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Reactivity of AI(IIT) with membrane phospholipids: a NMR approach
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The complexes Al(acac); (1) (acac = 2,4-pentanedionate) and Al(malt); (malt = 3-hydroxy-2-methyl-4-pyron-
ate) (2) react with pL-«-dipalmitoylphosphatidylcholine (DPPC) under a 1:1 molar ratio in CDCl; at 37 °C, as
shown by the substantial release of ligands (20-50%) from the metal coordination sphere (‘H-NMR), by
evident changes in the "TH-NMR spectrum of DPPC in the reaction mixture and by the appearance of a
3Ip_.NMR signal due to metal-coordinated DPPC. 3SP.NMR spectra reveal that both 1 and 2 also react with
DPPC in water, in the presence of 1% Triton X-100 and Tris buffer. Under these conditions, 1 and 2 do not
react with ghosts from human erythrocytes. On the contrary, the far less hydrolytically stable complex Al(lact);

(lact = lactate) appears to be reactive under identical conditions, as shown by 'P-NMR spectra.
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Introduction

AI(III) is an established neurotoxin (Sturman & Wisniew-
ski 1988, Nicolini et al. 1991) and an extensive literature
illustrates its ability in inducing pathological events in the
function of plasmatic membranes (Banks & Kastin 1989)
and recent findings also reveal a strong influence of the
metal center on the integrity of the blood—brain barrier
(Favarato et al. 1992). In spite of extensive observations,
the molecular bases of these observations are still un-
known.

In recent years biophysical work (Deleers et al. 1985,
1986) has shown that AI(IIT) at micromolar concentrations
induces phase separation, aggregation, dye release and
membrane rigidification in phosphatidylserine- and phos-
phatdylethanolamine-containing lipid vesicles.

The ability of AI(III) to injure biological membranes
was firstly recognized on the basis of physico-chemical
evidence (Vierstra & Haug 1978) in 1978. Thus,
(AI(H,0)6)** was found to induce a significant reduction
of membrane fluidity in Thermoplasma acidophilim at pH
3, as revealed by electron spin resonance measurements on
bacterial cells ghosts exposed to the action of the metal
center, after probing with 5-NSA (2-(3-carboxypropyl)-2-
tridecyl-4,4-dimethyl-3-oxazolyndinyloxyl).
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We recently reported that rabbit erythrocytes suspended
in aqueous solutions of the hydrolytically stable and
lipophilic (Corain et al. 1992a) complex Al(acac); (1)
(acac = 2,4-pentanedionate) undergo a prominent morph-
ological effect (echinoachanthocytosis) accompanied by a
significant increase of osmotic fragility at physiological
pH values. Al(malt); (2) (malt = 3-hydroxy-2-methyl-4-
pyronate) (hydrolytically stable, hydrophilic, Finnegan et
al. 1986, 1987) and Al(lact); (3) (hydrolytically meta-
stable, Corain et al. 1992b; and hydrophilic, Tapparo and
Perazzolo, 1989) were found to be inactive in terms of
morphological effect and slightly active in terms of osmotic
fragility. Equally inactive were found to be Hacac and
Fe(acac); (Zatta et al. 1989), which may be safely
considered as a suitable ‘blank compound’ for Al(acac);,
being related to its aluminum analog in terms of hydrolytic
stability and lipophilicity. Subsequently, we reported
(Corain et al. 1991, Zatta et al. 1992) that the aggression of
2 to rabbit erythrocytes membrane is in fact accompanied
by a strong reduction of membrane fluidity, as shown by
experiments corresponding to those reported by other
authors (Vierstra & Haug 1978). The major relevance of
all these data appear to be the circumstance that these
biological and biophysical effects caused by AI(III) have
been recorded at physiological pH values, under strict
metal speciation control. Quite recently, the aggressive
character of AI(III) to plasmatic membranes, with an
evident decrease of membrane fluidity, has been con-
firmed on human erythrocytes exposed to aluminum
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hydroxide (at pH 7.4) at micromolar (analytical) concen-
trations (Van Rensburg et al. 1992).

We report here on the interaction of AI(III) with
pL-a-dipalmitoylphosphatidylcholine (DPPC), a promin-
ent component of the external leaflet of cell membranes,
under controlled chemical conditions. We offer also clear
evidence based on 3P-NMR measurements on the binding
interaction of AI(III) with ghosts from human erythrocytes
in water suspensions, in the presence of Tris-buffer and
Triton X-100.

Methods

Reagents

Unless otherwise stated, all chemicals were of reagent
grade. Al(acac); was purchased from Aldrich Chimica
(Milan, Italy) and recrystallized from toluene—petroleum
ether. Al (malt); was synthesized and purified according to
Finnegan et al. (1987). Both toxin were controlled by
elemental analysis. Al(lact); was purchased from ICN
Biomedicals (Cleveland, OH) and, after analytical con-
trol, it was used as received. DPPC and standard phospho-
lipid analytical reagents were obtained from Sigma Chim-
ica (Milan, Italy).

Chloroform-d (atom 100.0%) and deuterium oxide
(atom 99.9% ) were used as solvents for all NMR determi-
nations.

Protein assay was carried out by the BCA method
(Pierce, Rockford, IL, USA).

Al(IIl) and phospholipid standard solutions

AI(III) and phospholipid standard organic solutions were
prepared by dissolving the required amount of solid
complex or synthetic phospholipid in 0.5ml of CDCl;
under a gentle nitrogen stream. The tube was quickly
capped and 'H- and ’Al- or, alternatively, 'H- and
3IP-NMR control spectra were immediately recorded.
AI(I1I) and phospholipid standard aqueous solutions were
prepared by suspending the required amount of toxin or
phospholipid in 1% Triton X-100 Tris-buffered (0.1 m)
(pH 7.4) deutero-aqueous solution. Under these condi-
tions, 27 Al- and 3'P-NMR control spectra were recorded.

Al(IIl) and phospholipid mixture

Equimolar amounts of the relevant AI(III) species and of
DPPC were placed in a S mm NMR sample tube and
dissolved, under gentle nitrogen stream, in 0.5 ml of
CDCl; or 0.5 ml of D,O containing 1% Triton and Tris
buffer (0.1 m) (pH 7.4). The tube was quickly capped,
gently shaken and the spectra were recorded at 24 and
37 °C, and compared with those obtained for separate free
AI(III) complexes and free DPPC.

Interaction of human ghosts treated with Al(11l) species

Freshly heparinized blood was centrifuged at 2500 r.p.m.
in an ALC 4236 centrifuge for 15 min at 4 °C. Plasma
along with the buffy coat layer was discarded. Erythro-
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cytes were then treated with a phosphate buffer saline
(PBS) solution and centrifuged for 15 min at 4 °C. This
operation was repeated four times. Compacted erytrocytes
(0.8 ml) were placed in an ultracentrifugation tube,
suspended in 8 ml of 5 mm Tris—HCl solution (pH 7.0) and
ultracentrifuged for 30 min at 14500 r.p.m. at 4 °C. The
supernatant was discarded and erytrocytes washed again
with 8 ml of 50 mm Tris-HCl, 0.5 m NaCl solution (pH
7.0) and ultracentrifuged at 14500 r.p.m. for 10 min at
4 °C. Finally, the first ultracentrifugation procedure was
repeated until the complete removal of hemoglobin.
Aliquots of ghosts in 0.1 M Tris-HCI solution (pH 7.4)
were stored at —30 °C.

Approximately 10-3 m solutions of ghosts were trans-
ferred into a 5 mm NMR sample tube and a 3'P-NMR
control spectrum was recorded. An equal volume of
1% Triton X-100 Tris-buffered solution of Al(acac),
(5 x 1073 M), Al(malt);(5 X 102 m) or Al(lact); (10! m)
was then added to the sample tube, which was gently
shaken for 3 min. 3'P-NMR spectra were accumulated at
24, 37, 50 and back to 24 °C (see Figure 6 for further
details).

NMR spectroscopy

All. NMR measurements were carried out on a
BRUKER-AC200 spectrometer equipped with a selective
broad band probe, and operated at 81.015 MHz for 3'P
and 52.148 MHz for 7Al. All 3P and ?’Al experiments
were conducted under proton-decoupled conditions. The
chemical shift reference (6 = 0.0 p.p.m.) was tetramethyl-
silane (TMS), 85% H;PO, and 0.1 Mm aqueous AICl;-
6H,0 for 'H, 3'P and #"Al, respectively. Typical experi-
mental parameters during the acquisition of 3'P spectra
referring to the interaction of AI(III) species with ghosts
were: pulse sequence, one pulse (with decoupler on);
pulse width, 9.0 us corresponding to a 90° spin-flip angle;
acquisition time, 10.9s; sweep width, 3000 Hz; cycling
delay, 1s; free induction decay size, 65536; number of
acquisitions, 19000. In addition, a computer-generated
filter time constant introducing 3 Hz line broadening was
applied as needed to improve signal-to-noise ratios.

Results

'H-and ' P-NMR spectra of DPPC in CDCl;

The 'H spectrum exhibits two distinct sets of resonances in
the 6 =0.5-3 and 3-5.5 p.p.m. ranges. The signals in the
first range are due to the lipid part of the molecules, while
those in the lower fields range refer to the glyceryl
skeleton and to the choline residue (Figure 1).

Unambiguous assignment of the resonances shown in
Figure 1 was made possible by their relative chemical
shifts, spin-spin splittings and integrations, and by two-
dimensional homonuclear shift correlation experiments
(COSY) (Ernst et al. 1987). The 3'P-NMR spectrum of
DPPC in CDCl; exhibits a single sharp resonance at
-2.5p.p.m.
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Figure 1. Two-dimensional COSY45 !H-NMR contour plot of 5 X 10~3 M DPPC solution in chloroform-d over the 5.2-3.2 p.p.m.
region at 37 °C, including the glyceryl and the choline protons.
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'H- and ¥ AI-NMR spectra of Al(acac)s (1) and Al(malt);
(2) in CDCl;

The spectra of 1 and 2 appear to be unchanged for at least
2 h, at room temperature, at concentration > 10-2 M. The
observed data for 1 are in agreement with those reported
in the literature (Benn et al. 1982); in particular, the
methyl and the methine protons are seen at 1.97 and
5.45 p.p.m., respectively. The 'H spectrum of 2 (Figure 2)
exhibits a singlet at 4 = 2.41 and two doublets at 6 = 6.62
and 7.80 p.p.m. due to the methyl and methine protons
(AB system) of the pyronate ring, respectively.

The 7 Al spectrum of a 102 M solution of 1 appears as a
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relatively sharp singlet (linewidth 10 Hz) at —2.4 p.p.m.,
while the spectrum of a 102 M solutions of 2 dis-
plays a relatively broad singlet (linewidth ~ 100 Hz) at
35.3 p.p.m. In contrast with these observation the spectra
of more diluted solutions of both complexes exhibit further
broad downfield absorptions attributable to the formation
of less symmetric octahedral species (Karlik er al. 1983b)
as the result of the partial hydrolysis of the Al(O-0);
complexes caused by trace amounts of water present in the
solvent. The variation in the 27Al spectra, which is
associated with the dilution effect, is paralleled by changes
in the proton spectra. In particular, a 5 X 10-3 m solution
of 2, just 5min after dissolution, exhibits a set of
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Figure 2. 'H-NMR spectrum of 5 x 1072 m Al(malt); in chloroform-d at 24 °C.
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resonances attributable to a partially hydrolyzed derivative
(see Figure 3b). If this solution is left inside the NMR tube
and left in contact with the open atmosphere, the spectrum
gradually changes with the time to give a well defined final
pattern, which is depicted in Figure 3(e) after 96 h, at
room temperature. It has to be noticed that only minor
amounts of free maltol (< 2%) appear to be present after
this reaction time so that the reaction products have to be
maltolate AI(1IT) complexes.

Reactivity of Al(acac)z (1) and Al(malt); (2) with DPPC
in CDCl3

The 'H spectrum of equimolar solutions of 1 or 2
(5 x 10-3 M) and the phospholipid, recorded after 5 min
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Figure 3. 'H-NMR spectra in chloroform-d of: (a) 5 X 1073 m
free maltol, and 5 X 10~3 m Al(malt); at (b) 5 min, (¢) 2 h, (d)4 h
and (e) 96 h after dissolution. =, Signals refer to free maltol
protons; O, signals refer to Al(malt); protons; V, signals refer to
a hydrolized maltolate complex, tentatively Al(maltH);(OH);.
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after mixing at 37°C, show unambigous evidence of
extensive release of free Hacac or Hmaltol paralleled by a
marked broadening of the signals due to the protons of the
glyceryl skeleton and of the choline residue of DPPC. The
results are illustrated in Figure 4 for the case of Al(malt);.
It is evident that the whole of the maltol observed in
solution is present either as uncoordinated (~ 50%) or
metal bound (~ 50%) in the Al(malt); form.

It is worth noting the splitting of the signal due to the
methyl group of the choline residue, which appears to be a
direct spectroscopic consequence of the involvement of the
phospholipid in the coordination sphere of the metal
centre. Quite similar, albeit less marked, spectroscopic
results were observed in the case of 1, for which the
release of free Hacac is estimated to be equal to ~20%.
When the reaction of both 1 and 2 is followed at room
temperature, the results are quite similar to those just
described, but the extent of ligand release is somewhat
smaller (~ 20 and 3%, respectively).

Further and direct evidence of the entrance of the
phospholipid into the metal coordination sphere is given
by the relevant 3!P spectra for both 1 and 2. Thus, again
under a 1:1 molar ratio, the singlet due to uncoordinated
DPPC is accompanied by a singlet evidently attributable
(Karlik 1983a) to the metal-coordinated biomolecule
(Figure 5). Also in this case, the extent of the reaction is
less for 1. The broader shape of the signal observed for 2 is
clear evidence of a ‘rapid’ exchange between free and
co-ordinated DPPC. On the contrary, the adduct between
1 and the biomolecule appears to be kinetically more
stable on an NMR timescale.

Finally, quite in contrast with the useful information
given by the 'H and 3! P spectra, 2 Al-NMR measurements
of these reaction mixtures proved to be practically useless,
owing to the expected very large broadness of the signals
due to the Al-biomolecule complex (Akitt, 1987).

Reactivity of AIL; complexes with DPPC and ghosts
from human erythrocytes in aqueous solutions

To show a possible interaction of Al(III) with DPPC in
water, experiments were performed with Tris buffer in the
presence of 1% Triton X-100 that was able to solubilize the
phospholipid (Fendler 1982). Preliminary experiments (G.
Trovo, unpublished results) revealed that only 3!P spectra
turn out to be a reliable analytical tool. In fact, a
5 x 10=3 m DPPC solution, after treatment with an equal
volume of a ~ 8 x 10-3 m water solution of 1 at 37°C
displays a well defined, albeit rather broad signal centered
at —11 p.p.m., to be compared with the sharp singlet at
—0.35 p.p.m. due to free DPPC. When 1:1, 5 X 1073 m
solutions of DPPC and 1 or 2 (AI(IIT) = 5 x 10~3 m) were
used, the 3'P spectrum reveals no change at 24 °C, but a
marked reduction of the intensity of the —0.35 p.p.m.
peak at 37 °C with no apparent concomitant growth of any
other peak. The effect of AI(III) is partially reversible with
the temperature.

Related results are obtained upon reacting 1 or 2 with
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Figure 4. (a) "H-NMR spectrum of an equimolar reaction mixture (5 X 1073 m) of DPPC and Al(malt); in chloroform-d at 37 °C.
*, Signals refer to protons of unhound maltol: O, peaks refer to Al(malt); protons. Note the splitting of the choline methyl group signal in
the reaction mixture at ~ 3.5 p.p.m. and the overlap of several broad resonances in the 4.0-5.5 p.p.m. region compared with the signals

of free DPPC (b).

human ghosts. Under the conditions of pH and detergent
concentration utilized in the just described experiment,
untreated ghost erythrocvtes exhibit two 'P peaks at
6=—-0.35 (DPPC) and 6= +0.30 p.p.m. (two merged
signals due to phosphatidylcthanolamine and sphingomye-
line). The actions of 1 (5 % 10=* m) and 2 (5 X 10-2 M) do

not cause any spectral change at 24 and 37 °C. On the
contrary, 0.1 m Al(lact); produces a marked broadening
effect on both peaks at 37 °C, which appears to be more
evident at 50°C (Figure 6). Remarkably, no spectral
change is observed induced in this case when the tem-
perature is lowered to 24 °C.
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Discussion

The data presented in this paper reveal that DPPC reacts
extensively with Al(acac); and Al(malt); in chloroform.
Thus, (i) the release of the B-enolate ligands, (ii) the
concomitant development of 3P signals attributable to
metal-coordinated DPPC and (iii) the coexistence of two
different sets of !H signals due to DPPC in equimolar
AI(IIT)-DPPC solutions leave little doubts about the
entrance of DPPC into the AI(III) coordination sphere
through the phosphate ligating site:

o/ O AN Ve
) & AN

R
@]
O, " O\ .ul'OR“ — -
P + o ©O

= CH,-CH(OR")-CH,(OR");
R"= CHz—CHz—N(CH3)3+;
R" = C(0)-(CH,)1s~CHs.

The formation of Al(IIT)-biomolecule adducts through
phosphatidic head-groups has been proposed in recent
years on the basis of multinuclear NMR studies (Karlik et
al. 1983a,b, Laussac et al. 1983) and potentiometric
investigations (Sovago et al. 1990). Moreover, ANIII)-
phospholipid adducts very likely related to that described
herein have been recently proposed after an investigation
centered in the reactivity of AI(III) with ATP and with
mixtures of membrane phospholipids in a water/organic
solvent medium (Panchalingam et al. 1991). These authors
evaluated the reactivity of aqueous Al(lact); with ATP and
phospholipids at pH 7.2 on the basis of changes in the
relevant 3'P-NMR signals at 24 °C. Remarkably, under
these conditions, in which AI(III) is known to exist mainly
as the metastable species Al(OH);(H,0); (Corain et al.
1992a), DPPC turned out to be the less reactive among
nine membrane phospholipids investigated. In contrast
with this last observation, we find that DPPC exhibits a
marked reactivity with millimolar solutions of 1 and 2 in
CDCl; together with an appreciable reactivity also in
micellar aqueous solutions of DPPC. On the other hand,
the lack of solubility of Al(lact); in CDCI; prevents the
study of the interaction of this complex with the other
more reactive phospholipids in this solvent.
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Figure 5. 3P {{H}-NMR spectra in chloroform-d at 24 °C of: (a)
DPPC (103 m); (b) DPPC (1073 m) + Al(acac)3(10~2 m); (c)
DPPC (10-3 m) + Al(malt); (10-2 ).

'

The observed reactivity of DPPC in CDCl; or water
compares well with the data referring to the 3'P-NMR
experiments performed in aqueous suspensions of human
ghosts. In fact, in 1% Triton this material is disrupted to
give a micellar system. Although the lower phospholipid
concentration makes it difficult to show evidence of any
reactivity of this system with Al(acac); and Al(malt);,
clear evidence of reactivity is observed upon employing
0.1 M solutions of Al (lact); at neutral pH values.

The results depicted in this paper make possible the first
molecular interpretation of the established membrane
toxicity of AI(III). The ability of this metal center to
destabilize plasma and model membranes (see the intro-
duction), to influence membranes biophysics (Khacha-
turian, 1986) and ultimately to alter the physical properties
of neuronal membranes (Pettegrew, 1986) can now be
interpreted in the light of at least one ‘simple’ event of
coordination chemistry. Of course, the interactions of
AI(IIT) species with the head groups of plasmatic mem-
branes in vivo or in vitro, under pathological conditions,
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Figure 6. 3!P {"H)}-NMR spectra in chloroform-d of 1% Triton X-100 Tris buffered (pH 7.4) aqueous standard ghosts solutions at 24 °C
(a). 37 °C (b), 50 °C (c) and back to 24 °C (d) compared with those of the ghosts solutions reacted with an equal volume of 10~! m
Al(lact)z in 1% Triton X-100 Tris-buffered solutions at 24 °C (e), 37 °C (f). 50 °C (g) and back 10 24 °C (h).

are not expected to be massive, thus involving a large
percentage of membrane phospholipids. In fact, the
formation of relatively few reasonably stable AI(III)-
phospholipid bonds, per aggressed cell, could well be able
to significantly affect the supramolecular order of the
membrane bilayer, thus seriously affecting its integrity. It
is well known that a dismetabolism of aluminum is
currently linked by various authors to the pathogenesis of
some encephalopathies, including Alzheimer’s Disease
(Perl & Good, 1993; Kruck 1993), and the specific
membrane toxicity of Al(Ill) has been considered rele-
vant, in this connection, to the pathogenesis of this most

elusive neurodegenerative disease (Pettegrew, 1986; Kha-
chaturian, 1986).

Acknowledgments

This work was partially supported by Fidia Research
Laboratories, Abano Terme, Padova, Italy.

References

Akitt JW. 1987 Aluminum, gallium, indium and thallium. In:
Mason J, ed. Multinuclear NMR. New York: Plenum Press;
259-292.

BioMetals Vol 7 1994 251



P. Zambenedetti et al.

Benn R, Rufinska A, Lehmkuhl H, Jannsen E, Kruger C. 1983
Z7Al-NMR spectroscopy; a probe for three-, four-, five- and
sixfold coordinated Al atoms in organoalumium compounds.
Angew Chem Int Ed Engl 22, 779-780.

Banks WA, Kastin A. 1989 Aluminum-induced neurotoxicity:
alterations in membrane function at the blood-brain barrier.
Neurosci Behav Rev 13 4753,

Corain B, Perazzolo M, Fontana L, et al. 1991 The effect of
aluminum (III) on the integrity of plasmatic membranes:
relevance to Alzheimer’s disease. In: Igbal K, McLachlan
DRC, Winblad B, Wisniewki H, eds. Alzheimer’s Disease:
Basic Mechanism, Diagnosis and Therapeutic Strategies. New
York: Wiley & Sons; 394-398.

Corain B, Tapparo A, Sheik-Osman AA, Bombi GG, Favarato
M, Zatta P. 1992a The solution state of aluminum (III) as
relevant to experimental toxicology: recent data and new
perspectives. Coord Chem Rev 112, 19-32.

Corain B, Longato B, Sheik-Osman AA, Bombi GG, Macca C.
1992b Aluminum carboxylates in aqueous solutions. Part 2.
Metal speciation in the All-lactate~OH™-H,O system.
J Chem Soc Dalton Trans 169-172.

Deleers M, Servais J-P, Wuelfer E. 1985 Micromolar concentra-
tions of AP+ induce phase separation, aggregation and dye
release in phosphatdylserine-containing lipid vesicles. Biochim
Biophys Acta 813, 195-200.

Deleers M, Servais J-P, Wuelfer E. 1986 Neurotoxic cations
induce membrane rigification and membrane fusion at micro-
molar concentrations. Biochim Biophys Acta 855, 271-276.

Ermst RR, Badenhausen G, Wokaun A. 1987 In: Bernstein RB,
Breslow R, Green MLH, Halpern J, Rowlinson JS, eds. The
International Series of Monographs on Chemistry. Principles of
Nuclear Magnetic Resonance in One and Two Dimensions.
Oxford: Clarendon Press.

Favarato M, Zatta P, Perazzolo M, Fontana L, Nicolini M. 1992
Aluminum (III) influences the permeability of the blood-brain
barrier to (1¥C)sucrose in rats. Brain Res 569, 330-335.

Fendler JH. 1982 Membrane Mimetic Chemistry. New York:
Wiley.

Finnegan MM, Rettig ST, Orvig C. 1986 A neutral water-soluble
aluminum complex of neurological interest. J Am Chem Soc
108, 5033-5035

Finnegan MM, Lutz TG, Nelson WO, Smith A, Orvig C. 1987
Neutral water-soluble post-transition-metal chelate complexes
of medical interest: aluminum and gallium Tris(3-hydroxy-4-
pyronates). Inorg Chem 26,2171-2176.

Karlik SJ, Elgavish GA, Eichorn GL. 1983a Multinuclear NMR
studies on Al(III) complexes of ATP and related compounds.
J Am Chem Soc 105, 602-609.

252 BioMetals Vol 7 1994

Karlik SJ, Tarien E, Elgavish GA, Eichorn GL. 1983b Alu-
minum-27 nuclear magnetic resonance study of aluminum
(III) interactions with carboxylate ligands. Inorg Chem 22,
525-529.

Nicolini M, Zatta P, Corain B, eds. 1991 Aluminum in Chemistry,
Biology and Medicine, vol. 1. Verona: Cortina International-
Raven Press.

Khachaturian ZS. 1986 Aluminum toxicity among other views in
the etiology of Alzheimer’s disease. Neurobiol Aging 7,
537-539.

Kruck TPA. 1993 Aluminum-Alzheimer’s link? Nature 363, 119.

Laussac J-P, Commenges G. 1983 'H, 3C, 3'P and 7 Al NMR
study of aluminum-ATP complexes. A possible relation with
its biological application. Nouv J Chem 7, 579-585.

Panchalingam K, Sachedina S, Pettergrew JW, Glonek T. 1991
Al-ATP as an intracellular carrier of AI(IIT) ion. Int J Biochem
23, 1453-1469.

Perl D, Good PF. 1993 Aluminium in Alzheimer’s? Nature 362,
418.

Pettegrew JW. 1986 Aluminum and Alzheimer’s disease: an
evolving understanding. Neurobiol Aging 7, 539-540.

Sovago I, Kiss T, Martin BR. 1990 2,3-Diphosphoglycerate
binding of Zn?* and A*. Polyhedron 9, 189-192.

Sturman JA, Wisniewski H. 1988 Aluminum. In: Bondy SC,
Prasad KN, eds. Metal Neurotoxicity. Boca Raton, FL: CRC
Press, 183-204.

Tapparo A, Perazzolo M. 1989 n-Octanol/water partition coeffi-
cients of the acetylacetonate and -maltolate complexes of
AI(II), Cr(IIT) and Fe(III) and of aluminum lactate. Int J
Environ Anal Chem 36,13-16.

Van Rensburg SJ, Carstens ME, Potocnik CV, Aucamp AK,
Taljiaard JJF, Koch KR. 1992 Membrane fluidity of platelets
and erythrocytes in patients with Alzheimer’s disease and the
effect of small amounts of aluminium on platelets and erythro-
cytes membranes. Neurochem Res 17, 825-829.

Vierstra R, Haug A. 1978 The effect of AI’* on the physical
properties of membrane lipids in thermoplasma acidophlilum.
Biochem Biophys Res Commun 84, 138—-143.

Zatta P, Perazzolo M, Bombi GG, Corain B, Nicolini M. 1989
The role of speciation in the effects of aluminium(III) on the
stability of cell membranes and on the activity of selected
enzymes. In: Igbal K, Wisniewski HM, Winblad B, eds.
Alzheimer’s Disease and Related Disorders. New York: Alan R
Liss; 1087-1094.

Zatta PF, Nicolini M, Corain B. 1992 Aluminium (III) in
experimental cell pathology. In: Williams RJP, chairman.
Aluminium in Biology and Medicine (Ciba Foundation Sympo-
sium 169) Chichester: John Wiley & Sons; 186.



