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Profénged sctivation of protein kinuse € (PKC)types 2 und ff by tumor-promoting phorbol esters leads to desensitization of the phorbol ester

responxe, downregulation of protein kinase € uctivity und depletion of the protein kinase € polypeptide, When the y isoenzyme of: PKC ix transiently

expressed in COS-Y cells and exposed to phorbol esters, PKC-y is downregulated ity COS cells although these cells do notnormally express this

sublype. A point mutation i the putitive ATP-binding site (Lys-380-Maet-380 of the protcin kinuse C 7 isoenzyme which results in 4 kinase-

deficient enzyme does not interfere with this downregulution, Our results suggest that autophosphorylution or constitutive signulling through the
profein kinuse C-y kinase domain is not a prerequisite for downregulation of PKC uetivity.

Protein kinuse C: Downregulation: Baculovirug expression; Kinase-deficicnt mutant; Phorbol ester

1. INTRODUCTION

Protein kinase C (PKC) comiprises a family of four
structuraltly closely related subtypes a, £1, B2, and ¥
which are all dependent on calcium and phospholipid
for their kinase activity and are activated by
diacylglycerol and tumour-promoting phorbol esters
(reviewed in [1-3]). Based on structural homology at
least three additional members, 4, ¢ and ¢, have been
added to the PKC family which differ from the latter
group in that they do not require calcium for phorbol
ester binding or kinase activity or do not appear to bind
phorbol esters at all [4-7].

The members of the PKC family are thought to be
part of the signal transduction pathway which initiates
with the turnover of phosphatidylinositol, although the
role of the individual isoenzymes.in this pathway has
not yet been elucidated. It is conceivable that all PKC
subtypes, which bind phorbol ester in vitro, contribute
to the multiple effects of phorbol esters in the animal
model as well as in cell culture [8] and binding of phor-
bol esters appears to be mediated by a cysteine-rich
zinc-finger structure proposed for all PKC isoenzymes
in the N-terminal part of the molecule [9].

The action of phorbol esters on PKC has been exten-
sively studied in vitro and in vivo. In vivo, biologically
active phorbol esters induce association of the PKC
.molecule with the particulate fraction which is con-
comitant with activation [10]. Upon prolonged ex-
posure to phorbol esters the PKC molecule is degraded
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with a faster rate than it is synthesized leading to
‘downregulation’ or depletion of immunologically
detectable PKC [11-13]. s o
The degradation process has been claimed to involve
calpain {14] and the isoenzymes show differential
susceptibility to proteolysis by calpain in vitro [15]. In
addition, it has been postulated that proteolytic activa-~
tion of PKC might be a physiological process
generating an activated kinase fragment involved in'the
cellular  signal’ transduction process [16]. Hence
downregulation may be viewed as an exaggeration of a
physiological process. which leads- to cofactor-
independent phosphorylation by the PKC polypeptide.
JIn an attempt to answer the question whether

downregulation of PKC is a consequence of con-

stitutive signalling through the PKC kinase domain and
whether the phosphotransferase activity of the kinase is
required for this process, we have introduced a point
mutation into the putative ATP-binding site of bovine
PKC-y and studied its effect on the properties of the en-
zyme. The mutant polypeptide was expressed in insect
cells from a Baculovirus vector to examine-its enzymatic
behaviour and was analysed for its response to phorbol
ester after transient expression in COS-1 cells. In vitro
phosphorylation assays show that the mutation leads to
a kinase-negative polypeptide which downregulates in
response to phorbol esters to the same extent as wild-
type PKC-y. This behaviour suggests that downregula-
tion of PKC-y  occurs independently of the
autophosphorylating and signalling capacity of the
polypeptide. It has been  proposed that
autophosphorylation might enhance the susceptibility
of PKC-@1I towards proteases and thereby indirectly
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promote downregulation of the PKC polypeptide (17].

Qur results are in contrast to a recent study on
downregulation of PKC-or which shows that a kinase-
deficient mutant of PRC-a is not able to downregulate
in the presence of phorbol ester after stable introdue-
tion into rat fibroblasts under the contral of a gluco-
corticoid-inducible promoter [18]. This apparently dif-
ferent effect of the phosphotransferase activity aof the
isoenzymes & and 5 may hint at a very distinet
behaviour of the isoenzymes in response to phorbol
ester.

2. MATERIALS AND METHODS

2%, Muagenesis of PRC-y

A 239 buse pair SeelPurl fragment was subeloned from
pACC4.PKC-y [19,20) inte MIImpl8 and mulagenized with an
oligonucleotide-directed site-specific mutagenesls kit (Amersham) us-
ing a mutunt oligonuclestice of the sequence §-CTTCAGOATCA-
TGATGGCG-3" which changes lysineg-380 [nto methionine and
abolishes an Xholl-restriction site. Suceessful mutagenesis was con-
firmed by restriction analysis and by sequencing the complete mutant
phage DNA insert.

The mutated fragment was re-introduced into the pAeC4-PKCy
plasmid. From there the complete coding region of bovine PKCey was
inserted vin EcoRl linkers into the EcoRlI site of the vector PMT-2

[21), kindly provided by Dr John Knopf (Genetics Institute, Cam-
briclge, MA),

2.2. Expression of mutant PKC-y from a Baculovirus vector
The mutated PKC-y ¢DNA carrying a Lys-380=Met-380 replace-
ment was inserted into the baculavirus expression vector pAcCd,

Kindly provided by Dr Frank MeCormick, as described (20]), Recom-

bipant virus was isolated according to published protogols [22}, and
used to infect Spodoptera frugiperda (879) insect cell cultures, Expres-
sion of the recombinant PKC-y polypeptide way detected by im-
munoblotting whole insect cell lysates,

2.3, Measurement of PKC activity and autophosphorylation

3% 10% insect cells. were infected with recombinant Baculovirus,
harvested after 2 days, lysed in 50 mM Tris-HCL, pH 7.5, 2 mM ED-
TA, 10 mM EGTA, 0,3% g-mercaptocthanol, 0,1% Triton X-100
and centrifuged at 10000 % g for 10 min at 4°C,

Aligquots of the supernatant were used undiluted or diluted in PKC
activity assays using histone IS (Sigma) as substrate, PKC activity
assays were performed for 5 min at 30°C as described [20] and con-
tained in a volume of 40 xl: 50 mM Tris-HCL, pH 7.4, 1.25 mg/m]
histone, 12,5 mM MgCl;, 750 uM CaCly, 0.25% Triton X-100, 125
#M [y-PIATP with or without 625 xg/ml phosphatidylserine (Lipid
Produets; Surrey, UK)/2 xM phorbol 12-myristate 13 accmtc (PMA)
(Sigma).

For autophosphorylation, histone substrate was omitted in the
assay and the reaction was stopped after 5 min by boiling with SDS.
samplc buffer [24],

PKC polypeptides were immunoprecipitated with the 0442 an-
tibody after dilution of the samples as described earlier [20] and
phosphorylated proteins were identified by SDS-polyacrylamide elec-
trophoresis and autoradiography.

2:4. Transfection of COS-1 cells

Transfection of COS-1 cells on 60 mm or 100 mm dishes was car-
ried out as described {23], Cells were harvested after 48-54'h by lysis
in boiling hot $DS-sample buffer [24] with or without previous ex-
posure to PMA for 16 h at a final concentration of 400 nM.

2. 5. Measurement of PDB binding
519 insect cells were seeded at 2.5x 10° cells on 60 mm dishes, and
infected with.-recombinant Baculovirus; At 48 h post-infection cells
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Fig. 1, In vitro phosphorylation of histone by PKC-y and PKC-ymas0.
(A) 3% 10% insect cells were infected with recombinant Baculoviruses
expressing PKC-y, PKC~ymasg, Adenovirus E1A [31] as indicated. At
2 days post-infection cells were harvested, lysed and identical aliquots
of extracts were analysed for-PRC activity in the presence (black bars)
or absence (hatched bars) of phosphatidylserine/PMA., (B)-Aliquots
of extracts used in (A) were immunoblotted with the antibody 0442 to
verify the presence of PKC polypeptides, Note the apparent lower
molecular weight of PKC-ynis0.
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24 Other methods

DS polyucrylamide gel electrophoresds wits carticd out aicording
(o Laemmii [24). Immunobloting and imannoprecipitation was pér.
formed as dewribed cﬂrhcr 113,20,

3. RESULTS

3.1, Replacement of lysine-380 of PKC-y by
methionine abolishes kinase activity bui does not
alter phorbol ester binding

The putative ATP binding site in PKC-y has been
located to the C-terminal half of the molecule according
to the presence of a streteh of residues conserved in all
protein kinases {25]. These résidues include the conserv-
ed lysine residue (lysine-380) which hasg been shown to

make direct contact with ATP in other kinases [26):

Substitution of this residue in a number of tyrosine

kinases results in loss of kinase activity and alteration of

associated functions (e.g, [27-30)).

We have mutated lysine-380 in bovine PKC-y to
methionine (PKC-yaino) and analysed the effect of such

a point mutation on the kinase activity of PKC-y after

PKC Y

kDa
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66 -

43 -
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Fig. 2. Autophosphorylation of PKC-y and PKC-ymaso. 3 X 10% insect
cells were infected with PKC-y and PKC-ymaso Baculoviruses and
harvested “after 2 days, Cell extracts were incubated in
autophosphorylation assays with or without phosphatidylserine/
PMA as indicated. After the phosphorylation reaction PKC poly-
peptides were immunoprecipitated with the 0442 antibody and label-
led proteins were identified by autoradiography. The left half of the
gel was exposed for 4 days, the right half for 6 days.

264

FEBS LETTERS

Mareh 199}

expréssion  in fnsect ¢ells  fram @ recombinant
Baculovirus. The mutated PKC ¢DNA was expressed in
insect cells since endogenous PKC activity is not deteg-
table in.these cells, which facilitates the analysis of ex-
ogenously introduced PKC [20].

Kinase activity was measured in cell extracts from
cells infeeted with recombinant Baculovirus expressing
wild-type PKC-y,  mutated PKC-yspe  and  the
Adenovirus E1A protein [31] as a negative control
(Fig. 1A). Cells expressing wild-type PRCwy showed
elevated histone phosphorylation which was specifically
increased in the presence of PKC activators. Cell ex-
tracts containing PRKC-yapae showed no deteciable
PKC kinase activity above control cells expressing the

~unrélated product of the Adenovirus EIA gene which is

a transeriptional activator with no associated protein
kinase activity (Fig. 1A). The presence of wild-type and
mutated protein in the assays was verified by im-
munoblotting aliquots of the kinase assays with the
PKC-specific antiserum 0442 [25) (Fig. 1B).

Mutation of lysine-380 also abolished PKC
autophosphorylation as shown in Fig, 2. Mutation of
the kinase domain did not, however, affect phorbol
ester binding. Wild-type PKC-y and PKC-yaqase ex-
hibited .similar phorbol-dibutyrate binding activities

~with the kinase-negative polypeptide showing slightly

higher PDB binding in two separate experiments (Table
I). The Adenovirus E1IA product served as a negative
control.

3.2, Phorbol ester causes downregulation of wild-type
and kinase-deficient PRC-y

In order to analyse the reaction 1o pho:bol esters in

vivo, both wild-type. and kinase-deficient PKC-y

polypeptides were expressed in COS-1 cells after

~transfection of the respective constructs. Constitutive

expression of polypeptides was driven by the
Adenovirus major late promoter, in these constructs,
Fig. 3A shows that PKC-y can be detected in im-
munoblots of whole cell extracts from transfected
COS-1 cells with a polyclonal antibody that recognizes

" the o, & and v isoenzymes of PKC and tubulm ([12],

and unpublished data).
If transfected cells are exposed to the phoxbol ester
PMA for 16 h depletion of immunologically reactive

Table 1
PDB binding of PKC-y and PRCaymiso

Cells expressing

pmoles PDB bound per 2.5 x 10° cells

Expt. 1 Expt, 2
PKC y 293 = 0.1 3.26 = 0.00
PKC ymaso 3.62 = 0.06 . 3.82 %.0.02
EIA 0.25 +.0.03 0.36 + 0.06

2,5 % 10%insect cells were infected with recombinant Baculoviruses ex-

pressing. the “polypeptides as indicated. [*H]JPDB binding was

measured as cell-associated radioactivity,
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Fig. 3. Downregulation of PKC-y and PKC-yama in COS-1 cells by PMA. (A) COS-1 cells were transfected with vecior alone (1,2), PRC-3(3,4)

or PKCeyanw (5,6). AU 32 h post-transfection 400 nM PMA was added 1o the cultures (+) for 14 h. Cells were harvesied in boiling hot sample

bulfer and analysed by immunoblotiing with the antibody 0442 (left half) which detects PRC e, &, ¥ (R0 kDa) and tubulin (55 kDa). Right half:

identieal smnples as in (AY were immunablotted with n PRC-y-specific antibody V3. [321. (B} The unrelated protein kinase ¢-mos (37 kDa) was

expresyed [n COS-1 cells from the same veetar and treated with (4 ) or without (~) 400 nM PMA for 16 h. Cell extracts were immunoblotied with

an antiserum against a C-terminal peptide of the ¢-mos protein, The immunoreactive protein at 27 kDa is & truncated e-mas product derived from
an internal translational st : ‘

PKC is observed for PKC-y and the mutant PKC-ynaso
(Fig. 3A). - . o = '

In order to confirm the identity of the downregulated
species detection was performed with a different an-
tiserum specific for PKC-y, which is directed against
the C-terminal 15 amino acids of PKC-y [32], Use of
this antibody (VSvy) confirms that PKC-y and PKC-
ymago are downregulated to the same extent by the phor-
bol ester PMA,

3.3, Downregulation of transfected PKC-y in COS
cells is not due to promoter effects -

Disdppearancé of endogenous PKC-a polypeptide
after prolonged exposure to phorbol esters has been
shown to be due to an increased rate of degradation of
the protein and not due to alterations at the transcrip-
tional level [13]. In order to rule out that phorbol ester
treatment affected the transcription of the transfected
construct which is expressed from the Adenovirus
major late promoter, expression of an unrelated protein
from the same vector under the same conditions was

tested. The unrelated product of the mouse ¢-mos-

proto-oncogene {33] was expressed from the same vec-
tor and the presence of the c-mos polypeptide was
detected with an antiserum against the C-terminal 10
amino acids of the v-mos protein (R.S. Paules and G.F.
Vande Woude, manuscript in preparation). Fig. 3B
shows that the levels of c-mos expression in transfected

COS cells are not afffected by exposure to PMA for 16
h, therefore excluding transcriptional shut-down as a
cause for the downregulation of PKC-y and
PKC-ynaso. '

4. DISCUSSION

We have shown that substitution of lysine-380 in the
putative ATP binding site.of PKC-y results'in a kinase-
deficient mutant which 'is no longer able to - phos-
phorylate histone in vitro or autophosphorylate,
whereas the extent of phorbol ester binding is not af-
fected by the mutation. After transfection into COS
cells wild-type and mutant PKC-y are expressed as 80
kDa polypeptides 'in .these cells which contain en-

.dogenous PKC-av. Although COS cells only express the

o type of PKC we show here that transfected PKC-y is
also downregulated in these cells by exposure to the:
phorbol ester PMA. The same is true for the kinase-
negative mutant. of PKC-y. These results suggest that
the process’ of downregulation does not require an ac-

‘tive kinase domain in the downregulated molecule.

Some indirect effect of activated endogenous PKC-a on
the downregulation of PKC-y cannot be. excluded.
While the experimenis reporied here were in progress
areport by Suzuki and coworkers [18] showed that rab-
bit PKC-« stably introduced into rat fibroblasts under
a dexamethasone-inducible promoter was downregula-
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tion-resistant when lysine-368 which is part of the ATP

binding site of PKC-& was cylmnged to arginine resu!ting |

in loss of kinase activity.

Surprisingly, these resulls reported for PKCeer are in
apparent contrast to our results on PKC-y. Although it
is formally possible that the two isoenzymes show such
a different behavior, it cannot be ruled our completely
that different results may be- obtained in stably
transfected lines where expression of the exogenous ¢n-
2yme is induced by steroids, Thig possibility is sup-
ported by the observation that a kinase-deficient mu-
tant of bovine PKC-ar appears 1o downregulate after
transient expression in. COS cells (C. Pears and P,
Parker, personal communication), Another patentially
‘important feature is the nature of the endogenous PKC
isoenzyme, Where as Suzuki and coworkers have car-
ried out their studies on exogenously introduced PKC-
ar, which is the same type as the endogenous enzyme, we
have studied the behaviour of an isoenzyme foreign to
these cells, However, the observation that exogenously
introduced PKC-y is downregulated in COS celis by
PMA convinced us to consider this system as ap-
propriate to study the effect of a mutant kinase domain

in this system. In addition, expression of a PKC isoen-

zyme different from the endogenous type allows im-
munological distinction between the exogenous and en-
dogenous PKC isoenzymes.

From our results we would therefore conclude that

the downregulation of the PKC-y polypeptide proceeds

in the same way whether the kinase domain is func-
tional or not. This implies that downregulation or pro-
teolytic degradation is a direct consequence of perhaps
conformational changes induced by phorbol ester bin-

ding to the regulatory domain which inturn makes the: -

polypeptide susceptible to proteolytic attack.
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