-
mal mouse IgG or clone 28 and then subjected them to clone 28
and mAb 327 precipitation (Fig. 5B). Under conditions when
both clone 28 and mAb 327 showed high autophosphorylation
activity (lanes 1 and 2), substantial kinase activity was ob-
served in the mAb 327 precipitate even when excess clone 28
was used in the preabsorption step (lane 3).

Immunocytochemical Localization of the Active Form of c-Src
Tyrosine Kinase—We examined the cellular distribution of the
active form of c-Src tyrosine kinase in normal rat 3Y1 cells. In
addition to the expected submembranous localization, we also
observed intense staining on the outer nuclear membrane and
the cytoskeletal components (Fig. 64). In contrast to clone 28,
the staining with mAb 327 was too weak to show any distinct
localization within the cell (Fig. 6B).

In order to test the utility of the clone 28 directly in an in vivo
system, we examined formalin-fixed, paraffin-embedded C3H-
mouse fetal liver (16 days) by an immunocytochemical method.
Fig. 7 clearly shows the presence of the active form of c-Src in
megakaryocytes, but completely negative immunoreactivity in
hepatocytes, reticulocytes, and granulocytes in the fetal liver.
We also detected high level of the active form in neuronal
tissues.?

DISCUSSION

In order to clarify the activation mechanism of Src family
tyrosine kinases, we set out to produce mAbs that could be used
to distinguish the active and inactive forms of these tyrosine
kinases in various systems. Activation is associated with de-
phosphorylation of the tyrosine residue nearest the C terminus
(Courtneidge, 1985; Cooper and King, 1986), and subsequent
signal transfer is presumed to involve a dissociation between
this tyrosine-containing region and an SH2 region. We have

2 T. Sakai and H. Kawakatsu, unpublished observation.
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FiG. 6. The distribution of c-Src within normal rat fibroblast
3Y1 cells. Comparison between clone 28 and mAb 327 in an immuno-
cytochemical analysis. The 3Y1 cells were stained with clone 28 (A) or
mADb 327 (B). Bar, 15 pm.

generated a single mAb, termed clone 28, that could selectively
recognize the active form of c-Src. We have characterized clone
28 and demonstrated its usefulness as follows: 1) clone 28
sensitively detected the active form of c-Src as judged by titra-
tion in an in vitro phosphorylation experiment (Fig. 2); 2) a
competition study using phosphorylated and nonphosphoryl-
ated synthetic peptides confirmed the specificity of clone 28 for
the active (Tyr-530 nonphosphorylated) form (Fig. 3); 3) the
phosphorylation site of the clone 28 precipitate was clearly
distinguishable from that of the mAb 327 precipitate (Fig. 4); 4)
preabsorption experiments with clone 28 and mAb 327 in in
vitro and in vivo phosphorylation systems suggested that there
are at least two different conformations that retain kinase
activity (Fig. 5); and 5) the distribution of the active form in
rodent tissues and cultured cells could be directly observed by
an immunocytochemical method (Figs. 6 and 7).

Cooper and Howell (1993) proposed a new activation mech-
anism for Src family tyrosine kinases involving allosteric acti-
vators or inhibitors. They presumed that phosphorylation of
the tyrosine residues might be a consequence, and not a cause,
of changes in activity. Site-directed mutagenesis studies (Hirai
and Varmus, 1990; O’Brien et al., 1990; Seidel-Dugan et al.,
1992) support this notion, because Src could be activated by
introducing mutations in other domains such as SH2 or SH3.
The detection of kinase activity both before and after preab-
sorption by clone 28 (Fig. 5) also showed good agreement with
this previous work, since excess clone 28 could not completely
immunoprecipitate the active form, even though this clone was
specific for the active form. Erpel and Courtneidge (1995) also
discussed yet another activation mechanism and proposed
three possible pathways to the active form.

In platelets, V8 phosphopeptide mapping facilitated further
analysis of the phosphorylation state of the clone 28 and the
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Fic. 7. Immunoreactive localization of the active form of c-Src
in the liver of developing mouse embryo (16 days). Sections were
stained with clone 28 (A) or normal mouse IgG (B, as a negative
control). The active form of c-Src was found preferentially in inside the
plasma membrane of megakaryocytes. Bar, 20 pm.

mAb 327 precipitates: the patterns for both precipitates were
virtually identical (Fig. 4A). Cichowski et al. (1992) detected
Src, Yes, and Fyn, but not Fgr, in thrombin-stimulated human
platelets. They co-precipitated Yes and Fyn with an antibody
against GTP-activating protein, but the member of the Src
family responsible for platelet activation has not been identi-
fied. We also investigated several antibodies against each
member of the c-Src family in order to identify which were
active in the platelet system, but none of the antibodies dem-
onstrated satisfactory sensitivity or specificity. However, clone
28 could give us valuable information on alterations in the
kinase activity and cellular localization of Src family tyrosine
kinases; such information could help us understand the redun-
dancy and compensation in vivo among the members of the Src
family that possess the QYQPG motif. Primary cells derived
from knockout mice (e.g. sre, fyn, and yes) might provide infor-
mation about the role of each member of the Src family when
tested with our new antibody.

Polyclonal antibodies against the C-terminal region of c-Src
have previously been reported (Courtneidge and Smith, 1984;
Cooper and King, 1986). One of these antibodies (Courtneidge
and Smith, 1984) could be used both for the precipitation of the
phosphorylated form of the kinase and for the autophosphoryl-
ation assay. However, there was no mention of cross-reactivity
among members of the Src family. Another antibody (Cooper
and King, 1986) stimulated the kinase activity upon antibody
binding and could also be used for the precipitation of the
phosphorylated form. For these polyclonal antibodies, it is pos-
sible that several epitopes coexist, some containing Tyr-530
and some not. The results obtained with these antibodies are
consistent with our results. Since clone 28 recognized only a
single epitope (adjacent to Tyr-530) and was specific for the
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nonphosphorylated, active form, the phosphorylation state of
c-Src was more readily characterized with this antibody.

In addition to its usefulness in biochemical systems, we have
also demonstrated the application of clone 28 in in vivo sys-
tems. In particular, Fig. 7 clearly shows a restricted distribu-
tion of the active form in megakaryocytes, the progenitors of
platelets. The tyrosine kinase activity of c-Src might be essen-
tial for platelet formation in the fetal liver, because c-Src was
activated at all the developmental stages we observed (data not
shown). Our data show good agreement with previous work,
which reported high kinase activity in platelets by an in vitro
kinase assay (Oda et al., 1992; Horvath et al., 1992; Clark and
Brugge, 1993). In contrast to the intense staining in estab-
lished cell lines such as 3Y1 (Fig. 6), immunohistochemical
observations with mouse tissue sections revealed a restricted
distribution even in the fetal stage, where cellular growth and
differentiation actively occur (Fig. 7). These data, taken to-
gether, suggest that c-Src kinase activity would be suppressed
in the steady state and activated transiently by extracellular
stimuli in major tissues.

With clone 28, our immunofluorescence studies demon-
strated distinctive staining of ¢-Src in normal rat cells, whereas
with mAb 327, only a weak, diffuse staining pattern was ob-
served. With mAb 327, it is very difficult to detect c-Src unless
the protein is overexpressed by gene transfection (David-Pfeuty
and Nouvian-Dooghe, 1990; David-Pfeuty et al., 1993; Kaplan
et al., 1994). Our new mAb could provide valuable information
about early events in carcinogenesis and other diseases in
which Src family tyrosine kinases or associated SH2-contain-
ing proteins play a crucial role.
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