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ABSTRACT

Protein kinase C (PKC) is an important enzyme in mediating
cellular signal transduction and neuronal plasticity. Extremely
low concentrations (picomolar range) of Pb** have been reported
to activate partially purified PKC from rat brain (Markovac and
Goldstein, 1988). However, the lead activation of PKC at such
low concentrations is still a matter of discussion (Simons, 1989).
To clarify this point, we have examined the lead effect on highly
purified PKC subtypes. Pb** was found to be a potent inhibitor

for all three PKC subtypes (types |, Il and Hll) with ICs, of 2 to 10
1M. Characterization of this lead inhibition of PKC suggests that
1) the inhibition is not due to the competition with Ca**, 2) the
site of action of lead is on the catalytic domain of PKC, 3) the
inhibition is not dependent on the mode of activation (phospha-
tidylserine/diacylglycerol vs. cis-unsaturated fatty acid) and 4)
the inhibition is totally reversible.

The neurotoxicity of lead has been well documented. Lead
acts on the central and peripheral nervous systems at low doses.
A variety of clinical studies in children indicate that there is a
close association between lead exposure and behavioral disor-
ders, cognitive development and impairment of learning proc-
esses (for review, Silbergeld, 1985; Needleman, 1991).

A growing body of evidence indicates that the phosphoryla-
tion of brain proteins by PKC plays an important role in the
regulation of neuronal plasticity, a physiological basis of learn-
ing and memory (for review, Routtenberg, 1991). Activation of
PKC by phorbol ester or DAG modulates a variety of ion
channels in neuronal cells and controls the excitability of
neurons (for review, Shearman et al., 1989). PKC is now known
to be a large family of protein kinases with multiple subtypes
and currently ten of them (a, 81, BII, v, 4, ¢, {, 1, 6, and A\) have
been identified (Nishizuka, 1988, 1992; Osada et al., 1990).
Three distinct isoforms of brain PKC, types I, II and III, have
been purified chromatographically (Huang et al., 1986; Jaken
and Kiley, 1987). The types I, II and III PKC have been shown
to correspond to v, BI+BII and «a-PKC, respectively (Kikkawa
et al., 1987; Ono et al., 1987).

It has been reported that extremely low concentrations of
Pb** (107'*-107'® M) can activate brain PKC in the presence
of PS and DAG (Markovac and Goldstein, 1988). Activation of
PKC by Pb** was shown to be highly selective and potent; the
Pb**-induced PKC activity is more than 10 times higher than
that by Ca** or by other metal ions. Their study suggests that
PKC may be the potential target of lead toxicity in biological

Received for publication January 28, 1992.

systems, particularly in the central nervous system. However,
the PKC preparation used in their experiment is relatively
crude, and it may contain various subtypes of PKC and possibly
other protein kinases. Thus, the activation of PKC by Pb** at
such low concentrations needs further evaluation. We have
purified three PKC subtypes (types I, II and III) from the rat
brain to apparent homogeneity and examined the effect of Pb**
on the PKC activity.

Methods

Purification of PKC subtypes. Twenty-five rat brains from male
Sprague Dawley rats (Harlan, 150-250 g) were used as a source of PKC.
A whole brain (including cerebral cortex and limbic system as well as
cerebellum) was used to obtain a sufficient amount of highly purified
PKC subtypes for the study. Rats were maintained in our light-dark
controlled (12-h cycle) animal facility, usually for 3 days before sacri-
fice. PKC was purified by a four-step liquid chromatography as de-
scribed elsewhere (Chen and Murakami, 1992). Briefly, PKC was
isolated from 100,000 X g supernatant of brain homogenate using
DEAE-cellulose, phenylsepharose, AcA34 gel filtration chromatogra-
phy and phenyl-5PW high-performance liquid chromatography. This
PKC fraction was separated further into three fractions (types I, I and
III) using hydroxyapatite column connected to an FPLC system (Phar-
macia). We have used three different PKC preparations for the study.
The specific activities of these fractions were 800 to 2000 nmol/min/
mg of protein. The apparent homogeneity was confirmed by silver
staining.

PKC assay in the presence of heavy metals. Chelators such as
EGTA were not used in the PKC assay because they chelate not only
Ca** but also Pb** with a much higher affinity (Bartfai, 1979), thus
making it difficult to control free concentrations of Pb** and Ca** in

ABBREVIATIONS: PKC, protein kinase C; PS, phosphatidylserine; cFA, cis-fatty acid; DAG, diacylglycerol; DiC8, 1,2-dioctanoyl-sn-glycerol; LTP,

long-term potentiation; NMDA, N-methyl/-p-aspartate.
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the assay system. To reduce contamination of Ca** and other metal
ions as much as possible, deionized distilled water was treated further
with chelex-100 followed by AG501-X8 column. Test tubes used in the
experiments were treated with 0.1 N HCI, followed by an extensive
wash with chelex-100/AG501-X8-treated deionized distilled water.

PKC activity was assayed by measuring *’P; incorporation from [vy-
32P]ATP into lysine-rich histone (type III-S, Sigma) at 30°C as previ-
ously described (Murakami et al., 1986). During the 10-min incubation
period, the enzymatic velocity was linear with time. The basic reaction
mixture contained 300 ug/ml of histone, 30 ug/ml of PS, 1 uM DiC8, 5
mM magnesium acetate, 60 uM [y-**P]JATP (100-300 cpm/pmol) and
appropriate concentrations of metal ions (acetate salt) in a final volume
of 260 ul in 20 mM Tris-acetate, pH 7.4. In some experiments, 100 xM
oleic acid was used instead of PS and DiC8. Because Cl- significantly
affects the solubility of lead, acetate salts were used in the assay.

The reversibility of the Pb** effect was tested as follows. PKC was
treated with or without 10 uM Pb** for 30 min at 4°C. After the
incubation, the lead-treated and untreated PKC samples were chelated
for Pb** with 2 mM EGTA, and the reversibility of the Pb** effect was
examined using a synergistic PKC activation mode. We used this mode
for studying the reversibility because it does not require Ca** for the
activation of PKC (Chen and Murakami, 1992), and the chelation of
Pb** by EGTA does not interfere with the measurement of PKC
activity.

Limited proteolysis and protein kinase M activity measure-
ment. Purified type I PKC was preincubated at 30°C for 1 min and
treated with 0.6 ug/ml of trypsin from bovine pancreas to generate a
catalytic fragment of PKC, protein kinase M (Huang et al. 1989). After
5 min of the trypsin treatment, proteolysis was stopped by soybean
trypsin inhibitor (final concentration, 8 ug/ml). Protein kinase M
obtained by the limited proteolysis was diluted 10 times with 20 mM
Tris-acetate, pH 7.4, and the activity was tested in the presence or
absence of 10 uM lead acetate.

Results

Pb** effect on PKC activity. Heavy metal ions such as
Zn** have been shown to modulate PKC activity, phorbol-ester
binding and membrane-interacting properties of PKC (Murak-
ami et al., 1987; Csermely et al., 1988; Forbes et al., 1990). It
has been reported that Pb** can strongly activate brain PKC
using partially purified preparations (Markovac and Goldstein,
1988). To test whether low concentrations of Pb** can directly
activate PKC, we have examined the effect of Pb** on PS/
DAG-induced PKC activity using highly purified subtypes. As
shown in figure 1, Pb** at low concentrations (<10~ M) did
not mimic Ca** for the activation of PKC regardless of the
subtypes. However, Pb** was found to potently inhibit the PS/
Ca**-dependent PKC activity. ICs, of the Pb** inhibition is 5
uM for types I and II and 10 uM for type III PKC.

Brain PKC also can be activated by cFAs (Murakami et al.,
1986; Sekiguchi et al., 1987). We have shown previously that
metal ions act differently on phospholipid/Ca**-dependent and
cFA-dependent PKC activity (Murakami et al., 1987). We
therefore examined the Pb** effect on cFA-dependent PKC
activity to test whether Pb** inhibition is specific to the mode
of activation (fig. 2). cFA-dependent PKC activity also was
inhibited by Pb** with IC5, values of 4, 2 and 5 uM for types I,
IT and III PKC, respectively. This result indicates that its
inhibitory effect is not dependent on activation mode. Because
there is no significant difference in Pb** inhibition of the PKC
subtypes tested, type I PKC, which has been shown to be a
brain-specific subtype (Nishizuka, 1988), was studied in the
following experiments for the further characterization of Pb**
inhibition.

Vol. 264

PKC Activity (% of control)

20 [ Type Ill

0 L~ n 1 1 o=
-12 -10 -8 -6 -4

Log {[Pb™] (M)}

Fig. 1. Effect of Pb** on PS/DAG-induced activation of PKC subtypes.
Dose-dependency of Pb** inhibition of PKC activity was examined at 30
ug/ml of PS, 1 uM DiC8 and various concentrations of Pb** in the
presence (@) or absence (O) of 100 uM Ca**. The activity was normalized
to that induced by 30 xg/ml of PS, 1 xM DiC8 and 100 uM Ca** in the
absence of Pb**. A, type |; B, type Il; C, type lll. The figure is a
representative result from three separate experiments. Each data point
was determined by duplicated measures.

Characterization of PKC inhibition by Pb**. Figure 3
shows the dose-response curve of Ca** for type I PKC in the
presence of different concentrations of Pb**. The maximal
velocity of PKC was greatly reduced by Pb** in a concentration-
dependent manner. One could expect a large excess of Ca**
would overcome the Pb** inhibition if Ca** competes with
Pb** for the same site; however, our result indicates that the
Pb** inhibition is not due to competition with Ca**.

Biochemical and molecular biological studies have revealed
that all PKC subtypes are a single polypeptide that consists of
a regulatory domain and a catalytic domain at N- and C-
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Fig. 2. Effect of Pb** on cis-fatty acid-induced activation of PKC sub-
types. Dose-dependency of Pb** inhibition of PKC activity was examined
at 100 uM oleic acid and various concentrations of Pb** in the presence
(®) or absence (O) of 100 uM Ca**. The activity was normalized to that
induced by 100 M oleic acid and 100 uM Ca** in the absence of Pb**.
A, type |; B, type II; C, type lll. The figure is a representative result from
three separate experiments. Each data point was determined by dupli-
cated measures.

termini, respectively (Nishizuka, 1988). Limited proteolysis of
PKC has been shown to generate a catalytic domain of PKC
that is constitutively active, called protein kinase M (Takai et
al., 1977; Huang, et al., 1989). If the site of Pb** action resides
on the catalytic domain, Pb** should inhibit protein kinase M,
whereas if it is on the regulatory domain, then Pb** should
have no effect. Figure 4 shows the Pb** effect on the proteo-
lytically generated catalytic fragment activity. 10 uM of Pb**
significantly inhibited this protein kinase M activity to a sim-
ilar extent to that observed in intact PKC (figs. 1 and 2). Pb**
inhibition of this constitutively active protein kinase indicates
that Pb** may act directly on the catalytic domain of PKC.
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Fig. 3. Effect of Pb** on Ca** dose-response curve. Type | PKC activity
was determined at different concentrations of Ca** in the presence of 0
uM (@), 0.5 uM (A), and 10 uM (@) Pb**. The concentrations of PS and
DiC8 were fixed at 30 ug/ml and 1 uM, respectively. The figure is a
representative result from three separate experiments. Each data point
was determined by duplicated measures.
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Fig. 4. Effect of Pb** on protein kinase M activity. Type | PKC was
subjected to limited proteolysis to generate protein kinase M as described
in “Methods.” The protein kinase M activity was assayed in the absence
(no Pb**) or presence (10 uM Pb**) of Pb**. Because protein kinase M
was constitutively active, the kinase assay was performed in the absence
of any lipid activators and Ca**. Data were presented as means + S.D.
of four determinations.

No Pb %

We have tested whether the Pb** inhibition is reversible.
Type I PKC was incubated with 10 uM Pb** for 30 min, and
the effect of chelation on the PKC activity was observed (fig.
5). Incubation of PKC with Pb** strongly inhibited its activity.
However, chelation of Pb** by EGTA completely restored the
PKC activity, suggesting that the Pb** effect is totally revers-
ible.

It has been shown that other metal ions also can inhibit PS/
Ca**-dependent PKC activity (Murakami, et al., 1987). There-
fore, we compared the potency of Pb** inhibition to that by
other heavy metals. As shown in figure 6, among the heavy
metal ions tested in the experiment, Pb** was the most potent
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= i Fig. 5. Rev_ersibility of Pb** inhibition. Type
= | PKC was incubated with or without 10 uM
E 40 T Pb** at 4°C for 30 min. For Pb**-treated
° 7 samples, the PKC activity was assayed in
£ - / the absence of EGTA (Pb**), or in the pres-
a | ence 2 mM EGTA (Pb**/EGTA). The sam-
30 ples incubated without Pb** were assayed
.é‘ in the absence of EGTA (control). The PKC
2 activity was measured in the presence of
3] r 30 ug/ml PS, 1 uM DIC8 and 100 xM oleic
< acid in the absence of Ca**. Other condi-
g 20 | tions are the same as described in “Meth-
o ods.” Data were presented as means =+
L S.D. of four determinations.
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80 —
g‘ I Fig. 6. Effect of various metal ions on
'2 60 I PKC activity. The activity of Type | PKC
'.8 was assayed in the presence of 30 ug/ml
b4 of PS, 1 uM DiC8 and 100 uM Ca**
L (control), or in the presence of additional
o\o metalions (Pb**, Zn**, Cd**, Al***, Co**,
40 - Cu**) at 0.5 and 10 uM. The results were
normalized with the control and pre-
sented as means + S.E.M. from two to
+ four separate experiments.
20 -
0
Pb2* n?t ca?* A% co?* cu?t
Metal lons

inhibitor, followed by Cd** and Zn**. Al***, Co*™* and Cu**
had no effect on the PKC inhibition under the conditions
tested.

Discussion

This study showed that Pb** has a potent inhibitory effect
on PKC subtypes purified from rat brain. Micromolar concen-
trations of Pb** inhibit both PS/DAG-dependent and cFA-

dependent PKC activation. This contrasts with the previous
report that low concentrations of Pb** could strongly activate
partially purified brain PKC (Markovac and Goldstein, 1988).
This discrepancy may be attributed to the preparations of PKC.
Because crude preparation could contain other proteins and
kinases, it is possible that the observed increased histone phos-
phorylation by Pb** is due to the activation of other protein
kinases or an indirect activation of PKC.

The activity of proteolytically generated catalytic fragment
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of PKC activity also can be inhibited by Pb**. This suggests
that the site of action of Pb** is at the catalytic domain of
PKC. Studies of the Ca**-requirement of phorbol ester binding
indicate that the Ca** binding site is in the C2 region in the
regulatory domain of PKC, (Ono et al., 1989; Kaibuchi et al,
1989). Thus, the interaction site of Pb** appears to be different
from the Ca** interaction site. This notion is supported further
by the Ca** dose-dependent experiment at different Pb** con-
centrations (fig. 3), which clearly shows that the Pb** effect on
PKC is not due to the competitive inhibition with Ca**.

Neurotoxic effects of Pb** have been studied extensively.
Recent studies indicate that a low-level chronic lead exposure
in childhood causes a deficit in central nervous system func-
tioning and behavioral disorder, including learning disabilities
(Needleman et al., 1990; Lyngbye et al., 1990). Collins et al.,
(1982) have shown that a low dose of lead (25 ug/kg daily)
administered to rats resulted in a preferential accumulation of
this metal in the hippocampus, a brain region that is involved
in information storage and memory. The LTP paradigm in the
hippocampus has been studied extensively as a model system
of neuronal plasticity in the brain (Teyler and DiScenna, 1987).
It has been shown that the activation of an NMDA subclass of
glutamate receptors in dentate gyrus and the CA1 region of the
hippocampal formation plays an important role in the induction
of LTP (Collingridge and Bliss, 1987), whereas PKC activation
is necessary for the persistent expression of LTP (Lovinger et
al., 1987). Recently, 2 to 50 uM concentrations of Pb** were
shown to block NMDA current in rat hippocampal neurons
without affecting non-NMDA currents (Alkondon et al., 1990).
Here we showed that a similar concentration range (2-10 uM)
of Pb** inhibits brain PKC subtypes, including brain-specific
type I. These observations raise a possibility that the learning
disorder associated with lead poisoning could result from the
interaction with PKC, an important component for neuronal
plasticity.

References

ALKONDON, M., CosTa, A. C. S., RADHAKRISHNAN, V., ARONSTAM, R. S. AND
ALBUQUERQUE, E. X.: Selective blockade of NMDA -activated channel currents
may be implicated in learning deficits caused by lead. FEBS Lett. 261: 124~
130, 1990.

BARTFAI, T.: Preparation of metal-chelate complexes and the design of steady-
state kinetic experiments involving metal nucleotide complexes. Adv. Cyclic
Nucleotide Res. 10: 219-242, 1979.

CHEN, S. G. AND MURAKAMI, K.: Synergistic activation of type III protein kinase
C by cis-fatty acid and diacylglycerol. Biochem. J. 282: 33-39, 1992.

COLLINGRIDGE, G. L. AND BLIiss, T. V. P.: NMDA receptors-their role in long-
term potentiation. Trends Neurosci. 10: 288-293, 1987.

CoLLINS, M. F., HRDINA, P. D., WHITTLE, E. AND SINGHAL, R. L.: Lead in blood
and brain regions of rats chronically exposed to low doses of the metal. Toxicol.
Appl. Pharmacol. 65: 314-322, 1982.

CSERMELY, P., SzaMEL, M., REsCH, K. AND SOMOGYI, J.: Zinc can increase the
activity of protein kinase C and contributes to its binding to plasma membrane
in T lymphocytes. J. Biol. Chem. 263: 6487-6490, 1988.

FORBES, 1. J., ZALEWSKI, P. D., GIANNASKIS, C., PETKOFF, H. S. AND COWLED,
P. A.: Interaction between protein kinase C and regulatory ligand is enhanced
by a chelatable-pool of cellular zinc. Biochim. Biophys. Acta 1063: 113-117,
1990.

HuANG, F. L., YOSHIDA, Y., CUNHA-MELO, J. R., BEAVEN, M. A. AND HUANG,

Lead Inhibition of Brain PKC 761

K.-P.: Differential down-regulation of protein kinase C isozymes. J. Biol. Chem.
264: 4238-4243, 1989.

HUANG, K.-P., NAKABAYASHI, H. AND HUANG, F. L.: Isozymic forms of rat brain
Ca**-activated and phospholipid-dependent protein kinase. Proc. Natl. Acad.
Sci. U.S.A. 83: 8535-8539, 1986.

JAKEN, S. AND KILEY, S. C.: Purification and characterization of three types of
protein kinase C from rabbit brain cytosol. Proc. Natl. Acad. Sci. U.S.A. 84:
4418-4422, 1987.

KaiBucHI, K., FUKuMOTO, Y., OKU, N., TAKAl Y., ArAl, K., MURAMATSU, M.:
Molecular genetic analysis of the regulatory and catalytic domains of protein
kinase C. J. Biol. Chem. 264: 13489-13496, 1989.

Kikkawa, U., ONo, Y., OGITA, K., FuJii, T., ASAOKA, Y., SEKIGUCHI, K.,
Kosaka, Y., IGARASHI, K. AND NISHIZUKA, Y.: Identification of the structures
of multiple subspecies of protein kinase C expressed in rat brain. FEBS Lett.
217: 227-231, 1987.

LOVINGER, D. M., WONG, K. L., MURAKAMI, K. AND ROUTTENBERG, A.: Protein
kinase C inhibitors eliminate hippocampal long-term potentiation. Brain Res.
436: 177-183, 1987.

LYNGBYE, T., HANSEN, O. N., TRILLINGSGAARD, A., BEESE, I. AND GRANDJEAN,
P.: Learning disabilities in children: Significance of low-level lead exposure
and confounding factors. Acta Paediatr. Scand. 79: 352-360, 1990.

MARKOVAC, J. AND GOLDSTEIN, G. W.: Picomolar concentrations of lead stimu-
late brain protein kinase C. Nature (Lond.) 334: 71-73, 1988.

MuRaAkaMI, K., CHAN, S. Y. AND ROUTTENBERG, A.: Protein kinase C activation
by cis-fatty acid in the absence of Ca** and phospholipids. J. Biol. Chem. 261:
15424-15429, 1986.

MuRAKAMI, K., WHITELEY, M. K. AND ROUTTENBERG, A.: Regulation of protein
kinase C activity by cooperative interaction of Zn** and Ca**. J. Biol. Chem.
262: 13902-13906, 1987.

NEEDLEMAN, H. L., SCHELL, A., BELLINGER, D., LEVITON, A. AND ALLRED, E.:
The effect of long-term effects of exposure to low doses of lead in childhood.
New Engl. J. Med. 322: 83-88, 1990.

NEEDLEMAN, H. L. AND BELLINGER, D.: The health effects of low level exposure
to lead. Ann. Rev. Public Health. 12: 111-140, 1991.

NISHIZUKA, Y.: The molecular heterogeneity of protein kinase C and its impli-
cations for cellular regulation. Nature (Lond.) 334: 661-665, 1988.

NISHIZUKA, Y.: Intracellular signaling by hydrolysis of phospholipids and acti-
vation of protein kinase C. Science (Wash, DC) 258: 607-614, 1992.

ONo, Y., Kikkawa, U, OGITA, K., Fusil, T., KUROKAWA, T., ASAOKA, Y.,
SEKIGUCHI, K., ASE, K., IGARASHI, K. AND NISHIZUKA, Y.: Expression and
properties of two types of protein kinase C: Alternative splicing from a single
gene. Science (Wash. DC) 236: 1116-1120, 1987.

ONo, Y., Fusii, T., IGARAsHI, K., KuNo, T., TANAKA, C., KIKKAWA, U. AND
NISHIZUKA, Y.: Phorbol ester binding to protein kinase C requires a cysteine-
rich zinc-finger-like sequence. Proc. Natl. Acad. Sci. U.S.A. 86: 4868-4871,
1989.

0sADA, S., MizuNo, K., Saip, T. C., AKITA, Y., Suzuki, K., KUROKI, T. AND
OHNO, S.: A phorbol ester receptor/protein kinase, nPKCn, a new member of
the protein kinase C family predominantly expressed in lung and skin. J. Biol.
Chem. 265: 22434-22440, 1990.

ROUTTENBERG, A.: A tale of two contingent protein kinase C activators: Both
neutral and acidic lipids regulate synaptic plasticity and information storage.
Prog. Brain Res. 89: 249-261, 1991.

SEKIGUCHI, K., TSUKUDA, M., OGITA, K., KIKKAWA, U., AND NISHIZUKA, Y.:
Three distinct forms of rat brain protein kinase C: Differential response to
unsaturated fatty acids. Biochem. Biophys. Res. Commun. 145: 797-802, 1987.

SHEARMAN, M. S., SEKIGUCH], K. AND NISHIZUKA, Y.: Modulation of ion channel
activity: A key function of the protein kinase C enzyme family. Pharmacol.
Rev. 41: 211-237, 1989.

SILBERGELD, E. K.: Neurotoxicology of lead. In Neurotoxicology, ed. by K. Blum
and L. Manzo, Marcel Dekker, Inc., 1985.

SiMONS, T. J. B.: Lead contamination. Nature (Lond.) 337: 514, 1989.

Takal, Y., KISHIMOTO, A., INOUE, M. AND NISHIZUKA, Y.: Studies on a cyclic
nucleotide-independent protein kinase and its proenzyme in mammalian tissues
I. J. Biol. Chem. 252: 7603-7609, 1977.

TEYLER, T. J. AND DISCENNA, P.: Long-term potentiation. Ann. Rev. Neurosci.
10: 131-161, 1987.

Send reprint requests to: Kentaro Murakami, Ph.D., Department of Biochem-
ical Pharmacology, School of Pharmacy, State University of New York at Buffalo,
Buffalo, NY 14260.

/102 ‘T 1snbBny uo sfeudnor 134SY e Blo'sjeulnofisdse ied [ wiou) pepeojumoq


http://jpet.aspetjournals.org/



