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ATP depletion is always associated with prolonged ischemia. It was found
that ATP affected calcium- and phospholipid-dependent activation of protein ki
nase C without hydrolysis of the nucleotide when the activation was monitored
by an assay for [3H] 4-,B-phorbol-12, 13-dibutyrate binding activity in a recon
stitution system having physiological concentrations of free calcium. When the
ATP level was low, an increase in the free calcium concentration could not ac
tivate the enzyme. A decrease in pH exacerbated the depressed activation. The
concentration of magnesium also affected the activation. On the other hand, free
fatty acids, which increase during ischemia, were able to activate the enzyme at a
low concentration of ATP in the absence of phorbol ester and phosphatidylserine.
These results suggest that calcium- and phospholipid-dependent activation of pro
tein kinase C is suppressed during ischemia, and that fatty acids in turn activate
the enzyme. It is possible that ischemia interferes with normal signal transduc
tion via the protein kinase C pathway and causes unusual protein phosphrylation.
(Key words: ATP, protein kinase C, phorbol ester binding, signal transduction,
ischemia)

(Irita K, Hebdon MG, Cuatrecasas P et al.: Protein kinase C and simulated
ischemia: Possible aberrations of signal transduction during ischemia. J Anesth
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Depletion of intracellular ATP is al
ways associated with prolonged ischemia
and induces a variety of responses including
changes in magnesium concentration, a rise
in cytosolic free calcium, calcium-activated
proteolysis, activation of phospholipases, ac
cumulation of diacylglycerol and free fatty
acids, and lactic acidosis, all of which are
known to affect protein kinase C activity-,

Protein kinase C is now believed to play
important roles in signal transduction in
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almost all mammalian cells". The enzyme is
particularly abundant in the brain and exerts
widespread effects on synaptic transmission
by affecting transmitter release, receptor sen
sitivity and ion channel activity". The ac
tivation of protein kinase C is thought to
occur in two stages. The first stage, called
"priming", is the binding of the enzyme to
phosphatidylserine at the cell membranes in
the presence of a resting level of free calcium.
In the second stage, the intercalation of dia
cylglycerol or phorbol ester into this ternary
complex makes the enzyme active". The
binding of [3H] 4,B-phorbol-12, 13-dibutyrate
(PDBu) to protein kinase C in a reconsti
tution system also requires the presence of
phosphatidylserine and calcium, which im
plies that the binding activity represents a
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Table 1. Effects of adenine nucleotides on phorbol ester binding to
protein kinase C.

173

Nucleotides Bound [3H]PDBu (cpm)

3080 ± 293

8560 ± 139
2976 ± 195
2881 ± 176
9017 ± 51

Without adenine nucleotide
"Normal"

ATP 2.5 mM
ADP 0.4 mM
AMP 0.05 mM
ATP (2.5 mM) + ADP (0.4 mM) + AMP (0.05 mM)

"Ischemia"
ATP 0.2 mM 1537 ± 168
ADP 0.2 mM 2664 ± 113
AMP 0.8 mM 2636 ± 116
ATP (0.2mM) + ADP (0.2 roM) + AMP (0.8mM) 2469 ± 45

eHjPDBu binding assay was performed for 4 min at 1 tLM free calcium with
or without adenine nucleotide(s). "Normal" means the normal concentrations of
the nucleotides and "Ischemia" means the concentrations of those nucleotides
which are observed in gerbil brains after 5 min of ischemia, reported in ref. 7.
Numbers are the means ± S.E. for n = 3-4.

large part of the activation process of the
enzyme. Free fatty acids also activate the
enzyme, but the physiological significance of
this type of activation is unknown".

Although the Km of the enzyme for
ATP with histone HI as a substrate is
reported to be around 6 JLM6, we found
that its value was around 2 mM when as
sessed at physiological concentrations of free
calcium7 . Because intracellular ATP concen
tration in normal and ischemic conditions are
reported to be about 2.5 mM and 0.2-0.7
mM, respectively", it is possible that changes
in ATP concentration within a physiological
range affect the phosphotransferase activity
of the enzyme. Furthermore, we found that
ATP modulated [3H]PDBu binding activ
ity without hydrolysis of the nucleotide/-".
ATP had both an inhibitory and a stimula
tory effect on phorbol ester binding activity,
suggesting that ATP has multiple sites of
action for the activation of protein kinase C.
Above 0.5 mM ATP, binding was directly
proportional to ATP concentration. These
observations suggest that a fall in ATP level
is accompanied by a decrease in membrane
association of the enzyme, possibly resulting
in an interruption of the signal transduc
tion via the protein kinase C pathway. In
this paper, we examine [3H]PDBu binding

as functions of free calcium concentration,
magnesium concentration, and pH. We also
study fatty acid-activation of the enzyme in
the presence of a physiological concentration
of free calcium. Physiological relevance of the
findings is discussed in terms of aberrations
of signaling during ischemia.

Methods

The details of the methods will be pub
lished elsewhere/:". Briefly, the enzyme was
partially purified from the particulate frac
tion of rat forebrain by extraction with
EDTA/EGTA followed by DEAE-cellulose
chromatography. The reaction mixture of
the assay for [3H]PDBu binding activity
consisted of 0.1 M Hepes-HCI (pH 7.2),
3.1 mM MgCh, 1 mM EGTA, ATP, 0.1
mg/rnl bovine serum albumin, 1 mM dithio
threitol, 40 JLg/ml phosphatidylserine and
40 nM[3H]PDBu (10.2 Ci/mmol). The reac
tion mixture of the assay for phosphotrans
ferase activity consisted of 0.1 M Hepes (pH
7.2), 3.1 mM MgCI 2 , 1 mM dithiothreitol, 1
mM EGTA, phospholipid or free fatty acid,
PDBu, 250 JLg/ml Histone HI, 0.1 mM ATP
and 1 JLCi[r-32p]ATP. CaCh was added to
give the indicated free calcium concentration.
The reaction mixture was incubated at 30°C
for 4 min.
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Fig. 1. Phorbol ester binding as a function of
the concentration of free calcium.

[3H]PDBu binding assay was performed in a
reconstitution system in the presence of various
concentrations of free calcium. 0, Without ATPj
0, with 0.1 mM ATPj ., with 2.5 mM ATP. Val
ues are means ± S.E. for n = 3-4.

Results

Table 1 shows [3H]PDBu binding activity
monitored at a free calcium concentration of
1 J.LM in the presence and in the absence
of adenine nucleotide(s). The adenine nu
cleotide concentrations used are the normal
values and those values observed 5 min after
brain ischemia produced by bilateral carotid
artery occlusion in gerbils", ATP had both a
stimulatory and an inhibitory effect on the
binding activity. ATP at 2.5 mM enhances
the binding activity, while ATP at 0.2 mM
inhibits the activity. Above 0.5 mM ATP,
the binding activity is directly proportional
to ATP concentration (data not shown).
Neither ADP nor AMP affects the binding
activity. ADP and AMP have little effect on
the binding activity modified by ATP.

Next, the effects of free calcium, magne
sium, and pH on the binding activity are
examined. Raising the free calcium concen
tration from 100 nM to 500 nM - 1 J.LM,
which simulates the increase in the free cal
cium concentration observed in a cell stim
ulated by some physiological stimulil? and

pH

Fig. 2. Phorbol ester binding as a function of
pH.

[3H]PDBu binding assay was performed at a
free calcium concentration of 1 jtM in the presence
of 0.1 M Hepes-H'Cl buffer at varying pH. Values
are means ± S.E. for n = 3-4. Symbols are the
same as in figure 1.

in a cell under ischemia11,12, increases the
binding activity in the presence of 2.5 mM
ATP but not in the absence or presence of
0.1 mM ATP (fig. 1). This indicates that
the activation of protein kinase C within a
cell requires the presence of normal concen
trations of ATP. These changes produced by
ATP are observed at physiological concen
trations of free calcium but not at higher
concentrations which could be observed in
an irreversible stage of ischemia. Figure 1
also suggests the possibility that an extreme
increase in cytosolic free calcium concentra
tion (higher than 10 J.LM) induces an un
controlled, non-specific activation of protein
kinase C.

The optimal pH for a phosphotransferase
activity of protein kinase C determined in
the presence of lOJLM ATP is reported to be
around 7.56 • Figure 2 shows that a decrease
in the binding activity produced by lowering
pH from 7.5 is more marked in the presence
and in the absence of 0.1 mM ATP than in
the presence of 2.5 mM ATP. Intracellular
pH is thought to be around 7.1 in normal
condition, and it decreases to 5.4-6.0 during
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Fig. 4. Phosphotransferase activity of pro
tein kinase C stimulated by phosphatidylserine or
free fatty acids as a function of the concentration
ofPDBu.

Phosphotransferase activity was determined at
1 pM free calcium and 0.1 mM ATP in the pres
ence of various concentrations of PDBu. The in
cubation was done for 4 min. 0, With phos
phatidylserine 40 pgjml; e, with stearic acid 400
pM; D, with oleic acid 50 pM; _, with oleic acid
400 pM. Values are means ± S.E. for n = 2. S.E.
is within the range of symbols.

The activity induced by 400 JLM oleic acid is
remarkably high.

o

Discussion

Previous papers from our laboratory
showed an impairment in the normal acti
vation of protein kinase C at low concentra
tions of ATP, suggesting that ischemia in
terferes with the normal signal transduction
via the protein kinase C pathway". This hy
pothesis is further supported by the present
observation that a rise in free calcium, a de
cline of pH, and a fall in total magnesiumj",
all of which are observed during ischemia,
do not affect the changes produced by ATP.
Preliminary experiments with Chinese ham
ster ovary cells showed that a part of protein
(de)phosphorylation induced by phorbol 12
myristate 13-acetate was inhibited during
anoxia (unpublished observation).

Free fatty acids at high concentrations
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Fig. 3. Phorbol ester binding as a function of
the concentration of MgCh.

[3H]PDBu binding assay was performed at 1
pM free calcium, pH 7.2 in the presence of various
concentrations of MgCI2' Symbols are the same as
in figure 1: Values are means ± S.E. for n = 3-4.

OL..l._.....L.._..........._ .........

Ischemia'P. Between pH 5.8-7.2, the binding
activity in the presence of 2.5 mM ATP is
always higher than that in the presence and
in the absence of 0.1 mM ATP, suggesting
that a restoration of ATP level could activate
protein kinase C even in the presence of
intracellular acidosis.

Figure 3 shows that magnesium concen
tration is also an important regulatory factor
of the binding activity. At the magnesium
concentration of 3 mM, which coincides with
the reported normal values of total magne
sium within a cell, the binding activity is
most obviously influenced by changing the
ATP concentration.

Because the level of cytosolic free fatty
acids during ischemia is known to become
extremely high14 , we finally examined the
effect of high concentrations of free fatty
acids on phosphotransferaae activity of pro
tein kinase C (fig. 4). The assay was done
in the presence of 1 JLM free calcium and
0.1 mM ATP. Phosphatidylserine-dependent
activation of the enzyme absolutely requires
the presence of PDBu, but stearic and oleic
acids are able to activate the enzyme in the
absence of PDBu and phosphatidylserine.
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were shown to activate the enzyme ef
fectively even in the absence of PDBu
and phosphatidylserine, indicating that fatty
acid-dependent activation of the enzyme
does not necessarily need the production of
diacylglycerol and the association of the en
zyme with membranes. Activation of protein
kinase C by fatty acids might suggest a pos
sible activation of the enzyme in the cytosol.
Because the presence of cytosolic substrates
for protein kinase Care reported16 , the sub
strate specificity of the fatty acid-stimulated
enzyme might be different from that of the
phosphatidylserine-stimulated form.

Several reports have appeared which de
scribe an altered second messenger system
during ischemia. Matthys et al. reported
the elevation of diacylglycerol during re
nal ischemia'" and Hochachka speculated
that the increased level of diacylglycerol dis
turbed normal signal transduction'". Present
findings, however, indicate that normal ac
tivation of protein kinase C can not occur
even in the presence of diacylglycerol and
increased cytosolic calcium (up to 1 JLM),
when the ATP level is low (fig. 1). Recently
excitatory amino acid neurotransmission has
been thought to play important roles in
the pathogenesis of ischemic brain damage,
and protein kinase C is reported to be
involved in glutamate-mediated responses'".
The enzyme is also reported to be involved
in biological effects of endotoxin20 ,21 . Fo
cusing on the derangement of the protein
kinase C pathway in ischemia and shock,
therefore, seems to be a promising ap
proach. Chin et al. hypothesized that in
creased calcium-protease activity inactivated
calmodulin-dependent protein kinase during
ischemta'". Chaudry and Baue reported de
creases in the cAMP concentration in the
rat liver, kidney, muscle and brain during
hemorrhagic shock23 , while Kobayashi et al.
reported the elevated cAMP level in the
ischemic gerbil brain". Systematic investi
gation of the changes in second messenger
systems and protein kinases is required to
elucidate perturbations in the signal trans
duction during ischemia and to develop ef
fective pharmacological management of is-

chemic diseases.
In conclusion, regulation of protein kinase

C by ATP may lead to new insights into the
mechanism for activation of the enzyme and
into a cellular dysfunction during ischemia
and shock.
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