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c-Yes was purified 322-fold from a rat liver plasma membrane fraction to a single 60-kDa
band on SDS-PAGE. The purified protein contained essentially no phosphotyrosine
residues and was autophosphorylated with Mg®* - ATP exclusively at tyrosine residues with
a concomitant increase in the protein-tyrosine kinase activity. The autophosphorylated
c-Yes was extensively digested by trypsin and the resultant two major phosphopeptides,
peptides I and I, were purified by HPLC on a reversed-phase C-18 column. The amino acid
sequence of peptide I was determined to be LIEDNEYTAR, which is identical with the
sequence from Leu-418 through Arg-427 of mouse c-Yes, indicating that one of the
autophosphorylation sites corresponds to Tyr-424 of the mouse c-Yes. After partial
determination of the N-terminal sequence of 10 amino acid residues of peptide I1, the 230 bp
sequence of rat cDNA that encodes the N-terminal 76 amino acid residues of c-Yes covering
peptide 11, was determined. From the predicted amino acid sequence, the sequence of
peptide II was assumed to be from Tyr-16 through Lys-46, YTPENPTEPVNTSAGHYGVE-
HATAATTSSTK. The purified c-Yes phosphorylated the tyrosine residue of synthetic
peptides covering Tyr-32 and its surrounding sequence but did not phosphorylate peptides
covering Tyr-16 and its surrounding sequence, suggesting that the other autophosphoryla-
tion site is Tyr-32.

Key words: autophosphorylation sites, c-Yes, N-terminal sequence, purification, rat liver

plasma membrane.

The protooncogene c-yes product, c-Yes, is amember of the
src-family protein-tyrosine kinases which are encoded by
closely related genes, lie in the size range of 505-543 amino
acid residues, are highly conserved over a 460-residue
contiguous region at the carboxyl terminus including SH2,
SH3, and protein-tyrosine kinase domains, and differ
greatly in an 80-residue contiguous region at the amino
terminus. The kinase activity of c-Src is known to be
negatively regulated by phosphorylation of its C-terminal
Tyr-527 residue (1-3), whose surrounding sequence is well
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conserved in c-Yes (4-9). It is generally believed that the
kinase activities are coordinately regulated by dephos-
phorylation and phosphorylation of this C-terminal tyro-
sine by protein-tyrosine phosphatases (10) and C-terminal
Src kinase (11, 12) or autophosphorylation (13), respec-
tively. The kinase activities are suggested to be also
regulated by mechanisms other than C-terminal tyrosine
phosphorylation, such as activation by autophosphorylation
at Tyr-416 in c-Src (3, 14-16) and Ca**-dependent inac-
tivation of ¢-Yes (17).

The sequences of c-Yes and c¢-Src, as well as other
src-family tyrosine kinases, are divergent primarily in the
N-terminal 80 amino acid residues, which begin with a
myristoylated glycine. Although they lack a transmem-
brane domain, they are associated with the inner surface of
plasma membranes via the myristoyl group (18, 19). The
unique N-terminal regions of src-family tyrosine Rinases
may be involved in their interactions with distinct cellular
proteins, such as membrane receptors, unique effectors or
specific substrates, and may thus play a crucial role in the
physiological actions of these kinases.

Our previous studies showed that c- Yes partially purified
from rat liver plasma membranes and precipitated with a
c- Yes specific monoclonal antibody, was mostly in a dephos-
phorylated form and was activated by the autophosphoryla-
tion of tyrosine residues, probably through intermolecular
catalysis (20).
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In this study, we purified c- Yes to electrophoretic homo-
geneity and identified the autophosphorylation sites. c-Yes
was autophosphorylated not only at a tyrosine residue
which corresponds to Tyr-424 in mouse c-Yes and to the in
vitro-autophosphorylation site, Tyr-416, of chicken c-Src,
but also at a tyrosine residue in the unique N-terminal
region of c-Yes, possibly Tyr-32.

EXPERIMENTAL PROCEDURES

Materials—[y-3*P)ATP was obtained from ICN Radio-
chemicals. Sephacryl S-300 superfine, Ampholine carrier
ampholytes, and AutoRead sequence kit were obtained
from Pharmacia LKB Biotechnology. Toyopear] HW-65
superfine and a packed TSK gel ODS-120T column (25 %
0.46 cm) were from Tosoh. Casein (Hammersten) was
obtained from Merck. Casein-Toyopearl was prepared as
described previously (21). WGA-agarose was purchased
from Hohnen Oil. A hydroxylapatite KB column (15 % 0.78
cm, Type S) was obtained from Koken. Bovine serum
albumin, human y-globulin, human angiotensin II, PMSF,
AMP-PNP, protein A-Sepharose CL-4B, and Tyr-Glu (1:
4) copolymers (M, =47,000) were purchased from Sigma
Chemical. N-Tosyl-L-phenylalanyl chloromethyl ketone-
treated trypsin was obtained from Worthington Biochemi-
cal. Taq Extender PCR Additive was from Stratagene.
Anti-c-Yes monoclonal antibody, MAb 3H9 (22), was
provided by Dr. Kumao Toyoshima. Anti-phosphotyrosine
monoclonal antibody conjugated with Sepharose was ob-
tained from Amersham. Chymostatin, pepstatin, leupep-
tin, and antipain were obtained from Peptide Institute.
Human placenta RNase inhibitor was purchased from
Toyobo. Taq polymerase and Moloney murine leukemia
virus RNase H™ reverse transcriptase were obtained from
Life Technologies. Synthetic peptides, PAIKYTPEN
(1Y16) and SAGHYGVEH (1Y32) were purchased from
Bio-Synthesis, and KENKSPAIKYTPEN (2Y16) and
EPVNTSAGHYGVEH (2Y32) were obtained from Tana
Laboratories L.C. Other chemicals were purchased from
various commercial sources.

Buffer Solution—All the buffer solutions contained 0.5
mM PMSF, 0.3 ug/ml chymostatin, 0.3 zg/ml pepstatin, 2
#g/ml antipain, 1 zg/ml leupeptin, and 1 mM benzamidine
as protease inhibitors. HEPES-Triton buffer contained 20
mM HEPES-NaOH, pH 7.4, 1 mM EDTA, 0.5 mM DTT,
5% (w/v) sucrose, 0.2% (v/v) Triton X-100, and protease
inhibitors.

Assay for Protein-Tyrosine Kinase—Protein-tyrosine
kinase activity was determined by measuring the amount of
2P incorporated into Tyr-Glu copolymers (20). The stan-
dard assay mixture (60 xl) contained 20 mM HEPES-
NaOH, pH7.4, 20mM MgCl,, 0.5mM DTT, 50 «uM
sodium vanadate (Na,VO,), 0.2% Triton X-100, 0.5 mg/ml
Tyr-Glu copolymers, 15 4M [y-3?P]ATP (2-6 X 10? cpm/
pmol), and enzyme preparation. Enzyme units were ex-
pressed by the square root of the initial rates (pmol/min) of
the reaction under the standard assay conditions (20).

Purification of c-Yes—Twelve male Wistar albino rats
(200-250 g) were starved overnight and killed by decapita-
tion. All manipulations were carried out at 0-4°C. Mem-
brane fractions (P, fraction) were prepared from 79 g of
livers as described previously (20). c-Yes was solubilized
(Triton X-100 fraction) from the membrane fractions, and
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partially purified by successive column chromatographies
on Sephacryl S-300 (Sephacryl S-300 fraction) and WGA-
agarose (WGA-agarose fraction) as described previously
(20). After reducing the NaCl concentration in the WGA-
agarose fraction to 30 mM, the enzyme solution was applied
to a casein-Toyopear] column (19X 1.6 cm) equilibrated
with HEPES-Triton buffer at a flow rate of 40 ml/h. The
column was washed with 40 ml of HEPES-Triton buffer,
and the enzyme was eluted at a flow rate of 20 ml/h with a
360 ml linear (0-0.6 M) NaCl gradient in HEPES-Triton
buffer. The active fractions indicated by a solid bar in Fig.
1 were pooled and stored at —80°C. These initial steps of
enzyme preparation were repeated with livers from
another 12 rats. The active fractions from casein-Toyo-
pearl chromatography of both preparations obtained from
24 rats in total were pooled, concentrated to 24 ml by
ultrafiltration through an Amicon YM-10 membrane
(casein-Toyopearl fraction), and applied to a hydroxylapa-
tite KB column (15x0.78 cm) equilibrated with HEPES-
Triton buffer without EDTA. The enzyme was eluted at a
flow rate of 24 ml/h with a 100 ml linear (0-0.15 M)
gradient of sodium phosphate buffer, pH 7.4 in HEPES-
Triton buffer without EDTA. The active fractions indicated
by a solid bar in Fig. 2 were pooled, concentrated to 9 ml by
ultrafiltration with an Amicon YM-10 membrane to reduce
the phosphate concentration to below 10 mM (hydroxyl-
apatite fraction), and subjected to isoelectrofocusing elec-
trophoresis using an LKB Ampholine column (110 ml) as
previously described (20) (Fig. 3). After having been
neutralized with 0.1 ml of 1M HEPES-NaOH, pH 7.4,
active fractions were combined (Ampholine fraction) and
could be stored at —80°C without any loss of activity for at
least 6 months.

Gel Electrophoresis and Immunoblotting—SDS-PAGE
utilizing 10% gel and Western immunoblotting with MAb

E —
g
EI.O-
o
EO.S
g NaCl
‘; 0.6 (¥)
=
= -52 —40.5
5 i
= 0.4 —H8 5 —0.4
e i
43 Ho.

§ 3 E’ 3
§ 0.2 -2 : —0.2
- 41 ~40.1
* E

0.0 0= -0.0

20 50 60 80
Fraction Humber

Fig. 1. Casein-Toyopearl column chromatography of c-Yes.
WGA-agarose fraction (60 ml, 70 mg protein, 21,800 units) was
applied to a casein-Toyopearl column (19 X 1.6 cm). Elution and assay
for protein concentration (O), were performed as described under
“EXPERIMENTAL PROCEDURES.” Rates of P, incorporation into
Tyr-Glu copolymers (®) were measured with 10 ul of each fraction
under the standard assay conditions. Fractions of 56 ml were collected.
The active fractions (—) were pooled.
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3H9 were performed as described previously (20). Protein
bands were visualized by the use of Coomassie Blue R-250.
Molecular mass standards were rabbit skeletal muscle
phosphorylase b (97.4 kDa), bovine serum albumin (66
kDa), and heavy chain (50 kDa) and light chain (23.5 kDa)
of human y-globulin.

Autophosphorylation of c- Yes—Autophosphorylation of
the purified c-Yes (11,000 units, 136 ug protein) was
carried out at 30°C for 30 min in six separate 900 ul
reaction mixtures containing 30 uM [y-3?P]ATP, 20 mM
HEPES-NaOH, pH 7.4, 20 mM MgCl,, 0.2% Triton X-100,
30 M sodium vanadate, 0.5 mM DTT, then the reaction
was stopped by adding 100 «1of 100% (w/v) trichloroacetic
acid and the mixture was stored on ice for 30 min. The
suspension was centrifuged at 15,000 X g for 10 min and the
precipitate, which consisted of a protein upper layer and a
Triton X-100 lower layer, was washed with 600 k1 of
ice-chilled 10% trichloroacetic acid. The trichloroacetic
acid precipitate was finally washed with 400 ul of ice-
chilled acetone to remove trichloroacetic acid as well as
Triton X-100, and dried at room temperature. The precipi-
tate was dissolved in 195 1 of SDS addition buffer contain-
ing 40 mM Tris-HC], pH 7.8, 3% (w/v) SDS, 5% (v/v)
glycerol, 0.017% (w/v) bromophenol blue, and 4 mM DTT.
The mixture was heated at 40°C for 2 h and subjected to
SDS-PAGE. The gel was stained with Coomassie Blue,
dried, and autoradiographed at —80°C using an X-ray film
(Fuji RX) with intensifying screens (Fuji Hi-Screen) to
identify the radioactive 60-kDa bands of autophosphorylat-
ed c-Yes. The 60-kDa bands were excised from the gel, and
the *?P-radioactivity was measured in a vial with 10 ml of
distilled water by counting Cerenkov radiation.

Tryptic Digestion of 3!P-Labeled c-Yes—3*P-labeled
¢-Yes (74 ug) in hydrated gel pieces (less than 1 mm in
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Fig. 2. Hydroxylapatite column chromatography of c-Yes.
Casein-Toyopear] fraction (24 ml, 3.16 mg protein, 7,970 units) was
applied to a hydroxylapatite KB column (15X 0.78 cm). Elution and
assay for protein concentration (Z) were performed as described
under “EXPERIMENTAL PROCEDURES.” Rates of P, incorporation
into Tyr-Glu copolymers (®) were measured with 10 4l of each
fraction under the standard assay conditions. Fractions of 2 ml were
collected. The active fractions (—) were pooled.
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size) was placed in 500 g1 of 50 mM NH,HCO,, pH 8.2, and
digested with shaking for 24 h at 37°C by adding 1:200 (w/
w) trypsin five times. During the incubation, the buffer was
changed three times. The supernatant taken from the gel
suspension was further incubated at 37°C with newly added
1:400 (w/w) trypsin in parallel with the digestion of
37P.labeled c¢-Yes in gel suspension. Totally, 1:30 (w/w)
trypsin was used for the digestion of 3’P-labeled c-Yes. All
supernatants were combined and lyophilized.

HPLC of Tryptic Phosphopeptides—The lyophilized
tryptic phosphopeptides derived from 3?P-labeled c-Yes
were dissolved in 0.8 ml of 5% (v/v) acetonitrile containing
0.1% (v/v) trifluoroacetic acid (Solvent A) and filtered with
a Millipore filter (0.45 ym)-attached syringe. The filtrate
was applied to a C-18 column (25x0.46 cm, TSK gel
ODS-120T) equilibrated with Solvent A. The column was
developed with an increasing gradient of acetonitrile in
0.1% trifluoroacetic acid at a flow rate of 0.4 ml/min. The
gradient was 5% acetonitrile for 10 min, 5-12.5% aceto-
nitrile over 10 min, 12.5-31.3% acetonitrile over 60 min,
31.3-72.5% acetonitrile over 5 min, and 72.5% acetonitrile
for 5 min. The peptide peaks were monitored at 220 nm.
The 3?P-radioactivity in fractions was evaluated by count-
ing Cerenkov radiation.

Amino Acid Sequence Analysis—The N-terminal amino
acid sequences of the tryptic phosphopeptides were deter-
mined by Edman degradation on an Applied Biosystems
model 470A sequencer equipped with a model 120 PTH-
amino acid analyzer. About 100 pmol of phosphopeptides
was subjected to analysis, and 15 cycles and 20 cycles of
degradation and analysis were performed on peptides I and
II, respectively.

Preparation of cDNA from Rat Liver Total RNA—Total
RNA was extracted from rat liver by the guanidinium
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Fig. 3. Isoelectrofocusing electrophoresis of c-Yes. Hydrox-
ylapatite fraction (9 ml, 0.88 mg protein, 2,350 units) was applied to
an Ampholine 8100-1 electrofocusing column (110 ml). Electrofocus-
ing was performed with carrier ampholytes (pH 5-7) as described
under “EXPERIMENTAL PROCEDURES.” Fractions of 1.7 ml were
collected. Rates of P, incorporation into Tyr-Glu copolymers (®) were
measured with 5zl of each fraction under the standard assay
conditions. pH (C) of each fraction was measured.

_J. Biochem.

2T0Z ‘2 Jo0o1p0 uo [eyidsoH uensuyD enybueyd Je /610°sfeulnopioxo g y/:dny wo.y pepeojumoq


http://jb.oxfordjournals.org/

Autophosphorylation Sites in Rat Liver c-Yes

thiocyanate/cesium chloride method (23). The RNA sam-
ple (5 xg) was mixed with 50 pmol of random hexanucleo-
tides, heated at 70°C for 10 min, and then subjected to
reverse transcription in a final volume of 50 «1 containing
50 mM Tris-HCI, pH 8.3, 75 mM KCl, 3 mM MgCl;, 10
mM DTT, 1 mM dNTPs, 50 units of RNase inhibitor from
human placenta, and 1,000 units of Moloney murine leuke-
mia virus RNase H™ reverse transcriptase. The reaction
mixture was incubated at 37°C for 60 min, heated at 95°C
for 10 min, and then cooled on ice.

Preparation of Rat c-yes cDNA—Amplification of rat
c-yes cDNA was achieved by PCR, using synthetic oligonu-
cleotide primers derived from the nucleotide sequence of
mouse c-yes cDNA (9). The sequences of the primers were
5-AGTAAAGAAAACAAAAGTCCAGC-3° (primer 81,
residues from 618 through 640, sense strand), 5’ -CGTGG-
AGCGAGCGGATTTGA-3 (primer S2, residues from 581
through 600, sense strand), and 5'-AGGATATGAACTTG-
ACACCACTGA-3’ (primer A, residues from 831 through
854, antisense strand). Primers S1 and A, and primers S2
and A would yield 237 and 274 bp products corresponding
to the amino acid residues from Ser-6 through Pro-84 and
from Met-1 through Pro-84, respectively. One-tenth of the
c¢cDNA was subjected to amplification in a volume of 50 ul
containing 20 mM Tris-HC], pH 8.8, 10 mM KCl, 10 mM
(NH,),S0,, 2 mM MgSO,, 0.1% Triton X-100, 0.1 mg/ml
bovine serum albumin, 0.2 mM dNTPs, 0.25 M sense and
antisense primers, 2 units of Taq polymerase, and 2 units of
Taq Extender PCR Additive. After denaturation for 2 min
at 94°C, the PCR was performed in a programmable
thermal controller for 45 cycles, each consisting of 40-s
denaturation at 92°C, 30-s annealing at 50°C, and 1-min
extension at 72°C. The amplified fragment was analyzed in
ethidium bromide-stained 1.5% agarose gel.

Determination of Nucleotide Sequence—Rat liver c-yes
cDNA was ligated to the Smal site of pUC19 vector and
sequenced by the dideoxy chain-termination method (24)
using an AutoRead sequence kit and an A.L.F. DNA
sequencer (Pharmacia). The nucleotide sequences corre-
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Fig. 4. SDS-PAGE of the purified c-Yes. The purified c-Yes
(Ampholine fraction, 39 units, 0.38 g protein) was subjected to
SDS-PAGE and stained with Coomassie Blue as described under
“EXPERIMENTAL PROCEDURES.” The stained gel was scanned at
560 nm with a Gelman DCD-16 digital computing densitometer. The
protein band of c-Yes is indicated by an arrow. For reference, the
positions of protein markers (kDa) electrophoresed in parallel are
shown.
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sponding to the amino acid residues from Met-1 through
Pro-13 and from Ile-14 through Phe-76 were confirmed
with three and eight independent clones, respectively.

Other Procedures—Phosphoamino acid analyses were
performed as described before (20). Protein was deter-
mined by the method of Bradford (25) with bovine serum
albumin as the standard.

RESULTS

Purification of c-Yes from Rat Liver Plasma Mem-
branes—c-Yes was solubilized from the rat liver plasma
membrane fraction with a buffer containing 2% Triton
X-100 and 0.5 M NaCl, and purified by successive column
chromatographies on Sephacryl S-300, WGA-agarose,
casein-Toyopear] (Fig. 1), and hydroxylapatite (Fig. 2),
followed by isoelectric focusing on an Ampholine column
(Fig. 3). A main activity peak with pl 6.2 gave a single
Coomassie Blue-stained band with an estimated molecular
mass of 60 kDa on SDS-PAGE (Fig. 4). The purified 60-kDa
protein was identified as ¢-Yes by immunoprecipitation and
Western blotting with c-Yes specific monoclonal antibody,
MADb 3H9 (data not shown). c-Yes was purified 322-fold
from the rat liver plasma membrane fraction with an
overall yield of 3%, and had a specific activity of 87,600
units/mg (Table I).

Autophosphorylation and Activation of c-Yes—When
the purified ¢-Yes was incubated with 30 M [y-**P]ATP
at 30°C for 30 min, it was phosphorylated exclusively at
tyrosine residues (data not shown) with a stoichiometry of
0.7 mol of phosphate incorporated per mol of c¢-Yes. The
protein-tyrosine kinase activity of the purified c-Yes was
stimulated 3.9-fold by preincubation with 30 uM ATP, but
was not stimulated by preincubation with 30 xM AMP-
PNP (Table IT). When the purified c- Yes was preincubated
with ATP, and then incubated with a Sepharose-conjugated
anti-phosphotyrosine monoclonal antibody, about 60% of
the total protein-tyrosine kinase activity recovered after
the treatment was immunoprecipitated (Table II). On the
other hand, when c-Yes was preincubated without ATP,
only 2% of the protein-tyrosine kinase activity was im-
munoprecipitated with the anti-phosphotyrosine antibody
(Table II). The same results were obtained without prein-
cubation, indicating that dephosphorylation of tyrosine in
the enzyme did not take place during the preincubation.
These results indicate that the purified c-Yes contained
essentially no phosphotyrosine residue, and was stimulated
by autophosphorylation at tyrosine residues.

TABLE 1. Purification of c-Yes from rat liver membrane
fractions. The enzyme was prepared from 158 g of rat liver.
Purification and assay procedures were described under “EXPERI-
MENTAL PROCEDURES.”

Total  Total  Specific o
Fraction protein  activity sctivity P“Z‘g)‘f;;”“ Y(};')d
(mg) (units) (units/mg)
Plasma membrane 278 75,5600 272 1.0 100
Triton X-100 270 73,500 272 1.0 97
Sephacryl S-300 139 44,600 320 1.2 59
WGA -agarose 136 45,600 335 1.2 60
Casein-Toyopearl 3.16 7,970 2,620 9.3 11
Hydroxylapatite 0.88 2,350 2,670 9.8 3
Ampholine 0.029 2540 87,600 322 3
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Identification of Autophosphorylation Sites of c¢-Yes—
The autophosphorylated c-Yes was extensively digested
with trypsin, and the resultant tryptic phosphopeptides
were analyzed by HPLC on a reversed-phase C-18 column
(Fig. 5). Two radioactive phosphopeptides, denoted by
peptide I and peptide II, were eluted at acetonitrile concen-
trations of 17 and 20%, respectively. To eliminate the
possibility that contaminating tyrosine kinases phosphor-
ylate c-Yes, the purified c-Yes was immunoprecipitated
with c-Yes-specific monoclonal antibody, then autophos-
phorylated, and the tryptic phosphopeptides were ana-
lyzed. The immunoprecipitated c-Yes produced an elution
profile of the tryptic phosphopeptides similar to that of the
purified c-Yes (data not shown), indicating that peptide I
and peptide II indeed represent autophosphorylation sites
of c-Yes.

The N-terminal amino acid sequences were determined
by an amino acid sequencer to be LIEDNEYTAR for
peptide I and YXPENPXEPV for peptide II, where X is an
amino acid residue whose assignment was ambiguous.

The amino acid sequence of peptide I is identical with the
sequence from Leu-420 through Arg-429, LIEDNEYTAR,
of human c-Yes (4), and with the sequence from Leu-418
through Arg-427 of mouse c-Yes (9). The same sequence
was also found in chicken c-Src from Leu-410 through
Arg-419 (26), human Fyn from Leu-414 through Arg-423
(27, 28), and murine Lck from Leu-388 through Arg-397
(29). Since only one tyrosine residue exists in peptide I, one
of the in vitro-autophosphorylation sites in rat c-Yes was
determined to be the tyrosine residue corresponding to
Tyr-424 in mouse c-Yes. In chicken c-Src, Tyr-416 has
been determined to be the major in vitro-autophosphoryla-
tion site (30).

The N-terminal amino acid sequence of peptide II corre-
sponds to the sequence from Tyr-16 through Val-25 in
c-Yes from mouse (9) and human (4). To facilitate the
localization of phosphorylated tyrosine residues, the 230 bp
sequence of rat cDNA that encodes the N-terminal unique

TABLE II. Immunoreaction of c-Yes with an antibody against
phosphotyrosine. The purified c-Yes (6.4 units, 78 ng protein) was
preincubated with or without 30 M ATP or AMP-PNP at 30"C for 30
min in 60 1 of a standard assay mixture. The reaction was stopped by
adding 10 «l of 200 mM EDTA and then 30 ul of HEPES-Triton
buffer. Sixty microliters of the mixture was incubated at 0°C for 2 h
with a Sepharose-conjugated monoclonal antibody against phospho-
tyrosine (7.5 1 gel, 106 ug of antibody), with resuspension by gentle
mixing with a glass rod every 15 min, and then centrifuged for 3 min
at 16,000 X g. The supernatant was used as the enzyme sample
(Supernatant). The precipitate was washed once with 200 x1 of
HEPES-Triton buffer, and associated c- Yes was extracted three times
with 60 xl of 27 mM p-nitrophenyl phosphate in HEPES.-Triton
buffer at 0°C by gentle mixing four timeswith a glass rod-every 5 min.
The combined extracts were used as the enzyme sample (Immuno-
precipitate). P, incorporation into Tyr-Glu copolymers was measured
under the standard assay conditions with 10 x«1 of enzyme samples.
P; incorporation (pmol/min}
into copolymers by enzyme sample
c-Yes preincubated with
None AMP-PNP ATP

Enzyme sample

Untreated 0.406 0.413 1.60
Treated with antibody
Supernatant 0.261 - 0.249
Immunoprecipitate 0.006 - 0.421

M. Ariki et al.

region of c-Yes, including peptide II, was determined (Fig.
6). The amino acid sequence predicted from the rat cDNA
sequence shows 91 and 76% identity to the corresponding
amino acid sequence of c-Yes from mouse and human,
respectively (Fig. 6). From the predicted amino acid

20

s

= ! 1

8

< 151

"y

]

2

>

g 10

; 1% 3

E 1 =
N 1 =

g o] R | B | Bty 420 5

= e g

- -1 =

3 | .- | ﬁ 5

Olesoette 4 o4 o4 .4 M—u.»o‘

20 40 60 80 100 120
Fraction Mumber

Fig. 5. Preparation of tryptic phosphopeptides from auto-
phosphorylated ¢-Yes. The purified c-Yes (11,000 units, 136 ug
protein) was autophosphorylated to a stoichiometry of 0.72. After
having been isolated by SDS-PAGE, the *?P-labeled c-Yes (74 xg)
was digested extensively with 1:30 (w/w) trypsin. The tryptic
phosphopeptides were purified by reversed-phase HPLC on a C-18
column. Fraction volumes were as follows: 0.27 ml from fraction 1 to
45, 0.17 ml from fraction 46 to 135, and 1.00 ml, fractions over 135.
The details of the experiments were described under “EXPERIMEN-
TAL PROCEDURES.”
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TATACACCGGAAAATCCTACAGAGCCTGTAAACACAAGTGCCGGT
Rat Y T P ENUPTEU®PUVNTS A G
P’bu se . . . . . L - . . - s P . . s
Hum n . R . - . T P . . - s . . v s

16 2 =) K]

CATTATGGAGTGGAACATGCTACAGCTGCCACGACCTCTTCCACA
Rat H Y GV EHATA AATT S S T
Hou se . - . . . . v . P . .
Human - - - A - P T vV SICP S - - A

31 » 40 45

AAGGGAGCATCAGCTAATTTTAACAGTCTTTCCATGACACCCTTT
Rat K GA S A NF N SUL S M TP F
mu se . B v . . . . . - . - . .
Hum n . . T A V . . s . - . . - . .

46 50 55 60

GGAGGGTCCTCTGGGGTGACTCCTTTTGGAGGAGCATCTTCCTCATTC
Rat G G S S GV TP VF G G A S S S F
m se . . . . . . - . . . - - . . . -
Humn . . . . . - - . . . - . - . . .

61 &5 70 o)

Fig. 6. Partial nucleotide and deduced amino acid sequences
of rat c-yes ¢cDNA, and comparison with the predicted amino
acid sequences from mouse and human c-yes cDNAs. The
deduced amino acid sequences of rat, mouse (9), and human (4) c-yes
c¢DNAs are aligned in accordance with the sequence homology
between them. Amino acids of the mouse and human sequences are
shown only where they are different from those of the rat sequence.
Conserved amino acids are marked with (-). Amino acids were
numbered according to the predicted amino acid sequences of rat and
mouse c-yes cDNAs.
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Fig. 7. Phosphorylation of peptides covering the sequence
surrounding Tyr-16 or Tyr-32 by c-Yes. Phosphorylation was
carried out at 30°C for 60 min in a 30 x] mixture containing 10 mM
HEPES-NaOH, pH 7.4, 20 mM MgCl,, 0.5 mM DTT, 0.1% Triton
X.100, the purified c-Yes (1.72 units, 20 ng protein), and 30 u M [y-
ZP]ATP (3.5 10° cpm/pmol) in the absence (lane 1) or presence of
600 zM peptide 1Y16 (lane 2), 2Y16 (lane 3), 1Y32 (lane 4), 2Y32
(lane 5), or angiotensin II (lane 6). The reaction was terminated by
heating the mixture for 5 min at 60°C. One microliter of sample was
spotted on Whatman 3MM paper, and electrophoresed at pH 3.5 for
120 min at 3 kV in pyridine/acetic acid/H,0, 1 : 10 : 89 (v/v). After
electrophoresis, the paper was dried and exposed for 4 days to an
X-.ray film (Fuji RX) with an intensifying screen (Fuji Hi-Screen)
at —80°C. P, incorporation into 1Y32, 2Y32, and angiotensin II was
1.2, 1.3, and 3.4 pmol, respectively.

sequence, the amino acid sequence of peptide II was
assumed to be from Tyr-16 through Lys-46, in which two
tyrosine residues, Tyr-16 and Tyr-32, exist (Fig. 6).

Since the autophosphorylation of ¢-Yes was assumed to
be intermolecular (20), the phosphorylation of synthetic
peptides covering the sequences around Tyr-16 or Tyr-32
by c-Yes was examined to determine the autophosphorylat-
ed tyrosine residue in peptide II (Fig. 7). c-Yes phosphor-
ylated only Tyr-32-containing peptides, SAGHYGVEH
(1Y32) and EPVNTSAGHYGVEH (2Y32) (Fig. 7, lanes 4
and 5), but not Tyr-16-containing peptides, PAIKYTPEN
(1Y16) and KENKSPAIKYTPEN (2Y16) (Fig. 7, lanes 2
and 3). Angiotensin II, a general tyrosine kinase substrate
(31, 32), was phosphorylated by c-Yes and used as a
standard for the relative mobility of phosphorylated pep-
tides in high-voltage paper electrophoresis (Fig. 7, lane 6).
The relative mobility of each radioactive spot was well
correlated with the expected net charge of the respective
37p.peptides. Phosphoamino acid analysis of phosphorylat-
ed peptides extracted from each spot showed that only
phosphotyrosine was detected (data not shown). These
results suggest that the N-terminal autophosphorylation
site in rat liver c-Yes is Tyr-32.

DISCUSSION

In this study, c- Yes was purified to a single protein band on
SDS-PAGE (Fig. 4) by introducing column chromatography
on casein-Toyopearl and HPLC on hydroxylapatite, which
effectively removed contaminating proteins (Figs. 1 and 2).
The purified enzyme not only quantitatively reacted with
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MADb 3H9, but also contained an amino acid sequence,
YTPENPTEPV, specific for c-Yes among other src-family
tyrosine kinases, confirming that the purified 60-kDa
protein-tyrosine kinase was indeed c-Yes.

The purified ¢-Yes did not react with a monoclonal
antibody against phosphotyrosine under conditions where
autophosphorylated c-Yes was immunoprecipitated, in-
dicating that the purified c-Yes contains negligible phos-
photyrosine residues (Table II), possibly because of de-
phosphorylation during purification in the absence of
protein-tyrosine phosphatase inhibitors.

It is known that the protein-tyrosine kinase activity of
¢-Src is suppressed by phosphorylation of the C-terminal
tyrosine residue, Tyr-527 (1-3). The phosphorylation is
catalyzed by either the C-terminal Src kinase, Csk (11, 12)
or autophosphorylation (13). The C-terminal tyrosine
residue, and its surrounding sequence is known to be
conserved in c-Yes (4-9). Therefore, c-Yes may also be
negatively regulated by phosphorylation at the C-terminal
tyrosine residue corresponding to Tyr-527 of ¢-Src. Using
the dephosphorylated form of c-Yes, we could not find any
autophosphorylation of the C-terminal tyrosine residue
under the conditions employed. The phosphorylation of the
C-terminal tyrosine residue may be catalyzed by a protein-
tyrosine kinase, such as Csk. Csk has been reported to be
active toward not only c-Src, but also Lyn, Fyn (33), and
Lck (34).

In this paper, the in vitro-autophosphorylation sites of
c-Yes were determined to be Tyr-424 and possibly Tyr-32.
Tyr-424 corresponds with the in vitro-autophosphorylation
site of c¢-Src, Tyr-416 (30), whose surrounding sequence is
well-conserved in all sre-family tyrosine kinases, including
¢-Yes (35). The importance of Tyr-416 phosphorylation for
¢-Src function has been strongly suggested, even though
stable phosphorylation is not observed in vivo (3, 13, 14).
On the other hand, Tyr-32 and its surrounding sequence are
conserved in c-Yes from all the species so far examined (4-
9) and are unique to c-Yes among other src-family tyro-
sine-protein kinases. The rate of autophosphorylation of
the N-terminal tyrosine residue, possibly Tyr-32, was
comparable to that of Tyr-424 (Fig. 5).

A synthetic peptide derived from p34“< KVEKIGEGT-
YGVVKK-amide was found to be a specific and efficient
substrate for src-family tyrosine kinases (32). The se-
quence, GTYGV, of the phosphorylation site is similar to
the sequence surrounding Tyr-32, GHYGV, in rat c-Yes.
Songyang et al. derived some specificity requirements
governing substrates for src-family tyrosine kinases using
peptide libraries (36). They reported that the optimal
substrate for src-family tyrosine kinases would contain the
sequence EE (or G) IYGE (or V) FF, although the scoring of
additional residues in various positions suggests consider-
able flexibility. In fact, a peptide with the sequence of only
5 residues, AclYGEF-amide, showed significant substrate
activity for c-Src (37). Such sequence specificity of src-
family tyrosine kinases is illustrated in Fig. 7, where c-Yes
phosphorylated only Tyr-32-containing peptides whose
sequences have specific substrate determinants at Y — 2(G),
Y +1(G), and Y +2(V), but not Tyr-16-containing peptides
which have no such determinants. These results suggest
that the N-terminal autophosphorylation site in c-Yes could
be Tyr-32.

Using the purified c-Yes preparation which was essen-
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tially free from phosphotyrosine residues, we found that
c-Yes was autophosphorylated with Mg**« ATP exclusively
at tyrosine residues with a concomitant increase in the
kinase activity (Table II). However, it is not clear whether
the stimulation of the enzyme activity requires autophos-
phorylation of one or both of the two sites, Tyr-32 and
Tyr-424. Furthermore, the rates of phosphorylation of
tyrosine-glutamate copolymers, catalyzed by the purified
c-Yes were proportional to the square of enzyme concentra-
tion, suggesting that c-Yes undergoes autophosphorylation
through intermolecular catalysis, resulting in stimulation
of the enzyme activity. The physiological significance of
such activation through intermolecular catalysis may be for
the amplification of ¢-Yes activity after rescue from sup-
pression by tyrosine dephosphorylation, presumably at the
C-terminal Tyr-535. PDGF treatment of quiescent fibro-
blasts results in transient complex formation between c-
Yes and PDGF receptors, followed by the activation of c-
Yes (38). c-Yes also participates in platelet signal trans-
duction by association with transmembrane glycoprotein
IV (CD36) on the inner surface of plasma membranes (39).
Ligand-binding to the transmembrane proteins at the outer
surface of the cell may result in dimerization or oligomer-
ization of the transmembrane proteins as well as the
associated c-Yes, whose activity might then be stimulated
by intermolecular cross-phosphorylation.

The autophosphorylation of the purified platelet ¢-Src
mainly occurred at Tyr-416 in the presence of Mn?*/Mg?*-
ATP, being accompanied by an approximately twofold
increase in the apparent V,.x value using casein as the
substrate (16). Dilution experiments with v-Src (40) and
platelet ¢-Src (41) purified by immunoeffinity chroma-
tography have indicated that autophosphorylation at Tyr-
416 is intramolecular. On the other hand, in vivo and in
vitro experiments with c-Src mutants expressed in yeast
indicate that autophosphorylation at Tyr-416 in c-Src can
be intermolecular (42). Using c-Src purified from recom-
binant bacteria, much of the Tyr-416 autophosphorylation
was intermolecular (13). Recombinant mouse Lyn, purified
from Sf9 cells infected with a baculovirus carrying the lyn
cDNA, was autophosphorylated through an intermolecular
mechanism at Tyr-397 which corresponds to Tyr-416 in
¢-Src, and was consequently activated up to 17-fold (43).
As in the src-family tyrosine kinases, autophosphorylation
at Tyr-1162 of the insulin receptor, which occurs by an
intermolecular mechanism, is a prerequisite for activation
(44). The sequence homology surrounding the autophos-
phorylation sites suggest that these kinases follow similar
molecular mechanisms of autophosphorylation and autoac-
tivation (43, 44).

It is known that c-yes expression is high in mammalian
neural cells and epithelial cells, particularly in basal
keratinocytes (45-47). During Ca?*-induced keratinocyte
differentiation, the protein-tyrosine kinase activity of
c-Yes is inhibited, while c-Src is activated (17). Although
c-Src is activated through dephosphorylation of its Tyr-527
by the elevated protein-tyrosine phosphatase activity,
c-Yes is inactivated through a Ca?*-dependent association
with cellular proteins, which seems to override the activa-
tion resulting from C-terminal tyrosine dephosphorylation.
These Ca’*-dependent inhibitor proteins did not bind to
c-Src and were suggested to interact with the unique
N-terminal region in ¢- Yes. For understanding the mecha-
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nism of Ca?*-induced c-Yes inactivation, it is important to
know the effect of Tyr-32 autophosphorylation on the
binding of c-Yes to Ca?*-dependent inhibitor protein.
Autophosphorylation at Tyr-32 in the unique N-terminal
region of c-Yes may also be involved in another differential
regulation of c-Yes and other src-family protein-tyrosine
kinases in the same cell.
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