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To what risks are we exposing ourselves
especiatly in older age? What can the inorganic
chemist say about the biochemistry of
aluminium? {1}

A, INTRODUCTION

An extensive and articulated body of information demonstrates that AKIII) is
a toxic metal centre. In fact, abnormal exposure to Al(IEl) is recognized as an
etiological factor in aluminosis [2], dialysis, encephalopathy and osteodistrophy
[2.3], and non-iron deficiency microcytic anaemia [4]. Moreover, analytical observa-
tions [5] and epidemiological data [6] point to an implication of abnormal accumula-
tion (and uptake?) of AI(IIT) as a significant marker of Alzheimer’s disease.

Convincing evidence for the international scientific awareness of the implication
of Al(ITY) in biological sysiems is offered by the exponential growth of the number
of papers appearing in the period 1970-199G {Fig. 1) and quoted in Biological
Abstracis.

G010-8545/92/515.00 {: 1992 Eisevier Science Publishers B.V. All rights reserved.
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Fig i. Piot of the number of papers on various aspects of Al biology vs. zme in the last two decades.
(data from Biosis).

Very extensive in vivo toxicological work has revealed thut artificial exposure
to AXIID) causes weli-defined neurotoxic [7], cardiotoxic [8] and hepatotexic [9]
effects in rabbits. In vitro tests have recently provided evidence for both cytostatic-
differentiating and cvtotoxic eficcts of diverse chemical forms of Al(lIl) on murine
neuroblastoma cells [143.

It must be emphasized that a conceptual basic drawback n the interpretation
of the toxicological data, even at a phenomenological level, lies in the ill-defined
character of the aluminium species administered at physiclogical pH values in the
absence of strongly complexing agents [11]. Of course, the same problem affects
interpretation of the rather extensive body of enzymological data available to date
[11.12]. 1n this connection, biological and toxicological expernimentation carried out
in these laboratories [8,16,13] is providing evidence of dramatic speciation effects in
the response of biological targets to aggression by ANIID. in fact, the pature of the
coordination sphere of Al (1. its speciation} is found to direct both the type of
biological effect and, when these turn out to be speciation-independent, the intensity
of a given biclogical response [10{b)].

Although extensive and sometimes coatradictory { 14] information on the bond-
ing interaction of Al{l{i} with biclogically relevant carboxylate and catecholamine
ligands is available [11]. ali these data are generally thermodynamic in nature rather
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than structural. Two noticeable exceptions are the X-ray single crystal molecular
structures recently determined for Al{lact), [15] and for {INH, ][ Aly(H,-Cit);{OH}
{H,O}NQO;]6H,0 [16] {Cit=citrate). Moreover, the thermodynamic information
mentioned above refers to acidic aquecus conditions which are required to ensure
kinetic feasibility for the potentiometric methodoiogy employed to obtain them.

On the other hand, information on the interaction of the metal centre with
potentially bigating sites (vide infra) present in biologically relevani small molecules
such as nucleobases, nucleotides, ATP, small peptides, amphiphilic molecules, relevant
1o (or model for) biologicul membranes is scanty from a structural point of view.
These data, as well as data on the interaction of A1) with purified DNA, transferrin
and calmodulin, will be reviewed in this paper, with particular atiention to the
molecular aspects of the metal-biomolecule interaction. The aim of this review is to
select from a very cxtensive and entangled toxicological, biological and chemical
literature, the papers which deal with structural observations relevant to the inter-
action of AKII) with biomelecules.

For a better evaluation of the relevance of the individual following paragraphs
to the general problem of AIIII) toxicity, a schematic representation of the metal
metabolism in humans is given in Fig. 2. Aluminium{III} gains access to the human
body via inhaled dust, food and beverages, water, drugs, cosmetics, eic. Most of the
metal is excluded from the major organs by the intervention of the gastrointestinal
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Fig. 2. Metabolism of aluminium in humans.
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barrier and by correct renal function {see below). However. a little but significant
accumulation oceurs in the whole body, including the brain.

B. SPECIATION OF ARHD IN WATER AND BIOLOGICAL FLUIDS

In the absence of complexing agents, the most reliable Iiterature data {17] lead
to the following prediction of aquo and hydroxo species of Al(HE at pH 74 {(u=
0.6 M) in equilibrium with amorphous solid ANOH:ANOH,)EY (1671 My,
AXOH,)(OH)? ™ (107112 M), A{OH,L,(0OH), {(107%39 M), AKOH){10~ %1% M),
AKOH); {16758 M) (the concentration of oligomeric species is less than 107 % M).

It must be strongly emphasized that this prediction is based on the assumpticn
of equilibrium conditions between solid ANOH]), and all the species mentioned above.
In fact, at pH values around neutrality, the kinetics involving any Al(HI) specics are
generally slow and the attainment of equilibrium conditions is far from becing a
normal condition when solid AHOH), is suspended in water [18]. In conclusion, any
real (i.e. experimental) solution in equilibrivm with solid AWOH}, 18, in fact, an ifi-
defined system as far as the cxact speciation of the metal centre is concerned.

In biological fluids, the speciation of AlIH) is further complicated by the
expected distribution of the metal centre in some broad classes of compounds: {1}
aguo, hydroxo or aguo-hydroxo species, (i) complexes with carboxylates {mainly
citrate}, {ii) complexes with metallo-proteins (transferrin}, {iv) complexes with plasma
non-metallo-proteins, such as albumin, (v} adducls with nucleotides triphosphaics,
and {vij complexes with catecholamines.

ARG MODEL-MEMBRANE AND MEMBRANE MGILECLLES

it is known that Al(HI) is capable of inducing alterations in vivo in the function
of the plasmatic membrane of the endothelial cell which define the brain capillary
vessels {blood-brain barrier, {BBB)} [19]. It is also known that AKITI) at xM levels
induces phase separation. aggregation, dye release and membrane rigidification in
phosphatidylserine and phosphatidyiethanolamine containing lipid vesicles [20].
Moreover, we have discovered in our laboratories [3{a)] that AKEHI} at mM levels
induces in vitro a dramatic morphological cffect {echino-acanthocytosis) on sus-
pended rabbit erythrocyies. This effect is accompanied by a considerable reduction
of membrane fluidity, as shown by ESR measurements after spin labelling [21]. n
connection with this evident tendency of AKI1T}, in certain chemical forms, to “attack™
biological membranes, it is worth mentioning that the aggression by exogenous or
endogenous loxins to ncuronal plasmatic membranes with consequent changes in
membrane structure might be relevant to the ctiology of various discases [22] and
to the development of celiviar aging [231.

27 Al NMR spectra of AKIIT} solutions interacting with a potassium dodecanoate
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artificial membrane bilayer were interpreted [24] as being due to the reaction of
AHOH;); " with carboxylate head groups.

3P NMR experiments are being carried out in our laboratories on a H,0/
triton/phosphatidylcholinedipalmitoyl/AlIIT) system. The results collected so far
reveal that Al{acac), {acac =acetylacetonate) does react quantitatively {1:1) (Scheme
I} with the phospholipid molecules contained inside triton micelles at 40°C, this
reaction being reversible with temnperature in the 25-50°C range [25]. These data
appear particularly interesting in that they conld be relevant to the molecular bases
of the biophysical effect caused by Al{acac), on erythrocyte membranes described
above.

Alumimium{III} has been implicated as an etiological factor in non-iron defi-
ciency microcytic anemia {microcytosis), which is a common syndrome among dialysis
patients. The molecular bases of the A}{11T}-induced disorder is unknown, but it may
be related to the action of the metai centre with the cytoplasmatic site of the
erythrocyte membrane. If this is the case, understanding the pathway for AY(JII)
transport from the plasma to inside the red cell wall will be a substantial piece of
information for a possible therapeutic strategy. in this connection, 2,3-disphosphog-
lycerate has very recently been proposed as a potential carrier for trans-membrane
ANIII) transport and is found to give a fairly stable ! : 2(aluminium to ligand) complex,
in which the carboxylate and one of the two phosphate groups are proposed to
chelate the metal centre (Scheme 2).

D. AULITYNEUROLOGICALLY RELEVANT AMINES AND PEPTIDES
The elementary chemical aspects of the neurotoxicity of AKIII) to humans with

impaired renal functions {2] and to experimental animals {mainiy rabbits) {19] are
terra incognita {7,19].
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A reasonable chemical approach {o a promising exploration appears to be,
inter alia, the study of the coordination chemistry of neurologically relevant smali
molecuics or peptides {i.e. potential cytosohic ligands} such as for exampie, those
known or presumed neurotransmitters 27]. In this regard. the ligating potential of
neurotransmitters such as  dopamine, norepinephrine and epinephrine to
AIfOH,)3 " was also evaluated [28] for AlL, species in terms of stability constants
in water at 9.2 M ienic strength. The relevant conditional stability constants at pH
7.0 arc fairly high and range from 16'* to 19'® and. on an indirect basis, metal
coordination was considered to occur through the catecholate binding sites, However,
no structural information on such ALTIT) complexes appears to be avatlable.

Spectroscopic work on this subject is also avaitable [29], although it deals with
DMSO solutions, which are questionable-models for aqueous systems. However,
AKIIE) (added as A(NQ3);-9H,0) strongly binds to Leu®-Enkefalin {Tyr-Gly-Gly--
Phe-Leu), as shown by 'H, '*C and 2"Al NMR spectroscopy. The spectral data are
interpreted on the basis of the formation of both 2:1 (1) and 2:2 2) peptide - Al(I1])
complexes. Complex 1 has been proposed to be a tetrahedral species in which the
Tyr' CO and Lev® COO~ groups are the Lewis basic sites. In complex 2. one
alumintum ion undergoes the same coordination mode as in 1 and a sccond onc
undergoes coordination via an NH, group belonging to a Tyr residue, thus giving
rise fo an iateresting [307 aminosolvento and/or hydroxo octahedral complex
{Scheme 3).

E. AlLTHEATP

A possibie molecular pathogenic cvent involving the coordination chemistry of
Al¢EH could be its undesired bonding mteraction with ATP. ATP exists in the cell
as 2 complex with Mg?~ and it is this form of the nucleotide which is the substrate
for most ATP-utilizing enzymes. Aluminium(T1}) binds ca. 10”7 times more strongly
to ATP than does Mg? ™" [11] and the result of this competition {coupled with the
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inertness of the ATP-ANIIT} complexes at ca. pH 7.0) counld well produce pathological
conditions.

The reaction of AKII]) with ATP in water was investigated with multinuclear
{*H, ¥Al, and *>'P) NMR spectroscopy [31] in the pH range 1-12. The data at ca.
pH 7 were interpreted as due to two stable complexes with 1:1 (3} and 2:1 (4) ATP/
Al ratios. These two adducts appear {o coexist in slow exchange rate with free ligand.
Complex 3 should be, in fact, a dimeric 2:2 complex in which two aluminium ions
are cociahedrally surrounded by water orfand hydroxo ligands as well as by one
phosphate ligand {at P; and P,). Complex 4 was also proposed to be an octahedral
species (*7Al NMR evidence) with two ATP molecules again coordinated via the P,
and P, oxygen atoms. A similar investigation is reported in ref. 32, confirming the
observation described above. In netther ref. 31 nor ref. 32 was a detailed structural
proposal for complexes 3 and 4 presented. Interestingly, no evidence of direct inter-
action of AIHI) with the adenine ring was obtained in the pH range 5-7.

F. AN CHROMATIN, PURIFIED DINA

Recent in vitro investigations on chromatin in rat cortical areas [33] came to
the conclusion that Al(ME) acts as a compacting agent at uM levels, thus causing
chromatin precipitation and severe interference with the access of exogenous struc-
turai probes (e.g. nucleases) to chromatin itself. Moreover, experiments carried out
on chromatin from intact nuclei of AD-affecied brains offered evidence [34] that
AY11l) markedly increases the affinity of histone HI® for DNA, thus suggesting its
potential ability to inhibit the correct gene expression in vive. This observation was
interpreted as being due to the cross-linking action of Al{lil) between histones,
proteins, and DNA. The relevant bonds might involve two carboxyiate ligands
pending from a histone segment and a phosphate oxygen belonging to 2 DNA
nucleotide {(Scheme 4). This molecular hypothesis appears chemically rather reason-
able in that it fits with very basic chemical events involving AI(IIT) and biomolecules
presented so far.

The reactivity of ANIIL) (1-10 xM} with calf-thymus purified DNA was also
mvestigated by thermai denaturation, circular dichroism and fluorescent dye binding
in the pH range between 50 and 7.5 {35] Three distinguishable complexes are
reported to predominate for ALDNA ratios up to (.7. The most biclogically relevant
one, e that formed at neutral pH, was proposed to invelve the bonding of
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ANOHXOH,); ™ to DNA through the phosphate oxygen atoms. This complex can
be dissociated with DNA regeneration upon treatment with EDTA. No detailed
proposed structure was put forward in ref 35 and further rescarch work in this
direction would be of great mterest.

G, ARIHE Mg -DEPENDENT PROTEINS

In hexacoordinated complexes, AXIII) possesses an ionie radius which is not
too different from those of Fe(111) and Mg(IT), ie. 0.54 vs. 0.65 and .72, respectively.
Magnesium{[l) is a co-factor of numerous enzymes, in particular those involving the
phosphate transfer reaction. It is essential in maintaining the conformation of nucleic
acids and it 1s considered important in regulating a vartety of biochemical processes
[36]. Thus, a possible AI(ILD) - MgiH} competition for bological relevant higating sites
in biomolecules could be a fundamental source of patheological conditions [11{c}].

Aluminium{{l}is also known to inhibit several Mg{H}-dependent enzymes [37]
and the mechanism of this effect is not known, although in some cases AKII) binding
to allosteric and/or aspecific binding sites of some protcins has been invoked [11(¢}).

H. ANIHVIRON PROTEINS

According to various authors [37,38], most of the dietary and eanvironmental
uptake of A{1{{) in healthy humans does not pass the normal gastrointestinal barriers.
Tndeed, about 1% of the mctal reaches the blood stream and 90% of this amount is
rapidly elimimnated through the normal renal function. Aluminium in the blood
{1.5--15 ppbi [ 397} is estimated to be complexed mostly by cifrate and transferrin and
the discovery of unknown carriers of the metal could be of great interest for the
¢valuation of possible risk factors for aluminivm intoxication [40]. It is known [41]
that transferrin binds only 30% of the total amount of Fe{lH) which the protein
could theoretically coordinate, so that it appears reasonable to hypothesize that
ordinary transferrin évide infra) could itself be a ligand (427 for AN} (FetEH} and
Al{I11} possess a fairly close charge/radius ratio}. This possibility appears particularly
suggestive i the light of the circumstance that transferrin receplors are abundant at
the blood--brain barrier fevel and they could be “innocent” mediators for the iatro-
duction of the toxm into the ghal cells and eventually into the ncurons. As a matter
of fact, a specific affinity of AN for transferrin has been clearly demonstrated by
spectrophotometric titration [427 and by difference UV spectroscopy. In connection
with this point. *"Ga uptake cxperiments in the rabbit have demonstrated [457 that
the major brain areas for the uptake of this tracer of AIH) are the cerebral cortex
and hippocampus, which contain the highest density of transferrin receptors and
which are selectively vulnerable arcas in Alzheimer’s disease. The details of transferrin
binding sites arc not known with certainty, but they should be closely related to
those of lactoferrin [46]. In this molecule, Fe(lil} is bound to the protein through
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the phenolate oxygen of two tyrosines, a carboxylate oxygen from aspartic acid and
one neutral nitrogen atom from a histidine. It seems reasonable to admit that plasma
biomolecules possessing a binding stte electronically and sterically related to that of
transfesrin can be plausible candidates for an abnormal transport of AKIII} to the
central nervous system. Of course, this possibility may become relevant to the
pathogenesis of aluminopathies if these carriers would develop in concomitance with
unhealthy conditions andfor human aging.

L AKNTYCALMODULIN

Calmodulin is an ubiquitous, evolutienary highly conserved, multifunctional,
calcium-tegulating protein build-up with 148 aminoacids, and is relatively abundant
in the brain {about 107 % M),

Bovine brain calmodulin was found [47] to bind three moles of ANIII) per
mole of protein with a formation constant ranging from 10° to 10" M. EPR spectra
of spin-labelled calmodulin gave indications that the action of AKIID) makes the
protein more random and open. Moreover, calorimetric measurements suggested
that the entrance of the first AKII) is largely enthaipically driven. The same system
was investigated [48] by fluorescence spectrophotometry and equilibrium dialysis.
These experiments suggested that binding of AKIII) at a molar ratio of 2: 1 produces
major structural changes and that the AXIH) binding affinity to calmodulin is at
least one order of magnitude stronger than that of calcium to its comparable site.
Alumimium(I1l) coordination appears to induce a helix-coil transition with enhance-
meni of the hydrophoebic surface of the protein. At 4:1 molar ratio, the calcium-
dependent phosphodiesterase is completely blocked.

Although this body of physico-chemical information indicates a clear inter-
action of AIIII) with calmodulin, a recent paper [49] presented results contradictory
to some of the data reported in refs. 47 and 48. Remarkabiy, some of the experimental
conditions of refs. 47 and 50 seem to be identical in terms of ANITI) speciation fi.e.
pH and metal anaiytical concentration), bui the protocols of the interaction of AKIII)
with caimodulin appear rather different. In fact, the EPR effect described in ref, 47
refers to an AHIID-calmodulin contact time equal t0 24 h, whereas that depicted in
ref. 50 seems to deal with much shorter contact times. In view of the circumstance
that the solution state of Al(I1I) at pH 6.5 is, in principle, di-defined [517, in the
absence of strong coordination agenis, the different effect of “total A" {vide infra)
depicted in the two papers might stem from kinetic reasons [51].

The strong effects of AKIID on such biologically important protein appearss to
be relevant in searching for chemical bases of aluminium toxicity. The sfructure of
calmodulin {52] (Fig. 3} is safely established and the amino acid sequences involved
in Ca(il) coordination have been synthesized and characterized properly [531. It has
also been hypothesized [54] that the effect of Al{III) on calmodulin could not be the
consequence of Ca{ll) displacement by AKIII) but rather of the formation of other
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Fig. 3. (a) Schematic representation and ¢b) molecular structure of calmodulin, (Reprinted with permission
from refs. 35 and 36, respectively.)
A, Alanine: D, aspartate: [, glutamate: F. phenylalanine: G, ghveine: H. histidine: 1. 1solcucine: J. trimethyl-
lysine: K, ysine: L, leucine; M, methionine: N. wsparagine; P, proline; Q, glutaming; R, arginine: 8. serine;
T. theomne; V. valing: Y. trosine.

metalio-organic sites sofficicntly stable to causc the effect described in refs, 47 and
48. An intcresting evaluation of this possibility would stem from an investigation of
the reactivity of the syathetic Caill) hgating sequences with AI(IIT). The nability of
the metal centre 1o displace Ca(1l) from this model compiex wouid be strong bownor-
ganic evidence for the possibility outlined above and a way of access to an appropriale
malecular hypothesis for interpreting the powerful “toxicity™ of A1) to thus funda-
mental Callly regulatory protein.

L CONCLUSIONS

Knowledge of the possible molecular bioinorganic basis of aluminium toxicity
appears to be rather poor. Significant clues are available. but they are of rather
limited scope. A great deal of bioinorganic work must be performed and targeted
experiments devised in order Lo try to fill the gap between the knowledge of biological
and biochemical phenomena and the molecular events from which they are generated.
We envisage at least four min research lines to be pursued:

{2} reactivity of AHIH) with DNA-relevant small molecules {i.e. individual nucieo-
sides and nucleotides);
{b) reactivity of Al(IH) with simple moelecules known to be related to the elementary
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physiology of neurons and efforts aimed at elucidating the molecular structure of
the relevant products;

{c) elucidation of the chemical basis of the biophysical effect of AKIII) on the
integrity of the erythrocyte membrane, ¢.g. investigation on the reactivity of ANII)
with membrane-relevant phospholipids. In fact, this membrane could be an imporiant
model for throwing light onto more subtie and less easily deicctabie effects of AIII)
on the membranes of far more complex cells.

(d} investigation {and reinvestigation) on the effect of diverse Al{I1]} species on
selected enzymes, especially those in which the structure and the fanction of the
active site are properly elucidated and likely to display Lewis basic features suitabie
for AK1II) coordination (e.g. serine protease) (371

A common feature of all this work must be the awareness [ 587 of the speciation
of AKIII) under the neutral conditions typically utilised in biological and biochemical
investigations.

ACKNOWLEDGEMENTS

Parke Davis and Fidia Research Laboratories are ackpowledged for their
partial financial support.

REFERENCES

R.J.P. Withiams, Coord. Chem. Rev. 79 (1987) 175.

M.R. Wills and J. Savory, Lancet, ii {1983) 29.

3 W.K. Stewart, in R.C. Massey and D. Tyler {Eds.), Aluminium in Food and in the Environ-
ment, Roval Society of Chemistry, London, 1988, p. 6 and references therein.

4 K. Abreo, 5.T. Brown and M. Liss Sella, Am. 1. Kidney Dis,, 13 (1989) 465

5 {a) D.P. Perl and A.R. Brody, Science, 208 {1980} 97.
{b) ].A. Edwardson, J. Klinowski, A.E. Qakley, R.M. Perry and J. M. Candy, Ciba Found.
Symp., 121 {1986} 160,
{c) IM. Candy, J. Klinowski, R. M. Perry, EK. Perry, A. Fairbairn, AE. Oakley, T A.
Carpenter, .R. Atack, G. Blessed and J.A. Edwardson, Lancet, 1 (1986} 354,
{d) S.8. Krishnan, J E. Marrison and D.R. Crapper McLachlan, Trace Elemn. Res., 13 (1987}
35.

6 C.M. Martyn, C. Osmond, I.A. Edwardsen, D.J. Baker, E.C. Harris and R.F. Lacey, Lancet,
1 (19893 59,

7 JIA. Sturman and H.M. Wisniewskl, in S.C. Bondy and K.N, Prasad (Eds.}, Metal Neuro-
toxicity, CRC Press, Boca Raton, 1988, p. 61.

8 (2) P. Zatta, R. Giordane, B. Corain, M. Favarato and G.G. Bombi, Toxicol. Lett,, 39
{1987) 1RS.
{b} G.G. Bombi, B. Corain, M. Favarato, R. Giordano, M. Nicolint, M. Perazzolo, A.
Tapparo and P. Zatta, Environ. Health Perspect., B9 (1990) 217.

9 M.M. Herman, J. Savory, R.M. Carpenter, B.C. Sturgall, C.D. Katsetos, S.R. Vandenberg

and M. Wills, Toxicel. Pharmacol., 98 (1989} 58.

[ =)



44

0

i1

i2

i3
14

5
6
17

8
19
20

b

26

34

46

P. Zatta, M. Perazzolo. L. Facei, $.D. Skaper, B. Corain and M. Favarato, Mol. Chem.
Neuropathol., in press.

{a} R.B. Martin, Clin. Chem.. 32 {1986) 1797,

(b} R.B. Mariin, in H. Sigel and A. Sigel (Eds.h Aluminium and its Role in Biology. Dekker,
New York. 1988, p. L.

{c) T.L. Macdonald and R.B. Martin, Trends Biol, Sci, 13 (1988} 15

G. Trapp, Kidney Int, 29 (Suppl. 18) (19863 SiZ

P. Zatta, M. Perazzolo and B. Corain, Toxicol. Lett., ¥ (1988) 413,

{a} R.J. Motekaitis and A E. Martell, Inorg. Chem., 23 {1984} I8,

{by R.J. Motekaitis and AE. Martell, Inorg. Chem. 28 (1989) 2189

{c} R.J. Motekaitis and A E. Martell, Potyhedron, 9 (199%) 171,

G.G. Bombi, B. Corain, A.A. Sheik-Osman and G. Valle, Inorg. Chim. Acta, 171 {1950} 79
T.L. Feng. P.L. Gurian, M.D. Healey and AR, Barron, Inorg. Chem.. 29 (1990} 408,

T. Hedlund and 1.-O. Ohman. Acta Chem. Scand, Ser. A, 42 {1988} 702 and references
cited therem,

£ Hem, Kidney Int, 29 (Suppl. 13) {1986) S3.

W.A. Banks and A.J. Kastin, Neuroscl, Biochem. Rev., 13 (1989 47,

{a} M. Deleers, 1-I?. Servais and E. Wulfer, Biochim. Biophys. Acta, 813 (1986) 195.

{b) M. Deleers, 1-P. Servais and E. Walfer, Biochim. Biophys. Acta, 855 (1986) 271.

B. Corain, M. Perazzolo, L. Fontana. A. Tapparo, G.G. Bombi, C. Corvaja. M. Nicolini
and P. Zatiy, in K. Igbal, D.R. Crapper McLachlan, B. Winblad and H.M. Wisnicwski
{Eds.y, Alzheimer’s Discase: Busic Mechanism, Diagnosis and Therapeutic Strategies, Wiley,
Chichester, 1991, p. 394,

PA. Butterfield, CRC. Crit. Rev. Clin. Neurobiol., 2 (1986) 169,

J.P. Blass and G.E. Gobson, in A.S. Henderson and J.H. Henderson {Eds.). Etiology of
Dementia of Alzheimer's Type, Wiley, New York, 1988, p. 5.

AS. Tracey and T.L. Bovin, J. Am. Chem. Soc., 105 {1983) 4%01.

G. Trovo and B. Corain, work in progress.

I. Sovago, T. Kiss and B. Martin, Polyhedron, 9 (1990} 189

A. Veca and [ H. Dreisbach, J. Chem. Educ.. 85 (1988) 108,

T. Kiss, I. Sovago and R.B. Martin, J. Chem. Soc., 111 {1989 3611,

H. Mazarguil, R. Haran and J.P. Lussac, Biochim, Biophys. Acta, 717 {1982 465.

M.J. Taylor, in G. Wilkinson (Ed.), Comprehensive Coordination Chemistry. Vol. 6, Perga-
mon. Oxford, 1987, p. 105

S.K. Karlik, (3.A. Engevish and G.L. Eichorn, J. Am. Chem. Soc, 105 {1983) 602,

2 1.P. Laussac and G. Commenges, Nouv. J. Chem., 7 (1983} 379

R. Walker. 1. LeBlanc and M. Sikorska, Biochemistry, 28 (1990} 3911,

D.R. Crapper, Oral Communication at the International Conference on Aluminium and
Heaith, December 1989, Orlundo, FL.

5.). Karlik, G.L. Eichorn, P.N. Lewis and D.R. Crapper, Biochemistry, 19 {1980) 5991,
W.E.C. Wadrer, Magnesium in Man, Harvard University Press, 1980, pp. 11-51.

P.O. Ganrot, Environ. Health Perspect, 65 (1986) 363,

J.AT. Pennington and J.W. Jones, in H.J. Gitelman (Ed.), Aluminum and Heatth, Dekker,
New York, 1989, p. 67.

K.C. Jones and B.G. Bennat, Rep. 33, Vol. 4, Monitoring and Assessment Research Centre,
King's Coliege, University of London, London, 1985,

M. Favarato, C.A. Mizzen, T.B.A. Kruck, B. Krishnan, P. Zatta and D.R. Crapper McLach-
lan, in K. Igbal, D.R. Crupper McLachlan, B. Winblad and 1.M. Wisniewski {Eds.), Alz-
heimer's Disease: Basic Mechanisin, Diagnosis and Therapeutic Strategies, Wiley.
Chichesier, 1991, p. 399,



43

41 N.D. Casteon, Coord. Chem. Rev,, 22 (1977} 1.

42 W.R. Harris and J. Sheldon, Inorg. Chem, 29 (1990) 119,

43 M. Cochran, J. Coats and S. Neoh, FEBS Lett,, 176 (1984} 129

44 M. Cochran, .M. Coates and T. Kurucsev, Life Sci., 40 {1987) 2337,

45 1. M. Candy, J.A. Edwardson, R. Faircloth, A.B. Keith, CM. Morris and R.G.L. Pulian,
i, Physiol, 391 (1987; 34.

46 E.N. Baker, 8.V, Rumball and B.F. Anderson, Trends Biol. Sci., 12 (19873 350,

47 WN. Sigel and A. Haug, Biochim, Biophys. Acta, 744 {1983) 34

48 N. Sigel, R. Coughlin and A. Haug, Biochem. Biophys. Res. Commun., 115 {1983} $12.

49 G You and D.J. Nelsen, 1. Inorg. Biochem., 41 {1991) 283,

50 . Richardt, G. Federof and E. Haberman, Arch. Toxicol,, 57 (1985) 257,

51 B. Corain, A. Tapparo, A.A. Sheik-Osman, G.G. Bombi, P. Zatta and M. Favarato, Coord.
Chem. Rev,, 112 {1992) 19 and references cited theretn.

52 1. Darneli, M. Lodish and D. Baltimore, Molecular Cell Biology, Scientific American, New
York, 1987, p. 689.

53 (a} F. Marchiori, G. Borin, G. Chessa, G. Cavaggior, L. Michelin and E. Peggion, Hoppe-
Seyier’s Z. Physiol. Chem., 364 (1983} 1019.
(b} G. Borin, A. Pezzoli, F, Marchiori and E. Peggion, Int. J. Pept. Protein Res., 26 {1985}
528.
(c} A. Motta, T. Tancreadi, G. Borin, F. Marchiori, E. Peggion and P. Tamussi, Biopolymers,
27 (1988) 78%.

54 . Weiss and A. Haug, Arch. Biochem. Biophys., 254 {1987} 304

55 W.Y. Cheung, Sci. Am., 246 {{982) 62.

56 Y .S, Babu, J.8. Sack, T.1. Greenhough, C.E. Bugg, A R. Means and W ). Cook, Nature, 315
{1985} 37.

57 M. Favarato, P. Zatia and M. Nicolini, 2nd International Springfield Symposium on
Advances in Alzheiner Therapy, Springfield, IL, 1991, Abstr. Pl6.

58 B. Corain, G. G. Bombi and P. Zatia, Neurobiol. Aging, 9 {1988) 413,



