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Abstract. Aluminum inactivated glutamate dehydroge-
nase (GDH) by a pseudo-first-order reaction at micro-
molar concentrations. A double-reciprocal plot gave a
straight line with a kinact of 2.7 min–1 and indicated the pre-
sence of a binding step prior to inactivation. The inactiva-
tion was strictly pH dependent and a marked increase in
sensitivity to aluminum was observed as the pH de-
creased. At a pH higher than 8.5, no inactivation was ob-
served. The completely inactivated GDH contained 2 mol
of aluminum per mole of enzyme subunit monomer.
When preincubated with enzyme, several chelators such
as citrate, NaF, N-(2-hydroxyethyl) ethylenediaminetri-
acetic acid or ethylenediaminetriacetic acid efficiently
protected the enzyme against the aluminum inactivation.
In a related experiment, only citrate and NaF released the
aluminum from the completely inactivated aluminum-en-
zyme complex and fully recovered the enzyme activity.

CMLS, Cell. Mol. Life Sci. 60 (2003) 2538–2546
1420-682X/03/112538-09
DOI 10.1007/s00018-003-3298-y
© Birkhäuser Verlag, Basel, 2003

CMLS Cellular and Molecular Life Sciences

Ferritin, NADP+, or nerve growth factor did not show any
effects on the recovery of the aluminum-inactivated GDH
activity. The dissociation constant for the aluminum-en-
zyme complex was calculated to be 5.3 mM. Although
aluminum has been known to form a complex with nu-
cleotides, no such effects were observed in the inactiva-
tion of GDH by aluminum as determined using GDHs
mutated at the ADP-binding site, NAD+-binding site or
GTP-binding site. Circular dichroism studies showed that
the binding of aluminum to the enzyme induced a de-
crease in a helices and b sheets and an increase in random
coil. Therefore, inactivation of GDH by aluminum is sug-
gested to be due to the conformational change induced by
aluminum binding. These results suggest a possibility
that aluminum-induced alterations in enzymes of the glu-
tamate system may be one of the causes of aluminum-in-
duced neurotoxicity.
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Many studies have investigated the involvement of alu-
minum in diverse cellular functions including progres-
sion of neurodegeneration. For example, aluminum can
induce the production of tumor necrosis factor-a in hu-
man glioblastoma cells [1] and it can induce stress in the
endoplasmic reticulum in rabbit hippocampus, involving
nuclear translocation of gadd 153 and NF-kB [2]. In-
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tracisternal injection of aluminum complexes into rabbit
brain induces cytochrome c release from mitochondria, a
decrease in Bcl-2 in both mitochondria and endoplasmic
reticulum, Bax translocation into mitochondria, activa-
tion of caspase-3 and DNA fragmentation [2]. Aluminum
also affects the production of nerve growth factor (NGF)
in mice [3]. Very recently, the effects of aluminum on the
proinflammatory cytokine/neurotrophin balance in cul-
tured neuronal cells have been reported [4].
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Aluminum is a strong inhibitor of some enzymes of the
glycolysis pathway such as hexokinase [5] and phospho-
fructokinase [6]. Aluminum also affects several enzymes
such as acetylcholinesterase [7], monoamine oxidase
type B [8], dihydropterine reductase [9], a-chymotrypsin
[10], carbonic anhydrase and Na+,K+-ATPase [11]. Most
recent studies have shown that aluminum administration
stimulates superoxide dismutase activity and glutathione
peroxidase activity and decreases glutathione S-trans-
ferase in various brain regions, providing evidence that
oxidative stress is involved in aluminum toxicity to the
brain [12, 13].
Alteration of the glutamate system has been postulated to
be involved in aluminum-induced neurotoxicity [14–16].
Aluminum affects synaptosomal uptake systems with
some selectivity toward the uptake of glutamate [17, 18].
Glutamate is a potential binder of aluminum in physio-
logical solutions and aluminum can cross the blood-brain
barrier as a glutamate complex [19, 20]. In vivo alu-
minum exposure significantly enhanced glutamate levels
in the cerebrum, thalamic area, midbrain hippocampal
region and cerebellum as well as alterating activities of
associated enzymes in glutamate metabolism [21–23].
One central enzyme in glutamate metabolism is gluta-
mate dehydrogenase (GDH). GDH is a family of en-
zymes, catalyzing a reversible deamination of L-gluta-
mate to a-ketoglutarate directly connected to the Krebs
cycle. Therefore, GDH serves as the major link between
carbohydrate and amino acid metabolism and various
roles for GDH in the central nervous system have been re-
ported. For instance, partial deficiency of GDH isozymes
has been reported in some patients with cerebellar degen-
eration, suggesting that the enzymes are important in
brain function [24, 25]. Reduced GDH activity has also
been reported in patients with Alzheimer’s disease and
Parkinson’s disease [26]. In addition, GDH has shown
neuroprotective value in model systems where glutamate
reuptake is inhibited [27]. Inhibition of GDH expression
by antisense oligonucleotides has also been reported to be
toxic to cultured mesencephalic neurons, with dopamin-
ergic neurons being affected at the early stages of this in-
hibition [28]. In addition, Cavallaro et al. [29] have iden-
tified GDH as one of the late memory-related genes in the
hippocampus, and Dutuit et al. [30] have observed a spe-
cific alteration in the expression of GDH in rats with ge-
netic absence epilepsy.
Aluminum has been reported to play a very important
role in reducing the activity of Krebs cycle enzymes and
GDH in rat brain homogenate [31]. Very recently, Yang et
al. [32] reported that aluminum promotes a-ketoglu-
tarate, a substrate of GDH, tautomerization to its enolic
structure compounds in solution. At present, however, the
reaction mechanism and a unified hypothesis to explain
the effects of aluminum on the aluminum-induced alter-
ation of enzymes in glutamate metabolism are not avail-

able. The purpose of this study was to determine the di-
rect binding of aluminum to human GDH.

Materials and methods

Reagents
NADH, citric acid, transferrin (human), ferritin (equine
spleen), ethylenediaminetriacetic acid (EDTA), N-(2-hy-
droxyethyl) ethylenediaminetriacetic acid (HEDTA),
NaF, a-ketoglutarate and AlCl3 were purchased from
Sigma (St. Louis, Mo.). NGF (7S mouse submandibular
glands) was purchased from Alomone Labs (Jerusalem,
Israel). Aluminum standard solution was from Aldrich
(Milwaukee, Wis.). A human GDH-encoding synthetic
gene was expressed in Escherichia coli and over-ex-
pressed soluble recombinant human GDH was purified
homogeneously as described before [33]. Cassette muta-
genesis at Lys450, Tyr187 and Glu279 was performed
separately to make mutant GDHs at the GTP-binding site
(K450G), ADP-binding site (Y187G) and NAD+-binding
site (E279G), respectively, as described elsewhere
[34–36]. Unless otherwise specified, highly purified en-
zymes were used for the studies. All other chemicals and
solvents were reagent grade or better.

Measurement of aluminum
The concentration of aluminum ion was measured by an
atomic absorption spectrophotometer according to a
modification of the method of D’Haese et al. [37]. Py-
rolytically coated graphite tubes and pyrolytical plat-
forms were used with 10-ml aliquots. Before use, the
tubes and platforms were conditioned by being heated
twice at 2800°C. The 309.2-nm aluminum wavelength, a
160-mm slit width and a lamp current of 8 mA were used.
Background correction was performed throughout.

GDH assay and kinetics
GDH activity was measured spectrophotometrically in
the direction of reductive amination of a-ketoglutarate by
following the decrease in absorbance at 340 nm as de-
scribed before [38] except that no ADP was used unless
otherwise indicated. All assays were performed in tripli-
cate and initial velocity data were correlated with a stan-
dard assay mixture containing 50 mM triethanolamine,
pH 8.0, 100 mM ammonium acetate, 10 mM a-ketoglu-
tarate and 0.1 mM NADH at 25°C. One unit of enzyme
was defined as the amount of enzyme required for oxi-
dizing 1 mmol of NADH per minute at 25°C. The appar-
ent first-order rate constant of inhibition (kapp) was ob-
tained for each concentration by following the time
course of development of inhibition by aluminum chlo-
ride as described elsewhere [39]. KM and kinact values were
calculated from the double-reciprocal plots of the appar-
ent first-order constants of inhibition (kapp) against the



concentration of aluminum. Protein concentration was
determined using Coomassie brilliant blue G250 (Sigma)
as described before [38] and calibrated with a bovine liver
GDH as standard.

Quantitation of aluminum binding to GDH
To determine the amount of aluminum bound to the en-
zyme in a typical experiment, GDH (5 mM) was incu-
bated at 25°C for 30 min with 50 mM AlCl3 in 25 mM
HEPES, pH 6.5 in a final volume of 0.2 ml. The com-
pletely inactivated enzyme was dialyzed three times
against 2000 vol of 25 mM HEPES, pH 6.5, at 4°C for 
12 h and assayed for protein and aluminum. The dissoci-
ation constant of aluminum for the enzyme-metal ion
complex (E-Al) was measured by an indirect method us-
ing NaF. The E-Al complex was prepared as described
above and incubated with varying amounts of NaF. The
Al-F complex was separated from E-Al by centrifugation
for 10 min at 2900 rpm in Centrifree filters (Amicon).
The aluminum concentration in the filtrate was used to
measure the amount of aluminum removed from E-Al by
NaF.

Circular dichroism study
Proteins were incubated with or without 50 mM AlCl3 in
25 mM HEPES, pH 6.5 or pH 8.5 at 25°C for 30 min and
far-UV circular dichroism (CD) spectra were monitored
from 200 to 250 nm in a cuvette of 1-mm path length, 50-
mdeg sensitivity, response time of 1 s, and scan speed of
50 nm/min on a Jasco J-715 spectrophotometer. The
spectra were recorded as a five-scan average value and
analyzed by the methods of Yang et al. [40] reading from
a smoothed curve through a five-successive-point win-
dow average assigned to the middle to determine the 
secondary conformation. After subtracting appropriate
blanks, mean residue ellipticities were calculated, using
the formula q = qobs ¥ MRW/10 cl, where qobs is the ob-
served ellipticity in degrees, MRW is the mean residue
weight, c is the concentration of protein in g/ml and l is
the path length in centimeters [41]. A mean residue mol-
ecular weight 110 was used. The spectrum of the inactive
enzyme-aluminum complex was compared to that of the
control enzyme at each pH.

Results

Inactivation of GDH by aluminum
Preincubation of hGDH with AlCl3 in 25 mM HEPES,
pH 6.5 at 25°C inactivated the enzyme. The loss of en-
zyme activity was proportional to the preincubation time
and to the concentration of aluminum (fig. 1A). Inactiva-
tion of hGDH was pseudo-first order at each fixed con-
centration of aluminum (fig. 1A). In numerous experi-
ments, more than 99% of the enzyme activity was abol-
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ished in this manner. The apparent first-order rate con-
stant of inactivation (kapp) was obtained for each concen-
tration. A double-reciprocal plot gave a straight line with
a kinact value of 2.7 min–1 and KM value of 7.7 mM (fig.
1B), indicating the presence of a binding step prior to in-
activation. The inactivation of GDH by aluminum was
strictly pH dependent. When the effect of AlCl3 on GDH
was examined at different pHs, a marked increase in sen-
sitivity to aluminum was observed as the pH decreased
(fig. 2). An inhibitory effect of AlCl3 was predominant
below pH 7.0. Above pH 8.0, AlCl3 did not affect the rate
of the enzymatic reaction.

Binding of aluminum to GDH
To quantitate the aluminum bound to the human GDH, an
inactive enzyme-aluminum complex was prepared. GDH
(1 mM) was incubated at 25°C for 30 min with 50 mM
AlCl3 in 25 mM HEPES, pH 6.5 in a final volume of 
1.0 ml and dialyzed three times against 2000 vol of 
25 mM HEPES, pH 6.5 at 4°C for 12 h. The protein-
bound aluminum was measured using an atomic absorp-
tion spectrophotometer. The results showed that the com-

Figure 1. Inactivation of GDH by aluminum in pseudo-first-order
reaction. (A) Time course of inactivation of GDH by AlCl3. The en-
zyme was incubated with various concentrations of AlCl3 in 25 mM
HEPES, pH 6.5 at 25°C. At the indicated times, the remaining en-
zyme activities were calculated. The apparent first-order rate con-
stant of inhibition (kapp) was obtained for each concentration by fol-
lowing the time course of development of inhibition by aluminum
and is expressed in a log plot. (B) Double-reciprocal plot of the ap-
parent first-order rate constants of inactivation (kapp) against con-
centration of aluminum. KM and kinact values were calculated from
the double-reciprocal plots of the apparent first-order constants of
inhibition (kapp) against the concentration of aluminum.
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pletely inactivated enzyme-aluminum complex contained
1.9 mol of aluminum per subunit (table 1). On the basis
of an HPLC gel filtration, the molecular weight of the
aluminum-inactivated GDH was similar to that of the na-
tive hexameric GDH (data not shown), suggesting that in-
activation of GDH by aluminum is not due to the dissoci-
ation of the native enzyme. These results suggest that
there are rather specific sites for the aluminum binding
on the enzyme.

Formation of nucleic acid-aluminum complex
Aluminum is known to form a complex with nucleic
acids [42] and mammalian GDHs are strictly regulated by
GTP, ADP and NAD+ [43]. Therefore, the possibility that
aluminum may bind to GDH through the nucleotide-alu-
minum complex was examined. As shown in table 1, no
such nucleotide-aluminum complexes were observed in
the inactivation of human GDH by aluminum as deter-
mined using GDHs mutated at the GTP-binding site
(K450G), ADP-binding site (Y187G) or NAD+-binding
site (E279G), these mutant GDHs being unable to bind

GTP, ADP or NAD+, respectively [34–36]. When the
wild-type and mutant GDHs were treated with 50 mM
AlCl3 and dialyzed as described above, there were no dif-
ferences in the sensitivity to aluminum binding between
the wild-type and mutant GDHs. All mutant GDHs still
bound approximately 2 mol of aluminum per mole of en-
zyme subunit (table 1). These results indicate that alu-
minum binding to human GDH is not due to the nu-
cleotide-aluminum complex and aluminum-binding sites
are different from those of GTP, ADP and NAD+.

Reactivation of GDH by chelators against aluminum
inactivation
The results in figure 3 show that the inhibitory effect of
aluminum is abolished by some chelators. GDH (5 mM)
was incubated at 25°C for 20 min with 50 mM AlCl3 in 
25 mM HEPES, pH 6.5 in a final volume of 0.2 ml and
dialyzed three times against 2000 vol of 25 mM HEPES,
pH 6.5, at 4°C for 12 h. The completely inactivated en-
zyme was treated with several chelators (100 mM) such as
citrate, NaF, HEDTA, EDTA, transferrin, ferritin, NADP+

and NGF in a 0.1-ml final volume. At different times,
aliquots were withdrawn and assayed for their activity in
the standard assay mixture. Only citrate or NaF released
the aluminum from the completely inactivated alu-
minum-enzyme complex and fully recovered the enzyme
activity within 20 min. The effects of HEDTA, transferrin
or EDTA on the reactivation of the aluminum-inactivated
GDH were much weaker than those of NaF or citrate. Ap-
proximately 40% activity was recovered with transferrin
or HEDTA and only 20% activity was recovered with
EDTA. Ferritin, NADP+ and NGF did not show any ef-
fects on the recovery of the aluminum-inactivated GDH
activity.
In a related experiment, 50 mM AlCl3 was preincubated
with 2 mM of citrate, NaF, HEDTA, EDTA or NADP+ for

Figure 2. pH-dependent inactivation of GDH by AlCl3. GDH was
treated with or without 20 mM AlCl3 in 25 mM HEPES at various
pHs for 5 min at 25°C. Remaining activities were measured and ex-
pressed as percentage of each control.

Figure 3. Reactivation of aluminum-inactivated GDH by chelators.
GDH (5 mM) was incubated at 25°C for 30 min with 50 mM AlCl3

in 25 mM HEPES, pH 6.5 in a final volume of 0.2 ml and free alu-
minum was removed by dialysis three times against 2000 vol of 
25 mM HEPES, pH 6.5, at 4°C for 12 h. The completely inactivated
enzyme was treated with several chelators (100 mM). At different
times, aliquots were withdrawn and assayed for activity.

Table 1. Aluminum binding to the wild-type and mutant GDHs.

Treatment [aluminum]/[subunit monomer]

wild-type K450G Y187G E279G

Enzyme 0.09 (0) 0.05 (0) 0.10 (0) 0.08 (0)
(control)
Enzyme + 1.98 (2) 1.89 (2) 2.05 (2) 2.11 (2)
AlCl3

Wild-type and mutant GDHs (5 mM) at the GTP-binding site
(K450G), ADP-binding site (Y187G) or NAD+-binding site
(E279G) were treated with 50 mM AlCl3 and dialyzed against 
25 mM HEPES, pH 6.5 in a final volume of 0.2 ml. The contents of
aluminum in the dialyzed samples were measured and expressed as
moles of aluminum per mole of enzyme subunit monomer. The
numbers in parentheses are the nearest integer values. Removal of
the traces of aluminum from the control by dialysis against 0.1 mM
citrate, pH 6.5 followed by removal of citrate against 25 mM
HEPES, pH 6.5 did not affect the activity of the control enzyme.
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various times and then tested as a source of aluminum
available to inhibit the enzyme. Only very small amounts
of free aluminum seemed to have remained in solution in
the presence of citrate or NaF, as shown by the full recov-
ery of the enzyme activity within 2 min of incubation
with these chelators (fig. 4). The results showed that the
rate of chelation of aluminum by HEDTA or EDTA was
slower than those of citrate or NaF because a significant
amount of free aluminum was retained in solution to pro-
duce 25–40% inhibition even after 5 min (fig. 4). How-
ever, these chelating properties of HEDTA or EDTA for
GDH activity against aluminum inactivation were much
more effective than those in the reactivation experiments
shown in figure 3, suggesting that HEDTA or EDTA have
a better chelating power when directly interacted with
aluminum prior to the formation of the aluminum-en-
zyme complex. NADP+ showed the slowest rate of chela-
tion of aluminum because more than 80% inactivation
was still observed (fig. 4).

Measurement of dissociation constant 
for GDH-aluminum complex
The dissociation constant for the aluminum-enzyme
complex was calculated by an indirect method using NaF,
a known reversible chelator for aluminum [44, 45].
Accordingly,

E-Al ´ Al + E   AlKd(E-Al) = [Al][E]/[E-Al] (1)
F + Al ´ Al-F   AlKa(F) = [Al-F]/[Al][F] (2)

sum: E-Al + F ´ E + Al-F   Keq = [E][Al-F]/[E-Al][F] (3)

Here [E], [Al] and [F] are unliganded forms. From these
three reactions,

Keq = [E][Al-F]/[E-Al][F] = AlKd(E-Al) ¥ AlKa(F)   (4)

When half of the total aluminum is removed from the en-
zyme and assuming that no significant E-F is present, the
concentrations of enzyme and E-Al are equal. Therefore,
equation simplifies to

[Al-F]/([F]Total – [Al-F]) = AlKd(E-Al) ¥ AlKa(F)   (5)

Half-maximal removal of aluminum (20 mM) was
achieved at 29.8 mM NaF (fig. 5). We then substituted the
value of AlKa(F) [44] and of [Al-F]/([F]Total – [Al-F]) and
calculated the dissociation constant for E-Al:

[20.0 ¥ 10–6]/([23.8 ¥ 10–6] – [20.0 ¥ 10–6]) = AlKd(E-Al)(1 ¥ 106)

Therefore, AlKd(E-Al) = 5.3 mM. The Kd value of 5.3 mM
is almost consistent with the KM value of 7.7 mM obtained
from the pseudo-first-order kinetic study (fig. 1B).

CD measurement of the GDH-aluminum complex
The CD spectra of GDH and the GDH-aluminum com-
plex are shown in figure 6. At acidic pH, the spectra of the
intact GDH and GDH-aluminum complex show different
overall ellipticity (fig. 6A). In the far-UV region, GDH
and the GDH-aluminum complex revealed a well-re-
solved negative peak around 208 and 222 nm. The shape
of the spectra and strong negative ellipticities at 208 and
222 nm suggest that GDH is composed of a-helix- and 
b-sheet-rich regions. It also appears to belong to the a +
b class of proteins [46]. The signal at 222 nm was greater
in magnitude, which indicates the high level of structural
integrity of the enzyme. The mean residue ellipticity at
222 nm was –8.5 ± 0.5 ¥ 103 deg cm2 dmol–1 and –6.1 ±
0.5 ¥ 103 deg cm2 dmol–1 for GDH and the GDH-alu-
minum complex, respectively. Since random and b con-
formations approach zero at 208 nm, the signal at 208 nm
is due to an a helix conformation. This result indicates
that the binding of aluminum to the enzyme induced a de-
crease in the ordered configuration (a helix and b-pleated
sheet) and an increase in random coil. Therefore, the
change in overall ellipticity at pH 6.5 may be due to the
partial unfolding of the molecule induced by aluminum
binding. However, for the far-UV CD spectra at pH 8.5,

Figure 4. Protection of GDH by chelators against aluminum in-
activation. AlCl3 (50 mM) was preincubated with several chelators
(2 mM) in 25 mM HEPES, pH 6.5 at 25°C for various times. The
reaction was started by the addition of enzyme and assay mixture.

Figure 5. Removal of aluminum GDH-Al complex by NaF. Fluo-
ride was used to remove aluminum from the enzyme-aluminum
complex (E-Al). The completely inactivated enzyme (5 mM) was
prepared as described above and incubated with varying amounts of
NaF in 25 mM HEPES, pH 6.5 at 25°C for 30 min in a 0.2 ml final
volume. The aluminum-fluoride complex (Al-F) was separated from
the E-Al by centrifugation for 5 min at 2900 rpm in Centrifree fil-
ters (Amicon). The aluminum concentration in the filtrate was used
to measure the amount of aluminum removed from E-Al by NaF.



[48]. The suggestion that aluminum mainly functions at
acidic pH [49], therefore, may be a general characteristic
of the reactions involving this metal ion. Solubility of alu-
minum salts is very high at acidic pH and very low at
physiological pH. This would explain why aluminum is a
better inhibitor of GDH at acidic pH. The free Al3

+ con-
centration rather than the much greater Al(OH)4

– concen-
tration will therefore be the relevant quantity in assessing
ligation and in determining stability constants for such an
association. In biological systems, the solubility of alu-
minum also varies with different concentrations of alu-
minum binder [50]. Therefore, the aluminum concentra-
tions, at which inhibitory effects on enzymatic reaction
occur, will very likely be much less than those observed
in this study as well as in numerous studies previously re-
ported by others [9, 31].
The protection of GDH by citrate against aluminum-in-
duced inactivation (fig. 4) is very similar to the previous
observation [51], showing that a molar ratio of 10:1 for
[citrate]/[calmodulin] can prevent aluminum binding to
calmodulin as determined by fluorescence and CD spec-
troscopy. The importance of the order of addition of the
chelators to produce the observed effects (figs 3, 4) is of
particular interest and similar to that observed for hexok-
inase [52]. HEDTA, a potential aluminum chelator [12,
53], reacted as a better chelator when it was preincubated
with aluminum before formation of the enzyme-alu-
minum complex (figs 3, 4). A very similar protection was
also reported for the aluminum binding to RNA poly-
merase [54] in which preincubation of RNA polymerase
with 0.5 mM aluminum decreased the rate of incorpora-
tion of nucleotides by 50%, but when aluminum was pre-
mixed with the nucleotides or with the template, there
was no inhibition until the aluminum concentration ex-
ceeded 2 mM.
Transferrin has been postulated as the main protein car-
rier of aluminum [55, 56] and the uptake of aluminum
into cells appears to be largely determined by the distrib-
ution of transferrin receptors located on the cell surface
[57, 58]. The transferrin receptors are present at a high
density in some regions of the brain and genetic variation
in transferrin has been detected in Alzheimer’s disease
patients [59–61]. However, the mechanism of aluminum
transport from the biological fluids to the specific organs
by transferrin-receptor-mediated endocytosis is not un-
derstood. Interestingly, the most recent reports have
shown that no interaction is detected between transferrin
receptor 1 and aluminum-saturated or mixed C site iron-
loaded/N site aluminum-loaded transferrin [62]. There-
fore, the fact that aluminum can be solubilized by serum
transferrin in biological fluids does not necessarily imply
that its transfer from the bloodstream to cytoplasm fol-
lows the receptor-mediated pathway of iron transport by
transferrins. In the present study, we examined the effects
of transferrin on inactivation of GDH by aluminum. The
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all of the spectral features remain unchanged relative to
the intact enzyme at 220–222 nm and 208 nm (fig. 6B).

Discussion

The results presented here establish the sensitivity of hu-
man GDH to a low level of aluminum. The sensitivity of
the human GDH to aluminum suggests that inhibition of
this enzyme may be relevant to aluminum toxicity. The
result of the pseudo-first-order reaction of aluminum
binding to GDH is very similar to that of the binding of
aluminum to glucose-6-phosphate dehydrogenase [39] or
binding of beryllium to phosphoglucomutase [47]. One
should note that aluminum concentrations presented in
the present study are those of aluminum added to the so-
lution, and the calculated Kd value of 5.3 mM is based on
the total concentration of aluminum. The inhibition is
more pronounced at acidic pH and this is consistent with
the high solubility of aluminum at low pH. Also notewor-
thy is that aluminum can modify the blood-brain barrier
and become differentially compartmentalized in the vari-
ous subcellular organelles in a pH-dependent manner

Figure 6. CD spectra. Proteins were incubated with or without 
50 mM AlCl3 in 25 mM HEPES, pH 6.5 (A) or pH 8.5 (B) at 25°C
for 30 min and far-UV CD spectra were monitored from 200 to 
250 nm. The spectra were recorded as a five-scan average value. CD
spectra are expressed in terms of [q] (deg cm2 dmol–1). Solid line,
GDH only; dashed line, GDH + aluminum. (A) CD spectra at pH
6.5. (B) CD spectra at pH 8.5.



effects of transferrin on the reactivation of the aluminum-
inactivated GDH were much weaker than those of NaF or
citrate (fig. 3) and complete recovery of activity was
never observed even after 1 h incubation. 
We also examined the effects of NGF and ferritin on in-
activation of GDH by aluminum. Recently, Ohyashiki et
al. [63] reported that NGF protects PC12 cells from alu-
minum-induced cell death. Ferritin, another iron storage
protein, can bind to aluminum and aluminum causes a
concentration-dependent decrease in the initial rate of
iron loading into horse spleen and human brain ferritin
[64, 65]. The results in figure 3 show that both NGF and
ferritin have no effects on the inactivation of GDH by alu-
minum. However, the results for transferrin, NGF or fer-
ritin shown in figure 3 cannot be directly transposed in
vivo and do not imply that these proteins have no effects
on the aluminum toxicity in a living species.
Inhibition of GDH by aluminum appears likely due to
conformational changes induced by aluminum binding to
carboxyl or hydroxyl groups. The result of CD analysis
(fig. 6) supports this possibility. The results of CD stud-
ies are very similar to those observed for structural
changes induced by aluminum in calmodulin [66], 
showing that the aluminum-calmodulin structure is a
more random, open polypeptide than the structure of 
Ca-calmodulin on the basis of EPR resonance studies.
Furthermore, aluminum-induced structural changes in
calmodulin decrease helical content and increase random
coiling and hydrophobic surface expression [67].
Environmental pollution by soluble aluminum ion has el-
evated aluminum from a ‘harmless’ to a ‘toxic’ metal ion.
Indeed, aluminum is one of the major toxicants to plants
and animals [68]. The concentration of aluminum that in-
activates the human GDH in the present study is in a sim-
ilar range to that observed in the plasma of uremic sub-
jects undergoing long-term dialysis treatment [69] and in
certain focal areas of the brains of patients with
Alzheimer’s disease [11]. Alteration of glutamate is
known to be associated with neurodegenerative disorders
[70]. Glutamate is a potential binder of aluminum in
physiological solutions [19]. Aluminum can cross the
blood-brain barrier as glutamate complex and can accel-
erate the aging process [20]. Aluminum is reported to po-
tentiate glutamate-induced calcium accumulation in cere-
bellar granule cells [71] and enhance glutamate-mediated
cytotoxicity in hippocampal cell cultures [14]. The varied
responses of regional glutamate level to aluminum expo-
sure may affect region-specific glutamate metabolism as
well as activities of associated enzymes [21, 31]. There-
fore, aluminum-induced alterations in enzymes of the
glutamate system may be one of the causes of aluminum-
induced neurotoxicity. However, a direct relationship be-
tween aluminum and glutamate toxicity as well as a uni-
fied hypothesis underlying aluminum toxicity in vivo re-
main to be fully demonstrated. Further investigations of

the effects of aluminum are necessary for other gluta-
mate-binding proteins for us to understand the complete
pattern of glutamate metabolism disturbances by alu-
minum in the brain.
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