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The mechanism of protein kinase C (PKC) regulation by a-
tocopherol has been investigated in smooth-muscle cells. Treat-
ment of rat aortic A7r5 smooth-muscle cells with «-tocopherol
resulted in a time- and dose-dependent inhibition of PKC. The
inhibition was not related to a direct interaction of a-tocopherol
with the enzyme nor with a diminution of its expression. Western
analysis demonstrated the presence of PKCa, £, 4, ¢, { and
isoforms in these cells. Autophosphorylation and kinase activities
of the different isoforms have shown that only PKCa was
inhibited by a-tocopherol. The inhibitory effects were not mim-

icked by p-tocopherol, an analogue of a-tocopherol with similar
antioxidant properties. The inhibition of PKCa by a-tocopherol
has been found to be associated with its dephosphorylation.
Moreover the finding of an activation of protein phosphatase
type 2A in vitro by a-tocopherol suggests that this enzyme might
be responsible for the observed dephosphorylation and sub-
sequent deactivation of PKCu. It is therefore proposed that
PKCe inhibition by a-tocopherol is linked to the activation of a
protein phosphatase, which in turn dephosphorylates PK Co and
inhibits its activity.

INTRODUCTION

Beneficial effects of «-tocopherol (vitamin E) in preventing the
development of atherosclerosis [1-4] have stimulated new studies
in understanding the mechanism of action of this vitamin. Recent
research has focused the attention on the mode of a-tocopherol
uptake [5,6], its selective retention in the body [7.8] and the
finding of its cellular targets [9-11].

It has been observed that, at a cellular level, a-tocopherol
negatively regulates the proliferation of a number of cell lines
at physiological concentrations [9-12]. Moreover, a-tocopherol
inhibits protein kinase C (PKC) activity [10,11,13-16]. Such an
inhibition, which seems important in the control of cell growth,
is not caused by the direct binding of a-tocopherol to the enzyme
but presumably results from the prevention, at a cellular level, of
its activation [10]. Cell proliferation and PKC inhibition are not
caused by f-tocopherol, an analogue of a-tocopherol, provided
with similar antioxidant properties; f-tocopherol is, however,
able to reverse the inhibitory effects of a-tocopherol
[9,10,13,17-19].

PKC belongs to a family of related Ser/Thr kinases with a
central role in the transduction of signals elicited by external
stimuli [20-22]. A post-translational phosphorylation has been
shown to be necessary to produce a catalytically competent PKC
[23-25]. In fact, signal transfer by PKC cannot occur until the
enzyme is first phosphorylated by a still-unidentified PKC kinase
[26,27]. It was found that mature PKCg,, is phosphorylated at
two distinct sites and lost its activity after dephosphorylation by
protein phosphatase type 1 (PP,) but not by protein phosphatase
type 2A (PP,A) [28].

The questions posed in this study have been the following:
which PKC isoform(s) is (are) inhibited by a-tocopherol in
smooth-muscle cells, what is the molecular basis of its inhibition,
and what is the role of protein phosphatases in producing PKC
inhibition? It was found that PKCa was inhibited specifically by
a-tocopherol at a cellular level through a diminution of its
phosphorylation state.

Purified PP,A has been also shown to be activated by «-
tocopherol and was found to be able to inhibit PKC in vitro.
Taken together, the results are consistent with a model by which
a-tocopherol-induced activation of PP,A causes dephosphoryl-
ation and inactivation of PKCa.

The relationship between cell proliferation, PKC regulation
and a-tocopherol is discussed.

MATERIALS AND METHODS
Materials

Rat A7r5 aortic vascular smooth-muscle cells were from the
American Type Culture Collection. Purified PKCa, PP, and
PP,A were from UBI (New York, NY, U.S.A.). Tissue culture
media and polyclonal antibodies against PKCe, § and ¢ isoforms
were purchased from Life Technologies (Grand Island, NY,
U.S.A)). Fetal calf serum (FCS) was from PAA (Linz, Austria).
Anti-rat PKC{¢ polyclonal antibody was from Upstate Bio-
technology (Lake Placid, NY, U.S.A.). Polyclonal anti-PKCu
antibody, calyculin A, okadaic acid and PMA were from LC
Laboratories (Woburn, MA, U.S.A.). [y-**P]ATP (3000 Ci/
mmol), [**P]P,, monoclonal anti-PKCoa antibody (clone MC5),
the enhanced chemiluminescence (ECL) detection system and
ECL Hyperfilm were from Amersham International (Little
Chalfont, Bucks., U.K.). Anti-PKCa rabbit polyclonal antibody
employed for the kinase reactions of the immunoprecipitated
protein was from Oxford Biomedical Research (Oxford, MI,
U.S.A.). Phosphorylase b, phosphorylase kinase, streptolysin-O,
Histone III-SS and phorbol dibutyrate were from Sigma (St.
Louis, MO, U.S.A.). C,-ceramide was from BioMol (Hamburg,
Germany). PMSF, leupeptin, pepstatin and aprotinin were from
Boehringer (Mannheim, Germany). Protein A-Sepharose 4B
was from Pharmacia Biotech. The peptide PLSRTLSVAAKK
used as substrate for assaying PKC activity was synthesized by
Dr. Servis (Epalinges, Switzerland). Myelin basic protein (4-14

Abbreviations used: DMEM, Dulbecco’s modified Eagle’s medium; FCS, fetal calf serum; PKC, protein kinase C; PP,, protein phosphatase
type 1; PP,A, protein phosphatase type 2A;; MBP,_,,, myelin basic protein peptide fragment 1-14.
! To whom correspondence should be addressed (e-mail angelo.azzi@mci.unibe.ch).
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fragment) was from Bachem (Bubendorf, Switzerland). RRR-
a-tocopherol and RRR-p-tocopherol were from Henkel
(LaGrange, 1L, U.S.A.). Tocopherols were adsorbed on FCS
before the addition to the cells, as described [5]. Protein
concentration was determined with a Pierce kit in accordance
with the manufacturer’s instructions.

Cell culture

Rat A7r5 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 1.0 g/1 glucose, 60 i.u./ml peni-
cillin, 60 mg/ml streptomycin and supplemented with 10 %, (v/v)
FCS. Cells in a subconfluent state were made quiescent by
incubation in DMEM containing 0.2 9, (v/v) FCS for 48 h. Cells
were then washed with PBS and treated as indicated in the figure
legends. Cell viability, determined by the Trypan Blue exclusion
method, was 90-95 9, in all experiments. Cells were used between
passages 7 and 15.

PKC activity in permeabilized cells

Quiescent A7r5 cells were subjected to different treatments as
indicated in the figure legends. During the last hour of the
preincubation period, cells were treated with 100 nM PMA to
allow penetration of the compound into permeabilized cells.
These amounts and the treatment time were found not to change
the expression of PKC or to down-regulate it. Aliquots of cells
were resuspended in a reaction buffer containing 5.2 mM MgCl,,
94 mM KCl, 12.5mM Hepes, pH 7.4, 12.5mM EGTA and
8.2mM CaCl,, and assays were started by adding [y-**P]JATP
(9 c.p.m./pmol, final concentration 250 yuM), peptide substrate
(final concentration 70 M) and streptolysin-O (0.3 i.u.). Samples
were incubated at 37 °C for 10 min, quenched and analysed as
described previously [10,29]. The basal PKC activity in the
absence of added PMA was constantly less than 20 9, of that in
its presence and coincided with the residual activity of samples
treated with PMA plus calphostin C. This activity was considered
non-specific and subtracted from the total.

Immunoprecipitation of PKC isoforms

After treatment, cells were harvested in 1 ml of lysis buffer
[50 mM Tris/HCI (pH 7.5)/150 mM NaCl/19, (v/v) Triton X-
100/1 mM EGTA/2mM EDTA/5 mg/l chymostatin/5 mg/1
leupeptin/5S mg/l antipain/S mg/l pepstatin/1 mg/l  trans-
epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64)/1 mM
PMSF]. Cell lysates were forced 15 times through a 25-gauge
syringe and cleared by centrifugation at 15800 g for 10 min.
Immunoprecipitation was performed on equal amounts of pro-
tein with the indicated anti-PKC antibody (3 xg) incubated for
1-3 h at 4 °C followed by adsorption on Protein A—Sepharose
beads (10 mg) for 1 hat4 °C. Precipitated samples were recovered
by centrifugation and proteins were either resolved by SDS/
PAGE or used in autophosphorylation and kinase reactions.

Western blot analysis

Immunocomplexes were dissolved in Laemmli’s sample buffer
and separated by electrophoresis on a 10 %, (w/v) polyacrylamide
gel followed by electrotransfer to PVDF membranes (DuPont—
NEN Research Products). Membranes were incubated at room
temperature with 1-4 ug/ml anti-(PKC isoforms). Proteins
were detected with the enhanced chemiluminescence system
(Amersham).

Autophosphorylation of PKC isoforms

Immunoprecipitated PKC isoforms bound to Protein A—
Sepharose beads were washed three times with lysis buffer and
once with the same buffer containing 0.4 M NaCl and without
EDTA/EGTA. Samples were incubated in 40 ml of a mixture
containing 5 xCi of [y**P]-ATP, 10 mM ATP, 400 xM MgCl,,
5 mM CaCl,, 400 uM phosphatidylserine, 100 nM phorbol 1,12-
dibutyrate, | mM sodium orthovanadate and 20 mM Tris/HCI,
pH 7.4, at 37 °C for 10 min. The reactions were terminated by
the addition of 10 xl of boiling SDS sample buffer and subjected
to electrophoresis on a 10 9%, (w/v) polyacrylamide gel. Gels were
stained with the SYPRO protein gel stain kit (Molecular Probes)
and blotted ; the radioactivity in the membranes was detected by
using a Bio-Rad GS-250 Molecular Imager. Alternatively, gels
were dried down for autoradiography on Kodak X-Omat S
films. Quantification was done by using a BioRad GS-700
imaging densitometer.

Activity of immunoprecipitated PKCx

Confluent A7r5 cells were treated as described in the figure
legends, washed and lysed in a buffer containing 150 mM NaCl,
50 mM Tris/HCI, pH 8.0, 19, (v/v) Nonidet P40, 0.5 9, deoxy-
cholate, 0.19, SDS, 10 mM NaF, protease inhibitor cocktail
(Boehringer), 1 mM sodium orthovanadate and 1 mM PMSF.
Extracts were prepared by passing the lysates 15 times through a
25-gauge needle and cleared by centrifugation at 15800 g for
10 min. Anti-PKCoa antibody (3 ug) was added to the super-
natants for 1 h at 4 °C and afterwards Protein A—Sepharose was
added for a firther 1 h. The resulting immunocomplexes were
collected by centrifugation, washed in lysis buffer and finally in
kinase buffer [SO mM Tris/HCI (pH 7.4)/10 mM NaF/0.5 mM
EDTA/0.5 mM EGTA/2 mM MgCl,/1 uM PMSF /protease in-
hibitor cocktail]. Kinase reactions with the immunocomplexes
were performed in a 40 xl final volume of an activation buffer
containing 20 mM Tris/HCI, pH 7.4, 10 mM MgCl,, 10 mM
ATP, 2.5 uCi [y-**P]ATP (600 Ci/mmol), 0.4 mg/ml histone I11-
S, 1.2mM CaCl,, 40 mg/ml phosphatidylserine and 3.3 mM
dioleylglycerol. Reactions were terminated by adding 20 ul of
boiling SDS sample buffer and frozen until use. Samples were
subjected to SDS/PAGE [109% (w/v) gel] and blotted on a
PVDF membrane for 1 h at 100 mA. Histone phosphorylation
was detected by using a phosphorimager and the signals were
quantified by densitometric scanning and normalized with respect
to the amount of PKCo immunoprecipitated, which was detected
by immunoblots with the MC5 anti-PKC antibody.

Labelling of cells in vivo

Quiescent A7r5 cells (6 x 10°) were incubated in phosphate-free
DMEM (Amimed) with 0.25 mCi/ml [*2P]P, for 14 h at 37 °C.
Cells were then stimulated with 10 9, (v/v) dialysed FCS (Sigma)
in the presence of the indicated agents and incubated for a
further 7 h. During the last hour, cells received 100 nM PMA.
Cells were then washed exhaustively with PBS, lysed in SDS
buffer and subjected to immunoprecipitation for PKCa. PKCx
was resolved by SDS/PAGE and its phosphorylation was
analysed on a Bio-Rad Molecular Imager GS-250. Protein
loading of the gels was controlled by staining with the SYPRO
kit.

Protein phosphatase activity assay

Purified PP,A (25 ng) resuspended in 10 yl of assay buffer [SO mM
Tris/HCI (pH 7.6)/1 mM EDTA] was preincubated with a
solution of a-tocopherol (50 M) and/or p-tocopherol (50 xM)



Inhibition of protein kinase C by a-tocopherol 245

for 10 min at 30 °C. Control reactions contained vehicle [0.1 9,
(v/v) ethanol] alone. Assays were started by addition to the
mixtures of *?P-phosphorylase a solution (8.5 mg of protein,
9x10*d.p.m.) and incubated for a further 10 min at 30 °C.
Reactions were stopped by the addition of 120 ul of ice-cold
10 9% (v/v) trichloroacetic acid and 150 mg of albumin in 20 xl of
water. Samples were left on ice and centrifuged for 2 min at
12000 g. The clear supernatant was counted in a liquid-scin-
tillation counter.

PKCa/protein phosphatase assay

PKCo (16 nM) was incubated for 10 min at 30 °C with PP,A or
PP, at the indicated concentrations in 40 xl of activation buffer
containing 10 mM Mops, pH 7.2, 0.5 mM dithiothreitol, 100 xM
myelin basic protein peptide fragment 1-14 (MBP, ,,), 0.25 mM
ATP, 20 mM MgCl,, 5 ug of phosphatidylserine, 5 ug of diacyl-
glycerides and 5 uCi of [**P]JATP. The reaction was stopped with
20 pl of 259, (w/v) trichloroacetic acid. Aliquots (50 ul) were
spotted on 3 cm x 3 cm P81 Whatman filter, washed twice with
0.75% (v/v) phosphoric acid and once with acetone. Radio-
activity was counted in a liquid-scintillation analyser.

RESULTS
PKC isoforms in A7r5 smooth-muscle cells

The previous finding of PKC involvement in the inhibition by a-
tocopherol of the proliferation of smooth-muscle cells [10]
prompted the question of which isoform(s) is (are) affected by o-
tocopherol. The presence of PKCx, 4, ¢, {and u in A7rS5 cells was
documented (Figure 1, lanes A). To determine the specificity of
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Figure 1 Characterization of PKC isoforms in A7r5 cells

Cells (10°) at 90% confluence were harvested. PKC isoforms were immunoprecipitated with the
corresponding antibodies and subjected to SDS/PAGE and immunoblotting as described in the
Materials and methods section. Lanes A, control; lanes B, with competitor peptide; lanes C,
cells treated for 24 h with 1 «M PMA. Molecular masses (in kDa) are indicated at the right
of each panel.
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Inhibition of PKC activity by «-tocopherol is a function of the cell

Quiescent A7r5 cells were stimulated for different durations with FCS in the absence or presence
of 50 M «-tocopherol. At the indicated time points, PMA-stimulated PKC activity in
permeabilized cells was measured. PKCe levels were analysed by Western analysis and the
signals were scanned by densitometry. Results are expressed as arbitrary units of absorbance.
Inset: percentages of PKC inhibition by cc-tocopherol at different incubation durations. Results
are representative of four independent experiments. The percentage values in the inset were
calculated from the results shown in the main graph.

the reaction, the corresponding competitor peptides were used
(Figure 1, lanes B). The PKC/ isoform was determined in a
separate experiment as well and shown to be present in smooth-
muscle cells. It was also found that long-term treatment with
PMA down-regulated the PKCa, 6 and ¢ isoforms (Figure 1,
lanes C) as well as PKCf and PKCp (results not shown).

a-Tocopherol inhibits the activity, but not the expression, of PKC
in smooth-muscle cells

Recombinant PKCa was not inhibited when incubated in vitro
with a-tocopherol (results not shown). Consequently the possi-
bility was studied that the inhibition at a cellular level was due to
a decrease in protein synthesis or to a post-translational modi-
fication of the enzyme.

During the transition between the G, and G, phases of the cell
cycle an a-tocopherol-sensitive increase in PKC activity was
observed (Figure 2) that was not paralleled by changes in the
mRNA levels of the PKCa, £, 4, ¢ and ¢ isoforms (B. Chatelain,
D. Boscoboinik and A. Azzi, unpublished results). Similarly, no
changes in the protein levels of the major isoform (PKCa)
expressed during the transition were observed in the presence or
absence of a-tocopherol (Figure 2).

Maximal PKC inhibition by a-tocopherol was found 6-7 h
after the entry of cells into the G, phase (Figure 2, inset) and this
inhibition was observed only when a-tocopherol was added at
the time of restimulation [10].

Effect of «-tocopherol on the autophosphorylation of PKC
isoforms

Nanomolar concentrations of G6 6976 {12-(2-cyanoethyl)-
6,7,12,13-tetrahydro-13-methyl-5-ox0-5H-indolo[2,3-a]pyrrolo-
[3,4-c]carbazole} have been shown to inhibit PKCo and PKCg,
whereas even micromolar concentrations have no effect on
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Figure 3 Autophosphorylation activity of different PKC isoforms
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Quiescent cells were restimulated for 7 h with FCS in the absence (lanes C) or presence of either 50 M o-tocopherol (lanes o) or f-tocopherol (lanes /). PMA (100 nM) was added for the
last 1 h of the preincubation period. Then cell extracts were prepared and PKC isoforms were immunoprecipitated with the indicated antibodies. Autophosphorylation reaction of the individual isoforms
was performed as described in the Materials and methods section. Samples were subjected to electrophoresis and blotted: the calculated ratio between incorporated radioactivity (*P) and
the protein levels (Western blot, wb) is represented in the bar graph for each condition. Data are representative of three independent experiments.

the activity of PKCd, ¢ or ¢ [30]. In the presence of this
inhibitor a residual PKC activity of approx. 309, was present
that was insensitive to a-tocopherol (results not shown). This
experiment suggested that a-tocopherol was specifically acting
on PKCa and/or PKCp.

To substantiate this finding, immunoprecipitation of the
different PKC isoforms and a determination of the kinase and
autophosphorylating activities were performed.

PKC autophosphorylation in immunoprecipitates has been
found to be correlated with its enzymic activity and has
been taken as a reliable indication of PKC activity [23].

Cells were incubated in the absence or the presence of a-
tocopherol or f-tocopherol for 7 h during the G, phase. Then
extracts were prepared and immunoprecipitation of the in-
dividual PKC isoforms was performed. Autophosphorylation
activity and protein amounts were determined for each isoform.
In Figure 3 the effects on PKCa, d, ¢ and { are shown. The bar
graphs correspond to the PKC activity and values are normalized
with respect to the protein content. As can be seen, only PKCa
from a-tocopherol-treated cells was less active relative to its
control. The activity of all the other PKC isoforms tested was not
affected by the treatment of cells with a-tocopherol or f-
tocopherol. The immunoprecipitated PK CAisoform was inactive,
possibly owing to the specific precipitating antibody employed.

«-Tocopherol selectively inhibits the activity and the
phosphorylation state of PKCx

To establish whether the incubation of cells with «-tocopherol
resulted in a change in the phosphorylation state of PKCa a
labelling reaction was performed in vivo.

Cells were labelled overnight with [**P]P, and, after stimulation
with FCS for 7 h in the presence or absence of a-tocopherol,
PKCa was immunoprecipitated and blotted; the [**P]P; in-

50 [phosphorylation]

A B C DE

Figure 4 Effect of «-tocopherol and S-tocopherol on the phosphorylation
state of PKCo

Quiescent A7r5 cells were incubated in phosphate-free DMEM medium (ICN) for 48 h. They
received 0.25 mGi/ml [EZP]Pi for the last 14 h. Cells were restimulated for 7 h with FCS in the
absence (lane B) or presence of either 50 #M oc-tocopherol (lane C) or S-tocopherol (lane D).
PMA (100 nM) was added for the last 1 h to all samples except that in lane A. Calyculin A
(2 nM) was added to cells for 1 h where indicated (lane E). Cell extracts were prepared and
immunoprecipitated with anti-PKCee. Proteins were resolved by SDS/PAGE and radioactivity
(°2P) and protein levels were quantified as described in the Materials and methods section. The
bar graph represents the ratio between radioactive counts incorporated into PKCe and the
protein levels. Results are representative of three independent experiments.

corporation was then measured. Figure 4 shows (from top to
bottom) the autoradiogram of the gel, the immunoblot and a bar
graph presentation of the relative radioactivity intensities,
integrated and normalized relative to the protein levels of each
sample. Relative to the control (Figure 4, lane A), the PMA-
treated cells (lane B) showed a significant increase in P, in-
corporation into PKCex. Cells pretreated with a-tocopherol (lane
C) showed a large inhibition of PKCa phosphorylation, whereas
cells preincubated with f-tocopherol showed much less inhibition
(lane D). The inhibitory effect of a-tocopherol was reversed by
two potent protein phosphatase inhibitors, 2 nM okadaic acid
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Figure 5 Determination of PKCx activity after its immunoprecipitation from
cells treated with o-tocopherol or S-tocopherol

Cells were stimulated for 7 h with FCS in the absence (control) or presence of either 50 xM
a-tocopherol or 50 #M f-tocopherol as indicated. During the last 1 h of preincubation they
received 100 nM PMA. Then extracts were prepared, PKCor was immunoprecipitated and a
kinase reaction with histone 11I-SS was performed as described in the Materials and methods
section. Proteins were resolved by electrophoresis and radioactive bands were quantified with
Bio-Rad Molecular-Analyst software. Protein levels were estimated by staining the gel with
the SYPRO kit or by immunoblotting with the MC5 monoclonal antibody. The ratio between
radioactivity incorporated into the substrate and the amount of PKCe precipitated was
expressed in arbitrary units of the densitometric scanning of the bands. Results are
representative of three independent experiments.
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Figure 6 Lack of PKC inhibition by «-tocopherol in the presence of
calyculin A

Cells were made quiescent by serum deprivation for 48 h and restimulated for 7 h with 10%
(v/v) FCS in the presence or absence of 50 M a-tocopherol or 50 M f-tocopherol, as
indicated. PMA (100 nM) and, when indicated, calyculin A (2 nM) were added 1 h before the
activity measurement. PMA-stimulated PKC activity was determined as described in the
Materials and methods section by using the phosphatase-insensitive peptide MBP, ,, as
substrate. Results are representative of four independent experiments.

(results not shown) or 2nM calyculin A (lane E). Figure 5
shows the PKCoa activity measured after immunoprecipitation
of the enzyme from cells preincubated with «-tocopherol
or f-tocopherol at the late G, phase of the cell cycle. As can
be seen, a-tocopherol inhibited PKCa activity more strongly
than did f-tocopherol.

With PKCp, no significant PK C activity changes were observed
if the cells were preincubated either with a-tocopherol or f-
tocopherol (results not shown).

PP,A is activated by «-tocopherol and can dephosphorylate PKCo

The role of PP,A in the deactivation of PKCa was postulated on
the basis of the experiment reported in Figure 6. This experiment
shows that, in the presence of 2 nM calyculin A (a concentration
that produces specific PP,A inhibition), the activity of PKC was
not inhibited by «-tocopherol (compare with [10]). To establish
whether a direct effect of PP,A on PKC could take place, the two
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Figure 7 Inhibition of PKC activity by PP,A, and activation by PP,

Purified PKCe (16 nM) was incubated for 10 min at 30 °C with PP,A or PP, in 40 ul of
activation buffer as described in the Materials and methods section. PKCor activity was
determined by using a peptide substrate as described previously. Results are representative of
three independent experiments. The control valug of PKC activity was 0.6 xmol of P,/min per
mg of kinase. Abbreviation: mU, m-units.
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Figure 8 Effect of «-tocopherol and S-tocopherol on PP,A activity

Phosphatase activity with pure PP,A was assayed in the presence of different a-tocopherol or
f-tocopherol concentrations as indicated. Stimulation of PP,A; activity was calculated with
respect to control samples. The background in the absence of the enzyme represented less than
3.5% of the initial total radioactive counts. Results are representative of three separate
experiments. The control value of PP,A activity was 106 m-units/mg of phosphatase.

enzymes were incubated together and the activity of PKCa was
measured. It was observed that PP,A produced a deactivation of
PKCa (Figure 7). The inhibition of approx. 509, in PKCx
activity obtained at a PP,A-to-PKC molecular ratio of 1:16
indicates a catalytic role of PP,A on PKC inactivation. The effect
of another protein phosphatase, namely PP, was also tested. The
same concentrations of PP, (approx. 0.2 m-unit per assay)
resulted in an activation of PKCx, suggesting the existence of an
inhibitory phosphorylation site on the enzyme (Figure 7). This
phenomenon is being investigated further.

The inhibition by a-tocopherol of PKCa at a cellular level
might thus be related to a possible activation of PP,A by a-
tocopherol. This hypothesis was investigated in the experiment
shown in Figure 8. Purified PP,A was incubated with **P-
phosphorylase a as a substrate, and its activation by a-tocopherol
and/or f-tocopherol was analysed: a-tocopherol produced an
almost 2-fold activation, f-tocopherol was slightly inhibitory
and the mixture of both tocopherols was without significant
effect. In Figure 9 the concentration dependence of «-tocopherol
activation on PP,A is shown. It therefore seems that one of the
cellular targets of a-tocopherol might be PP,A. PP, has been also



248 R. Ricciarelli and others

2
s
£ 2 T
=] 1
e T
z
3
S 1s J
< -
& B
& T
1

5 10 20 50

a-Tocopherol concentration, uM

Figure 9 Effect of different «-tocopherol concentrations on PP,A activity

Phosphatase activity with pure PP,A was assayed in the presence of different oc-tocopherol
concentrations as indicated. Stimulation of PP,A activity was calculated with respect to control
samples. The background in the absence of the enzyme represented less than 3.5% of the initial
total counts. The bars represent the means + S.D. for four experiments. The control value of
PP,A activity was 106 m-units/mg of phosphatase.

tested (results not shown) and found to be insensitive to a-
tocopherol treatment under the conditions employed for PP,A.

DISCUSSION

Inhibition of PKC activity by a-tocopherol has been previously
shown to be indirect and to depend on the cell type and the time,
within the cell cycle, of tocopherol addition. Moreover it has
been found not to be the consequence of a decreased protein
expression [10,17,31,32].

One of the goals of this study was directed towards the analysis
of which PKC isoform(s) is (are) affected by the treatment of cells
with a-tocopherol. The isoforms expressed in A7r5 smooth-
muscle cells are PKCa, £, §, ¢, { and u. Experiments with
inhibitors for PKCa and f had suggested that PKCa was the
target of a-tocopherol. More direct evidence for this conclusion
has been obtained by immunoprecipitating the different isoforms
of PKC from smooth-muscle cells treated or not with o-
tocopherol and by measuring their activity. Treatment of
smooth-muscle cells with a-tocopherol results in a specific
inhibition of PKCa autophosphorylation activity, all the other
tested isoforms being unaffected. These experiments have also
confirmed that PKCux is affected by a-tocopherol and to a much
smaller extent by S-tocopherol.

The second goal of this study was to understand the molecular
basis of the effect of a-tocopherol on PKCe«. The results obtained
by incubating smooth-muscle cells with [**P]P, have shown that
the phosphorylation of PKCa is strongly diminished by the
incubation of the cells with «-tocopherol. It is known that PKC
undergoes a permissive phosphorylation and an auto-
phosphorylation allowing full activatability of the enzyme. Thus
a lack of phosphorylation of PKC might be the basis for the
effect of a-tocopherol.

The third goal of this study was to investigate the possible
cause of the observed changes on the phosphorylation state of
PKC. The following effect of «-tocopherol has been considered:
in its presence and during the cell cycle transition from G, to G,
an inhibition of PKCa« phosphorylation or an activation of its
dephosphorylation occurs. This post-translational change results
in a less active enzyme. As to the two alternatives, inhibition of
PKC phosphorylation or activation of its dephosphorylation,
results from this study (Figure 6) and from previous studies [10]
indicate that in the presence of calyculin or okadaic acid (two

phosphatase inhibitors) the effect of a-tocopherol disappears.
This suggests that the inhibition of PKC phosphorylation might
occur by activation of a phosphatase.

It has been shown that ceramide in Molt-4 cells caused the
inactivation of PKCa. Okadaic acid, a potent phosphatase
inhibitor, blocked the effects of ceramide on PKCa, suggesting
that the effects of ceramide might be mediated by a protein
phosphatase [33].

Our results show that inhibition of PKCa activity can be
observed in vitro by incubating the enzyme with PP,A. The
inhibition is caused not by the formation of a complex between
the two proteins but rather by a catalytic event. In fact, PP,A was
capable of producing 50 9, inactivation of PKCa even when the
latter was present in a 16-fold excess. PP, was not able to inhibit
PKC activity under the same experimental conditions. In fact, it
was instead activating the enzyme, suggesting the possible
existence of an inhibitory phosphorylation site on PKCea. It has
been also observed that PP,A in vitro can be activated by a-
tocopherol. This event is not produced by f-tocopherol, which
instead protects against the activation by «-tocopherol. It should
be noticed that a similar situation was observed when PKC
activity or cell proliferation was measured. PP, was found to be
unaffected by a-tocopherol. Whether or not the only target of «-
tocopherol is PP,A is the object of current studies. At a cellular
level, Parker’s group has shown that both PP, and PP,A are
capable of dephosphorylating and inhibiting PKC [34], which
supports our conclusions of a role for PP,A in the inactivation of
PKCa. The novelty in this report also resides in the activatory
effect of a-tocopherol on PP,A, which would result in an
inhibition of PKCa activity.

In conclusion, the results presented here show that «-toc-
opherol selectively inhibits PK Ce activity in A7r5 smooth-muscle
cells. The effect of a-tocopherol is specific and is not shared by
its f-tocopherol analogue. The inhibition of PKC seems to be
linked to an «-tocopherol-induced decrease of its permissive
phosphorylation. This event seems to be linked to the activation
by a-tocopherol of a PP,A phosphatase. A stimulation of
expression of PP,A by a-tocopherol is also currently under
investigation.
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