
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/01/$04.00�0 DOI: 10.1128/MCB.21.24.8414–8427.2001

Dec. 2001, p. 8414–8427 Vol. 21, No. 24

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Nerve Growth Factor Stimulates Multisite Tyrosine Phosphorylation
and Activation of the Atypical Protein Kinase C’s

via a src Kinase Pathway
MARIE W. WOOTEN,1* MICHEL L. VANDENPLAS,1† M. LAMAR SEIBENHENER,1

THANGIAH GEETHA,1 AND MARIA T. DIAZ-MECO2

Department of Biological Sciences, Auburn University, Auburn, Alabama 36849,1 and Centro de Biologia Molecular
‘Severo Ochoa’ CSIC, Universidad Autonoma, Canto Blanco, 29049 Madrid, Spain2

Received 18 April 2001/Returned for modification 25 May 2001/Accepted 21 September 2001

Atypical protein kinase C (PKC) isoforms are required for nerve growth factor (NGF)-initiated differenti-
ation of PC12 cells. In the present study, we report that PKC-� becomes tyrosine phosphorylated in the
membrane coincident with activation posttreatment with nerve growth factor. Tyrosine phosphorylation and
activation of PKC-� were inhibited in a dose-dependent manner by both PP2 and K252a, src and TrkA kinase
inhibitors. Purified src was observed to phosphorylate and activate PKC-� in vitro. In PC12 cells deficient in
src kinase activity, both NGF-induced tyrosine phosphorylation and activation of PKC-� were also diminished.
Furthermore, we demonstrate activation of src by NGF along with formation of a signal complex including the
TrkA receptor, src, and PKC-�. Recruitment of PKC-� into the complex was dependent on the tyrosine
phosphorylation state of PKC-�. The association of src and PKC-� was constitutive but was enhanced by NGF
treatment, with the src homology 3 domain interacting with a PXXP sequence within the regulatory domain of
PKC-� (amino acids 98 to 114). Altogether, these findings support a role for src in regulation of PKC-�.
Tyrosine 256, 271, and 325 were identified as major sites phosphorylated by src in the catalytic domain. Y256F
and Y271F mutations did not alter src-induced activation of PKC-�, whereas the Y325F mutation significantly
reduced src-induced activation of PKC-�. The functional relevance of these mutations was tested by determin-
ing the ability of each mutant to support TRAF6 activation of NF-�B, with significant impairment by the Y325F
PKC-� mutant. Moreover, when the Y352F mutant was expressed in PC12 cells, NGF’s ability to promote
survival in serum-free media was reduced. In summary, we have identified a novel mechanism for NGF-induced
activation of atypical PKC involving tyrosine phosphorylation by c-Src.

Nerve growth factor (NGF) induces differentiation of PC12
cells, a rat pheochromocytoma cell line, so that they express a
phenotype that closely resembles that of neurons. Differenti-
ation occurs via the TrkA neurotrophin receptor family, e.g.,
TrkA, TrkB, and TrkC (reviewed in references 25 and 54). The
cytoplasmic tyrosine kinase domain of TrkA recruits signaling
complexes, which activate mitogen-activated protein (MAP)
kinase leading to differentiation of the cells. In contrast, the
gp75NFGR receptor, a member of the TNFR/Fas receptor fam-
ily, has no intrinsic enzymatic activity but does contain a death
homology domain, hypothesized to initiate apoptosis (25).

Various members of the protein kinase C (PKC) family have
been implicated in mediating NGF responses of PC12 cells (6,
19, 42, 64). PKC comprises a family of 12 isoforms that can be
divided into three groups based on structural differences and
cofactor dependency (reviewed in references 37 and 40). Clas-
sical (cPKC) isoforms (e.g., �, �I, �II, and �) are sensitive to
calcium and diacylglycerol or phorbol ester, whereas novel
(nPKC) isoforms (e.g., �, ε, �, �, and �) are sensitive to diac-
ylglycerol and phorbol ester but insensitive to calcium. The
atypical (aPKC) isoforms (e.g., 	 and 
/�) possess only one zinc

finger and lack the characteristic C2 domain; hence they are
insensitive to activation by Ca2�, diacylglycerol, and phorbol
esters. The various isoforms have a unique tissue distribution,
with high expression in neural tissue (55). PC12 cells, which are
frequently used to examine the trophic effect of NGF, express
isoforms of each group and specifically express both aPKC
isoforms, PKC-	 and PKC-� (62, 63). NGF treatment of these
cells results in translocation and activation of all PKC isoforms
expressed (63). Several studies support a specific role for aPKC
isoforms in NGF-mediated differentiation of PC12 cells. (i)
Phorbol ester-induced depletion of cPKC and nPKC enhances
NGF-induced neurite outgrowth without altering aPKC (	)
levels (8, 63). (ii) Depletion of cPKC and nPKC by prolonged
phorbol ester treatment does not prevent NGF-induced differ-
entiation (8). (iii) Inhibition of PKC-	 with antisense oligonu-
cleotides prevents NGF-induced neurite outgrowth of PC12
cells (8). (iv) Overexpression of aPKC isoforms in PC12 cells
enhances NGF-mediated differentiation along with activation
of the transcription factor NF-�B (66).

The mechanisms responsible for activation of aPKC iso-
forms are not fully understood, and it is becoming more ap-
parent that protein-protein interactions play a major role in
restricting the localization as well as the activation of the aP-
KCs (38). Alterations in the cellular lipid environment have
also been implicated in the activation of aPKCs, involving
generation of phosphatidylinositol 3,4,5-triphosphate through
phosphatidylinositol 3-kinase activation and release of arachi-
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donic acid due to lipid turnover. In vivo data indicate that PIP3,
ceramide, and arachidonic acid are potent activators of aPKC
isoforms (39). Direct interaction with specific binding proteins
also contributes to modulation of the aPKC isoforms. In this
regard 
-interacting protein (LIP) binding potentiates PKC-
/�
activity (14), whereas binding of aPKC isoforms to Par4 inhib-
its activity of the enzyme (15). Other proteins that bind to
aPKC isoforms include ras (12), tubulin (16), zeta-interacting
protein (ZIP/p62) (44, 48), fasciculation and elongation pro-
tein zeta 1 (FEZ1) (28), ASIP (21), src (50), and cell polarity
protein Par6 (23). The exact function of the binding proteins in
the context of specific signaling pathways is not yet clear, al-
though binding proteins participate in transport or shuttling
aPKCs to distinct subcellular sites or serve as anchors to scaf-
fold the enzyme, resulting in the formation of oligomeric sig-
naling complexes.

Phosphorylation of PKC isoforms, as a consequence of the
action of other serine/threonine kinases as well as autophos-
phorylation, has also been implicated in activation of these
enzymes (40). Moreover, tyrosine phosphorylation of PKC iso-
forms in response to H202 has been shown to induce activation
of the enzyme (27). However, ligand-induced tyrosine phos-
phorylation of aPKC isoforms has not yet been demonstrated.
Previously we observed coassociation between PKC-	 and v-
Src (50). Since v-Src expression induces neuritogenesis (45),
whereas removal of PKC-� has the opposite effect on NGF-
induced neurite outgrowth (8), we reasoned that c-src may thus
regulate PKC-� via tyrosine phosphorylation upon NGF treat-
ment. Moreover, src and aPKC are known to regulate tran-
scription factor NF-�B (1, 49, 60). Thus, src-induced phosphor-
ylation of aPKC may serve as a means to link PKC-�–src to the
Ras/MAP kinase signal cassette required for differentiation as
well as activation of NF-�B in PC12 cells (4, 13, 66). Here we
demonstrate for the first time that PKC-� is tyrosine phosphor-
ylated by src and that, as a functional consequence, impairment
of this phosphorylation in vivo leads to reduction in activation
of NF-�B and NGF-mediated cell survival.

MATERIALS AND METHODS

Materials. Synthetic peptides containing the various tyrosine residues span-
ning the primary sequence of PKC-� were synthesized by Research Genetics
(Huntsville, Ala.). Enhanced chemiluminescence (ECL) reagents, a horseradish
peroxidase (HRP)-conjugated secondary antibody, Hyperfilm, an ECL kit, and
[�-32P]ATP (3,000 Ci/mmol) were purchased from Amersham Pharmacia Bio-
tech, Inc. (Piscataway, N.J.). The anti-PKC-� and antiphophotyrosine PY20
monoclonal antibodies were from Transduction Laboratories (Lexington, Ky.),
while polyclonal anti-PKC-�, polyclonal anti-hemagglutinin (HA), polyclonal src,
and polyclonal anti-TrkA (C-14) were from Santa Cruz Biotechnology (Santa
Cruz, Calif.). The anti-src antibody, agarose-coupled 4G10 (antiphosphoty-
rosine) antibody, c-Src, and c-Abl were purchased from Upstate Biotechnology
Inc. (Lake Placid, N.Y.). Inhibitors K252a, genistein, and herbimycin A were
bought from Biomol Research Laboratories Inc. (Plymouth Meeting, Pa.). Ac-
tive PKC-� and PKC-	 isoforms were isolated from baculovirus-infected Sf-9 cells
expressing the various PKC isoforms as previously described (73). Reagents for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
protein molecular weight standards were bought from Bio-Rad (Hercules, Cal-
if.). The luciferase assay kit was purchased from Promega (Madison, Wis.).
Agarose-coupled secondary antibodies used for immunoprecipitation and all
other chemicals and reagents were purchased from Sigma (St. Louis, Mo.). The
peptide (PXXP) spanning the putative PKC-� SH3 domain and the scramble
peptide were synthesized by Carol M. Beach, University of Kentucky Macromo-
lecular Structure Analysis Facility (Lexington, Ky.). c-Src-deficient cells were
obtained from Simon Halegoua (Stony Brook, N.Y.), while David Shalloway

(Ithaca, N.Y.) generously donated the bacterial vectors expressing the glutathi-
one S-transferase (GST)-src fusion constructs.

Cell culture, stimulation, and subcellular fractionation. PC12 cells were cul-
tured in RPMI 1640 medium supplemented with 10% heat-inactivated horse
serum, 5% heat-inactivated fetal calf serum, 50 �g of streptomycin/ml, and 50 U
of penicillin/ml as previously described (8). To induce quiescence, the medium
was replaced with medium containing reduced serum (1 part complete medium/5
parts serum-free medium) 24 to 48 h prior to stimulation. Poststimulation the
cells were gently washed once with ice-cold phosphate-buffered saline (PBS) and
removed from the petri dishes by repeated pipetting of 10 ml of ice-cold PBS and
the cells were harvested by centrifugation. The cell pellets were disrupted by
sonication for 5 to 10 s in the appropriate buffer, and large cellular debris was
removed by centrifugation at 12,000  g in a microcentrifuge at 4oC for 3 min.
The protein content of the harvested supernatants was determined by the Brad-
ford method using Bio-Rad protein assay reagent with bovine serum albumin as
the standard.

For subcellular fractionation, the sonicated cell lysates were centrifuged at
100,000  g for 1 h in a Sorvall ultracentrifuge at 4oC (63). The supernatant
containing the cytosolic material was harvested, and the pellet was resuspended
in 500 �l of the original lysis buffer and ultracentrifuged for an additional 30 min
to remove any cytosolic material contaminating the pellet. The pellet containing
membrane-associated material was resuspended in lysis buffer containing 1%
Triton X-100 (TX-100) for 30 min at 4oC with gentle mixing. The TX-100-
insoluble material was removed by ultracentrifugation. The TX-100-soluble ma-
terial, containing membrane-associated protein, was used as a source of mem-
brane-associated PKC.

Immunoprecipitation, immunoblotting, and immune complex kinase assays.
Immunoprecipitation with 4G10 and anti-PKC antibodies was carried out essen-
tially as previously described (32). Briefly, cells were lysed in a solution contain-
ing 20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 1 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10% glycerol, 10 �g of
leupeptin/ml, 5 �g of aprotinin/ml, 10 mM �-glycerophosphate, 100 �M NaF,
and 0.1% TX-100. The agarose-coupled 4G10 was added directly to the cell
lysate at a final concentration of 2 �g of antibody/400 �g of protein. The samples
were rotated end-over-end for 4 h at 4oC, and the immune complexes were
collected by centrifugation in a microcentrifuge. For immunoprecipitation of
PKC-� and TrkA, an anti-PKC-� antibody or an anti-TrkA antibody was added to
a final concentration of 2 �g/400 �g of protein and the microcentrifuge tubes
were rotated overnight at 4oC prior to the addition of the appropriate agarose-
coupled secondary antibody (e.g., rabbit anti-mouse immunoglobulin G [IgG]).
Rotation of the tubes was continued for an additional 3 h prior to collection of
the immune complexes. All immune complexes were washed six times with 500
�l of immunoprecipitation wash buffer containing 20 mM Tris-HCl (pH 7.5), 137
mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 1 mM Na3VO4, 1 mM PMSF, 10 mM
�-glycerophosphate, and 100 �M NaF. The immunoprecipitated proteins were
released by boiling for 2 min in SDS-PAGE sample buffer. The agarose beads
were removed by centrifugation prior to loading the samples on SDS–7.5 or 10%
polyacrylamide gels.

Immunoblotting was performed as described previously (60). Briefly, proteins
were transferred from the resolved SDS-PAGE gels to nitrocellulose membranes
by electroblotting at 80 V overnight. The filters were stained with 0.5% Ponceau
S–5% trichloroacetic acid to identify the molecular weight markers and proteins
prior to blocking with blot wash (PBS containing 0.1% TX-100 and 0.1% Tween
20) containing 7% nonfat milk at 4oC for 4 h. The diluted primary antibody
(PKC-�, 1:1,000; 4G10, 1:1,000) was incubated overnight with the filters in the
same solution. The filters were then washed in multiple changes of blot wash
prior to the addition of the HRP-conjugated secondary antibody for 2 h at room
temperature. The filters were washed with frequent buffer changes and devel-
oped using ECL reagent prior to being exposed to X-ray film.

Activity of tyrosine phosphorylated and non-tyrosine-phosphorylated aPKC
isoforms from NGF-stimulated PC12 cells was determined by immune complex
kinase assay as described previously (10, 11). Briefly, control and stimulated cells
were harvested, and TX-100-soluble membrane material was generated as de-
scribed above. The protein concentration was determined, and triplicate an-
tiphosphotyrosine immunoprecipitations (500 �g of protein) were performed
with 20 �l of 50% 4G10-agarose at 4oC for 4 h. The immune complexes con-
taining tyrosine-phosphorylated proteins were separated from non-phosphoty-
rosine-containing proteins by centrifugation at 12,000  g in a microcentrifuge
for 5 min at 4oC. The immune complexes were washed six times with immuno-
precipitation wash buffer to remove any contaminating non-tyrosine-phosphory-
lated protein. The immune complexes were resuspended in 500 �l of immuno-
precipitation lysis buffer containing 30 mM para-nitrophenol phosphate (pNPP)
to release the phosphotyrosine-containing protein. Simultaneously, supernatants
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containing non-tyrosine-phosphorylated proteins were adjusted to 30 mM with
pNPP. The anti-PKC-� antibody (2 �g) was added to each tube, and the tubes
were incubated at 4oC overnight with gentle rocking. The agarose-conjugated
rabbit anti-mouse IgG antibody (15 �l of 50% slurry) was added, and the 4oC
incubation continued for 1.5 h. Immune complexes containing PKC-� were har-
vested by centrifugation, washed 5 times with 500 �l of immunoprecipitation
kinase wash buffer (35 mM Tris-HCl [pH 7.4], 150 mM NaCl, 15 mM MgCl2, 1
mM MnCl2, 0.5 mM EGTA, 0.1% TX-100, 25 �g of leupeptin/ml, 25 �g of
aprotinin/ml) and twice with immunoprecipitation kinase assay buffer (35 mM
Tris-HCl [pH 7.4], 5 mM MgCl2, 1 mM MnCl2, 0.5 mM EGTA, 25 �g of
leupeptin/ml, 25 �g of aprotinin/ml, 1 mM Na3VO4). Immune complex kinase
assays were performed for 10 min at 30oC as previously described (65). At the
end of the incubation, the assay was stopped by placing the tubes into an ice bath.
The immune complexes containing the bound PKC-� were collected by micro-
centrifuge centrifugation at 4oC. The phosphorylated substrate in the superna-
tant was collected into a tube containing 20 �l of ice-cold 280 mM H3PO4, and
the immune complex pellet was washed once with 50 �l of ice-cold immunopre-
cipitation assay buffer. The acid-precipitated supernatant was spotted onto
Whatman P81 filter disks, which were washed four times for 10 min in 75 mM
H3PO4 and once with ethanol before being counted in a liquid scintillation
counter. The immune complexes were boiled in 50 �l of 1 SDS-sample buffer,
and the amount of PKC-� in each complex was determined by immunoblotting as
described above. The results of the immunoblotting were used to normalize for
the amount of PKC-� in each individual immunoprecipitation kinase assay after
densitometric scanning of the immunoblot autoradiogram.

In vitro phosphorylation of PKC-� by c-Src. Purified, recombinant PKC-� (1.8
�g) was incubated with c-Src at 30oC for 10 min in a 50-�l reaction mixture
containing 25 mM Tris-HCl, pH 7.2, 31.25 mM MgCl2, 6.25 mM MnCl2, 0.5 mM
EGTA, 0.5 mM dithiothreitol (DTT), and 0.25 mM Na3VO4 (17). The reaction
was initiated by adding 20 �M cold ATP and [�-32P]ATP and terminated by the
addition of 50 �l of 2 SDS-PAGE sample buffer and boiling for 2 min. The
labeled proteins were resolved by SDS–10% PAGE, the gel was dried, and
32P-labeled proteins were visualized by autoradiography. Thereafter, the gel was
rehydrated and incubated in 1 M KOH at 60oC for 1 h to destroy the alkali-
sensitive serine/threonine phosphorylated residues. The gel was redried, and
reexposed to X-ray film to visualize tyrosine-phosphorylated proteins. Assays
performed in the presence of PKC-� alone showed no incorporation of alkali-
resistant label into PKC-�.

The influence of c-Src phosphorylation on PKC-� activity was determined
using the same reaction as above, with protamine sulfate, myelin basic protein
(MBP), ε-peptide, and histone IIIs as PKC substrates. All assays were performed
in triplicate. After incubation at 30oC for 10 min, the reactions were stopped by
the addition of 10 �l of ice-cold 280 mM H3PO4. The reaction mixture was
spotted onto Whatman P81 paper disks, the disks were washed four times for 10
min in large volumes of 75 mM H3PO4, and the radioactivity incorporated in the
substrates was determined by Cerenkov counting.

Measurement of intracellular c-Src activity. The influence of NGF on c-Src
activity was determined using previously described assays with acid-treated eno-
lase as the substrate (9). The cells were stimulated with NGF, harvested, and
lysed in immunoprecipitation lysis buffer. The anti-src antibody (2 �g) was added
to 500 �g of cell lysate, and the mixture was incubated at 4oC for 3 h before
addition of 15 �l of 50% anti-mouse IgG agarose for an additional 1.5 h. The
complexes were washed five times with 500 �l of immunoprecipitation kinase
wash buffer and twice with src immunoprecipitation kinase assay buffer (20 mM
HEPES [pH 7.0], 10 mM MnCl2, 0.05% TX-100). Finally, the immune complex
beads were suspended in 45 �l of src immunoprecipitation kinase assay buffer
containing 1 �g of acid-treated enolase. The kinase reaction was initiated by the
addition of 5 �l of [�-32P]ATP, and the reaction mixture was incubated at 30oC
for 10 min. The reaction was stopped by the addition of 50 �l of 2 SDS-PAGE
sample buffer. Radiolabeled proteins were resolved by SDS–10% PAGE. The
resolved gels were dried and exposed to Kodak XAR film.

Mapping of c-Src–PKC-� interaction. Full-length c-Src, src-SH2, and src-SH3
domains were expressed as GST fusion constructs in Escherichia coli. Bacteria
were grown, and the GST constructs were isolated by binding to GST-agarose as
previously described (50). To conduct cobinding assays, GST-agarose beads were
washed extensively with PBS, pH 7.4, containing 1 mM PMSF, 10 �g of leupep-
tin/ml, and 10 �g of aprotinin/ml. Nonspecific binding sites were blocked by
incubation in PBS containing 1% nonfat milk and 1% bovine serum albumin.
PKC-� (2 �g) was autophosphorylated by addition of 20 �M ATP at 30oC for 10
min. GST-src constructs were added at a ratio of 5 �g of construct/�g of PKC-�
and incubated for 3 h at 4oC in the presence of the GST beads. The GST–PKC-�
complexes were then washed five times in MTPBS (150 mM NaCl, 16 mM
Na2HPO4, 4 mM NaH2PO4, pH 7.3) and suspended in 80 �l of SDS-PAGE

sample buffer. The complexes were resolved by SDS–7.5% PAGE, followed by
immunoblotting with the PKC-� antibody. The blots were scanned, and the data
were normalized to percent binding of full-length c-Src to PKC-�.

To map the site of interaction between PKC-� and c-Src, purified src enzyme
and purified PKC-� were incubated with a proline-rich peptide (PKC-�: 98VFP-
SIPEQPGMPCPGE114; proline residues are in boldface) as follows: PKC-� (2
�g) was combined with increasing concentrations of the peptide (PXXP) [25, 75,
and 150 �M], or was not combined with the peptide, in a 50-�l reaction mixture
containing 25 mM Tris-HCl, pH 7.5, 31.25 mM MgCl2, 6.25 mM MnCl2, 0.5 mM
EGTA, 0.5 mM DTT, 0.0625 mM Na3VO4 and incubated on ice for 30 min.
Subsequently, PKC-� was activated by addition of 20 �M ATP at 30oC for 30 min
followed by addition of 3 U of purified src for an additional 5 min at 30oC.
src–PKC-� complexes were incubated for an additional 2 h at 4oC. The resulting
src–PKC-� complexes were captured by addition of 2.5 �g of anti-PKC-� poly-
clonal antibody coupled to anti-rabbit IgG agarose by binding at 4oC for 2 h. The
beads were washed three times in a solution containing 20 mM Tris-HCl, pH 7.5,
137 mM NaCl, 1 mM MgCl2, 1 mM Na3VO4, 100 �M NaF, 1 mM PMSF, 10 �g
of leupeptin/ml, and 10 �g of aprotinin/ml before 80 �l of SDS-PAGE sample
buffer was added. The complexes were resolved by SDS–7.5% PAGE with both
purified c-Src and PKC-� included in the gels as standards. The proteins were
immunoblotted with the src antibody, resultant autoradiographs were scanned,
and binding was normalized to the moles of each protein input into the assay.
The values obtained in the pull-down assay with full-length c-Src and PKC-�
represented maximum binding.

Identification of phosphorylation sites, site-directed mutagenesis, and expres-
sion. Individual peptides spanning the primary sequence of PKC-� were synthe-
sized by Research Genetics and spotted onto an activated polymeric membrane
essentially as described by Li et al. (31). Two control peptides were synthesized
as well, a peptide which is a general substrate for src family tyrosine kinases and
a src family kinase substrate derived from cdc2. Each spot yielded approximately
5 nmol of peptide on average. The membrane was dried and stored at �20oC
until use. Phosphorylation of the membrane-associated peptides was carried out
as previously described (53) in a buffer containing 50 mM Tris-HCl (pH 7), 25
mM MgCl2, 5 mM MnCl2, mM Na3VO4, 80 mM HEPES (pH 7), 0.15% NP-40,
and 100 �M ATP in the presence or absence of 6 U of purified src kinase
(Upstate Biotechnology Inc.)/ml at 30oC for 30 min. The membranes were
washed twice in 50 mM phosphoric acid and twice in 100 mM KOH to remove
the non-covalently bound phosphate; then the membranes were rinsed several
times in PBS. The extent of tyrosine phosphorylation of the peptides was deter-
mined by using a monoclonal antiphosphotyrosine antibody at a dilution of
1:1,000, followed by an HRP secondary antibody (1:1,000). The degree of pep-
tide phosphorylation was visualized using the ECL system. The blots were
scanned with a computer-interfaced densitometer. The degree of peptide phos-
phorylation by src was normalized to that obtained with the control peptides.

PKC-� in pCDNA-HA was used as template to create single mutations Y256F,
Y271F, and Y325F using the QuickChange kit (Stratagene, La Jolla, Calif.) in
accordance with instructions by the manufacturer. The mutations were verified
by DNA sequencing. The wild type along with each mutant was transiently
transfected into HEK293 cells using calcium phosphate precipitation followed by
immunoprecipitation as previously described (49, 67). Lysates were prepared in
PD buffer (40 mM Tris-HCl [pH 8], 500 mM NaCl, 0.1% NP-40, 6 mM EDTA,
6 mM EGTA, 10 mM �-glycerophosphate, 10 mM NaF, 10 mM phenylphos-
phate, 300 �M Na3V04, 1 mM benzamidine, 2 mM PMSF, 10 �g of aprotinin/ml,
1 �g of leupeptin/ml, 1 �g of pepstatin/ml, 1 mM DTT) followed by immuno-
precipitation of HA-tagged PKC-�, wild type and mutants. To examine the
phosphorylation state of PKC-�, the immunoprecipitates were separated by SDS–
10% PAGE followed by blotting with the antiphosphotyrosine antibody (PY20;
Transduction Labs). A fraction of the lysate was blotted with the HA antibody to
check the expression of the HA constructs. Alternatively, to assess the activity of
PKC-�, the immune complexes were captured on anti-rabbit IgG coupled to
agarose (Sigma). The beads were extensively washed in lysis buffer followed by
two washes in immune complex kinase buffer (66). To assess the activity of
PKC-�, MBP-hnRNPA1 (2 �g) was included in the kinase assay as the substrate.
The assay was initiated by addition of [�-32P]ATP for 30 min at 30oC. Phosphor-
ylation of hnRNPA1 was monitored by SDS–10% PAGE followed by autora-
diography.

Reporter assay. For reporter assays, HEK293 cells were seeded into six-well
plates. Cells were then transfected the following day employing the calcium
phosphate precipitation method with 1 ng of �B luciferase reporter gene plasmid
(pGL3; Promega) and various amounts of each expression construct. The total
DNA transfected was kept constant by supplementation with control vector
pCDNA3. After 24 h, extracts were prepared, and luciferase activity was deter-
mined as previously described (15).
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Cell survival assay. PC12 cells were transfected with Lipofectamine 2000.
Twenty-four hours posttransfection the cells were washed five times in serum-
free medium and NGF (50 ng/ml) was added. After an additional 36 h, the cells
were incubated for 2 h with MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] reagent (Promega). In the pres-
ence of phenozine methosulfate, MTS is converted to a water-soluble formazan
by a dehydrogenase enzyme found in metabolically active cells. The quantity of
formazan product was determined by spectrophotometry (Dynatech microplate
reader) at 490 nm. Values are the means and standard errors of the means
(SEM; n � 3).

RESULTS

NGF induces tyrosine phosphorylation of membrane-asso-
ciated PKC-� in PC12 cells. Since v-src was observed to spe-
cifically associate with PKC-� both in vitro and in vivo (50), we
elected to examine in a more physiological setting whether
treatment of PC12 cells with NGF would lead to tyrosine
phosphorylation of PKC-�. To explore this possibility, PC12
cells were treated with NGF followed by immunoprecipitation
of tyrosine-phosphorylated proteins employing 4G10-coupled
agarose and Western blot analysis with the PKC-� antibody. In
parallel, the activity of PKC-� was measured by immune com-
plex kinase assay. Treatment of PC12 cells with NGF leads to
rapid activation of aPKC, which reaches a maximum at 15 min
and slowly declines with increased exposure time (Fig. 1A).
Analysis of immunoblots revealed that, coincident with enzyme
activation, NGF-mediated tyrosine phosphorylation of PKC-�
reached a maximum after 15 min as well. Since PKC-� might be
recruited to complexes that contain phosphotyrosine, an alter-
native approach was undertaken to examine changes in PKC-
�’s phosphorylation state. Cells were treated with NGF fol-
lowed by immunoprecipitation of PKC-� followed by blotting
with an antibody to phosphotyrosine (Fig. 1B). Likewise, cells
were treated with various doses of NGF followed by measure-
ment of PKC-� activity and immunoprecipitation with the
PKC-� antibody along with blotting employing the 4G10 anti-
body (Fig. 1C). The results obtained by immunoprecipitation
of phosphotyrosine-containing protein and by immunoprecipi-
tation of PKC-� and Western blotting with antiphosphotyrosine
showed similar kinetics and magnitudes. Collectively, these
results reveal that changes in the tyrosine phosphorylation
state of PKC-� are an NGF-regulatable event.

Translocation of PKC isoforms from cytosol to the cell
membrane is frequently used as a measure of PKC activation
(43, 63). The data in Fig. 2A reveal that NGF treatment of
PC12 cells induced rapid tyrosine phosphorylation of PKC-� in
the cell membrane without significant change in the amount of
PKC-� found in the membrane fraction. In contrast, the cytosol
did not contain tyrosine-phosphorylated PKC-� at any time
point. Even prolonged exposure of the immunoblot failed to
reveal the presence of tyrosine-phosphorylated PKC-� in the
cytosol. Furthermore, NGF-induced translocation and tyrosine
phosphorylation of PKC-� occurred in the same period as
NGF-induced activation of enzyme activity (Fig. 1). In addi-
tion, there was consistently a preexistent pool of tyrosine-
phosphorylated, membrane-associated PKC-� (time zero; Fig.
1 and 2). These findings indicate that the tyrosine phosphory-
lation of PKC-� selectively occurs within the membrane micro-
environment. To specifically assess the influence of tyrosine
phosphorylation on the activity of membrane-associated
PKC-�, PC12 cells were stimulated for 15 min with NGF and

FIG. 1. NGF treatment of PC12 cells increases activation and ty-
rosine phosphorylation of PKC-�. An equivalent amount of protein
(500 �g) was used to determine PKC-� activity by immune complex
kinase assay, and the tyrosine phosphorylation of PKC-� was examined
by immunoprecipitation of PKC-� followed by blotting with the 4G10
antiphosphotyrosine (anti-pTyr) antibody or immunoprecipitation (IP)
of proteins containing phosphotyrosine and Western blotting with the
PKC-� antibody. The autoradiographs were scanned densitometrically
and plotted to show the fold change. (A) PC12 cells were stimulated
with NGF (100 ng/ml) for the indicated times. PKC-� activity (F) and
tyrosine phosphorylation of PKC-� (E) were determined. Lysate used
for immunoprecipitation was also probed with anti-PKC-�. PKC-�
Western blots of the immunoprecipitate and the lysate are shown as
insets. (B) PC12 cells were stimulated with NGF (50 ng/ml) and im-
munoprecipitated with the PKC-� antibody, followed by blotting with
the 4G10 anti-pTyr antibody. (C) PC12 cells were stimulated with
various doses of NGF as shown for 15 min. PKC-� activity was exam-
ined. The tyrosine phosphorylation of PKC-� was examined by immu-
noprecipitation of PKC-� followed by blotting with the 4G10 anti-pTyr
antibody. The results (means � SEM) are representative of three
other independent experiments.
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the activity of non-tyrosine-phosphorylated PKC-� compared
to that of tyrosine-phosphorylated PKC-� in the membrane
fraction was determined (Fig. 2B). There was a significant
increase in the activity of the phosphotyrosine-containing en-
zyme relative to that of the non-phosphotyrosine-containing
PKC-�, demonstrating that maximal tyrosine phosphorylation
of PKC-� at 15 min during NGF treatment is associated with
activation of the enzyme that occurs within the membrane
compartment.

We reasoned that the high-affinity NGF receptor, TrkA,
itself a tyrosine kinase, may participate either directly or indi-
rectly in the tyrosine phosphorylation of PKC-�. To explore this
possibility, we used various kinase inhibitors to explore regu-
lation of PKC-� by phosphorylation: K252a, a highly specific
inhibitor of TrkA tyrosine kinase activity (41, 56), PP2, a spe-
cific src-kinase inhibitor, and genistein, a tyrosine kinase inhib-
itor. Pretreatment of NGF-stimulated PC12 cells with either
genistein, PP2, or K252a reduced the tyrosine phosphorylation
of PKC-� (Fig. 3A). Other src-specific tyrosine kinase inhibi-
tors herbimycin A and radicicol (3, 57, 68) likewise inhibited
NGF-induced PKC-� tyrosine phosphorylation. These findings

suggest that src, a non-TrkA receptor-associated tyrosine ki-
nase, may be responsible for the phosphorylation of PKC-�.
Additionally, these results reveal that TrkA participates in the
activation cascade, since the tyrosine phosphorylation of
PKC-� was inhibited in the presence of K252a. The effects of
genistein on NGF-induced activation of PKC-� (Fig. 3B) were
likewise examined. Impairment of tyrosine phosphorylation
led to a dose-dependent reduction in the activity of PKC-�,
thus further suggesting that tyrosine phosphorylation contrib-
utes to activity changes.

PKC-� is phosphorylated and activated by c-Src both in
vitro and in vivo. To establish a role for src in the phosphor-
ylation of PKC-�, we first determined whether c-Src would
phosphorylate purified PKC-� (Fig. 4A). PKC-� at increasing
concentrations was incubated in an in vitro kinase assay fol-
lowed by SDS-PAGE and KOH hydrolysis of Ser/Thr-contain-
ing phosphoamino acids. Phosphorylation of PKC-� was ob-
served to be dependent on the concentrations of PKC-� (Fig.
4A) and alkali resistance, indicating an increase in the phos-
photyrosine content of PKC-�. Furthermore, upon maximum
phosphorylation of PKC-�, a parallel reduction in the auto-
phosphorylation of c-Src was observed. Alternatively, increases

FIG. 2. NGF induces tyrosine phosphorylation and activity of
membrane-associated PKC-�. (A) Cells were stimulated with NGF
(100 ng/ml) for the indicated times and subfractionated into cytosol
and TX-100-soluble material (membrane). To examine NGF-mediated
translocation of PKC-�, equal amounts of protein from cell lysates were
resolved by SDS-PAGE, blotted onto nitrocellulose membranes, and
immunoblotted for PKC-�. Alternatively, equal protein concentrations
were immunoprecipitated (IP) with 4G10 and analyzed for PKC-� by
Western blotting (WB). WCL and S, standards of PC12 whole-cell
lysates (60 �g) and purified PKC-�, respectively, included as controls.
These results are representative of two other independent experi-
ments. (B) Activity of tyrosine-phosphorylated and non-tyrosine-phos-
phorylated membrane-associated PKC-�. PC12 cells were stimulated
with 100 ng of NGF/ml for 0 and 15 min. TX-100-soluble membrane
material was isolated and tyrosine phosphorylated (solid bars), and
non-tyrosine-phosphorylated PKC-� (open bars) was prepared by se-
quential immunoprecipitation with 4G10 and anti-PKC-� antibodies.
PKC activity was determined in triplicate, and the amount of PKC in
each immune complex kinase assay was normalized by Western blot-
ting with the anti-PKC-� antibody. These findings are means � SEM
(n � 3).

FIG. 3. Influence of kinase inhibitors on PKC-�’s tyrosine phos-
phorylation state and activity. (A) Cells were pretreated with genistein
(0 to 20 �M), PP2 (0 to 40 �M), or K252a (0 to 300 nM) for 1 h prior
to stimulation with 100 ng of NGF/ml for 15 min. Tyrosine phosphor-
ylation of PKC-� was determined by immunoprecipitation (IP) with
4G10 followed by PKC-� Western blotting (WB). (B) Activity of PKC-�
was assayed in triplicate by immune complex kinase assay. PKC activity
was normalized after adjusting NGF-induced activity to 100%. Values
are means � SEM (n � 3).
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in the concentration of c-Src with a fixed amount of PKC-�
promoted a dose-dependent increase in PKC-� phosphoryla-
tion (data not shown). Similar findings were observed with
PKC-	, which is a member of the aPKC family and which is
highly homologous to PKC-�. In contrast, tyrosine kinase c-
Abl, an enzyme that phosphorylates PKC-� in vitro and that
lies upstream of aPKC activation in K562 cells (22), did not
phosphorylate PKC-� directly (data not shown). To further
confirm tyrosine-induced phosphorylation of PKC-� by src,
parallel kinase reactions were conducted by incubating PKC-�
in the presence of increasing c-Src with or without ATP, con-
ditions which promote activation of c-Src, followed by SDS-
PAGE and immunoblotting with the antiphosphotyrosine
antibody (Fig. 4B). There was substantial tyrosine phosphory-
lation of PKC-� only when ATP was present. Last, a separate
cotransfection approach was likewise undertaken to demon-
strate src phosphorylation of PKC-� in vivo. HA-tagged PKC-�
and c-Src or a kinase-dead c-Src mutant (71) were transfected
into HEK293 cells followed by immunoprecipitation of HA-

tagged PKC-� followed by Western blotting with the antiphos-
photyrosine antibody (Fig. 4C). Although all transfectants ex-
pressed equal HA-tagged proteins, only those cotransfected
with active c-Src were tyrosine phosphorylated. Collectively,
these findings demonstrate that PKC-� is phosphorylated by
c-Src.

Since tyrosine phosphorylation of PKC-� correlated with a
change in the activity of the enzyme (Fig. 1), we sought to
examine whether c-Src phosphorylation would likewise induce
activation of PKC-�. Thus, PKC-� activity was measured by
employing aPKC-specific substrate ε-peptide (26). Phosphory-
lation of PKC-� by src in vitro enhanced the activity of the
enzyme (Fig. 5A). Because ligand-mediated tyrosine phos-
phorylation of PKC reportedly alters the substrate specificity
of the enzymes (18), we included either protamine sulfate,
MBP, or histone IIIs as an alternative PKC substrate. No
differences in substrate phosphorylation by c-Src-activated
PKC-� were identified (data not shown). To explore the role of
src as a modulator of aPKC activity in an in vivo setting, PC12
cells deficient in src activity due to the dominant-inhibitory src
allele were utilized (46). The levels of PKC-� in both the pa-
rental and src-deficient cells were examined (Fig. 5B). No
differences in the levels of PKC-� were detected. NGF treat-
ment of c-Src-deficient PC12 cells resulted in reduced tyrosine-
phosphorylated PKC-� compared to that for the parental PC12
cell line (Fig. 5C), with a parallel reduction in NGF-induced
activation of PKC-� (Fig. 5D). These findings can be reconciled
by the observation that the src-deficient cells possess higher
levels of basal phosphorylation and activity, thus suggesting
that some compensatory mechanism takes places due to the
reduction in src activity. Altogether, these findings indicate
that c-Src is essential for early induction and NGF-mediated
tyrosine phosphorylation and activation of PKC-�.

NGF activates c-Src, leading to formation of a signaling
complex. c-Src was capable of tyrosine phosphorylating PKC-�
along with activation of enzyme activity; therefore we postu-
lated that NGF may activate c-Src. To test this hypothesis,
PC12 cells were stimulated with NGF followed by immunopre-
cipitation of c-src and measurement of its activity by an im-
mune complex kinase assay with acid-treated enolase as the
substrate (Fig. 6A). These experiments indicated that the time
of maximum NGF stimulation of c-Src activity in PC12 cells
(10 min) precedes the time of tyrosine phosphorylation and
activation of PKC-� (Fig. 1). Other proteins which may asso-
ciate with src might phosphorylate enolase and hence contrib-
ute to activity changes in the immune complex kinase assay. To
exclude this possibility, the cells were pretreated with PP2, a
src kinase inhibitor, which completely abolished NGF-stimu-
lated changes in src activity. On the other hand, PP3, an inac-
tive form of PP2 and negative control, had little effect on
NGF-induced src activity (Fig. 6A). Collectively, these findings
indicate that the majority of the NGF-stimulated activity pres-
ent in the immune complex kinase assay is attributed to src.

Since activation of c-Src took place upon NGF stimulation,
we reasoned that NGF may promote formation of a signal
complex between PKC-� and the NGF receptor, TrkA. Thus,
we hypothesized that tyrosine phosphorylation of PKC-� by src
may assist in recruitment of PKC-� to the TrkA receptor com-
plex. To test this idea, PC12 cells were treated with various
concentrations of genistein, a tyrosine kinase inhibitor previ-

FIG. 4. c-Src phosphorylates PKC-� in vitro. (A) Purified c-Src was
used to phosphorylate purified PKC-� in increasing concentrations.
Proteins were resolved by SDS–10% PAGE and stained, and the gel
was treated for 1 h at 60°C in 1 M KOH to destroy alkali phosphate
attached to Ser and Thr residues. The gel was dried and exposed to
X-ray film for 1 to 2 days. Note that increasing PKC-� phosphorylation
is paralleled by decreasing src autophosphorylation. Similar results
were generated in three additional experiments. (B) The experiment in
panel A was replicated in the presence or absence of cold ATP in the
in vitro assay. The proteins were resolved by SDS-PAGE followed by
immunoblotting with the antiphosphotyrosine antibody. Increased
phosphorylation by src (A) was paralleled by an increase in the tyrosine
phosphorylation state of PKC-�. (C) src, constitutively active or kinase
dead, along with HA-tagged PKC-�, was transiently coexpressed in
HEK293 cells. The cell lysates were immunoprecipitated (IP) with
anti-HA followed by immunoblotting with the antiphosphotyrosine
antibody. Additionally, an equal amount of protein (60 �g) from
whole-cell lysate (WCL) was immunoblotted with anti-HA to check for
expression of PKC-�. These results were obtained in three other iden-
tical experiments. WB, Western blotting.
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ously shown to reduce both the activity and tyrosine phosphor-
ylation of PKC-� (Fig. 3), followed by NGF treatment and
immunoprecipitation of TrkA receptor complexes (Fig. 6B).
Inhibition of PKC-�’s tyrosine phosphorylation state (Fig. 3)
resulted in a dose-dependent reduction of PKC-� recruited to
the TrkA receptor complex. As a control, the amount of TrkA
remained constant in the complex and its tyrosine phosphory-
lation state remained unchanged, demonstrating the specificity
of this inhibitor for tyrosine kinases such as src. To explore the
existence of a signal complex between TrkA-src and PKC-�
coimmunoprecipitation was undertaken. Our results (Fig. 6C)
document the presence of PKC-� in TrkA immunoprecipitates.
As a control, the tyrosine phosphorylation of TrkA and the
levels of TrkA were examined. Coincident with TrkA phos-
phorylation, PKC-� is recruited to the receptor complex. In the
src immunoprecipitates, a small amount of TrkA was detected;
in comparison the amount of PKC-� was much greater,
whereas the levels of src were constant. Upon immunoprecipi-
tation of PKC-� a relatively minor amount of TrkA could be
detected; however, the complex contained a significant amount
of src, whereas the levels of PKC-� were constant (Fig. 6C).
Collectively, these findings document the formation of a signal
complex containing TrkA-src and PKC-�. These findings sug-
gest that both src and PKC-� only associate with TrkA in their
activated, tyrosine-phosphorylated states, since only a small
fraction of the total TrkA pool coassociated with either protein
upon NGF stimulation.

The SH3 domain of c-Src interacts with a proline-rich motif
in PKC-�. c-Src is a modular protein divided into four domains.

Amino acids 1 to 90 contain the myristoylation site and unique
domain, amino acids 91 to 150 contain the SH3 interaction
domain, amino acids 151 to 249 contain the SH2 interaction
domain, and amino acids 250 to 536 contain the SH1 catalytic
domain. Since PKC-� could bind and interact with src both in
vitro (50) and in vivo, as determined herein, we sought to
specifically map the means by which PKC-� could bind src. To
map the association between PKC-� and src, purified PKC-�
was incubated with a c-Src–GST fusion protein prepared from
either the entire protein or the SH2 or SH3 domain of c-Src
(71). Analysis of the protein captured in the GST pull-down
assay by immunoblotting with the anti-PKC-� antibody con-
firmed direct interaction between these two proteins (Fig. 7A).
Furthermore, PKC-� was observed to preferentially bind to the
SH3 domain rather than the SH2 domain (Fig. 7A). The c-Src
SH3 domain binds to proline-rich sequences with the PXXP
consensus (69). Since PKC-� bound to src through the regula-
tory domain (50), the sequence was analyzed for a proline-rich
motif which could serve as an SH3 binding domain. Amino
acid residues 98 to 114 (VFPSIPEQPGMPCPGE; proline res-
idues are in boldface) of PKC-� possess characteristics which
would make them a potential SH3 binding site. We therefore
determined whether this region was required for mediating the
interaction between c-Src and PKC-� by synthesizing a peptide
of this sequence. Inclusion of this peptide (amino acids 98 to
114) during c-Src–PKC-� coassociation experiments resulted in
a dose-dependent inhibition of the interaction between PKC-�
and c-Src (Fig. 7B). As a control a scrambled peptide of the
same length where alanine had been substituted for proline

FIG. 5. c-Src modulates PKC-� activity. (A) In vitro activation of purified PKC-� by c-Src. The PKC-specific substrate ε-peptide was phos-
phorylated in vitro by src, PKC-�, or src-activated PKC-� in triplicate assays, and incorporation of the 32P label into ε-peptide was determined by
Cerenkov counting. The relative activity of PKC-� (iota) in the presence of each of the two kinases separately or in combination is plotted. Values
are means � SEM (n � 3). (B) The levels of PKC-� in parental and src-deficient PC12 cells were determined by Western blotting (WB) with PKC-�
antibody. (C) Parental and src-deficient PC12 cells were stimulated with 100 ng of NGF/ml for 15 min and the change in tyrosine phosphorylation
of PKC-� was determined by immunoprecipitation of tyrosine-phosphorylated proteins with 4G10 followed by PKC-� Western blotting. The fold
change in the tyrosine phosphorylation state was normalized to control for the absence of NGF. Values are means � SEM (n � 3). (Inset) Western
blots of immunoprecipitates obtained from each cell line. (C) Parental and src-deficient PC12 cells were stimulated with NGF, and PKC-� activity
was determined by immune complex kinase assay. The fold change in activity was normalized to control for the absence of NGF. Values are
means � SEM (n � 3). Values for parental and src-deficient cells are significantly different (P � 0.05).
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was also included in the assay. The control peptide had little or
no effect on the interaction of src with PKC-�. These data
indicate that the SH3 domain of c-Src binds the regulatory
domain of PKC-� through a proline-rich motif, amino acids 98
to 114.

Tyr 256, 271, and 325 of PKC-� are the major sites phos-
phorylated by src. To map the site(s) in PKC-� phosphorylated
by src, we first determined if the regulatory domain, catalytic
domain, or both could be phosphorylated by src. Purified GST
fusion constructs of PKC-� were included in an in vitro kinase
assay with c-Src. Under these conditions, PKC-� was promi-
nently phosphorylated within the catalytic domain, whereas
only a minor degree of tyrosine phosphorylation was observed
for the regulatory domain (data not shown). In addition, pu-
rified PKC-� was cleaved into regulatory and catalytic domains
by incubation with trypsin, followed by src-induced tyrosine
phosphorylation. The tyrosine-phosphorylated fragments were
blotted with the antiphosphotyrosine antibody, which revealed
that the catalytic domain was the most heavily phosphorylated
(data not shown). To map the specific site within PKC-� phos-
phorylated by c-src, a series of PKC-�-derived peptides span-
ning the entire length of PKC-� were synthesized and immo-
bilized onto polyvinylidene difluoride (Table 1). These sites are
highly conserved among both members of the aPKC family, �/

and 	. In addition two control src kinase substrate peptides
were also synthesized, a general substrate for src family ty-
rosine kinases and a peptide substrate derived from cdc2 (53).
Each peptide contained the tyrosine in the center and were

used as substrates in an in vitro src kinase assay conducted
directly on the filter. The tyrosine phosphorylation of each
peptide was compared to that of the src peptide control via
densitometric scan of the blots. Peptides containing tyrosine
116, 127, 256, 271, and 325 were observed to be good substrates
for src (Table 1).

To assess the functional relevance of sites within the cata-
lytic domain (amino acids 256, 271, and 325), each of the three
tyrosines were replaced with phenylalanine by site-directed
mutagenesis (Fig. 8). Each of the HA-tagged mutants and
normal PKC-� were cotransfected along with constitutively ac-
tive src into HEK293 cells followed by HA immunoprecipita-
tion and immunoblotting with the PY20 antiphosphotyrosine
antibody. The relative levels of the HA-tagged constructs ex-
pressed in HEK293 cells were similar (Fig. 8A). In the absence
of src little or no tyrosine phosphorylation of PKC-� was ob-
served. Inclusion of src resulted in potent stimulation of ty-
rosine phosphorylation. Neither of the single-tyrosine substi-
tutions significantly altered the tyrosine phosphorylation state
of PKC-�, thus indicating that src did not stimulate processive
phosphorylation. When HA-tagged immunoprecipitates were
included in an immune complex kinase assay with hnRNPA1
as the substrate, differences between the various mutations
were observed (Fig. 8B). Inclusion of PP2 reduced the activity
of PKC-�, thereby indicating that changes in the activity are
attributed to PKC-� phosphorylation of hnRNPA1. Moreover,
src alone failed to phosphorylate hnRNPA1 (data not shown).
The change Y325F was observed to significantly diminish src-

FIG. 6. NGF treatment of PC12 cells activates c-Src and induces formation of a signal complex. (A) Time course of c-Src activation by NGF.
Cells were stimulated with 100 ng of NGF/ml for the indicated times, and c-Src activity was determined by immune complex kinase assay with
acid-treated enolase as the substrate. Values are means � SEM (n � 3). (Inset) Autoradiogram of the labeled enolase. The enolase band on the
autoradiograph was scanned and plotted as fold change (F). As a control, cells were treated with PP2 (40 �M; Œ) or PP3 (40 �M; f) prior to
treatment with NGF. (B) PC12 cells were pretreated with genistein (5, 10, or 20 �M) followed by addition of NGF (100 ng/ml) for 15 min.
Thereafter, TrkA was immunoprecipitated (IP), followed by Western blot (WB) analysis for PKC-�, TrkA, and phosphotyrosine-containing TrkA
as indicated.(C) TrkA, src, and PKC-� were immunoprecipitated from NGF-stimulated cells, and immune complexes were probed for the presence
of TrkA, PKC-�, c-Src, or 4G10 as indicated. These data are representative of three other experiments.
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induced activation of PKC-� enzyme activity, although not to
basal levels, indicating cooperative interaction between the
phosphotyrosine residues.

Atypical PKCs have previously been shown to lie upstream
of NF-�B (29), where they form a complex with I�B kinase,
leading to its phosphorylation and subsequent activation. We
therefore tested the ability of each of the PKC-� mutants to
activate NF-�B. HEK293 cells were transiently cotransfected
with each mutant PKC-�, src, the TRAF6 adapter protein, and
a �B reporter plasmid. NF-�B activity was measured by lucif-
erase assay (Fig. 9A). src was observed to induce NF-�B ac-
tivity, which is consistent with previous results obtained by gel
shift analysis (66). TRAF6 synergized with src, leading to po-
tent induction of NF-�B. Each mutant PKC-� was likewise
tested, the Y256F mutant had little effect on activation of
NF-�B, whereas the Y271F mutant had a modest effect and the
Y325F mutant completely eliminated TRAF6’s ability to in-

duce NF-�B. This mutant was likewise impaired in its enzyme
activity (Fig. 8B), which is consistent with a requirement for
PKC-� activity in the activation of NF-�B (29). Since the
NF-�B pathway plays a role in neuronal survival signaling (65,
67), we further tested the functional relevance of the Y352F
mutant in PC12 cells (Fig. 9B). Expression of the Y325F mu-
tant reduced NGF’s ability to stimulate cell survival, which is in
keeping with a requirement for aPKC and NF-�B in mediating
NGF survival (65–67).

DISCUSSION

In the present study we provide evidence for concomitant
NGF-mediated tyrosine phosphorylation and activation of
PKC-� via activation of src in PC12 cells. A growing number of
agents and cytokines have been shown to induce tyrosine phos-
phorylation of PKC isoforms. Peroxide treatment of COS-7
cells induces tyrosine phosphorylation of PKC isoforms along
with an increase in enzyme activity, particularly of aPKC iso-
forms (27). The most extensive study on the role of tyrosine
phosphorylation of PKC involved PKC-�, a novel PKC iso-
form. These studies demonstrated that PKC-� becomes phos-
phorylated on tyrosine residues in response to diverse stimuli,
leading to either activation, inhibition, or a change in substrate
specificity and cofactor dependency of PKC-� depending on
the cell type and stimulus employed (11, 18, 24, 32, 70). Col-
lectively these findings thus set a precedent for the importance
of tyrosine phosphorylation in regulating the activity and func-
tion of PKC isoforms (7, 34).

We have recently demonstrated in a preliminary study an
interaction between src and aPKC (50). Altogether our find-
ings reveal a direct interaction between src and aPKC. (i)
Employing the regulatory domain of aPKC coupled to GST-
Sepharose we observed interaction with src from lysates pre-
pared from PC12 cells. (ii) aPKC interacted with src in blot
overlay assays. (iii) aPKC interacted with active but not inac-
tive v-src. Herein we extend these initial observations demon-
strating that the regulatory domain of PKC-� binds to the SH3
domain of src through a proline-rich motif located within the

FIG. 7. Mapping of the interaction between c-Src and PKC-�. (A)
PKC-� was autophosphorylated and interacted in a cobinding assay
with either full-length src, the src SH2 domain, or src-SH3 domain as
a GST fusion construct. The data are normalized to the ratio of the
moles of the proteins included in the assay. Results are presented as
percent binding obtained between full-length src and PKC-�. Values
are means � SEM (n � 3). (B) PKC-� was phosphorylated by c-Src
followed by addition, at increasing concentrations (25, 75, and 150
�M), of the PKC-� PXXP (solid bars) or scrambled (cross-hatched
bars) peptide. The resulting c-Src–PKC-� complexes were captured
using the anti-PKC-� antibody coupled to anti-rabbit IgG-agarose.
Immune complexes were resolved by SDS-PAGE and immunoblotted
with the anti-c-Src antibody. As a control, purified c-Src was included
at concentrations used in the cobinding assay. Results are percentages
of binding of c-Src to PKC-�, with the amount of c-src input into the
assay representing 100% binding. (Insets) Autoradiographs of the re-
spective immunoblots. These experiments were repeated three times.

TABLE 1. Sequences of the synthetic peptides containing tyrosine
residues spanning the entire region of PKC-1 (1 to 14)

Peptide Sequencea Site(s) Degree of
phosphorylation

1 SHQVRVKAYYRGDIMITH Y22, Y23 1�
2 ELEEAFRLYELNKDSEL Y84 0
3 SIYRRGARRWRKLYCAN Y116, Y127 3�
4 IWGLGRQGYKCINCKLL Y160 0
5 DHAQTVIPYNEIDGIAY Y210 0
6 LRVIGRGSYAKVLLVR Y256 3�
7 RLKKTDTIYAMKVVKKE Y271 3�
8 SRLFFVIEYVNGGDLMF Y325 3�
9 LPEEHARFYSAEISALAL Y349 1�
10 LNYLHERGIYRDLKLD Y359, Y367 1�
11 EGHIKLTDYGMCKEGLR Y388 0
12 GTPNYIAPEILRGEDYGFSV Y410, Y421 0
13 NPDQUNTEDYLFQVILEK Y460 0
14 QSEFEGFEYINPLLMSA Y575 0
srcb RRLIEDAEYAARG 3�
cdc2b KVRKIGEGTYGVVKK 3�

a Tyrosine residues are in boldface.
b Control.
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regulatory domain (amino acids 98 to 114), thereby allowing
src to phosphorylate specific tyrosine residues within both the
regulatory and catalytic domains of PKC-�. There is a similar
mechanism which defines the interaction between PKC-� and
c-Abl tyrosine kinase (70). In an analogous fashion, PKC-�
binds to the SH3 domain of c-Abl through a putative PXXP
motif located in the C terminus of PKC-�, thereby allowing
c-Abl to phosphorylate PKC-�.

Various tyrosine residues in PKC-� have been implicated in
mediating distinct biological effects. Tyrosine phosphorylation
of two tyrosine residues (tyrosine 512 and tyrosine 523) in the
C-terminal domain of PKC-� is required for H2O2-induced
activation of nPKC, though these studies show that other ty-
rosine residues are also phosphorylated (27). These alternative
residues include tyrosine 52 and tyrosine 187 of PKC-� (33,
51), and src has been shown to play a role in phosphorylation

of tyrosine 311 during platelet-derived growth factor (PDGF)-
induced degradation of PKC-� (5). Mutation of tyrosine 52 to
phenylalanine prevents receptor-induced tyrosine phosphory-
lation and association of PKC-� with src-related kinase Lyn in
mast cells (51). Thus, diverse effects of tyrosine phosphoryla-
tion on PKC-� may be mediated through the phosphorylation
of distinct tyrosine residues in the enzyme by distinct tyrosine
kinases such c-Abl, c-Src, Lyn, PDGF-�R, and insulin receptor
(11, 18, 70). We mapped the sites of src phosphorylation within
PKC-� to tyrosines 116,127, 256, 271, and 325 by employing
peptide analysis (Fig. 10; Table 1). In the present study we
opted to focus our functional analysis on the effects which
mutation within the catalytic domain have. The temporal ki-
netics of phosphorylation at these sites as well as those in the
regulatory domain, in addition to the hierarchy of phosphory-
lation, warrant further study. Interestingly, the sites induced by
peroxide-mediated tyrosine phosphorylation of PKC-�, Tyr
451, 469, 512, and 523, are conserved among all members of
the PKC family (27). However, none of the sites within PKC-�
were phosphorylated by src. Collectively these findings suggest

FIG. 8. The effect of mutating tyrosine 256, 271, and 325 in PKC-�
on its tyrosine phosphorylation and activation. HEK293 cells were
untransfected (C) or transiently transfected by calcium phosphate with
HA-tagged vector pcDNA3 (V) or HA-tagged wild-type PKC-� or
Y256F, Y271F or Y325F mutants along with constitutively active src.
(A) Transfected cell lysates were prepared (1 mg) and immunopre-
cipitated (IP) with the polyclonal anti-HA antibody followed by West-
ern blot (WB) analysis with the PY20 antiphosphotyrosine antibody.
Whole-cell lysates (lysate) were blotted (60 �g) to check for the ex-
pression of HA-tagged constructs. (B) Transfected cell lysates were
prepared (500 �g), immunoprecipitated with the polyclonal HA anti-
body, and subjected to an immune complex kinase assay with recom-
binant hnRNPA1 as the substrate (2 �g). The results are the means �
SEM (n � 3).

FIG. 9. Role of PKC-� mutants in NF-�B activation and cell sur-
vival. (A) Subconfluent cultures of HEK293 cells were transfected with
1 ng of the �B luciferase reporter gene plasmid along with PKC-� (1
�g), src (100 ng), or TRAF6 (100 ng) alone or in combination and
enough empty vector to give 2.5 �g of total DNA. After 24 h, cell
extracts were prepared and the levels of luciferase activity were deter-
mined. Results are the means � SEM of three independent experi-
ments with duplicates. (B) PC12 cells were transfected with vector,
PKC-� or the PKC-� Y325F mutant. The cells were switched to a
serum-free environment, and cell survival was measured by MTS re-
duction. The PKC-� Y325F mutant reduced NGF-dependent survival
compared to either PKC-� or vector alone (�, P � 0.05).
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that diverse stimuli lead to activation of specific, potentially
nonoverlapping pathways, which mediate tyrosine phosphory-
lation of specific residues. The importance of individual sites
remains to be determined via mutagenesis of all possible sites.

Phosphorylation of PKC-� at particular sites may be an in-
tricate mechanism for the selective control of its biological
function. It can be speculated that these phosphorylation sites
may induce some conformational change that facilitates pro-
tein-protein interactions. Phosphorylation of the C terminus
may provide an electrostatic anchor that structures the kinase
and/or alters its surface to promote or disrupt protein-protein
interactions (59). The atypical PKCs have been reported to
specifically bind several proteins (Fig. 10) through their regu-
latory domains; these proteins include LIP (14), Par4 (15),
tubulin (16), zeta-interacting protein (ZIP/p62) (44, 48), fas-
ciculation and elongation protein zeta 1 (FEZ1) (28), ASIP
(21), src (50), and cell polarity protein Par6 (23). It is possible
that multisite phosphorylation of atypical PKCs induced by src
or related tyrosine kinase family members may play a role in
dictating interaction with the regulatory domain directly or
may induce a favorable conformation that exposes the regula-
tory domain to interaction with other proteins. Since ASIP
binds to the aPKCs by interacting with the catalytic domain
(21), it is possible that ASIP binding may be modulated by the
tyrosine phosphorylation state at one or multiple sites within
the catalytic domain. Thus, tyrosine phosphorylation of specific
aPKC tyrosine residues at various times after cellular activa-
tion may influence the nature of the interaction between aPKC
and aPKC binding proteins. In support of this mechanism, we
have recently demonstrated that tyrosine phosphorylation of
aPKC affects its interaction with ZIP/p62 (47). In addition, the
tyrosine phosphorylation state of PKC-� may also affect its
intracellular localization. We have previously demonstrated
movement of aPKC to the nucleus (64), where it phosphory-
lates its substrate nucleolin (73), thereby potentially altering
nuclear events involved in PC12 cell differentiation. PKC-�
possesses a bipartite motif (64), which may be exposed via
conformational changes brought about by tyrosine phosphor-

ylation. Interestingly, phosphorylation has also been shown to
regulate interaction of proteins with the nuclear import ma-
chinery (20). Studies are under way to address the role of
tyrosine phosphorylation in regulation of aPKC at the level of
the nucleus. Interestingly, Y256 and Y271 are conserved
among members of the aPKCs, whereas Y325 is also found in
�-PKC, thus suggesting specific regulatory roles for tyrosine
residues 256 and 271 in specific aPKC functions, whereas Y325
may possess a more global role.

Both active c-Src and PKC-� physically associate in a signal
complex with the NGF receptor, TrkA. While the association
of c-Src and PKC-� is dependent on the c-Src SH3 domain and
the PXXP motif in PKC-�, the processes responsible for re-
cruitment of these two enzymes to TrkA likely involve adapter
proteins capable of interacting with either the receptor and
PKC-� or src. In this regard, FRS-2/SNT has been shown to
bind src (36). FRS-2/SNT is an adapter molecule associated
with a neurotrophic factor target and has been shown to bind
TrkA at the Shc site, tyrosine 490, within the receptor. There-
fore, FRS-2/SNT may serve to recruit src to the TrkA receptor,
thereby leading to recruitment of PKC-�. However, ZIP/p62,
the selective interactor of the aPKCs (44, 48), also directly
binds to TrkA in an NGF-dependent fashion (67). The binding
site for ZIP/p62 might overlap with FRS-2/SNT within the
TrkA receptor, or p62 may possess a separate binding site
within TrkA. Therefore, TrkA may be capable of recruiting
both FRS-2/src and ZIP/p62 independently (Fig. 11). Thus, src
could be recruited and interact directly with PKC-� in the
absence of any interaction with FRS-2/SNT. src has been re-
ported to phosphorylate dynamin (2), which may account for
src’s ability to regulate TrkA internalization and differentiation
responses (72). The complex interaction between these various
proteins warrants further study. The mapping of TrkA binding
to p62 and the mapping of p62 binding with TrkA are in
progress.

A functional role for tyrosine phosphorylation of aPKC is
provided by studies which have employed the inhibitors
genistein and PP2. These agents, which specifically inhibit c-src
activity (3), block the tyrosine phosphorylation of aPKC and its
activity, impede recruitment of PKC-� to TrkA, and also abol-
ish NGF-induced differentiation of PC12 cells (35). Thus, ty-
rosine phosphorylation of aPKC by NGF-activated c-Src rep-
resents one potential mechanism for mediating NGF-initiated
src responses. The combined requirement of c-Src and aPKC
activation for NGF-mediated differentiation may function ini-
tially through a cascade requiring both enzymes. Evidence for
such a c-Src- and PKC-�-dependent cascade is provided by data
showing that both aPKC isoforms and c-Src activate compo-
nents of the Ras/MAP kinase and NF-�B pathways. Atypical
PKC isoforms are able to activate MEK in PC12 (66) and other
cells (4, 13), while c-Src is able to activate the Ras/MAP kinase
pathway in mammary epithelial cells and Xenopus oocytes
(30, 58). NGF-induced differentiation of PC12 cells requires
NF-�B activation and, indeed, aPKC is involved in activating
NF-�B in PC12 and other cells (13, 60). Similarly, src has been
shown to directly phosphorylate I�B�, thereby leading to ac-
tivation of NF-�B (1). Thus, NGF-induced activation of aPKC
through c-Src-dependent tyrosine phosphorylation may be suf-
ficient to activate both pathways involved in PC12 cell differ-
entiation. This would be in keeping with the ability of specific

FIG. 10. Localization of PKC-� tyrosine phosphorylation sites.
Shown is a schematic outline of the structural domains of PKC-�
including the regulatory domain, hinge region, catalytic kinase core,
cysteine-rich domain (CR), and pseudosubstrate motif (PSD). Open
circles, phosphorylation sites. Proteins that associate with aPKCs are
listed under the region in aPKC with which they have been shown to
interact: LIP (
-interacting protein), activator of aPKCs (14); Par4,
inhibitor of aPKC enzyme activity (15); tubulin (16); ZIP/p62 (44, 48);
fasciculation and elongation protein zeta 1 (FEZ1) (28); ASIP (21); src
(50); and cell polarity protein Par6 (23).
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tyrosine residues, such as PKC-� 325, to play a role in NF-�B
activation. Alternatively, this site may represent a binding site
for another signaling intermediate that contains a phosphoty-
rosine binding domain (SH2) and hence regulates function. In
this regard, active PKC-� serves as an IKK kinase leading to its
activation and phosphorylation (29). Moreover, during activa-
tion of NF-�B, PKC-� dissociates from IkB (66). However,
upon inhibition of PKC-�’s tyrosine phosphorylation state,
PKC-� fails to dissociate from IkB and is not activated by
NF-�B. Impaired c-src-mediated PKC-� activity via the ty-
rosine 325 mutation is in keeping with the requirement of
PKC-� for activation of NF-�B. Therefore, NGF-induced acti-
vation of NF-�B may likely be modulated by any one of the
upstream critical regulatory elements: FRS2, src, ZIP/p62, or
aPKC (Fig. 11). This model would be in keeping with a recent
study demonstrating regulation of TRAF6 by c-src (61).

Last, PKC-� can be negatively regulated by Par4, which binds
to the regulatory domain, thereby leading to inhibition of
aPKC activity. However, cells are capable of surviving with
high levels of Par4 not bound to aPKCs (15), yet some trigger
leads to the association of preexisting Par4 with aPKC. We
speculate that tyrosine-phosphorylated aPKCs may not bind
Par4, possibly due to steric hindrance. However, activation of
tyrosine phosphatases may cause inhibition of src along with
dephosphorylation of aPKC. Thus, inactivation of aPKC, ren-
ders aPKC capable of binding Par4 under apoptotic condi-
tions. Therefore, aPKC may function in both pro- and anti-
apoptotic pathways, as has been postulated for the function of
PKC-� (52). On the one hand, aPKC may possess an antiapo-
ptotic fate in its tyrosine-phosphorylated state, whereas on the
other it would serve a proapoptotic role in its dephosphory-
lated state. Preliminary evidence for such a mechanism comes
from studies demonstrating that PC12 cells deficient in src and
hence NF-�B activity are extremely sensitive to trophic factor

withdrawal, whereas cells which overexpress c-src and which
possess enhanced NF-�B display enhanced survivability upon
withdrawal of trophic factor support (65). In conclusion, this
study underscores the importance of tyrosine phosphorylation
as a critical and common regulator for the function of the
aPKCs.
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