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Cell exposure to phorbol ester stimulates transloca-
tion and activation of protein kinase C (PKC), ultimately
followed by its down-regulation. Upon activation,
PKC-a, the best studied isotype of the PKC family, un-
dergoes changes in its phosphorylation state. With a
two-dimensional immunoblot procedure we have previ-
ously shown the existence in PC12 cells of several mul-
tiply phosphorylated forms of PKC-a, whose number
increases in response to phorbol esters (Gatti, A., Wang,
X., and Robinson, P. J. (1996) Biochim. Biophys. Acta
1313, 111–118). Using the same experimental system,
here we report that besides the predominant pool of
80-kDa PKC-a forms that respond to phorbol ester by
translocating to the cell membranes and down-regulat-
ing, there is a small pool of cytosolic 82-kDa PKC-a forms
that are characterized by a more acidic pI and by an
unique resistance to phorbol ester-mediated transloca-
tion and down-regulation. The appearance of similarly
slower migrating and more acidic PKC-a forms is repro-
duced upon in vitro autophosphorylation in the pres-
ence of phosphatidylserine and phorbol ester, but not in
the presence of calcium. These results suggest that site-
specific transphosphorylation or autophosphorylation
of this kinase may regulate its subcellular localization
and susceptibility to down-regulation.

Protein kinase C (PKC)1 exists as a family of at least 12
isozymes with closely related structures (1). Members of this
family are involved in a variety of cell responses to signals that
target most signaling systems, including the nervous, endo-
crine, and immune systems (2). Moreover, in all of the exam-
ined cell types, PKC is the major, if not the only, intracellular
target for tumor-promoting phorbol esters (3). All identified
PKCs share a common functional requirement for phosphati-
dylserine (PS) and differ in their sensitivity to other activators
(4). Conventional PKC isotypes (cPKCs) represent a group of
four isoenzymes (PKC-a, -bI, -bII, and -g) that are sensitive to
synergistic activation by 1,2-diacylglycerol and calcium. Under
resting conditions most PKC-a is located in the cytosol and is

inactive. The in situ dynamic equilibrium between membrane-
associated and cytosolic forms of PKC is regulated to a large
extent by the intracellular level of calcium and 1,2-diacylglyc-
erol (5). Therefore, phorbol esters and several physiological
stimuli cause translocation of the responsive PKCs to the cell
membranes with subsequent kinase activation and phospho-
rylation of endogenous substrates (6).
Phorbol esters produce a plethora of biological effects, whose

extraordinary diversity has been explained by the multiple
expression of PKC isotypes and the isotype-specific tissue dis-
tribution and intracellular localization (4). An additional
source of functional heterogeneity in the biological effects of
phorbol ester may result from the multisite phosphorylation of
PKC (7, 8). PKC is initially translated as an unphosphorylated
and inactive particulate-bound form (primary product), which
is converted to an activable cytosolic form (mature form) by at
least three sequential stages of priming phosphorylations (9–
12). Once the mature PKC has been formed, it is believed to be
subjected to further autophosphorylation and transphosphoryl-
ation by various activators and protein kinases, respectively.
We have previously reported that in vitro both the combina-
tions of calcium plus PS (Ca21/PS) and PS plus phorbol ester
(PS/TPA) greatly stimulate the autophosphorylation of PKC
but apparently on distinct sites (13, 14).
Additionally, the mature PKC-a isozyme uniquely undergoes

a mobility shift to a slower migrating form upon autophospho-
rylation induced by PS/TPA and not by Ca21/PS. Interestingly,
the unique autophosphorylation induced in vitro by phorbol
ester in the absence of calcium correlates with an altered
PKC substrate specificity and altered kinetics of substrate
phosphorylation (15).
Although distinct changes in the phosphorylation state have

been correlated to activation and inactivation of PKC function
(16–18), the relationship between the state of activation and
the state of phosphorylation remains to be fully elucidated. In
principle, a stimulus-dependent alteration in the balance be-
tween distinct PKC phosphoforms might be as critical for a cell
response as the translocation of the enzyme itself. However,
technical difficulties in detecting the individual phosphoforms
of a given PKC isotype have severely hampered the analysis of
the in vivo correspondence between changes in the ratio of
differentially phosphorylated PKC forms and changes in the
enzyme functionality. PKC-a is the most studied isotype among
the PKC species and the only cPKC expressed in PC12 cells.
With a two-dimensional immunoblot method we have recently
described the in situ phosphorylation of PKC-a in response to
PC12 cell exposure to phorbol ester (19). In the present paper,
we use this methodological approach to examine the potential
functional role of the unique phosphorylation of PKC-a previ-
ously observed in vitro (13, 14). We report that a group of
immunoreactive PKC-a forms with highly acidic pI and re-
tarded mobility on SDS-PAGE are resistant to phorbol ester-
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mediated translocation and down-regulation. These results
suggest a biologically relevant role for these distinctly phos-
phorylated variants of PKC-a.

EXPERIMENTAL PROCEDURES

Cell Culture and Subcellular Fractionation—PC12 cells were cul-
tured in Dulbecco’s modified Eagle’s medium in the presence of 100
units/ml penicillin and 0.1 mg/ml streptomycin, and supplemented with
5% fetal calf serum and 10% heat-inactivated horse serum. Cells were
maintained in a 37 °C incubator in a water-saturated atmosphere con-
taining 7% CO2. Culture plates were placed on ice and washed three
times with ice-cold 20 mM Tris-HCl, 1 mM phenylmethylsulfonyl fluo-
ride, and 1 mM EGTA, pH 7.4. All subsequent steps were carried out at
4 °C. When cell homogenates were required, cells were lysed with 10
passes through a 26-gauge needle and centrifuged for 10 min at 500 3
g. The resulting pellet was discarded, while the supernatant (post-
nuclear cell homogenate) was stored at 270 °C. When subcellular frac-
tionation was required, cells were sonicated with an ultrasonic probe in
the same washing buffer supplemented with 40 mM leupeptin. After cell
lysis, subcellular fractions were obtained by ultracentrifugation at
100,000 3 g for 60 min, the supernatant was collected and designated
as the soluble fraction. The pellet was resuspended in 20 mM Tris-HCl,
pH 7.4, containing 1 mM EGTA, 0.75 mM CaCl2, 1 mM phenylmethyl-
sulfonyl fluoride, 40 mM leupeptin, and 1% (w/v) n-octyl b-D-glucopyran-
oside. The resuspended pellet was dissociated by repeated aspirations
through a plastic pipette tip, shaken for 30 min, and then centrifuged at
13,000 3 g for 15 min. The resulting supernatant was designated the
particulate fraction. Postnuclear cell homogenates and subcellular frac-
tions from PC12 cells were loaded onto a pre-equilibrated diethylami-
noethylcellulose (DE52, Whatman, 2 ml) column to partially purify
PKC, as described previously (19).
SDS-PAGE and Two-dimensional Electrophoresis—DE52 extracts

were electrophoresed on 7.5% SDS-PAGE, as described previously (20).
When indicated, DE52 samples were subjected to two-dimensional elec-
trophoresis essentially as described previously (21) with the following
modifications. Samples were diluted 1:1 with buffer for isoelectric fo-
cusing (9.5 M urea, 5% CHAPS, 5% b-mercaptoethanol, and Pharmacia
Biotech, Inc. ampholines 1.2% pH 5–8, 0.8% pH 3–10), and additional
solid urea was added to a final concentration of 1 mg/ml. Aliquots
(50–100 ml) were loaded onto 7.5-cm-long isoelectric focusing gel tubes
(0.2 cm, internal diameter) and resolved with non-equilibrium isoelec-
tric focusing (7000 V-h) in the first dimension. The second dimension
was run as 10% SDS-PAGE on a Bio-Rad minigel.
In Vitro Autophosphorylation of PKC—Rat brain PKCwas purified to

apparent homogeneity and subjected to phosphopeptide mapping with
V8 protease as described previously (13, 15). Purified PKC was electro-
phoresed on 7.5% acrylamide gels to resolve PKC-a from PKC-b and -g,
since PKC-a has been shown to migrate at a slightly higher molecular
mass (81 versus 80 kDa) under these conditions (14). In vitro auto-
phosphorylation of PKC-a was carried out and assessed as described
previously (19).
Immunoblot—Proteins from SDS-PAGE and two-dimensional elec-

trophoresis were transferred onto nitrocellulose membrane, as de-
scribed previously (22). The nitrocellulose was blocked with phosphate-
buffered saline containing 1% polyvinylpyrrolidone (Mr 5 40,000) and
incubated with the primary antibody in phosphate-buffered saline.
Immunoreactivity was detected with peroxidase-conjugated secondary
antibodies (Dakopatts) using the ECL method, following Amersham
Corp. instructions. The monoclonal anti-PKC-a antibodies were used at
the working concentration of 1 mg/ml (MC5, from Amersham Corp.) or
0.15 mg/ml (Transduction Laboratories). The anti-PKC-a specific anti-
body was from Transduction Laboratories. Note that by using PC12
cells, the immunorecognition by MC5 is specific for the PKC-a isotype
(19).

RESULTS

Early Response of PKC-a Upon Cell Exposure to Phorbol
Ester—In PC12 cells, as in all examined cell types, phorbol
ester induces most PKC to redistribute from the soluble to the
particulate fraction. We initially measured TPA-mediated
translocation using SDS-PAGE and immunoblot analysis with
the MC5 anti-PKC antibody (from Amersham Corp.). This an-
tibody was previously shown in PC12 cells to specifically rec-
ognize the PKC-a, the only cPKC isotype in these cells (19).
DE52 extracts of TPA-treated and untreated PC12 cells were
probed with MC5, and most of the major immunoreactive

PKC-a form was found to translocate from the soluble to the
particulate fraction within 30 min of cell incubation with 100
nM TPA (indicated as the 80-kDa form, Fig. 1). However, a
smaller proportion of the PKC-a corresponding to a slower
migrating form accumulated in the soluble fraction upon cell
exposure to phorbol ester (indicated as the 82-kDa form, Fig. 1).
Note that the immunoreactive signals from both the 80- and
82-kDa forms were fully displaced if a mix of purified rat brain
cPKCs was included in the incubation medium containing the
primary antibody (data not shown), demonstrating the speci-
ficity of the immunodetection.
DE52 extracts of PC12 cells were then subjected to a two-

dimensional immunoblot procedure and probed with the MC5
antibody. The expression of PKC-a in untreated cells was pref-
erentially restricted to the cytosolic fraction where it consisted
of two distinct pools of differentially migrating PKC-a forms,
here designated pool 1 and pool 2 (Fig. 2, panels A and C). We
previously demonstrated multiple phosphoforms of PKC-a
within pool 1 after brief stimulation of intact cells with TPA
(19). However, the appearance of pool 2 has not previously been
reported and was revealed in this study by use of a broader
range of ampholytes in the preparation of isoelectrofocusing
gels. The unequal isoelectric migration of the two pools appears
to be the result of the difference in the relative degree of
phosphorylation of the respective PKC-a forms, with the more
acidic forms in pool 2 being apparently more phosphorylated
than those of pool 1. Consistent with this observation, the more
acidic forms are characterized by a slower electrophoretic mo-
bility in the second dimension of the two-dimensional
procedure.
Such a mobility shift and the highly acidic two-dimensional

profile indicate that pool 1 and pool 2 forms of PKC-a are likely
to exhibit large differences in their protein conformation.
Within 30 min of cell exposure to 100 nM TPA most of the
PKC-a pool 1 had translocated to the particulate fraction, while
pool 2 remained in the cytosol (Fig. 2, panels B and D). A
similar two-dimensional profile, although characterized by a
reduced visualization of pool 2, was obtained when parallel
two-dimensional blots were probed with an anti-PKC-a anti-
body from another commercial source (Transduction Laborato-
ries, Fig. 3). The immunoreactive signals resulting from the use
of both antibodies were displaced when each primary antibody

FIG. 1. Immunoblot analysis of partially purified PKC-a from
subcellular fractions. Intact PC12 cells were incubated for the indi-
cated time with 100 nM TPA. DE52 eluates from EGTA-extracted sub-
cellular fractions were then prepared as described under “Experimental
Procedures.” Aliquots of DE52 extracts were subjected to 7.5% SDS-
PAGE and subsequent immunoblot analysis with MC5 anti-PKC-a
antibody (from Amersham Corp.). To optimize the detection of differ-
entially migrating bands, the SDS-PAGE was terminated shortly before
the 49-kDa marker migrated off the end of the gel. Immunoreactive
forms were visualized with the ECL detection system. Only the relevant
sections of the films are shown. The position of differentially migrating
PKC-a forms is indicated on the right. Similar results were obtained in
two additional experiments.
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was incubated together with a mix of purified cPKCs, confirm-
ing the specificity in the immunorecognition of both pools (data
not shown).
PKC-a Response Upon Prolonged Cell Exposure to Phorbol

Ester—A prolonged phorbol ester treatment of cells mediates
association of PKC with cell membranes followed by both cat-
alytic inactivation (23, 24) and proteolytic degradation of the
kinase itself (25). In order to assess whether the lack of a
detectable response of pool 2 to phorbol ester was extended
beyond the acute phase of treatment, PC12 cells were exposed
to differential down-regulation, and the recovery of PKC-a was
assessed by immunoblot with the MC5 antibody. The standard
immunoblot analysis of DE52 extracts from cells treated with
an increasing TPA concentration for 2.5 h revealed that 1 mM

TPA caused a substantial loss of the 80-kDa form without
altering the recovery of the 82-kDa species (Fig. 4, panel A). A
two-dimensional immunoblot with the same antibody showed
that pool 2 of PKC-a is insensitive to 2.5-h exposure to 1 mM

TPA, despite the loss of pool 1 (Fig. 4, panel B). Additional one-
and two-dimensional immunoblot analyses of samples deriving
from a more prolonged cell exposure to phorbol ester (15 h with
1 mM TPA) gave similar results (data not shown), thus indicat-
ing that pool 2 consists of truly resistant forms of PKC-a.
Autophosphorylation of PKC-a in Vitro—To determine

whether in vitro PKC-a autophosphorylation produces patterns

that may explain the unique two-dimensional profile of pool 2
observed in intact cells, purified cPKC was autophosphorylated
in the presence of various activators, after which the extracted
PKC-a was subjected to phosphopeptide mapping. We have
previously reported that autophosphorylation of PKC-a in the
presence of PS plus calcium (Ca21/PS) is not associated with
any detectable shift in its electrophoretic mobility, while auto-
phosphorylation in the presence of PS plus phorbol ester (PS/
TPA) promotes the conversion into an apparently higher mo-
lecular weight form (14). Here, phosphopeptide mapping with
V8 protease of these differentially migrating forms revealed
that PKC-a autophosphorylation produced two distinct pat-
terns (Fig. 5, lanes 1–3), suggesting that the sites of autophos-
phorylation may be switched by the availability of calcium. In
the presence of calcium, the phosphopeptide maps of PKC-a
were similar to those of PKC-b/g (Fig. 5, lanes 5 and 6). How-
ever, PS/TPA in the absence of calcium produced very different
phosphopeptide maps of PKC-b/g (lane 4) without any concom-
itant mobility shift of the respective undigested proteins (14).
We finally examined whether highly acidic PKC-a forms

(equivalent to pool 2) are detectable upon in vitro treatment of
purified rat brain PKC with its activators. Although both com-
binations of PS/TPA and Ca21/PS apparently promote PKC-a
autophosphorylation (as visualized by the acidic shift in the
two-dimensional profile, Fig. 6), only PS/TPA produced detect-
able pool 2 (Fig. 6, panel C). To confirm the identity of pool 2,
samples from in vitro autophosphorylation of purified cPKC
(with PS/TPA) and from in situ treated PC12 cells (30 min with
100 nM TPA) were mixed and subjected to the same two-dimen-
sional immunoblot procedure. The PKC-a forms of pool 2 from
PC12 cells were found to co-migrate with the highly acidic
variants resulting from the PS/TPA-mediated autophosphoryl-
ation of rat brain PKC-a (data not shown).

DISCUSSION

The central aim of this study was to investigate whether cell
exposure to a single PKC activator (phorbol ester) may induce
differential responses in distinct PKC-a phosphoforms. We
have recently shown a phorbol ester-stimulated increase in the

FIG. 2. Two-dimensional immunoblot with MC5 anti-PKC-a
antibody. Prior to lysis, intact PC12 cells were incubated as indicated
with or without 100 nM TPA for 30 min. EGTA-extracted subcellular
fractions were then subjected to DE52 chromatography. Aliquots of
DE52 extracts from soluble (20 mg of protein) and particulate (50 mg of
protein) fractions were diluted in buffer for the first dimension and
resolved by isoelectric focusing (7000 V-h). The second dimension in
10% SDS-PAGE was terminated shortly before the dye (bromphenol
blue) migrated off the end of the gel. Proteins were electrophoretically
transferred onto nitrocellulose membrane, and immunorecognition was
carried out with the MC5 anti-PKC-a antibody with ECL detection.
Only the relevant sections of the films are shown. Open arrows indicate
two differentially migrating pools of PKC-a forms, designated as pool 1
and pool 2. The migration of molecular mass markers is indicated on the
right in kilodaltons. Results shown are representative of three inde-
pendent experiments.

FIG. 3. Two-dimensional immunoblot with the anti-PKC-a an-
tibody from Transduction Laboratories. Conditions are the same
as in Fig. 2, except for the different PKC-a antibody.

FIG. 4. Differential response of distinct PKC-a forms to pro-
longed cell treatment with TPA. DE52 extracts of total cell homo-
genates from untreated and TPA-treated (1 mM, 2.5 h) PC12 cells were
prepared. Standard immunoblot (A) and two-dimensional immunoblot
(B) were carried out as described in the legends to Figs. 1 and 2,
respectively. Results shown are representative of three independent
experiments.
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number of differentially migrating forms of PKC-a in PC12
cells, presumably resulting from a combination of autophospho-
rylation and transphosphorylation events (19). Since the ma-
jority of PKC-a in a cell at any given time consists of a mature
form (of ;80 kDa), these phosphorylation events do not appear
to be related to the multistage priming phosphorylation re-
ported by others (9–11). In the present study, the use of a
broader range in the pH gradient of the first dimension of the
two-dimensional immunoblot allowed the detection of addi-
tional PKC-a forms (here termed pool 2) in DE52 extracts from
untreated PC12 cells. These forms of PKC-a are more acidic
than the previously identified immunoreactive forms (here
termed pool 1) and are characterized by an electrophoretic
mobility shift on SDS-PAGE (82 kDa), which is consistent with
the previously demonstrated in vitro mobility shift of PKC-a
due to phorbol ester-mediated autophosphorylation (13, 14).
We also found that acute cell treatment with phorbol ester
induced pool 1 to translocate to the cell membranes, without
affecting the intracellular localization of pool 2. Furthermore, a
prolonged treatment with phorbol ester caused a substantial
reduction in the cellular level of pool 1, in the absence of a
concomitant loss of pool 2. These results reveal a great selec-

tivity in the phorbol ester action on differentially phosphoryl-
ated PKC-a forms.
Both pool 1 (detected with the two-dimensional immunoblot

procedure) and the major 80-kDa band (visualized via standard
immunoblot) appear to consist of typical PKC-a forms: they are
well recognized by two distinct commercially available anti-
PKC-a antibodies, and they respond to acute and chronic phor-
bol ester treatment with membrane translocation and down-
regulation, respectively. The same considerations only
partially apply for the PKC-a immunoreactive forms corre-
sponding to pool 2 and/or 82-kDa species. Both are preferen-
tially recognized by the Amersham Corp. anti-PKC-a antibody
and more weakly by the antibody supplied by Transduction
Laboratories. However, they both share a unique resistance to
phorbol ester-mediated translocation and down-regulation.
The possibility that the species corresponding to pool 2 and
82-kDa forms consists of an isotype other than PKC-a is not
likely because of the lack of any such comigrating PKC form in
PC12 cells (19). Taken together, the above observations suggest
that the 82-kDa forms constitute pool 2 and that this consists of
bona fide PKC-a. This is further substantiated by our previous
finding that upon PS/TPA-mediated autophosphorylation, the
mature PKC-a is converted to a slower migrating form (15).
Our results suggest that the autophosphorylated PKC-a,

rather than the transphosphorylated form, is likely to repre-
sent pool 2 in intact PC12 cells. Evidence to support this pro-
posal derives from the following observations. Firstly, the in
vitro treatment of purified PKC with its activators (PS/TPA)
induces the appearance of slower migrating and highly acidic
PKC-a forms that co-migrate in two-dimensional immunoblots
with those representing pool 2 from intact PC12 cells. The
appearance of slower migrating PKC-a species, when compared
with the mature 80-kDa form, is a rather unique event, since
the only other reported mobility shift of PKC-a occurs during
the priming process from the 76-kDa precursor to the activable
80-kDa protein kinase. Note that the 80-kDa protein species
reported in our study was indeed mature PKC-a, since it was
reduced to an inactive 76 kDa form by in vitro treatment with
phosphatases.2 Further, among other cPKCs the change in gel
mobility and in phosphopeptide map reported here is restricted
to the PKC-a, indicating a high degree of specificity of the
effect. Despite the above considerations, the possibility that in
intact cells phorbol ester activates a protein kinase responsible
for the conversion of pool 1 PKC-a into pool 2 by transphospho-
rylation cannot be completely ruled out yet.
Why do the 82-kDa PKC-a forms of pool 2 remain in the

cytosol if phorbol ester mediates membrane translocation of
most PKC-a forms and down-regulation of the entire mem-
brane-associated pool? According to the simplest interpreta-
tion, a unique site-specific autophosphorylation of PKC-a in-
duced by the exogenous activators reduces the overall protein
lipophilicity and interferes with its association with cell mem-
branes, thus preventing the membrane-driven process of down-
regulation. Such an autophosphorylation of PKC-a may induce
conformational changes and mask the phospholipid binding
site. Alternatively, the unique autophosphorylation may pro-
mote PKC binding to an unidentified binding protein that
prevents translocation. A direct correlation between an in-
creased phosphorylation of PKC and its dissociation from the
membrane has been described in several reports. The auto-
phosphorylated form of PKC is reported to be preferentially
retained in a high speed supernatant rather than to associate
with PS vesicles (26). In cell-free experiments, autophosphoryl-
ation protected PKC from PS-induced proteolysis (27), and the

2 A. Gatti, unpublished results.

FIG. 5. Distinct patterns of autophosphorylation of purified
rat brain cPKCs. A mix of purified rat brain cPKCs was autophos-
phorylated for 5 min in the presence of the activators indicated and then
separated on 7.5% acrylamide gels to resolve PKC-a from PKC-b and -g
as described previously (13, 14). PKC-a 80-kDa (lanes 2 and 3) and
82-kDa (lane 1) forms were excised and subjected to phosphopeptide
mapping with V8 protease, and an autoradiograph is shown. PKC-b and
-g 79-kDa forms (lanes 4–6) co-migrate and were excised as a single
band for phosphopeptide mapping. The migration of molecular mass
markers is indicated on the right in kilodaltons. Results shown are
representative of three independent experiments on two PKC
preparations.

FIG. 6. Two-dimensional immunoblot of in vitro autophospho-
rylation of PKC-a, as assessed by the MC5 anti-PKC-a antibody.
An equal amount of a mix of purified cPKCs (;50 ng) was autophos-
phorylated for 10 min at 30 °C in the absence of additional agents
(panel A) or in the presence of the following: 40 mg/ml PS, 4 mg/ml
diolein (1,2-diacylglycerol), and 0.2 mM free CaCl2 (panel B) or 40 mg/ml
PS, 4 mg/ml diolein, and 1 mM TPA (panel C). Two-dimensional electro-
phoresis, protein transfer, and immunorecognition by the MC5 anti-
body were carried out as described in the legend to Fig. 1. Similar
results were obtained in two additional experiments.

PKC-a Down-regulation in PC12 Cells 31721

 by guest on July 23, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


addition of Mg/ATP dissociated PKC from membranes presum-
ably following autophosphorylation (28). Therefore, autophos-
phorylation may play a key role in regulating the biological
function of PKC.
Our results demonstrate a biological role for PKC-a phospho-

rylation in the protection of a pool of this isotype from trans-
location and down-regulation. Pool 1 and pool 2 respond in a
conventional and unique manner to cell treatment with phorbol
ester, respectively. This indicates the existence of a substantial
degree of functional heterogeneity within a single PKC isotype.
After previously reporting that the substrate specificity of PKC
is partly regulated by the same agents that control its phos-
phorylation state (15), we have shown here that site-specific
phosphorylation regulates subcellular localization and suscep-
tibility to down-regulation. Therefore, it is conceivable that a
heterogenous population of PKC phosphoforms in vivo exerts a
wide range of actions, the effects of which represent an impor-
tant source of functional diversity.
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