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ABSTRACT Protein kinase C (PKC) isoforms, «, BI, and
v of cPKC subgroup, 6 and £ of nPKC subgroup, and ¢ of
aPKC subgroup, were tyrosine phosphorylated in COS-7 cells
in response to H,O,. These isoforms isolated from the H,O,-
treated cells showed enhanced enzyme activity to various
extents. The enzymes, PKC « and 6, recovered from the cells
were independent of lipid cofactors for their catalytic activity.
Analysis of mutated molecules of PKC 6 showed that tyrosine
residues, which are conserved in the catalytic domain of the
PKC family, are critical for PKC activation induced by H,O,.
These results suggest that PKC isoforms can be activated
through tyrosine phosphorylation in a manner unrelated to
receptor-coupled hydrolysis of inositol phospholipids.

Protein kinase C (PKC) is activated by 1,2-diacylglycerol
produced from receptor-mediated hydrolysis of inositol phos-
pholipids (1). PKC comprises a large family of multiple
isoforms with regulatory and catalytic domains in the amino-
and carboxyl-terminal halves, respectively. The isoforms are
divided into three subgroups, cPKC, nPKC, and aPKC, due to
the structural differences in their regulatory domains. Among
PKC isoforms, PKC 8 has been shown to be phosphorylated on
tyrosine in v-ras-transformed keratinocytes (2) and in various
cells stimulated with mitogens such as phorbol ester and
growth factors (3-6). PKC 8 has also reported to be phos-
phorylated in vitro by various tyrosine kinases such as Fyn (3,
6, 7), c-Src (6-8), and growth factor receptors (3, 6). Thus far,
Tyr>2 (9) and Tyr'®” (10) in its amino-terminal half have been
identified as the phosphorylation sites. The functional conse-
quence of this reaction, however, remains controversial; the
tyrosine phosphorylation reduces its phorbol ester-dependent
catalytic activity in some cells (2, 6), whereas the reaction
enhances the enzyme activity in some other cells (3). On the
other hand, oxidative stress has been reported to induce
prolonged activation of PKC within the cells (11-14). It was
postulated that oxidative modification, which occurs probably
in the regulatory domain, may generate active enzyme (14),
but no evidence is available for such modification. Here, we
report that, upon treatment of cells with H,O,, all PKC
isoforms examined, including «, BI, and y of cPKC, 6 and € of
nPKC, and ¢ of aPKC, are tyrosine phosphorylated and
catalytically activated, and that tyrosine residues in the cata-
lytic domain are crucial for activation of these enzymes.

MATERIALS AND METHODS

Expression Plasmids. Hemagglutinin (HA)-epitope-tagged
expression plasmids of PKC isoforms were constructed as
described (15). Plasmid pTB801 was employed as an expres-
sion plasmid of PKC 8 without epitope tag (16). Lys®’® of PKC

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9411233-5$2.00/0
PNAS is available online at http://www.pnas.org.

11233

dwas replaced with methionine by site-directed mutagenesis to
make HA-epitope-tagged kinase-negative PKC 6 (17). FLAG-
epitope-tagged expression plasmids of PKC & were con-
structed by using pECE vector (17). Tyr®1, Tyr*%, Tyr3!2, and
Tyr®23 of PKC § were replaced with phenylalanine by site-
directed mutagenesis. The DNA sequences of these constructs
were confirmed by the dideoxynucleotide chain-termination
method using a DNA Sequencing System model 373A (Ap-
plied Biosystems).

Cells and Transfection. COS-7 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum at 37°C in a 5% CO,/95% air
incubator. Cells were transfected with the expression plasmids
by electroporation, cultured for 48 h (17), and treated as
described in each experiment.

Immunoprecipitation. All procedures were carried out at
0-4°C as described (17). Cells were washed with phosphate-
buffered saline and lysed in 20 mM TrissHCl at pH 7.5
containing 1 mM EDTA, 1 mM EGTA, 10 mM 2-
mercaptoethanol, 1% Triton X-100, 150 mM NaCl, 10 mM
NaF, 1 mM NazVO,, and 50 ug/ml phenylmethylsulfonyl
fluoride. The lysate was centrifuged for 10 min at 18,000 X g,
and the supernatant was incubated for 1 h with an anti-HA
monoclonal antibody (Boehringer Mannheim), a polyclonal
antibody against PKC & (Transduction Laboratories, Lexing-
ton, KY), or an anti-FLAG monoclonal antibody (Kodak
Scientific Imaging Systems). Then, protein A-Sepharose beads
(Pharmacia) were added to the mixture and incubated for 30
min. The immunoprecipitates were collected by centrifugation
and washed four times with 20 mM TrissHCI at pH 7.5
containing 150 mM NaCl and 1% Triton X-100.

Immunoblot Analysis. The immunoprecipitates were boiled
in SDS sample buffer, and proteins were separated by SDS/
PAGE and transferred onto an Immobilon P membrane
(Millipore). Immunoblot analysis was carried out using the
anti-HA antibody, the anti-FLAG antibody, a monoclonal
anti-phosphotyrosine antibody (4G10; Upstate Biotechnology,
Lake Placid, NY), or an antibody against the carboxyl-terminal
region of PKC & (GIBCO/BRL) as the first antibody, and
alkaline phosphatase-conjugated second antibodies (Pro-
mega) as described (17).

Metabolic Labeling. Transfected cells were cultured for 1 h
in phosphate-free DMEM supplemented with dialyzed fetal
calf serum, and then metabolically labeled for 3 h with
[**P]orthophosphate (18 MBq/6-cm dish). PKC was then
immunoprecipitated and was separated by SDS/PAGE, and
phosphoamino acid analysis was carried out as described (18).
The radioactive phosphoproteins and phosphoamino acids
were visualized by a Bio-Imaging Analyzer (Fuji).

Abbreviations: PKC, protein kinase C; HA, hemagglutinin; PSL,
hotostimulated luminescence.
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FiG. 1. Tyrosine phosphorylation of PKC isoforms in transfected COS-7 cells exposed to H2O». (4) Tyrosine phosphorylation of PKC isoforms.

Cells transfected with each HA-epitope-tagged PKC expression plasmid were incubated with 5 mM H;O; for 10 min, and PKC isoforms were
immunoprecipitated (IP) by the anti-HA antibody. Immunoblot analysis was carried out using the anti-HA antibody (Upper) or the anti-
phosphotyrosine antibody (anti-PY) (Lower). Positions of PKC isoforms and IgG are indicated by open and closed arrows, respectively. (B)

Phosphorylation of PKC 8. Cells transfected with the expression

plasmid of PKC & without epitope tag were labeled metabolically with

[3?P]orthophosphate and incubated with 5 mM H,O> for 10 min. PKC 8 was immunoprecipitated by the antibody against PKC 8. The phosphorylated
PKC 8 was visualized by a Bio-Imaging Analyzer. The position of PKC 3 is indicated by an open arrow. (C) Phosphoamino acid analysis of PKC
8. The phosphorylated PKC 8 recovered form the gel in B was subjected to phosphoamino acid analysis. Positions of phosphoserine (P-Ser),
phosphothreonine (P-Thr), and phosphotyrosine (P-Tyr) are indicated by arrowheads.

Protein Kinase Assay. PKC activity was assayed by measur-
ing the incorporation of 32P; into calf thymus H1 histone from
[y-3?P]ATP in the reaction mixture containing 20 mM
Tris-HCl at pH 7.5, 10 mM MgCl,, 20 uM ATP, 15-50 kBq of
[y-3?P]ATP, and 200 ug/ml H1 histone (16, 17). The incuba-
tion was carried out for 5 min at 30°C, and the phosphorylated
proteins were separated by SDS/PAGE and visualized and
quantitated by measuring the intensity of photostimulated
luminescence (PSL) using a Bio-Imaging Analyzer. Where
indicated, PKC activity was measured in the presence of 8
pg/ml phosphatidylserine, 0.8 wg/ml diacylglycerol, or 0.5 mM
CaCl..

One-Dimensional Peptide Mapping. FLAG-epitope-tagged
PKC & (approximately 0.5 pg) was purified from the H,O,-
treated COS-7 cells by FLAG M2 affinity gel column chro-
matography (19). The enzyme was digested partially with
Pl Y

(L

tosylphenylalanine chloromethyl ketone (TPCK)-treated tryp-
sin (0.4 pmol) at 30°C for the indicated time in 20 mM TrisHCl
at pH 7.5 containing 0.5 mM EDTA, 0.5 mM EGTA, and 10
mM 2-mercaptoethanol. The digested samples were subjected
to immunoblot analysis.

RESULTS

Tyrosine Phosphorylation of PKC in Cells Exposed to H,0O,.
When COS-7 cells that were transfected with epitope-tagged
PKC isoform of «, B, v, 8, €, or { were stimulated with H,O,,
all PKC isoforms were tyrosine phosphorylated as judged by
immunoblot analysis (Fig. 14). 3?P-Tracer experiment with
PKC 8, for example, showed that H,O, enhances phosphory-
lation of this isoform (Fig. 1B). Phosphoamino acid analysis
revealed that tyrosine residue as well as serine and threonine
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F1G.2. Activation of PKC isoforms by H>O> in transfected COS-7 cells. Cells transfected with each HA-epitope-tagged PKC expression plasmid
were incubated with 5 mM H»O; for the indicated time. PKC isoforms were immunoprecipitated by the anti-HA antibody, and PKC activity was

assayed with H1 histone as substrate. Phosphorylated proteins were

separated by SDS/PAGE and visualized by using a Bio-Imaging Analyzer.
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Table 1. PKC activity in transfected COS-7 cells treated Table 2. Properties of PKC isoforms recovered from the
with H,O H,0;-treated cells
PKC H,0, treatment, PKC activity PKC  H0; treatment, _PKC activity
isoform min PSL % isoform min Activators PSL %
a 0 20,300 100 8 0 — 9,100 100
a 5 33,500 165 8 0 PS, DG 37,400 441
a 10 54,600 269 8 10 — 41,900 460
BI 0 24,200 100 B 10 PS, DG 40,600 446
BI 5 35,600 147 a 0 — 20,500 100
Bl 10 56,900 235 a 0 PS, DG, Ca?* 133,000 650
Y 0 22,700 100 a 10 — 86,100 420
v 5 46,100 203 a 10 PS, DG, Ca?* 80,000 390
Y 10 65,500 289 Phosphorylation of H1 histone by the PKC isoforms described in
8 0 9,240 100 Fig. 3 in the presence or absence of phosphatidylserine (PS), diacyl-
) 5 49,200 532 glycerol (DG), and Ca?* was quantitated by measuring PSL using a
8 10 42,000 455 Bio-Imaging Analyzer. The activity of each PKC isoform recovered
e 0 10,400 100 from the cells without H>O, treatment in the absence of these
e 5 34,000 327 activators was used as 100%.

€ 10 46,800 450 . .
¢ 0 14,100 100 negative mutant of PKC 8 was tyrosine phosphorylated as well
¢ 5 53,000 376 (Fig. 34), although it did not show any enzyme activity either
IS 10 67,100 476 before or after H,O, stimulation (Fig. 3B). Thus, the protein

Phosphorylation of H1 histone by PKC isoforms described in Fig. 2
was quantitated by measuring PSL using a Bio-Imaging Analyzer. The
activity of each PKC isoform recovered from the cells without H>O»
treatment was used as 100%.

residues are indeed phosphorylated in response to H,O, (Fig.
1C).

Activation of PKC in Cells Exposed to H>O,. PKC isoforms
obtained from the H,O,-treated cells were assayed for their
enzyme activity with H1 histone as substrate (Fig. 2). The
results showed that PKC &, ¢, and ¢ are activated severalfold
and that PKC «, BI, and vy are stimulated to lesser extent (Table
1). Autophosphorylation of these PKC isoforms was also
enhanced (Fig. 2). Menadione, which generates superoxide
anion, also induced tyrosine phosphorylation as well as acti-
vation of PKC isoforms (data not shown).

Next, catalytic properties of tyrosine-phosphorylated PKC
isoforms were studied (Fig. 3). In response to H>O», a kinase-
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kinase activity measured in this experiment represents PKC 6
itself, but is not due to any other protein kinases that might
contaminate the immunoprecipitates. It is worth noting that
PKC 6 obtained from the H,O,-treated cells was not activated
by phosphatidylserine and diacylglycerol, whereas the enzyme
from the untreated cells required these lipids for enzyme
activity (Fig. 3B). Similarly, PKC « prepared from the H,O,-
treated cells did not require Ca?", phosphatidylserine, or
diacylglycerol (Fig. 3C). The results are given quantitatively in
Table 2. It was concluded that PKC isoforms phosphorylated
on tyrosine are almost fully active without Ca?* and lipid
activators. The stoichiometry of tyrosine phosphorylation is
unknown, but PKC isoforms recovered form the H,O»-treated
cells seem to be phosphorylated on at least one tyrosine
residue, because the enzyme was almost quantitatively trapped
by an anti-phosphotyrosine agarose column (data not shown).
H,0,-induced tyrosine phosphorylation and activation of the
PKC isoforms were observed also for NIH 3T3 cells, which
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F1G. 3. Properties of tyrosine-phosphorylated PKC recovered from transfected COS-7 cells. (4) Expression of PKC 8 and kinase-negative PKC
8. Cells transfected with HA-epitope-tagged plasmid of either PKC 8 or kinase-negative PKC & (8KN) were incubated with 5 mM H>O; for 10
min. The expressed proteins were immunoprecipitated by the anti-HA antibody. Immunoblot analysis was carried out using the anti-HA antibody
(Upper) or the anti-phosphotyrosine antibody (Lower). Positions of PKC 6 and IgG are indicated by open and closed arrows, respectively. (B) Protein
kinase assay of PKC &. Protein kinase activity of the immunoprecipitates recovered in 4 was assayed with H1 histone as substrate in the presence
or absence of 8 ug/ml phosphatidylserine (PS) and 0.8 ug/ml diacylglycerol (DG). (C) Protein kinase assay of PKC a. HA-epitope-tagged PKC
a was expressed, immunoprecipitated as in 4, and assayed as in B in the presence of 0.5 mM Ca?", phosphatidylserine, and diacylglycerol.
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were employed as host cells instead of COS-7 cells (data not
shown).

Tyrosine Phosphorylation Sites in PKC Induced by H,0,
Treatment. Tyr>? (9) and Tyr'®’ (10) in the amino-terminal half
of PKC & were previously shown to be phosphorylated. Mu-
tated molecules of PKC & deleting the amino-terminal region,
including these two tyrosine residues, were still phosphory-
lated on tyrosine in response to H>O; (data not shown). The
molecule of PKC 6 recovered from the H,O,-treated cells was
digested partially with trypsin and subjected to immunoblot
analysis to explore the region of tyrosine phosphorylation (Fig.
4A4). Tryptic fragments with approximate molecular mass of 25
and 45 kDa were detected by the antibody against phospho-
tyrosine as well as the antibody recognizing the carboxyl
terminus of PKC §, but not by the antibody against the epitope
tag linked to the amino terminus of the enzyme. The results
indicated that PKC & is phosphorylated on tyrosine in its
carboxyl-terminal half region including the catalytic domain.

Because all PKC isoforms examined were phosphorylated
on tyrosine, we focused our attention on the tyrosine residues
commonly present in the carboxyl-terminal half of the PKC
family. Four tyrosine residues, Tyr*>!, Tyr*®®, Tyr>'2, and Tyr>3
of PKC 8, are conserved in the carboxyl-terminal half of the
PKC family (Fig. 4B) (1). Thus, each of these tyrosine residues
was replaced by phenylalanine, and the mutated molecules
were expressed in COS-7 cells (Fig. 4C). The replacement of
either Tyr3'2 or Tyr’? in subdomain VIII by phenylalanine
attenuated H,O;-induced activation of the enzyme. The mu-
tation of both Tyr’'? and Tyr’?® almost abolished enzyme
activation, but the mutated enzyme was still tyrosine phos-
phorylated to some extent in response to H,O,. On the other
hand, PKC & mutated on Tyr*¥! or Tyr*® in subdomains VIa
and VIb was fairly activated and tyrosine phosphorylated. We
conclude, therefore, that PKC & is phosphorylated on more
than one tyrosine residue upon treatment with H,O, and that
the tyrosine residues, especially Tyr’'? and Tyr> in subdo-
main VIII, are critical for PKC activation.

DISCUSSION

It has been described that H>O; induces inositol phospholipid
hydrolysis in some cultured cells (20, 21). In general, however,
oxidative stress does not appear to produce diacylglycerol. It
has also been postulated that H,O, induces oxidative modifi-
cation of PKC, thereby activating the enzyme (14), but no
substantial evidence is available for such modification. The
present study indicates that all PKC isoforms examined are
tyrosine phosphorylated and exhibit enhanced enzyme activity
in response to H,O. Tyrosine kinases such as Lck and Syk are
known to be activated by oxidative stress (22-24). Some PKC
isoforms were tyrosine phosphorylated in vitro by Lck and Syk,
and in fact, the phosphorylated isoforms showed enzyme
activity higher than the nonphosphorylated isoforms (data not
shown). In addition to PKC 6, PKC « has been reported to be
tyrosine phosphorylated in insulin-stimulated cells (25). How-
ever, the tyrosine kinases that phosphorylate PKC isoforms in
vivo remain to be identified. Both PKB (26) and PKN (27) have
a catalytic domain highly homologous to the PKC family, but
were not tyrosine phosphorylated in vitro or in the HyO,-
treated cells (data not shown). Thus, phosphorylation on
tyrosine does not appear to be a mechanism of activation
commonly observed for protein kinases related to the PKC
family.

For PKC §, tyrosine phosphorylation in subdomain VIII is
critical for activation in response to H,O,. The significance of
phosphorylation on serine and threonine residues concur-
rently observed in response to H,O, (Fig. 1C) was not inves-
tigated in the present study. It is possible that the PKC enzyme
activated in the H,O,-treated cells autophosphorylates its
serine and threonine residues. However, it cannot be ruled out
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FiG. 4. Tyrosine phosphorylation sites in PKC. (4) One-
dimensional peptide mapping analysis by partial proteolysis with
trypsin. FLAG-epitope-tagged PKC & purified from the H,O,-treated
cells was digested with trypsin for the indicated times. Immunoblot
analysis was carried out using either the antibody against the carboxyl-
terminal region of PKC & (anti-CT) (Left), the anti-phosphotyrosine
antibody (anti-PY) (Center), or the anti-FLAG antibody [anti-
FLAG(NT)] (Right). Positions of FLAG-epitope-tagged PKC & and of
tyrosine-phosphorylated fragments are indicated by closed and open
arrows, respectively. Molecular mass markers are shown in kDa. (B)
Structure and phosphorylation sites of PKC 8. The structure of PKC
& is schematically shown, and amino acid sequences of subdomain Vla,
VIb, and VIII of rat PKC isoforms are aligned. Two phosphorylation
sites identified in the regulatory domain of PKC §, Tyr>? and Tyr!#7,
are indicated as 52Y and 187Y. The tyrosine residues conserved in the
carboxyl-terminal half of the PKC family are highlighted. (C) Site-
directed mutagenesis of PKC 8. COS-7 cells transfected with the
expression plasmid of FLAG-epitope-tagged PKC & or with mutated
molecules replacing tyrosine by phenylalanine were incubated with 5
mM H>O; for 10 min, and FLAG-epitope-tagged molecules were
immunoprecipitated. The mutants replacing Tyr#!, Tyr*®9, Tyr312,
Tyr323, and Tyr>12/Tyr523 were designated as Y451F, Y469F, Y512F,
Y523F, and Y512/523F, respectively. Immunoblot analysis was carried
out using either the anti-FLAG antibody (anti-FLAG) (Top) or the
anti-phosphotyrosine antibody (anti-PY) (Middle). PKC activity in the
immunoprecipitates was assayed with H1 histone as substrate (Bot-
tom).

that some other serine and threonine protein kinases take part
in PKC activation. Thr3% in subdomain VIIT of PKC g has been
shown to be phosphorylated nearly stoichiometrically in vivo
(28, 29). If Thr>% in PKC §, which is equivalent to Thro® in
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PKC B, is constitutively phosphorylated, PKC & could be
phosphorylated on both threonine and tyrosine residues in
subdomain VIII upon H,O, stimulation. Note that mitogen-
activated protein kinases are phosphorylated for their activa-
tion dually on both threonine and tyrosine residues in subdo-
main VIII on the activation loop (30). Recently, however, it
was reported that phosphorylation of Thr% in PKC § is not a
prerequisite for its enzyme activity (31). More detailed studies
are needed to understand fully the activation mechanisms of
the PKC family involving protein phosphorylation.
Platelet-derived growth factor may generate H,O,, and
H,0, is required for signaling of growth factors in some
cultured cells (32). An obvious possibility arises that PKC can
be activated in two independent signaling pathways in response
to growth factors. One is the classical diacylglycerol-dependent
pathway through activation of phospholipases C and D (1). The
other could be a pathway through direct phosphorylation on
tyrosine in subdomain VIII. Transcription factors NF-«B and
AP-1 have been reported to be activated in two different ways:
one is through PKC, and the other is by H,O, in a manner
independent of PKC (33, 34). The results described herein
suggest that H,O, could activate these transcription factors
through activation of PKC involving tyrosine phosphorylation.
The physiological picture of PKC activation by tyrosine phos-
phorylation will be substantiated by further investigations.
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