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Direct activation of a protein kinase activity from rat lacrimal 
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The analysis of the cytosolic fraction from rat exorbital lacrimal gland with DEAE-cellulose ion-exchange chromatog- 
raphy showed the presence of a peak of protein kinase activity which was dependent on the presence of phosphatidylserine 
and diolein as well as calcium. This activity showed the same properties as the previously reported protein kinase C 
(PKC). Moreover, we have shown for the first time that this kinase or a kinase that coeluted from the column with PKC 
could be activated by a phorbol ester, PMA, in a phospholipid-free system, i.e. in the absence of any cofactor of PKC. 
These findings emphasize the need for caution in the interpretation of experimental results obtained when using phorbol 

esters to probe for a role of PKC in many regulatory processes. 
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1. INTRODUCTION 

Newly synthesized protein secretion from rat ex- 
orbital lacrimal glands is mainly controlled 
through the activation of cholinergic, muscarinic 
receptors [1,2]. Receptor activation leads to the 
generation of two intracellular messengers through 
the activation of a specific phospholipase C (PLC) 
activity. This PLC cleaves phosphatidylinositol 
4,5bisphosphate (PIP2) into inositol 1,4,5 
triphosphate (IP3) and diacylglycerol (DAG) [3]. 
The role of IP3 is to release calcium from a non- 
mitochondrial intracellular store which results in 
an increase of cytosolic free calcium concentration 
[4]. The role of DAG seems to favor the activation 
of a peculiar protein kinase, protein kinase C 
(PKC) [5]. Both the increased intracellular free 
calcium concentration, which could activate 
calcium-calmodulin-dependent protein kinase, and 
DAG generation, which activates PKC, act 
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together to transduce extracellular signals into 
cellular responses (for review see [6]). 

Since the discovery that tumor-promoters such 
as the phorbol esters were able to mimic the effect 
of DAG and to activate PKC [7], many studies 
showed that this kinase might be involved in the 
regulation of an increasing number of 
physiological processes, such as exocrine protein 
secretion [ 1,891. 

In a recent paper, we showed that phorbol 
1Zmyristate 13-acetate (PMA) could increase the 
release of newly synthesized proteins from rat exor- 
bital lacrimal glands [ 11. This result was recently 
confirmed by Dartt et al. [8] who showed a 
stimulatory effect of Phorbol 12-13 di-butyrate 
(PdBu) on peroxidase secretion by exorbital 
lacrimal gland acini. So, in the present study, we 
have partially purified protein kinase C from rat 
exorbital lacrimal gland and characterized the en- 
zyme using lysine-rich histone as substrate. We also 
present evidences, for the first time, for the ex- 
istence of a protein kinase activity that co-purify 
with protein kinase C and that is stimulated by 
PMA in the absence of Ca*+ and phospholipid. 
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2. MATERIALS AND METHODS 

2.1. Materials 
Phospholipase C, phosphatidylserine, l.Zdiolein, phorbol 

esters, histone III-S, ATP, EDTA, EGTA and leupeptin were 
from Sigma, St. Louis, MO, USA. [-y-“PI ATP (3000 Ci/mmol) 
was purchased from Amersham International Incorporation, 
England. 

2.2. Methods 
2.2.1. Preparation of rat lacrimal gland homogenate and par- 

tial purification of soluble protein kinase C 
Male Sprague Dawley rats (5-6 weeks old) were killed by cer- 

vical dislocation, and exorbital lacrimal glands were removed 
and freed of connective tissue. The gland homogenate (usually 
glands from ten rats) was prepared by homogenization of 10 vol 
(w/v) of ice-cold 20 mM Tris-HCI (pH 7.5 at 4’C), 0.25 M 
sucrose, 10 mM EGTA, 5 mM EDTA, 50 mM &mercaptoetha- 
nol, and 0.01% leupeptin. The homogenate was centrifuged at 
700 x g for 5 min. The pellet was discarded and the superna- 
tant centrifuged at 100000 x g for 60 min or 450000 g for 15 
min. The high speed supernatant was referred as the cytosolic 
fraction. 

For the purification of the PKC activity, the cytosolic fraction 
(about 10 ml) was loaded into a column (0.9 x 18 cm) packed 
with DE 52 resin equilibrated with buffer A (20 mM Tris-HCl 
(pH 7.5 at 4°C) 0.5 mM EGTA, 0.5 mM EDTA, 50 mM fi- 
mercaptoethanol and 0.001% leupeptin). The column was 
washed with 50 ml of the above buffer. This was usually suffi- 
cient for non-interacting proteins to be eluted from the resin. 
Proteins were then eluted from the column by a continuous gra- 
dient of NaCl (O-300 mM) made in buffer A (100 ml total 
volume) at a flow rate of 1 ml/min. Fractions of 2 ml each were 
collected. Active fractions were pooled (generally 10 fractions), 
made 1.5 M NaCl and applied to a Phenyl-Sepharose CL-4B 
(Pharmacia) column (0.9 X 10 cm) at a flow rate of 0.5 ml/min 
as described by Kikkawa et al. [24]. Fractions of 2 ml each were 
collected. The collected fractions could be stored without any 
appreciable loss of activity for several weeks at - 20°C after be- 
ing made 37.5% glycerol. However, the amount of activity 
which was recovered from the two columns from different ex- 
periments showed some variability. 

2.2.2. Determination of PKC activity 
PKC activity was determined either on individual fractions 

from the DE 52, or the Phenyl-Sepharose chormatography col- 
umns or on pooled fractions (as indicated) containing the 
highest activity. The protein kinase activity was assayed in 200 
pl of medium containing 20 mM Tris-HCl (pH 7.5 at 3O”C), 5 
mM MgCla, 0.5 mM EGTA, 20 CM ATP, 0.5 &i [r”P] ATP, 
50 pg lysine-rich histone type III-S with or without 0.6 mM 
CaCl2 in the presence or the absence of 25bg PS + lO/rg diolein 
(DiC18) or phorbol esters where indicated. The solutions of 
phosphatidylserine or phosphatidylserine + diolein were 
prepared by mixing appropriate amounts of both compounds 
dissolved in chloroform, evaporating under a stream of nitrogen 
followed by a dispersion of the residue by sonication in 20 mM 
Tris-HCl (PH 7.5 at 3O”C), 5 mM MgCl2 and 0.5 mM EGTA. 
A fresh solution was prepared each time. Phorbol esters were 
prepared as stock solutions in DMSO at a concentration of 1 
mg/ml. Control incubations with the highest concentrations of 
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DMSO used were performed and we never found any effect of 
DMSO in these conditions. After a 5 min equilibration period at 
3O”C, the reaction was initiated by adding ATP and was carried 
out usually for 10 min in the same conditions. Incubations were 
stopped by the addition of 2 ml of ice-cold 10% trichloroacetic 
acid (TCA). Then, 0.5 mg BSA were added to each tube and the 
precipitate was centrifuged (10 min at 2500 x g), the pellet was 
washed once with 2 ml TCA, solubilized with NaOH and 
radioactivity was counted by liquid scintillation. PKC activity 
was defined as the amount of “P transferred from ATP to 
histone III-S in the presence of Ca” + PS + DiCl8 compared 
with that in the presence of Ca2’ alone. 

2.2.3. Assay with PLC 
The active fractions from the DE 52 column were pooled and 

incubated with PLC in the presence of 5.5 mM total Ca” con- 
centration (5 mM free calcium) that is necessary for the activity 
of PLC. The effects of PLC were tested on both the basal activi- 
ty (in the presence or absence of calcium), the activity in the 
presence of Ca2+ + PS + DiCl8 and the activity in the 
presence of PMA in a Ca2+ and phospholipid-free (PL-free) 
system. 

After a 5 min equilibration period, the reactions were initiated 
by the addition of PLC and carried out for 10 min at 30°C in 
the same conditions. Then EGTA buffer was added to decrease 
the free calcium concentration of 0.1 mM or below 10 nM. The 
phosphotransferase actvity was initiated by the addition of a 
mixed solution of [y-“P]ATP (20 PM) + histone (50 Pg) 5 min 
after the addition of EGTA and stopped 10 min later by the ad- 
dition of 2 ml of ice-cold TCA 10%. 

3. RESULTS AND DISCUSSION 

3.1. Protein kinase C characterization 
In a first attempt, we tried to show the presence 

of protein kinase C directly in the cytosol of the rat 
exorbital lacrimal gland cells. However, we failed 
to detect any increase in the incorporation of 32P 
from [Y-~*P]ATP into histone III-S in the presence 
of all the PKC cofactors (calcium, phosphatidyl- 
serine, and diolein) when compared with that in the 
presence of calcium alone. Moreover, calcium 
alone (0.1 mM free concentration) was able to in- 
crease histone phosphorylation by itself (data not 
shown) probably because of the presence of 
calcium/calmodulin-dependent protein kinase ac- 
tivities in this cytosolic fraction [ 10,111. The lack of 
effect of the PKC cofactors on crude preparation 
has been described in other tissues [12,13] and 
could result from: (i) the absence of PKC in this 
tissue; (ii) the presence of a high level of other pro- 
tein kinase activities which could mask the PKC ac- 
tivity through an increase in the basal rate of 32P in- 
corporation; (iii) the presence of an endogenous in- 
hibitor of PKC. 
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We then performed a partial purification of the 
cytosolic fraction by anion-exchange chromatog- 
raphy on a DE 52 column in order to separate PKC 
activity from either an inhibitor or other protein 
kinases. 

Fig. 1A shows the effect of 0.1 mM free calcium 
on the histone kinase activity contained in the gra- 
dient fractions. As evidenced, no calcium- 
dependent activity could be detected in any of the 
fractions tested. This result suggests that either the 
calcium-dependent protein kinase activity measured 
in the crude cytosolic fraction was not retained or 
not eluted from the column or that an endogenous 
calcium-dependent activator such as calmodulin 
for example was lost or separated from the kinase. 
One could notice that a calcium-independent 
histone kinase activity eluted from the column at a 
salt concentration of 220 to 240 mM (fraction 30 
through 48). The relative amount of activity in 
these fractions increased when the tissue was 
homogenized in a buffer containing only 2 mM 
EGTA and 2 mM EDTA instead of 10 mM EGTA 
and 5 mM EDTA and upon storage without 
glycerol (data not shown). This activity may corres- 
pond to the enzyme protein kinase M (PKM) which 
was first described by Takai et al. [14] as the con- 
stitutively activated form of PKC through pro- 
teolysis by a calcium-dependent protease [ 151. 

As shown in fig. lB, an activity which was greatly 
increased by the simultaneous presence of calcium, 
phosphatidylserine and diolein eluted from the col- 
umn at a salt concentration of NaCl ranging from 
80 to 100 mM. In this experiment, the maximal 
phosphotransferase activity (fractions 17-18) cor- 
responded to a 33-fold increase in the basal rate of 
32P incorporation into histone obtained in the 
presence of 0.1 mM free calcium alone (see fig. 1A 
for comparison). 

To characterize further the histone kinase activi- 
ty which was stimulated in the presence of calcium 
and phosphatidylserine, fractions containing the 
highest activity were pooled (fractions 15 through 
19 of fig.1 for example). This protein kinase activi- 
ty was then tested for its dependence on substrates 
(ATP and histone III-S) and magnesium. The ap- 
parent K, for ATP and histone were found to be 
8.7,uM and 2.4pM, respectively. These values were 
in agreement with those obtained with more 
purified preparations of PKC [16] and would fur- 
ther indicate that the kinase activity measured in 
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DEAE-cellulose chromatography of cytosolic protein 
kinase C. Proteins from the cytosolic fraction of rat exorbital 
lacrimal glands were chromatographed on a DE 52 column as 
described in section 2. The column was developed with a linear 
salt gradient of O-O.3 M NaCl in Tris-HCl buffer (straight line). 
The amount of phosphotransferase in each fraction was 
measured on a ahquot of 25 ,ul. (A) Protein kinase activity was 
determined in the absence (a) or presence (0) of 0.1 mM free 
calcium. (B) Protein kinase activity measured in the presence of 
0.1 mM free calcium + 25 pg/ml PS + fig/ml DiC18 (IZI) or in 

the absence of calcium + 0.1 PM PMA (e). 

the presence of Ca’+, PS and DiC18 might be 
PKC. 

This calcium-phospholipid dependent protein 
kinase activity has an absolute requirement for 
magnesium. No activity could be detected below a 
threshold concentration of 0.3 mM Mg2+. The 
maximal activity was observed at concentrations of 
5-10 mM, while higher concentrations were in- 
hibitory with a nearly complete inhibition at a 
Mg2+ concentration of 100 mM (data not shown). 
Similar results were also obtained in other PKC 
preparations [ 171. 

3.2. Effect of phorbol esters 
Since the discovery that phorbol ester such as 
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PMA and PdBu could directly activate protein 
kinase C [7], it has been proposed that this effect 
was archieved by mimicking the effect of 
diacylglycerol [ 181. The activation process involves 
the formation of a quaternary complex between 
kinase C, calcium, phospholipid and phorbol ester. 
In some studies, it has been shown that calcium is 
not absolutely necessary for the action of PMA, 
whilst the effect of phorbol esters is dependent 
upon the presence of phospholipids [7,19]. 
However, in the course of our study, as a control, 
we tested the effect of PMA on the kinase activity 
of the fractions eluting from the DE 52 column in 
the absence of both calcium and phosphatidyl- 
serine. As can be seen from the elution profile of 
protein kinase C activity (fig.lB), we found that 
0.1 PM PMA alone was able to increase the 
phosphotransferase activity towards histone great- 
ly. This activity was superimposable on the PKC 
activity peak. The stimulatory effect of PMA in the 
calcium-phospholipid-free reaction was dose- 
dependent and with a half-maximal stimulation ob- 
tained at a PMA concentration in the 10 nM range 
(see figs 2, 3 and 4). 

To our knowledge, this is the first report of a 
stimulatory effect of PMA on a protein kinase ac- 
tivity in the absence of phospholipid and calcium. 
It has been previously shown that, as PMA, 
another tumor-promoting phorbol ester, PdBu, 
could increase PKC activity in the presence of 
phosphatidylserine whereas a non-tumor-pro- 
moting phorbol ester, 4cr-phorbol 12,13-dide- 
conoate (h-Pdd) could not. So, to test the nature 
and the specificity of the effect of PMA in the 
calcium-phospholipid-free assay, we analyzed the 
effect of increasing concentrations of PdBu and 
&-Pdd in these conditions. The results are 
reported in fig.2. They were quite different from 
those expected from previous assumptions, since 
PdBu and rky-Pdd had no significant effects, a 
slight increase in kinase activity could only be 
observed at 1 PM PdBu. At least two reasons could 
explain the lack of effect of PdBu compared to 
PMA. Indeed, it has been shown that the presence 
of PS was absolutely necessary for the binding of 
radioactive PdBu to protein kinase C. So, the first 
possibility was that PdBu had no effect in the 
absence of PS because it dit not bind to PKC. The 
second possibility was that PdBu could bind to 
PKC but in contrast with PMA could not fully ac- 
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Fig.2. Effect of phorbol esters on protein kinase activity. The 
fractions containing the highest calcium-phospholipid 
dependent histone kinase activity were pooled and tested for 
activity as described in section 2. Kinase activity was assayed 
with increasing concentrations of PMA (El), PdBu (+) and 4o- 
phorbol(0) in the absence of calcium and PS. Each point is the 

mean of triplicates from a typical experiment. 

tivate the enzyme. If the second possibility were 
true, PdBu might act as a competitive inhibitor of 
PMA if added to the medium simultaneously. 

In order to discriminate between these hypothe- 
sis, we performed the following experiments. First, 
we tested the effect of phosphatidylserine on the 
dose-response curve to PdBu (fig.3). As can be 
observed, in the presence of PS, PdBu became ac- 
tive for concentrations which were ineffective in 
the absence of PS. This result favoured our first 
hypothesis. Additionally, we observed that; if the 
presence of PS is not absolutely necessary in order 
to observe an effect of PMA, its presence increased 
the apparent affinity of PMA for the kinase. 

In order to test the second hypothesis, we 
measured the effect of a high concentration of 
PdBu (1 PM) which has only a small stimulatory ef- 
fect by itself, on the dose-response curve to PMA. 
The results reported in fig.4 show that PdBu did 
not exert any inhibitory effect on the phospho- 
transferase activity induced by PMA. The effect of 
PdBu is rather additive with that of PMA at low 
concentrations where the inhibitory effect might 
have been maximal in the case of the second 
hypothesis. 

Up to now, we have no definitive explanation for 
these results, but several hypotheses can be propos- 
ed. Firstly, our fractions could contain amounts of 
phospholipids (PS for example), sufficient to per- 
mit the activation of PKC by PMA in our assay 
conditions. The second hypothesis is that we are in 
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Fig.3. Effect of phosphatidylserine on the dose response curve 
to PMA and PdBu. Kinase activity was assayed as described in 
section 2 in the presence of increasing concentrations of either 
PMA (+, n ) or PdBu (x , 0) in the absence (+, x) or presence 
(m, 0) of 25 yg/ml PS. Each point is the mean of triplicates 

from a typical experiment. 

the presence of two different kinases which co- 
elute upon DEAE-cellulose ion-exchange chro- 
matography. One is PKC, which is activated by 
both PMA and PdBu only in the presence of PS, 
and the other one is a PMA-activated and PL- 
independent protein kinase, which could not be ac- 
tivated by PdBu in the PL-free system. 

To test for this hypotheses, we performed the 
following experiments. Firstly, we introduced a 
second step of purification upon a Phenyl- 
Sepharose column in order to remove contingent 
endogenous phospholipids or the contaminant 
kinases. As evidenced in fig.5, the peak of the 
PMA-activated and PL-independent kinase activi- 
ty (figSA) is still superimposed with that of the 
PKC activity (fig.SB). Secondly, we incubated the 
DE 52 column fractions with PLC in order to 
hydrolyse the endogenous phospholipids that 
might coelute with PKC. As reported on fig.6, in- 
cubations with PLC did not inhibit the kinase ac- 
tivity in response to PMA in the PL-free system. As 
a control, we tested the effects of PLC on the PKC 
activity in the presence of calcium + PS + 
DiC18. In this case, we observed an inhibition 
when compared with pre-incubations with boiled 
PLC. A complete inhibition could not be observed 
probably because (i) PS is present in the incubation 
medium at a high concentration (25 ,ug/ml), (ii) 
DiC18, which increases the activity of PKC in the 
presence of subsaturating concentrations of PS, is 
also present in the assay medium and (iii) DG, 
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Fig.4. Effect of PdBu on the dose-response curve to PMA. 
Kinase activity was assayed as decribed in section 2 in the 
presence of increasing concentrations of PMA in the absence (+) 

or presence (m) of 1 PM PdBu. 
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Fig.5. Phenyl-Sepharose chromatography of the active 
fractions from the DEAE-cellulose chromatograhic step. The 
experimental protocol was as described in section 2. The amount 
of phosphotransferase activity in the fractions was measured on 
an aliquot of 25 ~1 for 10 min. (A) Protein kinase activity was 
determined in the presence of 0.1 mM free calcium in the 
absence (m) or presence (IZI) of PS (25 pg/ml) + DiC18 (10 
fig/ml). (B) Protein kinase activity measured in the absence of 
calcium in the absence (0) or presence (+) of 0.1 PM PMA. 
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Fig.6 Effect of PLC pretreatment on the protein kinase 
activity. Active fractions from the DEAE-cellulose chroma- 
tographic step were pooled and treated in the presence of native 
(PLC) or denaturated (PLC boiled) PLC as described in section 
2. Phosphotransferase activity was tested either in the presence 
of PMA (0.1 or 1 ,uM) in the absence of calcium or in the 
presence of PS + DiC18 in the presence of 0.1 mM free calcium. 
The amount of protein kinase activity in the control incu- 
bations, i-e, in the absence of calcium for PMA and in the 
presence of 0.1 mM free calcium for PS + DiC18 has been 

substracted from the results. 

which is formed from PS as the result of PLC ac- 
tivity, would also potentiate the effect of PS on 
PKC. On the contrary, if contaminant phospho- 
lipids were present, they would be expected to be 
broken down and the response to PMA would have 
been inhibited. 

These results taken together rule out the possi- 
bility of a contamination of our enzyme prepara- 
tion by endogenous PL. If the introduction of a se- 
cond step of purification upon Phenyl-Sepharose 
column could not entirely rule out the possibility of 
a contamination by some other kinases, it render it 
however unlikely. Furthermore, considering the 
fact that the isoforms of PKC described in the 
literature show different enzymatic properties 
[ 19,201, we can hypothesize that in our preparation 
of rat lacrimal gland PKC, PMA, but not PdBu, 
would activate one peculiar isoform of PKC in the 
PL-free reaction. Such a hypothesis requires fur- 
ther studies and especially a better purification of 
the lacrimal gland PKC up to the characterization 
of the isoforms to determine if one of them is 
specifically involved in the observed phenomenon. 
Moreover, our results would further indicate that 
an activation mechanism of the soluble form of 
PKC might exist beside the well-documented one 
which involves an interaction of PKC with the 
membrane phospholipids in the presence of 

calcium and diacylglycerol. This last hypothesis is 
certainly speculative and rather non-classical but 
could explain some of the discrepancies observed 
between the effects of DAG and PMA at a more 
physiological level [21,22]. Our data also em- 
phasize the need for caution in the analysis of ex- 
perimental results obtained with phorbol esters to 
probe the involvement of PKC in the regulation of 
exocrine protein secretion since, as reported by 
Nishizuka [23], PKC may not be the only one 
target of tumor promoters. 
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