
ORIGINAL PAPER

Competition between abiogenic Al3+ and native Mg2+, Fe2+ and Zn2+

ions in protein binding sites: implications for aluminum toxicity

Todor Dudev1 & Diana Cheshmedzhieva1 & Lyudmila Doudeva2

Received: 9 October 2017 /Accepted: 24 January 2018 /Published online: 14 February 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Abiogenic aluminum has been implicated in some health disorders in humans. Protein binding sites containing essential metals
(mostly magnesium) have been detected as targets for the Balien^ Al3+. However, the acute toxicity of aluminum is very low.
Although a substantial body of information has been accumulated on the biochemistry of aluminum, the underlying mechanisms
of its toxicity are still not fully understood. Several outstanding questions remain unanswered: (1) Why is the toxicity of
aluminum, unlike that of other Balien^ metal cations, relatively low? (2) Apart from Mg2+ active centers in proteins, how
vulnerable are other essential metal binding sites to Al3+ attack? (3) Generally, what factors do govern the competition between
‘alien^ Al3+ and cognate divalent metal cations in metalloproteins under physiologically relevant conditions? Here, we endeavor
to answer these questions by studying the thermodynamic outcome of the competition between Al3+ and a series of biogenic
metal cations, such as Mg2+, Fe2+ and Zn2+, in model protein binding sites of various structures, compositions, solvent exposure
and charge states. Density functional theory calculations were employed in combination with polarizable continuum model
computations. For the first time, the presence of different Al3+ soluble species at physiological pH was properly modeled in
accordance with experimental observations. The results suggest that a combination of concentration and physicochemical factors
renders the Al3+→M2+ (M=Mg, Fe, Zn) substitution and subsequent metalloenzyme inhibition a low-occurrence event at
ambient pH: the more active aluminum species, [Al(H2O)6]

3+, presents in very minute quantities at physiological conditions,
while the more abundant soluble aluminum hydrate, {[Al(OH−)4](H2O)2}

−, appears to be thermodynamically incapable of
substituting for the native cation.
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Introduction

Metal cations are key players in various essential biological
processes ranging from enzyme catalysis and signal transduc-
tion to nucleic acid and protein structure stabilization, blood
coagulation, muscle contraction, hormone secretion, oxidative
stress alleviation, taste and pain sensation, respiration, and

photosynthesis [1–6]. Over the course of few billion years of
cell evolution, biological function has been bestowed on about
two dozen of metal species based on their physicochemical
properties and bioavailability [7]. The most commonly found
biogenic metal co-factors are Na+, K+, Mg2+, Ca2+, Zn2+,
Mn2+, Fe2+/3+, Co2+/3+, Ni2+ and Cu+/2+ [1, 3, 5, 7]. A number
of other abiogenic metal species not included in the evolution-
ary process (e.g., Hg2+, Pb2+, Al3+ or Tl+/Tl3+), upon entering
a living organism, can adversely affect cellular processes by
competing with native metals for their respective protein bind-
ing sites. This is the essence of the dominant hypothesis for
the mechanism of the heavy-metal intoxication, which postu-
lates that the Balien^ metal cation disrupts the structure of the
protein active site(s) upon binding, thus compromising the
normal functioning of the host metalloprotein [8–12].

Aluminum is the third most abundant element (after oxy-
gen and silicon), and the most frequently found metal in the
Earth’s crust [13]. Despite its natural abundance, however, it
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has been excluded from biochemical evolution, and thus has
never been assigned any biological function in living organ-
isms [14]. The reasons for this apparent paradox are not clear.
It has been argued that aluminum’s absence from the list of life
elements is due largely to its low bioavailability for a
prolonged period during the evolutionary process [14].
Furthermore, the aluminum ion, Al3+, is characterized by its
very slow exchange rate with organic/inorganic ligands [15]
(relative to that of divalent metal cations, such as Mg2+ and
Ca2+), which renders Al3+ useless as a metal co-factor in-
volved in enzymatic or signal transduction processes.

The Balien^ aluminum has been implicated in some health
disorders in humans, including vitamin D-resistant osteoma-
lacia, iron adequate microcytic anemia, amyotrophic lateral
sclerosis, dialysis and Parkinsonism dementia, and
Alzheimer’s disease [15]. Protein binding sites containing es-
sential metals, such as magnesium, calcium or iron, have been
detected as targets for the abiogenic Al3+ [12, 16–21].
Especially vulnerable to Al3+ attacks are Mg2+ binding sites
where the Al3+→Mg2+ substitution appears to be one of the
major channels through which aluminum exerts its toxicity in
living cells [12, 16–19]. There are several similarities between
Al3+ and Mg2+ that make magnesium binding sites easily
recognizable by the attacking Al3+ and favor the Al3+→
Mg2+ exchange: both species are Bhard^ cations with a pref-
erence for Bhard^ oxygen-containing ligands, both cations
tolerate octahedral coordination in their complexes, and both
are small cations with similar ionic radii: 0.54 and 0.72 Å for
the octahedrally coordinated Al3+ and Mg2+ cations, respec-
tively [22]. Surprisingly however, although aluminum is an
agent that is non-native to the host organism, many plant and
animal species tolerate high doses of aluminum salts quite
well. Note that the acute toxicity of aluminum in mammals
is very low: for example, the median lethal dose, LD50, for
aluminum sulfate applied orally in mice is 6200 mg kg−1 [23],
whereas that of another Balien^ metal, Hg (in the form of
HgCl2), is only 12.9 mg kg−1 [24].

Competition between Al3+ and Mg2+ in model protein
binding sites has been studied by theoretical methods, and
conclusions about the effect of various factors on the process
have been drawn [16–19]. In such studies, the aluminum
hexaaqua complex, [Al(H2O)6]

3+, has been considered as the
only soluble form of aluminum participating in the metal ex-
change reactions. Note, however (see below), that this alumi-
num hexahydrate is the dominant aluminum species in acidic
environment (pH <5 [25–27]) but presents in very minute
quantities at ambient pH of ~7 where another aluminum hy-
drate, {[Al(OH−)4](H2O)2}

−, prevails [12] (see below). Thus,
these calculations appear to refer to acidic, non-natural envi-
ronments, rather than to biologically relevant physiological
conditions.

Over the years, a substantial body of information has accu-
mulated on the biochemistry of aluminum, but still the

underlying mechanisms of its toxicity are not fully under-
stood. Several outstanding questions await answers: (1) Why
is aluminum toxicity, unlike that of other Balien^ metal cat-
ions, relatively low? (2) Apart from Mg2+ active centers in
proteins, how vulnerable are other essential metal binding
sites to Al3+ attack? (3) Generally, what factors do govern
the competition between ‘alien^ Al3+ and cognate divalent
metal cations in metalloproteins at ambient pH?

Here, we endeavor to shed light on these questions by
studying the thermodynamic outcome of the competition be-
tween Al3+ and a series of biogenic metal cations, such as
Mg2+, Fe2+ and Zn2+, in model protein binding sites of various
structures, compositions, solvent exposure and charge states
(see Methods). The presence of different Al3+ soluble species
at physiological pH is, for the first time, properly accounted
for in accordance with experimental observations. Density
functional theory (DFT) calculations, in combination with po-
larizable continuum model (PCM) computations, are
employed. The competition between Al3+ and Mg2+/Fe2+/
Zn2+ can be expressed in terms of the free energy, ΔGε, for
replacing the Bnative^M2+ cation (M =Mg, Fe, Zn) bound to
the protein by its rival cation, Al3+:

Al3þ−aq
� �þ M2þ−protein

� �
→ Al3þ−protein

� �

þ M2þ−aq
� � ð1Þ

In Eq. 1, [Al3+/M2+-protein] and [Al3+/M2+-aq] represent
the metal ion bound to protein ligands inside the binding cav-
ity and unbound in its vicinity, respectively. The binding cav-
ity is characterized by an effective dielectric constant, ε, vary-
ing from ~4 for buried binding sites to ~30 for solvent acces-
sible binding pockets, while the bulk aqueous solvent outside
the binding cavity is characterized with ε = 78. A positive
ΔGε implies a M2+-selective site, whereas a negative value
implies an Al3+-selective one. Our aim is to obtain reliable
trends in the free energy changes with varying parameters of
the system rather than to reproduce the absolute free energies
of metal exchange in these metal centers. Notably, trends in
the free energies computed using this approach were found
consistent with experimental observations in previous works
[28–35].

Methods

Database survey

The Protein Data Bank [36] was surveyed for X-ray and NMR
structures of aluminum-bound proteins, in which aluminum
was coordinated to amino acid residues. Corresponding struc-
tures containing the native metal (e.g., Mg2+) were also
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included in the survey. A single representative of a given
family of proteins (namely, the structure solved at the highest
resolution) was considered. Structures where the metal cation
coordinates to inorganic ligands, such as phosphates, sulfates,
fluorides or chlorides, were excluded from the survey.

Models used

The side chains of Asp−/Glu− and His, and backbone amide
group were modeled as acetate (CH3COO

−), imidazole
(C3H4N2) and N-methylacetamide (CH3CONHCH3), respec-
tively. In proteins, Mg2+ and Fe2+ are very often found to be
octahedrally coordinated to amino acid ligands [35, 37, 38].
Thus, their protein binding sites were modeled as [Mg/
Fe•(H2O)6-m•Lm], where L = CH3COO−, imidazole or
CH3CONHCH3, and m = 1, 2, 3 or 4. In zinc binding sites,
however, the metal is usually tetrahedrally coordinated to the
protein lgands [38, 39]. Accordingly, the respective binding
sites were modeled as {[Zn•(H2O)4-n•Ln]•(H2O)2} where two
water molecules were placed in the metal second coordination
shell, L = CH3COO

− or imidazole, and n = 3. Furthermore, all
the three divalent metal cations under study (Mg2+, Fe2+ and
Zn2+) prefer to be hexahydrated in aqueous solution [40, 41].
Hence, their aqua complexes were modeled as [M(H2O)6]

2+

(M = Mg, Fe, Zn). High spin configurations for Fe2+

(quintuplet) in both aqua and model binding site complexes
were considered, in line with the experimental and theoretical
findings [42, 43].

Al3+, a strong Lewis acid, forms several types of hydrated
species in aqueous solution with varying ratio between ion-
ized and non-ionized water molecules depending on the pH of
the medium. Aluminum hexaaqua complex undergoes step-
wise deprotonation characterized with four, closely spaced
pKa values: pKa1 = 5.5, pKa2 = 5.8, pKa3 = 6.0 and pKa4 =
6.2 [25]. This data indicates that in acidic solutions (pH < 5)
the prevalent species is the octahedral hexaaqua complex,
[Al(H2O)6]

3+. At ambient pH of 7, however, another soluble
s p e c i e s i s d om i n a n t : t h e t e t r a h e d r a l a n i o n i c
{[Al(OH−)4](H2O)2}

− complex. Notably, almost all the solu-
ble Al3+ at pH ~ 7 exists in the latter form as the molar ratio
between {[Al(OH−)4](H2O)2}

− and [Al(H2O)6]
3+ is 2.5 × 106

[12]. Following experimental observations, in our study we
modeled both types of hydrates and assessed their potential in
competing with the native metal species for protein binding
sites (Eq. 1).

DFT/PCM calculations

The M06-2X method [44], in combination with 6-311++
G(d,p) basis set, was employed to optimize the geometry of
each metal complex in condensed media, and to compute the
electronic energies, Eel

ε, using the Gaussian 09 program [45].
Metal binding sites in metalloproteins are located in cavities/

crevices of the protein structure whose dielectric properties
differ from that of the bulk water [46] and are comparable to
those of the low-polarity solvents [47]. Thus, condensed-
phase computations were conducted in solvents mimicking
the dielectric properties of buried and solvent-accessible bind-
ing sites, diethyl ether (ε = 4) and propanonitrile (ε = 29), re-
spectively. Frequency calculations for each optimized struc-
ture were performed at the sameM06-2X/6-311++G(d,p) lev-
el of theory. No imaginary frequency was found for any of the
optimized structures. The frequencies were scaled by an em-
pirical factor of 0.983 [48] and used to compute the thermal
energies, including zero-point energy, and entropies. The elec-
tronic energies in solution were corrected by performing sin-
gle point calculations on the respective fully optimized struc-
tures employing the SMD solvation model [49]. The differ-
ences ΔEel

ε, ΔEth
ε and ΔSε between the products and reac-

tants in Eq. 1 were used to calculate the metal exchange free
energy at T = 298.15 K according to:

ΔGε ¼ ΔEel
ε þΔEth

ε −TΔSε ¼ ΔHε−TΔSε ð2Þ

The basis set superposition error for this type of exchange
reaction (Eq. 1) had been shown to be negligible [33, 50] and
was thus not considered in the present calculations.

The theoretical method and calculation protocol used have
been validated with respect to available experimental data and
proven to be reliable as they reproduced correctly the geome-
try of Al3+, Mg2+, Fe2+ and Zn2+ representative structures
(Table 1) as well as the free energies of metal exchange in
acetate, imidazole and glycine complexes [35].

Results and discussion

PDB survey

The PDB search, conformingwith the requirements of the task
(see above), produced a few protein structures containing
Al3+. These are the aluminum-bound ovotransferrin (PDB en-
try 2D3I), where the Balien^ metal substitutes for the native
Fe3+, and wild type (1XLG) and double mutant D254E/
D256E (1XLM) D-xylose isomerase, where the Al3+ cation
replaces the cognate Mg2+ in the respective binding sites.
Structural parameters of the aluminum-occupied binding sites
are compared with those of the native structures in Tables 2, 3,
and 4, respectively. Although the limited number of
aluminum-containing structures does not allow for rigorous
statistical analysis, some general trends emerge: (1) the Al3+

cation preserves the overall structure of the binding site and
coordinates octahedrally to the entire set of protein ligands
that had ligated the native metal; the original mode of ligand
binding (mono/bidentate) is also retained in the non-native
structures; and (2) generally, the Al3+-ligand bond distances
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are shorter than the respective Fe3+-ligand and Mg2+-ligand
bond distances.

Al3+→Mg2+ substitution in magnesium binding sites

Functional Mg2+-binding sites in enzymes have been found to
be predominantly populated with Asp−/Glu− amino acid resi-
dues and backbone peptide ligands [37, 52]. Therefore, we
modeled magnesium complexes with one, two and three
metal-bound acetates (mimicking Asp−/Glu− side chains),

with water ligands complementing the rest of the coordination
shell (Fig. 1a–c, respectively). A complex with an acetate and
one N-methylacetamide (representing a backbone peptide
group) was also modeled and optimized (Fig. 1d). The resul-
tant structures after Al3+→Mg2+ exchange, along with the
thermodynamic parameters of the respective reactions, are
also shown in Fig. 1. Substitution processes where the
attacking Balien^ species is [Al(H2O)6]

2+ are marked in red,
while those involving the {[Al(OH−)4](H2O)2}

− species are
colored blue.

The calculations demonstrate that, with the exception of the
second reaction in Fig. 1a, aluminum binding does preserve
the overall octahedral structure of the native complex and the
relative position of the ligands. The metal–ligand bond dis-
tances in Bred^ and Bblue^ aluminum complexes, however,
vary depending on the protonation state of the metal-bound
water molecules, which reflects on the overall charge of the
complex. Thus, in the Al3+ complexes comprising two ace-
tates and four non-ionized water molecules (upper structure in
Fig. 1b; overall charge 1+), the Al3+−Oacetate bond distance is
shorter than that of the parent Mg2+−Oacetate bond distance
(1.83 Å versus 2.02 Å at ε = 29, respectively), whereas the
opposite ratio (2.05 Å/2.02 Å at ε = 29) is observed for the
hydroxyl-containing aluminum complex (lower structure in
Fig. 1b; overall charge 3−). This is due, on one side, to the
greater neutralization of the positive charge on the aluminum
cation by the six anionic ligands in the latter case relative to
the former, and, on the other, to the stronger repulsion between
the six negatively charged ligands in the [Al(OH−)4(Ace

−)2]
3−

complex compared to its [Al(H2O)4(Ace
−)2]

+ counterpart.
Thermodynamic parameters also vary greatly with the nature
of the incoming aluminum species: increasing the number of
metal-bound carboxylates (thus increasing the amount of fa-
vorable cation–anion electrostatic interactions) increases the
competitiveness of [Al(H2O)6]

3+ over the native Mg2+ as the
ΔG4/ΔG29 of the Al3+→Mg2+ exchange decrease from 30/2
in [Mg(H2O)5Ace]+ (Fig. 1a) to −10/−21 and −46/
− 4 0 k c a l m o l − 1 i n [M g (H 2O ) 4 ( A c e ) 2 ]

0 a n d
[Mg(H2O)3(Ace)3]

− complexes (Fig. 1b,c), respectively.
Adding an amide ligand to the complex also enhances the
Al3+/Mg2+ selectivity of the protein active center, though to
a lesser extent than that of the anionic acetate: ΔG4/ΔG29 =
30/2 kcal mol−1 in [Mg(H2O)5Ace]

+ and ΔG4/ΔG29 = 19/
−7 kcal mol−1 in [Mg(H2O)4 Ace Bkb]+ (Fig. 1a and d,
respectively). Increasing the solvent exposure of the binding
site enhances the Al3+/Mg2+ competitiveness in structures
comprising one or two acetates (lower ΔG29 than ΔG4 in
Fig. 1a–d) but has the opposite effect in sites with three an-
ionic ligands (higher ΔG29 than ΔG4 in Fig. 1c). Generally,
the solvation effects favor the Al3+ →Mg2+ substitution in
complexes comprising one or two negatively charged ace-
tates. For example, the free energy gains of solvating the
chargedAl3+ complexes on the right-hand side of the reactions

Table 2 Metal–ligand bond distances (in Å) in metal occupied
ovotransferrin from X-ray structures

Amino acids Al3+ (2D3I; 2.15 Å)a Fe3+ (1OVT; 2.4 Å)a

TYR92A.OH 1.83 1.84

TYR191A.OH 1.82 2.04

HIS250A.NE2 2.14 2.08

ASP60A.OD1 1.94 2.18

BTC688A.O1b 1.96 1.84

BTC688A.O3b 1.94 2.09

a PDB code and spectral resolution are given in parentheses
b Bicarbonate anion

Table 1 Comparison between computed and experimental mean metal
−oxygen and metal–nitrogen bond distances (in Å) in Al3+, Mg2+, Zn2+

and Fe2+ complexes

Complex Bond Experimental Calculated

[Al(H2O)6]
3+ Al–O 1.90a 1.92

[Mg(H2O)6]
2+ Mg–O 2.07±0.03b 2.06

[Zn(H2O)6]
2+ Zn–O 2.08±0.03b 2.11

[Fe(H2O)6]
2+ Fe–O 2.12/2.13c 2.15

[Mg(H2O)5(imidazole)1]
2+ Mg–N 2.19±0.06d 2.12

[Zn(H2O)n(imidazole)1]
2+ Zn–N 2.00±0.02e 1.98f

[Fe(H2O)5(imidazole)1]
2+ Fe–N 2.06±0.11g 2.09h

a From Hay and Myneni [51]
b From Dudev and Lim [52]
c From Sham et al. [53]
dMean Mg–N bond distance from 56 six-coordinated Mg2+ complexes
in the Cambridge Structural Database comprising neutral nitrogen-
containing ligands; from Kuppuraj et al. [54]
eMean Zn–N bond distance from 20 tetra- and pentacoordinated Zn2+ -
imidazole complexes in the Cambridge Structural Database; from
Harding [55]
f Ave r age Zn–N bond d i s t an ce f r om t e t r a coo rd i na t ed ,
[ Z n ( H 2O ) 3 ( i m i d a z o l e ) 1 ]

2 + , a n d p e n t a c o o r d i n a t e d ,
[Zn(H2O)4(imidazole)1]

2+ , complexes
gMean Fe–N bond distance from 507 six-coordinated Fe2+ complexes
(both high- and low-spin) in the Cambridge Structural Database compris-
ing neutral nitrogen-containing ligands; from Kuppuraj et al. [54]
h Average Fe–N bond distance from high-spin and low-spin
[Fe(H2O)5(imidazole)1]

2+ complexes
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in Fig. 1b outweigh the free energy desolvation penalty for the
neutral [Mg(H2O)4(Ace)2]

0 complex on the left-hand side of
the equations, thus enhancing the Al3+/Mg2+ competitiveness.
Solvating the triply charged [Al(OH−)4(Ace

−)2]
3− complex

(Bblue^ reaction in Fig. 1b) is much more favorable than sol-
vating its monocationic [Al(H2O)4(Ace

−)2]
+ counterpart

(upper reaction in Fig. 1b). For the former case, however, this
is not enough to overcome the huge positive free energy stem-
ming from electronic effects (see above). The results obtained
imply that aluminum, in the form of [Al(H2O)6]

3+, is able to
replace the cognate Mg2+ cation from active centers contain-
ing two or three carboxylic ligands, or solvent-exposed bind-
ing sites comprising one carboxylate and at least one peptide
group. In sharp contrast with the [Al(H2O)6]

3+, the other sol-
uble aluminum species, {[Al(OH−)4](H2O)2}

−, appears to be a
very inefficient competitor of the native Mg2+: all the Al3+→
Mg2+ exchange reactions modeled are characterized with
quite high positive enthalpies/free energies ranging from tens
to hundreds of kcal mol−1 irrespective of the solvent exposure
of the binding site, thus implying that this type of metal ex-
change is unlikely. The higher the number of carboxylates, the
less favorable the Al3+→Mg2+ substitution (higher positive
ΔG4/29 in going from mono- to di- and three-acetate com-
plexes; Bblue^ reactions in Fig. 1a–c). This finding is not
surprising in view of the very high negative charge density
in the hydroxyl complexes (as compared to their water-
containing counterparts), which exceeds the tolerable balance
between the positive and negative charges in these structures
and renders the electrostatic interactions between the metal

and its first shell ligands unfavorable. As shown previously,
the maximum number of metal-bound negatively charged li-
gands in stable trivalent metal complexes could not exceed
four (in the absence of stabilizing interactions from positively
charged outer-shell ligands) [52]. Indeed, increasing the num-
ber of anionic ligands in Al3+ hydroxyl complexes to five
(lower structures in Fig. 1a and d) or six (Fig. 1b and c) affects
unfavorably the process of complex formation.

Note that all the reactions modeled (for both the
[Al(H2O)6]

3+ and {[Al(OH−)4](H2O)2}
− species) are enthalpy

driven as the entropy has little/moderate effect on the thermo-
dynamics of the exchange process.

Al3+ → Fe2+ substitution in non-heme iron binding
sites

The preferred binding partners of Fe2+ in non-heme iron active
centers are His and Asp−/Glu− side chains [35]. The typical
Fe2+ binding site construct is His2(Asp

−/Glu−)1 called B2-His-
1-carboxylate facial triad motif^ [42], which is a signature
motif found in a large group of iron dioxygenases, hydrolases
and synthases. Other combinations between His and carbox-
ylic residues have also been observed: His1(Asp

−)2 (histone
deacetylase 8) and His2(Asp

−)2 (D-ribulose 5-phosphate 3-
epimerase) [35] Accordingly, wemodeled Fe2+ and Al3+ bind-
ing sites containing combinations of 1 or 2 imidazoles (mim-
icking His side chains) and 1 or 2 acetates with the rest of the
metal first coordination shell filled with water or hydroxyl
ligands (Fig. 2).

Table 4 Metal–ligand bond
distances (in Å) in metal occupied
D254E//D256E mutant of D-
xylose isomerase from X-ray
structures

Amino acids Site I Al3+

(1XLM;2.4 Å)
Mg2+ [56] Amino acids Site II Al3+

(1XLM;2.4 Å)
Mg2+ [56]

ASP244A.OD2 2.30 2.1 HIS219A.NE2 2.51 2.9

ASP292A.OD2 2.11 1.9 Glu254A.OE2 2.01 2.4

GLU180A.OE2 1.48 2.3 GLU256A.OE2 2.68 2.6

GLU216A.OE1 2.45 2.0 GLU216A.OE2 2.35 2.2

XYL400A.O2a 2.11 2.4 XYL400A.O1a 2.27 2.9

XYL400A.O4a 2.26 2.0 XYL400A.O2a 2.21 2.3

a
D-Xylitol

Table 3 Metal–ligand bond
distances (in Å) in metal occupied

D-xylose isomerase from X-ray
structures

Amino acids Site I Al3+

(1XLG; 2.5 Å)
Mg2+

(1XLC; 2.5 Å)
Amino acids Site II Mg2+ (1XLG; 2.5 Å)

ASP244A.OD2 1.79 1.93 HIS219A.NE2 2.62

ASP292A.OD2 1.93 2.08 ASP254A.OD2 2.73

GLU180A.OE2 1.98 2.13 GLU216A.OE2 2.26

GLU216A.OE1 1.82 1.88 H2O498A.O 2.26

XYL400A.O2a 2.20 2.30 XYL400A.O1a 2.61

XYL400A.O4a 1.83 2.32 XYL400A.O2a 2.58

a
D-Xylitol
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Substituting the native Fe2+ cation with the Balien^ Al3+

does not alter the overall shape of the metal complex. As seen
from Fig. 2, Al3+ complexes retain the octahedral structure
and relative position of the ligands in the original complex.

H4 = 4.6
G4 = 10.3
H29 = 14.2
G29 = 20.6

H4 = 177.9
G4 = 177.1
H29 = 100.2
G29 = 97.5

+ [Al(H2O)6]3+

[Mg(H2O)6]2+

+ { [Al(OH)4](H2O)2}

[Mg(H2O)6]2+

[Mg(H2O)4(Ace)2]0

H4 = 35.5
G4 = 29.9
H29 = 7.7
G29 = 2.4

H4 = 63.3
G4 = 61.3
H29 = 37.2
G29 = 35.5

+ { [Al(OH)4](H2O)2}

[Mg(H2O)6]2+

+ [Al(H2O)6]3+

[Mg(H2O)6]2+

[Mg(H2O)5Ace]+

a

b

H4 = 99.6
G4 = 98.1
H29 = 69.8
G29 = 69.2

H4 = 24.1
G4 = 19.2
H29 = 2.1
G29 = 7.1

+ [Al(H2O)6]3+

[Mg(H2O)6]2+

+ { [Al(OH)4](H2O)2}

[Mg(H2O)6]2+

[Mg(H2O)4 Ace Bkb]+

H4 = 211.4
G4 = 210.1
H29 = 130.0
G29 = 127.1

H4 = 38.4
G4 = 46.1
H29 = 33.0
G29 = 40.2

+ [Al(H2O)6]3+

[Mg(H2O)6]2+

+ { [Al(OH)4](H2O)2} H2O

[Mg(H2O)6]2+ OH

[Mg(H2O)3(Ace)3]

c

d

Fig. 1 M06-2X/6-311++G(d,p)//
PCM(ε = 29)-optimized
structures of Mg2+ model binding
sites comprising a one acetate and
five water ligands; b two acetates
and four water ligands; c three
acetates and three water ligands;
and d one acetate, one N-
methylacetamide and four water
ligands, and the respective resul-
tant Al3+-containing structures
obtained via [Al(H2O)6]

3+→
Mg2+ and
{[Al(OH−)4](H2O)2}

−→Mg2+

substitution. The enthalpies,ΔHε,
and free energies, ΔGε, (in
kcal mol−1) for replacing Mg2+ in
the binding site characterized by
dielectric constant ε with Al3+ are
shown on the right and colored
red for the [Al(H2O)6]

3+→Mg2+

reaction and blue for the
{[Al(OH−)4](H2O)2}

−→Mg2+

reaction. ΔH4/ΔG4 and ΔH29/
ΔG29 refer to cation exchange
enthalpy/free energy in an envi-
ronment characterized by an ef-
fective dielectric constant of 4 and
29, respectively. Color scheme:
YellowMg, pink Al, red O, blue
N, gray C, light gray H
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In some cases, however, (e.g., the two aluminum structures in
Fig. 2a and the Bblue^ structure in Fig. 2b) the imidazole ring
plane assumes a different orientation upon metal replacement.

Trends of changes in the thermodynamic parameters found
for the Al3+→ Fe2+ exchange are similar to those observed for
the Al3+→Mg2+ substitution (see above): among the two
Al3+ species, the [Al(H2O)6]

3+ has much greater potential in
displacing the cognate Fe2+ cation from the active center than
its {[Al(OH−)4](H2O)2}

− counterpart evidenced by negative
ΔG4/29 for the Bred^ reactions (with the exception of that in
buried binding site depicted in Fig. 2a) and high positive free
energies for the Bblue^ reactions. In both cases increasing the
solvent accessibility of the binding site increases its selectivity
toward the Balien^Al3+ over the native Fe2+ (lowerΔG29 than
ΔG4 in Fig. 2). The higher the number of carboxylic ligands
in the complex, the more favorable the [Al(H2O)6]

3+→ Fe2+

exchange (lower Bred^ enthalpies/free energies in Fig. 2b /2c

than Fig. 2a) and less favorable the {[Al(OH−)4](H2O)2}
−→

Fe2+ substitution (higher Bblue^ ΔH/ΔG in Fig. 2b /c than
Fig. 2a). Increasing the number of metal-bound imidazole
ligands shifts the equilibrium to the same direction as do the
acetates, although with smaller increments (compare numbers
in Fig. 2b and c).

Al3+ → Zn2+ substitution in zinc enzymes

Two typical catalytic Zn2+-binding sites were modeled: a tet-
rahedral complex comprising three imidazole ligands and a
water molecule (Fig. 3a; representingHis3Water active centers
in carbonic anhydrase and matrix metalloproteinase), and a
complex containing two imidazoles, an acetate and a water
molecule (Fig. 3b; representing His2Glu1Water binding sites
in thermolysin and carboxypeptidase). The tetrahedral ar-
rangement of the native Zn2+ constructs was well preserved

c

a
H4 = 13.9
G4 = 8.7
H29 = 14.2
G29 = 18.1

H4 = 100.5
G4 = 98.9
H29 = 76.2
G29 = 77.3

H4 = 151.0
G4 = 151.2
H29 = 99.2
G29 = 97.5

H4 = 20.6
G4 = 26.1
H29 = 27.8
G29 = 33.2

H4 = 28.0
G4 = 33.2
H29 = 35.3
G29 = 40.8

H4 = 159.6
G4 = 159.9
H29 = 116.7
G29 = 116.8

+ [Al(H2O)6]3+

[Fe(H2O)6]2+

+ [Al(H2O)6]3+

[Fe(H2O)6]2+

+ [Al(H2O)6]3+

[Fe(H2O)6]2+

+ { [Al(OH)4](H2O)2} H2O

[Fe(H2O)6]2+ OH

+ { [Al(OH)4](H2O)2} H2O

[Fe(H2O)6]2+ OH

b

[Fe(H2O)3(Imi)2Ace]+

[Fe(H2O)2(Imi)2(Ace)2]0

[Fe(H2O)3 Imi (Ace)2]0

+ { [Al(OH)4](H2O)2} 2H2O

[Fe(H2O)6]2+ 2OH

Fig. 2 M06-2X/6-311++G(d,p)//
PCM(ε = 29)-optimized
structures of Fe2+ model binding
sites comprising a one acetate,
two imidazoles and three water
ligands; b two acetates, one
imidazole and threewater ligands;
and c two acetates, two
imidazoles and two water ligands,
and the respective resultant Al3+-
containing structures obtained via
[Al(H2O)6]

3+→ Fe2+ and
{[Al(OH−)4](H2O)2}

−→ Fe2+

substitution. The enthalpies,ΔHε,
and free energies, ΔGε, (in
kcal mol−1) for replacing Fe2+ in
the binding site characterized by
dielectric constant ε with Al3+ are
shown on the right and colored in
red for the [Al(H2O)6]

3+→ Fe2+

reaction and blue for the
{[Al(OH−)4](H2O)2}

−→ Fe2+

reaction. ΔH4/ΔG4 and ΔH29/
ΔG29 refer to cation exchange
enthalpy/free energy in an envi-
ronment characterized by an ef-
fective dielectric constant of 4 and
29, respectively. Color scheme:
Green Fe, pink Al, red O, blue N,
gray C, light gray H
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in the Al3+ complexes containing water ligands (Bred^ reac-
tions in Fig. 3). For the Al3+ hydroxyl structures, however,
complexes with octahedral geometry were optimized as the
initial tetrahedral constructs isomerized to octahedral com-
plexes in the course of geometry optimization (Bblue^ reac-
tions in Fig. 3).

Thecalculationsagain reveal that the [Al(H2O)6]
3+ species is a

more potent competitor of the native metal cation than its
{[Al(OH−)4](H2O)2}

− equivalent (lower enthalpies/free energies
for the former than the latter in Fig. 3). However,ΔH/ΔG for all
the reactions modeled were positive, implying that neither of the
attacking Al3+ species is capable of displacing the cognate Zn2+

cation from these binding sites. Two major factors disfavor the
[Al(H2O)6]

3+→Zn2+ substitution (Bred^ reactions in Fig. 3): (1)
tetrahedral symmetry of the resultant Al3+ complexes which is
energetically less favorable than the respective octahedral ar-
rangements (such as depicted in Figs. 1 and 2); and (2) lack of
negatively charged ligands in the {[Al(H2O)(Imi)3](H2O)2}

3+

complex (Fig. 3a), and presence of only one carboxylate in the
{[Al(H2O)(Imi)2(Ace)](H2O)2}

2+ construct (Fig. 3b) which
deprives the respective Al3+ structures from efficient
stabilizing cation–anion electrostatic interactions. As
for the other aluminum species, {[Al(OH−)4](H2O)2}

−,
its high negative electron density that significantly neu-
tralizes the positive charge on the metal cation, prevents
the attacking entity from substituting for the native cat-
ion in the respective Zn2+ binding sites.

Conclusions

The results from the DFT/PCM calculations reveal that,
among the two major soluble Al3+ species, the [Al(H2O)6]

3+

aqua complex is the one capable of substituting for the native
divalent cation, and, subsequently, inflicting some damage on
the host metalloenzyme. The Al3+ has great affinity toward
oxygen-containing negatively charged ligands, and thus the
competitiveness of the [Al(H2O)6]

3+ species over M2+ ions
(M =Mg, Fe, Zn) increases with increasing the number of
anionic carboxylates in the binding pocket. These findings
are in line with earlier observations by other groups working
on the subject [16–19]. Increasing the solvent exposure of the
metal active center in mono- and dicarboxylate complexes
also promotes the [Al(H2O)6]

3+→M2+ exchange. The oppo-
site trend, however, holds for complexes comprising three (or
four) acidic ligands, where increased solvent accessibility of
the binding pocket enhances the M2+ over Al3+ selectivity.
Furthermore, the octahedral arrangement of the ligands sur-
rounding the Al3+ cation is another factor favoring the
[Al(H2O)6]

3+→M2+ substitution. Among the three divalent
metal centers studied, the Mg2+ and Fe2+ binding sites seem to
be more vulnerable to [Al(H2O)6]

3+ attack than their Zn2+

counterparts. On the other side, the {[Al(OH−)4](H2O)2}
− spe-

cies appear to be inefficient in substituting for the cognate
metal in enzymatic active centers: its competitiveness is sig-
nificantly compromised by the high number of metal-bound

H4 = 52.9
G4 = 48.9
H29 = 19.5
G29 = 14.6

H4 = 53.1
G4 = 56.2
H29 = 63.2
G29 = 66.4

H4 = 101.0
G4 = 102.8
H29 = 79.0
G29 = 81.3

H4 = 26.3
G4 = 21.0
H29 = 6.6
G29 = 0.0

+ [Al(H2O)6]3+

[Zn(H2O)6]2+

+ [Al(H2O)6]3+

[Zn(H2O)6]2+

+ { [Al(OH)4](H2O)2} H2O

[Zn(H2O)6]2+ OH

+ { [Al(OH)4](H2O)2} H2O

[Zn(H2O)6]2+ OH

{[Zn(H2O)(Imi)3](H2O)2}2+

{[Zn(H2O)(Imi)2(Ace)](H2O)2}+

b

aFig. 3 M06-2X/6-311++G(d,p)//
PCM(ε = 29) optimized structures
of Zn2+ model binding sites
comprising a three imidazoles
and three water ligands; and b one
acetate, two imidazoles and three
water ligands, and the respective
resultant Al3+-containing
structures obtained via
[Al(H2O)6]

3+→ Zn2+ and
{[Al(OH−)4](H2O)2}

−→ Zn2+

substitution. The enthalpies,ΔHε,
and free energies, ΔGε, (in
kcal mol−1) for replacing Zn2+ in
the binding site characterized by
dielectric constant ε with Al3+ are
shown on the right and colored in
red for the [Al(H2O)6]

3+→ Zn2+

reaction and blue for the
{[Al(OH−)4](H2O)2}

−→ Zn2+

reaction. ΔH4/ΔG4 and ΔH29/
ΔG29 refer to cation exchange
enthalpy/free energy in an envi-
ronment characterized by an ef-
fective dielectric constant of 4 and
29, respectively. Color scheme:
Magenta Zn, pink Al, red O, blue
N, gray C, light gray H
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negatively charged hydroxyl ligands that reduce, to a great
extent, its charge-accepting power, rendering electrostatic in-
teractions with additional protein ligands not/less favorable.

Why is the abiogenic Al3+ cation characterized by relative-
ly low toxicity? The present calculations shed light on this
issue, as far as the mechanism of metalloenzyme inhibition
by the Al3+→M2+ (M =Mg, Fe, Zn) substitution is con-
cerned. The [Al(H2O)6]

3+ species which, as demonstrated by
the calculations, is able to substitute for the cognate metal
cation in several types of protein binding sites, is present in
very low (picomolar [12]) concentrations at physiological pH
of ~7. Thus, the concentrations of the aluminum-substituted
active centers are expected to be quite low. The other soluble
aluminum species at ambient pH, {[Al(OH−)4](H2O)2}

−, can
reach much higher concentrations in cellular fluids (several
μM12), but is physicochemically incapable of displacing the
native metal cation from the enzyme active center (Bblue^
reactions in Figs. 1, 2, and 3). Thus, the combination between
concentration and physicochemical factors renders the Btoxic^
Al3+→M2+ (M=Mg, Fe, Zn) substitution a low-occurrence
event at physiological pH. Furthermore, note that even though
aluminum could substitute for the native metal in some metal
binding sites, it does not always inhibit the host enzyme.
Examples exist where some Al3+-substituted enzymatic active
centers remain functional as the overall shape and geometrical
parameters of the Balien^-containing active center do not dif-
fer significantly from those of the native metal center [14].
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