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Unphosphorylated wPKC Exhibits Phorbol Ester 
Binding but Lacks Protein Kinase Activity In Vitro 
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Abstract Expression of the a-isoform of protein kinase C (a-PKC) in E. coli yielded the unphosphorylated 74 kD 
precursor molecule. This precursor form exhibited phospholipid- and calcium-dependent phorbol ester binding but 
lacked, in contrast to the phosphorylated enzyme, protein kinase activity. In addition, the precursor molecule was found 
to interact with both threonine and an ATP analogon, which demonstrates that phosphorylation of a-PKC is  not required 
for binding of substrates, cofactors, or activators. These results, therefore, suggest that posttranslational phosphoryla- 
tion of a-PKC is  not needed for the formation of a functional enzyme-substrate complex but is  necessary for the catalytic 
transfer of phosphate residues from ATP to protein substrates. 
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Cellular signalling mediated by protein kinase 
C (PKC), a multigene family, is thought to repre- 
sent a major control element in cell growth and 
differentiation [Nishizuka, 1986, 19881. St' imu- 
lation of a broad variety of cell surface receptors 
by appropriate growth factors, hormones, and 
neurotransmitters is known to induce activa- 
tion of PKC via the formation of diacylglycerol 
and the mobilization of calcium [Nishizuka, 
1986, 19881. Since PKC activation by diacylglyc- 
erol has been shown to be mimicked by tumor 
promoting phorbol esters, its involvement in 
malignant growth has been suggested [Cast- 
agna et al., 1982; Parker et al., 19841. 

Besides the regulation of the enzymatic activ- 
ity by diacylglycerol and phorbol esters, PKC is 
also regulated by posttranslational modifica- 
tions. a-PKC is known to  be synthesized as a 
precursor molecule which is subsequently phos- 
phorylated yielding the mature enzyme [Borner 
et al., 1989; Parker et al., 1987; Pate1 and Sta- 
bel, 19891. Since the phosphorylated form is 
found to exhibit protein kinase activity and phor- 
bol ester binding, the hypothesis was made that 
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the unphosphorylated molecule may represent 
an inactive precursor form [Borner et al., 1989; 
Pears et al., 19921. However, the characteriza- 
tion of the precursor molecule was so far not 
possible due to the lack of its accumulation in 
eukaryotic cells. 

Here we show that expression of a-PKC in 
bacteria yielded the unphosphorylated precur- 
sor which was analyzed with respect to protein 
kinase and phorbol esters binding activity. 

MATERIALS AND METHODS 
Materials 

AbPKC306 [Parker et al., 19861 was given by 
P.J. Parker (Ludwig Institute for Cancer Re- 
search, London), PET-8c [Studier et al., 19901 
by F.W. Studier (Biology Department, Brook- 
haven National Laboratory, NY), and PING1 
[Johnston et al., 19851 by J.H. Lee (INGENE, 
Santa Monica, CA). LLC-PK51 is a pig kidney 
cell line which overexpresses bovine tr-PKC from 
the same cDNA as used for the ex.pression in 
bacteria [Wartmann et al., 19911. E. coli MC1061 
was obtained from BIO-RAD and restriction 
enzymes, Klenow DNA polymerase, and T4 DNA 
ligase from New England Biolabs. Buffer sub- 
stances and salts for media were from Merck, 
carbohydrate supplements and amino acid com- 
ponents from Sigma, anti a-PKC antibody MC5, 
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Fig. 1. Expression of a-PKC in E. coh. A Construction of the 
plasmid pPKC. a-PKC cDNA was cloned into the bacterial 
expression vector plNCl . Details are described in Materials and 
Methods. Restriction sites used are indicated (parentheses mark 
blunt-ended sites). The arabinose-inducible promoter P araBAD 
is represented by a filled arrow, the ara B' and the bla gene (Ap') 
by open boxes. RB/TS stands for the DNA fragment containing a 
translational stop and a ribosomal binding site. B: Expression of 

[12511-labelled antimouse antibody, and protein 
A-sepharose CL-4B from Amersham, and horse 
radish peroxidase-coupled antimouse antibody 
from Boehringer Mannheim. [32P]-orthophos- 
phoric acid and [35S]-methionine were obtained 
from New England Nuclear. [3H]-phorbol 12,13 
dibutyrate ([3Hl-PDBu) and [Y~~PI-ATP were 
from Amersham, L-a-phosphatidyl-L-serine, di- 
oelin, Histone HIII, and protamine sulfate were 
from Sigma, and acrylamide and N, "-methy- 
lenebisacrylamide from Serva. 

Expression of a-PKC in f. coli 

The 2.1 kb cDNA fragment coding for the 
bovine brain a-PKC was obtained by an EcoRI 
and a partial NcoI digestion of hbPKC306. A 
sequence of 39 bp containing a translational 
stop and a ribosomal binding site (the XbaI/ 
NcoI fragment of PET-8c) was ligated to the 
isolated 2.1 kb DNA fragment. This extended 

a-PKC upon induction by arabinose. Cultures of MC-PKC were 
grown and a-PKC expression was induced by the addition of 
arabinose as described. Cell lysates were prepared, subjected to 
NaDodS0,-PAGE (8% polyacrylamide), and analyzed by either 
Coomassie brilliant blue staining (upper panel) or by immuno- 
blotting (lower panel). lanes 1-6: 0, 1, 3, 6, 16, and 24 h after 
induction, respectively. The arrow marks a-PKC protein. Molec- 
ular mass standards (in kD) are shown on the left. 

DNA fragment was blunt-ended by Klenow DNA 
polymerase and subsequently cloned into the 
blunt-ended SalI site of the expression vector 
PING1 yielding the plasmid pPKC (Fig. 1A). 
PING1 has originally been designed for the ex- 
pression of target proteins fused to ara B' se- 
quences. However, the insertion of the addi- 
tional 39 bp between ara B' and a-PKC permitted 
a-PKC to be expressed as a non-fused protein. 

E. coli MC1061 was transformed with pPKC 
by electroporation (thereafter called MC-PKC) 
and 5 ml cultures were grown in M9 minimal 
medium [Sambrook et al., 19891 supplemented 
with 0.4% fructose. At an optical density ODGo0 
of 0.5, expression of a-PKC was induced by 
adding arabinose to a final concentration of 0.2% 
for indicated times. Cells were pelleted by centrif- 
ugation (1 min at 12,OOOg) and disrupted by 
sonication in 500 r~.l buffer A (20 mM Tris-HC1 
pH 7 .4 , l  mM EDTA, 1 mM EGTA, and 10 mM 
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Fig. 2. lmmunoblot analysis of the subcellular distribution of 
a-PKC in E coh Cultures of MC-PKC were grown and induced 
for 24 h at 37°C (lanes 1-3), 30°C (lanes 4-6), 25°C (lanes 
7-9), and 18°C (lanes 10-1 2), respectively Total extracts (lanes 
1 ,  4, 7, lo) ,  fractions of soluble (lanes2, 5, 8, 11) and insoluble 

2-mercaptoethanol). Finally, “soluble” (superna- 
tants) and “insoluble” (pellets) protein frac- 
tions were obtained by high speed centrifuga- 
tion (30 min at  100,OOOg). 

Labelling of a-PKC 

Cultures (5 ml) of MC-PKC were grown in a 
low phosphate, methionine free M9 medium sup- 
plemented with 0.4% fructose to an optical den- 
sity ODsoo of 0.5. Expression of a-PKC was in- 
duced by arabinose and proteins were labelled 
by the addition of [35S]-methionine (50 kCi/ml) 
or [32P]-phosphoric acid (50 FCi/ml). Soluble 
protein fractions were prepared as described 
above. 

Immunological Analysis of a-PKC 

Immunoblot analysis and immunoprecipita- 
tion of a-PKC have been performed as described 
[Borner et al., 1988, 19911. 

Protein Kinase Activity and [3H] -PDB~ Binding of 

Kinase and [3H]-PDBu binding activity of 
a-PKC have been measured as described [Regaz- 
z i  et al., 19861. The affinity of a-PKC for [3H]- 
PDBu was determined as described [Costa et al., 
19851. 

a-PKC 

RESULTS 
Expression of WPKC in E. coli 

In order to express bovine a-PKC in E. colz, 
the expression plasmid pPKC has been con- 
structed (Fig. 1A) and transformed into E. coli 
MC1061, generating the MC-PKC cell. Induc- 
tion of MC-PKC led to the accumulation of a 
protein which was identified to be a-PKC (Fig. 
1B). Unfortunately, but consistent with previ- 

proteins (lanes 3, 6, 9, 12) were prepared and immunoblot 
analysis was performed The arrow marks the position of a-PKC 
protein Molecular mass standards (in kD) are shown on the 
right 

ous reports [Marston, 1986, and references 
therein], nearly all of the expressed a-PKC was 
found in the insoluble protein fraction (Fig. 2, 
lanes 1-3). However, relative amounts of solu- 
ble a-PKC protein drastically increased after 
lowering the expression temperature (Fig. 2, 
lanes 4-12). Expression at 30°C yielded highest 
levels of soluble protein. 

a-PKC Expressed in E. cob Represents the 
Unphosphorylated Precursor Form 

Phosphorylation of the PKC precursor yield- 
ing the mature enzyme is known to cause a shift 
of the apparent molecular weight of the mole- 
cule from 74 to 77 kD [Young et al., 1987; 
Parker et al., 1987; Borner et al., 1989; Pate1 
and Stabel, 19891. In order to detect alterations 
in the molecular mass of the enzyme, reflecting 
phosphorylations, the mobility of the protein on 
SDS polyacrylamide gels was analyzed. MC- 
PKC was found to generate an a-PKC species 
exhibiting a smaller molecular size than the 
phosphorylated 77 kD form present in eukary- 
otic cells (Fig. 3A). In addition, determining the 
state of phosphorylation by differential label- 
ling, a-PKC expressed in bacteria was found to 
incorporate [35S]-methionine but not [32Pl-phos- 
phate (Fig. 3B). These results strongly indicate 
that a-PKC expressed in E. colz represents the 
unphosphorylated 74 kD precursor form of this 
enzyme. 

Binding of Phorbol Ester by the 
Unphosphorylated a-PKC Precursor 

The 74 kD a-PKC precursor was analyzed 
with respect to phorbol ester binding, an activity 
that has been demonstrated for most of the 
members of the PKC family [Niedel et al., 1983; 
Leach et al., 1983; Parker et al., 1984; Nishi- 
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Fig. 3. Characterization of wPKC expressed in E colr A: 
Determination of the molecular mass Total cell extracts from 
arabinose-induced MC-PKC (lane 1 )  and from LLC-PK51, a pig 
kidney cell line which overexpresses the same cDNA as MC- 
PKC [Wartmann et al , 19911 (lane 2) were subjected to immu- 
noblot analysis after NaDodS04-PACE Molecular mass stan- 
dards (in kD) are shown on the left B: Determination of the 
phosphorylation state Cultures of MC-PKC were induced and 
labelled by the addition of [32P]-phosphoric acid (lanes 1, 3) or 
[35S1-methionine (lanes 2, 4) Fractions of soluble proteins 
were prepared and a-PKC was immunoprecipitated Precipi- 
tated proteins were separated by NaDodS04-PACE and ana- 
lyzed by either fluorography (lanes l ,  2) or by immunoblotting 
using a non-radioactive horse radish peroxidase-coupled second- 
ary antibody (lanes 3, 4) The signals at 50 k D  in lanes 3 and 4 
represent the heavy chain of the antibodies used to precipitate 
u-PKC, which cross-react with the antibody used for immuno- 
blotting 

zuka, 19881 (Fig. 4). In contrast to protein ex- 
tracts of the vector control MC-PING 1, extracts 
of MC-PKC were found to bind radiolabelled 
phorbol 12,13 dibutyrate ([3H]-PDBu) upon in- 
duction. The extent of binding correlated with 
a-PKC levels was determined by immunoblot 
analysis (Fig. 1B). [3H]-PDBu binding to MC- 
PKC extracts was strictly dependent on phospha- 
tidy1 serine (PS) and calcium. Scatchard analy- 
sis indicated that the molecule binds PDBu with 
an affinity of 9 * 2 nM (data not shown). There- 
fore, binding of the cofactors calcium and PS as 
well as of the activating phorbol esters is not 
dependent on phosphorylation of the a-PKC mol- 
ecule. 

0 1  3 6 16 24 

Time h 

Fig. 4. [3Hl-PDBu binding activity in E colr extracts Cultures 
of MC-PKC (dots) and MC-plNG1 (triangles) were grown and 
induced by arabinose Aliquots were taken at 0, 1 ,  3 ,  6, 16, and 
24 h after induction, extracts of total proteins were prepared, 
and [-'Hl-PDBu binding was measured The values indicated are 
the means of three independent experiments 

Fig. 5. Kinase activity in E colr extracts Purified u-PKC from 
eukaryotic LLC-PK51 (filled bars), from bacterial MC-PKC (open 
bars), and a mixture of both (hatched bars) were assayed for 
histone Hlll and protamine sulfate phosphorylations a-PKC 
concentrations were adjusted by immunoblot prior to the assay 
Results represent the means of three independent experiments 
and were normalized to  the activities of a-PKC from LLC-PK51 

Unphosphorylated a-PKC Precursor Features No 
In Vitro Kinase Activity 

The 74 kD a-PKC precursor was partially 
purified from soluble extracts of MC-PKC by 
two chromatographic steps using threonine 
sepharose and the ATP-analogon Cibacron Blue 
F3G-A (data not shown). The enzyme was then 
analyzed with respect to histone HI11 and prot- 
amine sulfate phosphorylation and compared to 
a-PKC purified by the same procedure from the 
eukaryotic LLC-PK51 cell line [Wartmann et 
al., 19911 (Fig. 5). In contrast to phosphorylated 
a-PKC from LLC-PK51, unphosphorylated 
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a-PKC from MC-PKC exhibited no in vitro ki- 
nase activity. The possible presence of an inhibi- 
tor co-purified with a-PKC from the bacterial 
lysate could be excluded since no inhibitory ef- 
fect was observed when a mixture of both prepa- 
rations was assayed (Fig. 5). These results indi- 
cate that the unphosphorylated 74 kD a-PKC 
precursor lacks the potential to  phosphorylate 
known PKC substrates. 

DISCUSSION 

By expressing a-PKC in E. colz we succeeded 
in producing the unphosphorylated 74 kD pre- 
cursor molecule. Isolation of the a-PKC precur- 
sor has not been possible so far due to  its rapid 
modification in eukaryotic cells. The character- 
ization of this precursor protein is of interest 
since the unphosphorylated 74 kD molecule has 
been postulated to  represent the inactive precur- 
sor form of a-PKC which is converted to the 
active enzyme by a specific phosphorylation 
[Borner et al., 1989; Pears et al., 19921. 

The unphosphorylated 74 kD a-PKC precur- 
sor molecule was found to bind the phorbol ester 
PDBu in a calcium- and phospholipid-dependent 
manner. Zinc-finger structures within the con- 
served region C1 of the enzyme have been re- 
ported to be responsible for the phospholipid- 
dependent binding of phorbol esters [Ono et al., 
1989; Cazaubon et al., 1990; Burns and Bell, 
19911. In addition, mutations within the zinc- 
fingers have been shown to lead to a total loss of 
PDBu binding, indicating that an intact second- 
ary structure of PKC is essential for binding of 
activators [Ono et al., 19891. In accordance with 
these reports our result suggests that the un- 
phosphorylated 74 kD precursor protein pos- 
sesses native zinc-finger structures as well as a 
functional C2 domain, the calcium binding mo- 
tif of cPKCs [Kaibuchi et al., 1989; Ono et al., 
19891. Furthermore, our finding demonstrates 
that posttranslational phosphorylation of a-PKC 
is neither needed for binding of cofactors and 
activators nor for the formation of protein struc- 
tures appropriate for these binding activities. 

The failing of the unphosphorylated 74 kD 
a-PKC to phosphorylate substrate proteins con- 
firmed the postulated lack of kinase activity of 
this precursor molecule. An incorrect folding of 
the enzyme has been considered to  be a possible 
reason for the missing kinase activity. However, 
the presence of functional C1, C2, C3, and C4 
domains reflected by the interactions of the 
a-PKC precursor with activators (PDBu), cofac- 

tors (calcium and PS), and substrates (threo- 
nine and the ATP-analogon) point to a correct 
enzyme structure. Therefore, we propose that 
the unphosphorylated state of the 74 kD a-PKC 
precursor is responsible for the missing kinase 
activity of this protein form. 

Summarizing, our results indicate that phos- 
phorylation of a-PKC is not required for the 
binding of effectors, activators, or substrates, 
but is necessary for protein kinase activity. We 
conclude that posttranslational phosphoryla- 
tion of a-PKC is not involved in the formation of 
the functional complex consisting of the en- 
zyme, activators, and substrates but is needed 
for catalyzing the subsequent transfer of phos- 
phate residues from ATP to protein substrates. 
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