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Abstract. The interaction of aluminium ion species with 
soluble protein kinase C, Ca2§ 
protein kinase, from mouse brain has been examined 
in vitro. The activity of protein kinase C was increased 
by addition of C a  2+ displaying an ECs0 value of 10.3 + 1.1 
• 10 -6  M. The AI species inhibited the activity with an 
IC50 values of 8.6+0.5 x 10 -5 M and 2.7+0.3 x 10 -5 M in 
the presence of 0.5 mM Ca 2+ and absence of Ca 2+, respec- 
tively. Concerning the ECs0 for Ca 2+ activation, this was 
increased by the A1 species in a dose-dependent manner. 
Moreover, the inhibition was of a non-competitive type 
with respect to H1 histone and of a mixed type with re- 
spect to ATP. It is likely that the inhibition was caused by 
1) the blocking of Mg 2§ binding to ATP, 2) the blocking 
of Ca 2+ binding to protein kinase C. Our results suggested 
that protein kinase C was involved in neurotoxicity of A1. 
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Introduction 

Aluminium (A1) has recently been recognized as a cau- 
sative agent in dementia, anemia and osteomalacia occur- 
ring in chronic hemodialysis (Wills and Savory 1983; AI- 
frey 1984) and in Alzheimer's disease (Perl 1985). A1 has 
also been implicated in neurotoxicity associated with 
amyotrophic lateral sclerosis, and in a form of Parkinson- 
ism-dementia complex, in the indigenious population of 
Guam, where soils are high in A13§ and low in Mg 2§ and 
Ca 2§ (Garruto et al. 1984). 

On the other hand, protein kinase C has been impli- 
cated in transmembrane signaling to regulate many cellu- 
lar functions and proliferation (for reviews, refer to Ni- 
shizuka 1984, 1986, 1988). Recently, much attention has 
been paid to its role in neuronal signal transduction, since 
the highest concentration of protein kinase C has been 
found in nervous systems (Kuo et al. 1980; Minakuchi et 
al. 1981; Ashendel et al. 1983) and activation of protein ki- 
nase C causes an increase in neurotransmitter release 
(Shuntoh and Tanaka 1986; Tanaka et al. 1986; Nichols et 
al. 1987). In order to clarify whether protein kinase C is in- 
volved in neurotoxicity of heavy metal cations, our labora- 
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tory has been investigating the effects of divalent cations 
on protein kinase C. In brief, cations were divided into 
three groups based on their effects on the activity of so- 
luble protein kinase C, that is, 1) as substitutes for Ca 2+ to 
activate; Sr 2+ or Ba 2+, 2)essentially no effect; Co 2+, 
Mn 2+, etc., and 3) as inhibitors; Hg 2+, Pb 2+, Cd 2+, etc. 
(Saijoh et al. 1988). In particular, mercurials impaired pro- 
tein kinase C at micromolar concentrations due to SH 
blocking (Inoue et al. 1988). These findings suggest that 
ionic circumstances may affect the activity of protein ki- 
nase C. Accordingly, the question that arises now is 
whether protein kinase C can be affected by trivalent ca- 
tions like A13+, as well as divalent cations, viz, whether 
protein kinase C is involved in the neurotoxicity of A1. The 
present study was undertaken to evaluate the effect of A1 
ion species on the enzymatic activity of soluble protein ki- 
nase C. 

Materials and methods 

Materials. The following compounds were used in this 
study: [y_32p] ATP (8 Ci/mmol,  New England Nuclear), 
leupeptin and ATP (Sigma), diolein (Serdary), phosphati- 
dylserine (Tokyo Kasei), Pipes, phenylmethylsulfonyl 
fluoride, 2-mercaptoethanol, EGTA, 1-ethyl-3-(dimethyl- 
aminopropyl)carbodiimide (EDAC), dicyclohexyl carbo- 
diimide (DCCD), N-ethylmaleimide (NEM), and metal 
salts [CaC12, A1CI3 and HgC12; of highest purity (99.99%)] 
(Nakalai tesque). H1 histone was a generous gift from Dr 
U Kikkawa and Dr K Ogita, Department of Biochemistry, 
Kobe University School of Medicine. All other com- 
pounds used were of analytical quality. 

Buffer composition. Preparation of protein kinase C and 
assay of its enzymatic activity were performed essentially 
according to the method of Kikkawa et al. (1986) as de- 
scribed below. However, Pipes/NaOH (pH 6.8) was used 
instead of Tris/HCl (pH 7.4) in order to examine the effect 
of carbodiimide modification on protein kinase C. The 
slightly lower pH should favor the reaction of carbo- 
diimide with the carboxyl group (Means and Feeny 1971). 
No significant change was found in the activity of protein 
kinase C between Pipes and Tris buffers. 

Removal of contaminating metals. As described previously 
(Saijoh et al. 1988), Ca z+ and other metal ions in Pipes/ 
NaOH (pH 6.8) and histone were removed using Chelex- 
100 column (Bio-Rad) which reduced Ca 2+ in the solution 
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to less than 0.2 IxM. Metals contained in the protein kinase 
C preparation were removed during the purification 
described below. According to the method of Chao et al. 
(1984), Ca2+-free solutions were stored in polyethylene 
containers that had been treated with dilute HC1, main- 
tained at about 95~ for 5 min, and then rinsed several 
times in deionized water obtained from Mili-Q (Milli- 
pore), containing less than 0.1 ixM Ca 2+. Since the concen- 
tration of Ca 2+ was critical, plastic ware was used 
throughout the experiment. 

Partial purification of protein kinase C. Whole mouse brain 
(Jcl: ICR, female, 6 week old), excluding the olfactory 
bulb and cerebellum, was homogenized with 10 vol ho- 
mogenate buffer [10 mM Pipes/NaOH (pH 6.8), 1 mM 
EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM 
2-mercaptoethanol and 0.01% leupeptin]. The homogenate 
was centrifuged at 100000 g for 1 h. Thereafter, the super- 
natant was further centrifuged with 120000 g for 45 min. 
Soluble protein kinase C was partially purified over 
DEAE-cellulose (DE-52, Whatman Inc.) column. Follow- 
ing passage through ultrafiltration membrane YM100 
(partition molecular weight: 100000, Amicon), the par- 
tially purified protein kinase C was washed ten times with 
10vol EGTA- and 2-mercaptoethanol-free homogenate 
buffer using ultrafiltration membrane cone CF25 (parti- 
tion molecular weight: 25 000, Amicon) in order to remove 
EGTA and 2-mercaptoethanol. Ca 2+ content in the par- 
tially purified protein kinase C was less than 0.01 ppm, 
equal in effect to less than 0.2 txM. In order to measure the 
irreversible effects of carbodiimides and NEM, the 
enzyme was treated with 1 mM EDAC, DCCD and NEM 
for 1 h on ice. 

Enzymatic activity of protein kinase C. Enzymatic activity 
was assayed by measuring the incorporation of 32p into 
H1 histone from [y_32p] ATP, according to the method of 
Kikkawa et al. (1986). However, 2-mercaptoethanol, 
EGTA and EDTA were not used in order to avoid binding 
to cations. A 70 I.tl aliquot (final; 25 p.g protein/ml) of pro- 
tein kinase C preparation was added to the reaction mix- 
ture in a total volume of 180 p.1, containing 10 mM Pipes/ 
NaOH (pH 6.8), [y_32p] ATP (10 I.tM; 30000 cpm/nmol), 
8 ~tg/ml H1 histone, 5 mM magnesium acetate, 0-1 mM 
CaC12, 8 Ixg/ml phosphatidylserine and 0.8 ~tg/ml diolein 
with or without metal salts, carbodiimides and NEM. The 
mixture without diolein served as a blank. For kinetic 
analysis, various concentrations of ATP (1.7-20 p.M) and 
H1 histone (40-400 Ixg/ml) were used. The reaction was 
terminated by addition of 1 ml 25% trichloroacetic acid 
and the precipitate was collected and washed by filtration 
over a membrane filter. The radioactivity was determined 
using a scintillation spectrophotometer. 

Other methods. Protein was measured using Bio-Rad pro- 
tein assay kit. Statistical analysis was performed using Stu- 
dent's t-test or Tukey's multiple comparison test. 

Results  

Effect of AI species on the enzymatic activity of protein 
kinase C. In the absence of any AI species, addition of 
Ca 2+ increased the enzymatic activity of protein kinase C 
in a concentration-dependent manner (ECs0: 10.3___ 1.1 
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Fig. 1. Effect of AI species on the activity of protein kinase C at 
varying concentrations of Ca 2+. Each point represents the mean of 
at least four determinations. Horizontal bar indicates the ECs0 
value. (0) Control; (O) 8 x 10 -5 M AI species, almost identical 
with the IC50 value as described in Table 1; (A) 10-aM; 
(11) 2 x 1 0  - 4  M. Significant differences in ECs0 values; control - 
8 x 10 -5 M and control - 1 0  - 4  M (p <0.05, Tukey's multiple com- 
parison test) 

Table 1. Effect of aluminium on enzymatic activity of protein ki- 
nase C 

Activity IC 50 for A1 species 
(nmoi/mg prot/5 min) (M) 

( - )  Ca 2+ 5.0+0.8 2.7+0.3 x 10 -5 
(+) Ca 2+ 15.6___ 1.0" 8.6___0.5 x 10 -5' 

Values were the means + SE of six determinations. "p <0.05 
(Student's t-test) 

X 10-6M). This activity was maximally achieved at 
0.1-0.2 mM Ca 2+ (Fig. 1), as reported previously (Saijoh 
et al. 1988). The activity was suppressed by the Al species 
both in the presence and absence of Ca 2+. In the presence 
of 0.5mM Ca 2+, the A1 species showed no detectable 
effect up to 4x l0 -5 M, although the activity of protein 
kinase C was impaired with an ICs0 value of 
8.6+0.5 x l0 -5 M. In the absence of Ca 2+, the A1 species 
inhibited the activity of protein kinase C with an ICs0 of 
2.7+0.3 x 10-SM (Table l). On the contrary, addition of 
the A1 species to the assay mixture increased an ECs0 
for Ca 2+ as well as decreased the basal and maximum 
activities (Fig. 1). 

Kinetic analysis of inhibition. A13+ has been reported to in- 
hibit enzyme systems involving both ATP and Mg 2+ (Har- 
rison et al. 1972; Martin 1986). In order to determine the 
type of inhibition, the activity of protein kinase C was de- 
termined over ranges of ATP and histone concentrations 
in the presence of Ca 2+. Double-reciprocal plots showed 
that the Al species displayed a mixed type of inhibition 
with respect to ATP, whereas a non-competitive type was 
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Fig. 2. A, B Kinetic analysis of inhibition for protein kinase C ac- 
tivity over concentration ranges of ATP (A), and histone (B), in 
the presence of 0.5 m M Ca 2 § Each point represents the mean of at 
least four determinations. (0 )  Control; (�9 8 x 10 -5 M A1 spe- 
cies, almost identical with the ICs0 value; (m) 1 x 10 -7 M Hg2§ 
(A) 8x 10-4M NEM. The concentrations of Hg 2§ and NEM 
used were almost identical to the IC50 values as reported previ- 
ously (Inoue et al. 1988). For the effect of NEM, the preparation 
was priorly incubated with NEM for 1 h on ice. Significant differ- 
ences; (A) Vmax: control-A1 species, Hg 2+ and NEM and Kin: con- 
trol-Al species and (B) Vmax: control-A1 species, Hg 2§ and NEM 
(p < 0.05, Tukey's multiple comparison test) 

shown by Hg 2+ and NEM (Fig. 2A). With respect to his- 
tone, on the other hand,  the AI species as well as Hg 2+ and 
NEM displayed a non-competi t ive type of inhibit ion 
(Fig. 2 B). Different kinds of SH-blocking reagents, such 
as 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), p-chlo- 
romercuribenzoic acid (PCMB), etc. showed the same 
types of inhibition as with Hg 2§ and NEM (data not 
shown). 

Chemical modification of protein kinase C. The effect of 
modification of carboxyl groups on protein kinase C was 
compared with the effect of  the AI species essentially ac- 
cording to the method of Marquis and Black (1984). To 
measure the reversible competitive effects of EDAC and 
DCCD on enzymatic activity, EDAC or DCCD was 
added to the assay mixture. EDAC, a water-soluble carbo- 
diimide, increased the EC50 for Ca 2+ without changing 
both the basal and maximum activities, whereas DCCD, a 
lipid-soluble carbodiimide, showed no apparent effect 
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Fig. 3. A, B Effects of carbodiimides, Hg 2+ or NEM on the activity 
of protein kinase C over ranges of Ca 2+ concentrations. (0 )  Con- 
trol. A (�9 1 mM EDAC, (&) 1 mM DCCD and (11) 1 x 10 -7 M 
Hg 2+ were added to the assay mixture. B Protein kinase C was 
priorly incubated with (O) 1 mM EDAC, (A) 1 mM DCCD and 
(m) 8 x 10 -4 M NEM for 1 h on ice. Horizontal bar indicates the 
ECs0 value. Each point represents the mean of at least four deter- 
minations. Significant differences in ECs0 values; (A) control - 
EDAC, DCCD - EDAC and Hg 2+ - EDAC and (B) control - 
EDAC and DCCD - EDAC (p < 0.05, Tukey's multiple compar- 
ison test) 

(Fig. 3A). HgCI2 did not alter the ECs0 for Ca 2+ but de- 
creased both the basal and maximum activities. Thereafter, 
prior incubat ion of protein kinase C with carbodiimides 
and NEM was carried out (Fig. 3 B) in order to irrever- 
sibly block the carboxyl and SH groups, respectively. 
Treatment with EDAC induced a reduction in the basal 
activity and increased the ECs0 for Ca 2+. In contrast, 
DCCD still showed no effect on the activity. NEM re- 
duced the basal activity to one half and abolished the acti- 
vation by Ca 2+. 

Discuss ion  

The findings obtained in the present study indicated that 
the A1 species inhibited the enzymatic activity of protein 
kinase C with an IC50 value of 2.7 x 10 -5 M (almost equal 
to 0.7 ppm) without 0.5 mM Ca 2+ and 8.6 x 10 -5M (al- 
most equal to 2.3 ppm) with 0.5 mM Ca 2+. This inhibit ion 
is possibly caused by the interaction of the AI species and 
Ca 2+ with the same anionic  site of protein kinase C, as 
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well as by the competition of AI 3+ with Mg 2+ for the phos- 
phate site of ATP. 

The concentration of the A1 species necessary to inhibit 
the enzymatic activity of protein kinase C was higher than 
other divalent cations such as Hg 2+, Cd 2+, Pb 2+, etc. and 
trivalent cations such as Tb 3+, Sm 3+ etc., which inhibited 
that at micromolar order concentrations. However, the in- 
hibition caused by the AI species was more potent vis-a-vis 
Mn 2+, Ni 2+ etc. (Inoue et al. 1988; Saijoh et al. 1988). The 
usual value of AI in normal human brain is within the 
range of 0.9-2.2 mg/kg dry weight and in the dialysis en- 
cephalopathy patient brain 12.4-24.5 mg/kg dry weight 
(Arieff et al. 1979). Moreover, no A1 was detectable in the 
control rat brain and 8.6 mg/kg wet weight (=  8.6 ppm) of 
AI was accumulated in the rat brain 14 days after adminis- 
tration of an LDs0 value (14 days) of A1 nitrate (Llobet et 
al. 1987). Within physiological pH, the highest permissible 
AI 3+ concentration is calculated to be approximately 
10-8M with a total allowable A1 ion concentration of 
about 10 -5 M. The predominant water-derived complex is 
AI(OH)4-. The remainder of the added AI 3+ has either 
been complexed by other ligands or formed into insoluble 
AI(OH)3 (Martin 1986). Polynuclear species may also be 
formed in a time-dependent manner (Smith 1971). In the 
present study, relatively low concentrations of A1CI3 were 
dissolved prior to use, in order to avoid forming any time- 
dependent polymerization. Such a bio-inorganic chemistry 
of AI makes it difficult to interpret the findings, although 
it is reasonable to speculate that protein kinase C is in- 
volved in the neurotoxicity of A1. 

Sequence studies revealed that there were at least three 
major functional sites in the catalytic domain of protein 
kinase C, viz, the MgATP binding site, the protein sub- 
strate binding site and the catalytic site, and at least two 
major functional sites in the regulatory domain, that is, the 
diacylglycerol or phorbol ester binding site and the Ca 2+ 
binding site (Coussens et al. 1986; Parker et al. 1986; Ohno 
et al. 1987; Ono et al. 1987). However, Kikkawa et al. 
(1987) reported that no obvious structure for the binding 
of Ca 2+, such as the EF-hand that is found in Ca  2+ bind- 
ing proteins like calmodulin, was apparent in the mole- 
cule. As reported previously (Inoue et al. 1988), SH-block- 
ing reagents including mercurials suppressed the activity 
of soluble protein kinase C, probably due to inhibition of 
the catalytic site as well as inhibition of diacylglycerol 
binding. In the present study, kinetic analysis was per- 
formed in order to clarify the mechanism of inhibition by 
the A1 species. 

The AI species showed a mixed type of inhibition with 
respect to ATP, which was different from SH-blocking re- 
agents. Martin (1986) reported that A13+ could not replace 
Ca 2+ in proteins without substantial changes in liganding 
groups, but bound almost 10 7 times more strongly to ATP 
than does Mg 2+. It is considered possible that the effect of 
A13+ on protein kinase C activity is via the substitution for 
Mg 2+ rather than for Ca 2+. On the other hand, the ICso 
value was increased in the presence of Ca 2+, indicating 
that protein kinase C was protected from the AI species in- 
hibition in high Ca 2+ media. Moreover, a water-soluble 
carbodiimide, but not a lipid-soluble carbodiimide, 
showed an increase in ECso for Ca 2+ not only when it was 
added to the assay mixture but also after it irreversibly 
blocked the carboxyl group of protein kinase C. These 
findings are taken to suggest that carboxyl group played 

an important role in Ca  2+ binding to protein kinase C. A 
similar interaction between the AI species and Ca 2+ was 
reported in case of acetylcholinesterase (Marquis and 
Black 1984). Although Richardt et al. (1985) has claimed 
that the A1 species in toxicologically relevant concentra- 
tions did not interact with calmodulin, Siegel and Haug 
(1983) reported that the ability of the AI species to inhibit 
calmodulin was correlated with Al toxicity. These con- 
troversies seemed to be due to the complex bio-inorganic 
chemistry of Al, as described above. The possibility that 
the observed effects were due to insoluble AI(OH)3 or 
polynuclear species affecting the enzyme or H1 histone 
cannot be fully ruled out. Still, it seems likely that, in the 
10-5-10-4M range, the AI ion species, like Ca 2+, may 
bind to the anionic sites of protein kinase C which in- 
volves a carboxyl group that can be blocked by carbo- 
diimides. 

Consequently, the AI species inhibited protein kinase 
C, probably not only due to competition with Mg 2+ for 
ATP but also due to blocking of Ca 2+ binding to protein 
kinase C. It is reasonable to assume that the AI species 
showed neurotoxicity by inhibiting protein kinase C and/  
or calmodulin, both of which played important roles in 
Ca2+-mediated intracellular signal transduction. In this 
line of thought, the modulation of AI neurotoxicity by in- 
tracellular Ca 2+ should also be considered. 

Acknowledgements. We thank Dr U. Kikkawa and Dr K. Ogita of 
the Department of Biochemistry, Kobe University School of Me- 
dicine for their pertinent discussion and donation of H1 histone. 
This work has been partly supported by a Scientific Research 
Grant from the Ministry of Education, Science and Culture, 
Japan. 

References 

Alfrey AC (1984) Aluminium intoxication. N Engl J Med 310: 
1113-1114 

Arieff AL, Cooper JD, Armstrong D, Lazarowitz VC (1979) 
Dementia, renal failure, and brain aluminium. Ann Int Med 
90:741-747 

Ashendel CI, Staller JM, Boutwell RK (1983) Identification of a 
calcium- and phospholipid-dependent phorbol ester binding 
activity in the soluble fraction of mouse tissues. Biochem Bio- 
phys Res Commun 111 : 340-345 

Chao SH, Suzuki Y, Zysk JR, Cheung WY (1984) Activation of 
calmodulin by various metal cations as a function of ionic 
radius. Mol Pharmacol 26:75-82 

Coussens L, Parker PJ, Rhee L, Yang-Feng TL, Chen E, Water- 
field MD, Francke U, Ullrich A (1986) Multiple distinct 
forms of bovine and human protein kinase C suggest divesity 
in cellular signaling pathways. Science 233:859-866 

Garruto RM, Fukatsu R, Yanagihara R, Gajdusek DC, Hook G, 
Fiori CE (1984) Imaging of calcium and aluminium in neuro- 
fibrillary tangle-bearing neurons in Parkinsonism-dementia of 
Guam. Proc Natl Acad Sci USA 81: 1875-1879 

Harrison WH, Codd E, Gray RM (1972) Aluminium inhibition of 
hexokinase. Lancet II: 277 

Inoue Y, Saijoh K, Sumino K (1988) Action of mercurials on ac- 
tivity of partially purified soluble protein kinase C from mice 
brain. Pharmacol Toxicol 62:278-281 

Kikkawa U, Go M, Koumoto J, Nishizuka Y (1986) Rapid purifi- 
cation of protein kinase C by high performance liquid chro- 
matography. Biochem Biophys Res Commun 136:636-643 

Kikkawa U, Ogita K, Ono Y, Asaoka Y, Shearman M, Fujii T, 
Ase K, Sekiguchi K, Igarashi K, Nishizuka Y (1987) The 
common structure and activities of four subspecies of rat 
brain protein kinase C family. FEBS Lett 223:212-216 



478 

Kuo JF, Anderson RGG, Wese BC, Mackerlova L, Salomons- 
son I, Brackett NL, Katoh N, Shoji M, Wrenn WR (1980) 
Calcium-dependent protein kinase: widespread occurrence in 
various tissues and phyla of the animal kingdom and compar- 
ison of effects of phospholipid, calmodulin, and trifluopera- 
zinc. Proc Natl Acad Sci USA 77:739-743 

Llobet JM, Domingo JL, Gomez M, Tomas JM, Corbella J (1987) 
Acute toxicity studies of aluminium compounds: antidotal ef- 
ficacy of several chelating agents. Pharmacol Toxicol 60: 
280-283 

Marquis JK, Black EE (1984) Aluminum activation and inactiva- 
tion of bovine caudate acetylcholinesterase. Bull Environ 
Contam Toxicol 37:704-710 

Martin RB (1986) The chemistry of aluminium as related to biolo- 
gy and medicine. Clin Chem 32:1797-1806 

Means GE, Feeny RE (1979) Chemical modification of proteins. 
Holden-Day Inc., San Francisco, CA, pp 144-148 

Minakuchi R, Takai Y, Yu B, Nishizuka Y (1981) Widespread oc- 
currence of calcium-activated, phospholipid-dependent pro- 
tein kinase in mammalian tissues. J Biochem 89:1651-1654 

Nichols RA, Haycock JHW, Wang JKT, Greengard P (1987) 
Phorbol ester enhancement of neurotransmitter release from 
rat brain synaptosomes. J Neurochem 48:615-621 

Nishizuka Y (1984) The role of protein kinase C in cell surface 
signal transduction and tumor promotion. Nature 308: 
693 -698 

Nishizuka Y (1986) Studies and perspectives of protein kinase C. 
Science 233:305-312 

Nishizuka Y (1988) The molecular heterogeneity of protein kinase 
C and its implications for cellular regulation. Nature 334: 
661 - 665 

Ohno S, Kurokawa T, Imajoh S, Suzuki K, Inagaki M, Yokoku- 
ra H, Sakoh T, Hidaka H (1987) Three distinct types of rabbit 
protein kinase C deduced from cDNA sequences and the 
tissue specific expression of their mRNAs. Nature 325: 
161-165 

Ono Y, Kikkawa U, Ogita K, Fujii T, Kurokawa T, Asaoka Y, 
Sekiguchi K, Ase K, Igarashi K, Nishizuka Y (1987) Expres- 
sion and properties of two types of protein kinase C deter- 
mined by alternative splicing from a single gene. Science 236: 
1116-1119 

Parker PJ, Coussens L, Totty N, Rhee L, Young S, Chen E, Sta- 
bel S, Waterfield MD, Ullrich A (1986) The complete primary 
structure of protein kinase C - the major phorbol ester recep- 
tor. Science 233: 853-859 

Perl DP (1985) Relationship of aluminum to Alzheimer's disease. 
Environ Health Perspect 63: 149-153 

Richardt G, Federolf G, Habermann E (1985) The interaction and 
other metal ions with calcium-calmodulin-dependent phos- 
phodiesterase. Arch Toxicol 57:257-259 

Saijoh K, Inoue Y, Katsuyama H, Sumino K (1988) The interac- 
tion of cations with activity of soluble protein kinase C from 
mouse brain. Pharmacol Toxicol 63:221-224 

Siegel N, Haug A (1983) Aluminium interaction with calmodulin. 
Biochem Biophys Acta 744:36-45 

Shuntoh H, Tanaka C (1986) Activation of protein kinase C 
potentiates norepinephrine release from sinus node. Am J 
Physiol 251:C833-840 

Smith RW (1971) Relation among equilibrium and nonequilib- 
rium aqueous species of aluminum hydroxy complexes. In: 
ACS Advances in Chemistry Series, Vol. 106. American 
Chemical Society, Washington, DC, pp 250-279 

Tanaka C, Fujiwara H, Fujii Y (1986) Acetylcholine release from 
the guinea pig caudate slices evoked by phorbol ester and cal- 
cium. FEBS Lett 195:129-134 

Wills MR, Savory J (1983) Aluminium poisoning: dialysis en- 
cephalopathy, osteomalacia, and anaemia. Lancet II: 29-34 

Received January 23, 1989/Received after revision April 6, 1989/ 
Accepted June 5, 1989 


