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A B S T R A C T

Several toxic effects arise from aluminum's presence in living systems, one of these effects is to alter the natural
role of enzymes and non-enzyme proteins. Aluminum promotes the hyperphosphorylation of normal proteins. In
order to assess the aluminum-binding abilities of phosphorylated proteins and peptides, the interaction of alu-
minum at different pH with serine and phosphoserine is studied by a Density Functional Theory study, combined
with polarizable continuum models to account for bulk solvent effects, and the electronic structure of selected
complexes are analyzed by Quantum Theory of “Atoms in Molecules”. Our results confirm the high ability of
aluminum to bind polypeptides as the pH lowers. Moreover, the phosphorylation of the building blocks increases
the affinity for aluminum, in particular at physiological pH. Finally, aluminum shows a tendency to be chelated
forming different size rings.

1. Introduction

Aluminum, the third most abundant metal in the earth's crust, has
largely been excluded from biochemical evolution because of its effi-
cient cycling within the lithosphere [1,2]. However, over the last cen-
tury human intervention (soil acidification, food additives, pharma-
ceuticals, Al-containers, water treatment, etc.) has increased the
availability of biologically reactive aluminum [2]. Unfortunately, there
is increasing evidence of the potential toxic effects of aluminum in
biological systems [3], linking the presence of aluminum in the human
body with several diseases [4-6]. The full molecular basis for aluminum
toxicity is still poorly understood, but some potential mechanisms have
been outlined. For instance, it has been well established that aluminum
shows a significant pro-oxidant activity in biological systems [7-9], it
also inhibits the normal function of various enzymes involved in the
glycolysis pathway [10-13] and in the production of glutamate [14,15]
affecting the TCA cycle [16]. Moreover, several studies have shown that
aluminum competes with magnesium as a metal-ATP co-factor [17-20]
and that it can modify the electronic and structural properties of the
chelated biological ligands [16,21-23].

Aluminum as a strong Lewis acid, hard metal, shows a strong pre-
ference for binding negatively-charged oxygen atoms [24]. In fact,

citrate, which contains three carboxylates and one alcohol group, is
recognized as the main aluminum low molecular mass chelator in blood
serum [25]. On the other hand, molecules containing phosphate groups
are also a likely target for interacting with the cation [24,26-30]. Due to
the variety of cellular processes in which molecules containing phos-
phate groups are present (ATP, phosphorylated proteins, sugar phos-
phates, DNA, etc.), this high affinity to form Al(III)–phosphate com-
pounds could disrupt key processes of the cell metabolism [26-28].

Aluminum is considered as a neurotoxic element associated with
Alzheimer's disease (AD), but there are controversies and uncertainties
on the role that aluminum plays in neurodegeneration [6,31,32]. In a
seminal study, Exley et al. demonstrated the ability of aluminum to
bind β-amyloids [33], which leads to a switch in structure between the
α-helix and β-sheet. Moreover, in vitro experiments determined that Al
(III) promotes the aggregation of β-amyloid peptides more efficiently
than other metals [34,35], with the main constituent of insoluble
amyloid plaques known as senile plaques, and in fact, aluminum has
been detected in senile plaques extracted from the brains of patients
with AD [36]. In addition, this metal also induces the abnormal neu-
rofilament tangle (NFT) aggregation and promotes the hyperpho-
sphorylation of normal proteins [37,38]. As a matter of fact, phos-
phorylation of proteins is thought to increase their affinity for
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aluminum and could be a key aspect in understanding how aluminum
promotes the hyperphosphorylation of tau and its aggregation in NFT
formation. The alcoholic-OH of serine (Ser) and threonine (Thr) and the
phenolic-OH of tyrosine are the phosphorylation sites of proteins. Thus,
phosphoserine (PSer) molecule serves as a first step to understand how
phosphorylated protein residues can interact with aluminum. In addi-
tion, PSer occurs naturally in the human body as an intermediate in the
biosynthesis of L-serine, the specific enzyme phosphoserine phospha-
tase hydrolyzes PSer to L-serine [39].

The aim of this work is to give insight into the increase in the
binding affinity of aluminum to phosphorylated proteins in general. As
a first step of this goal, we characterize and compare the binding affi-
nity of aluminum cation to serine and phosphorylated serine (PSer), see
Fig. 1. We chose this single amino acid system, since it is directly re-
lated to the experimental work by Kiss et al. [40], representing the
smallest possible phosphorylated peptide. This allows us to estimate the
increase in aluminum binding affinity expected by phosphorylation of
Ser in peptides. The metal binding abilities of PSer have been pre-
viously studied with several 3d transition metal and alkaline earth
metal ions by means of potentiometric and NMR measurements [40-
42]. In fact, monodentate phosphate coordination was found with Ca
(II) and Mg(II), bidentate (NH2, CO2 ) coordination with Cu(II), and
tridentate (OPO3

2,NH2, CO2 ) chelation with Co(II), Mn(II), Ni(II) and
Zn(II). In the case of aluminum, Kiss et al. [40] proposed a monodentate
phosphate coordination or tridentate (OPO3

2, NH2, CO2 ) chelation. In
the present paper, we provide Density Functional Theory (DFT) esti-
mations of the aluminum binding affinity in the context of polarizable
continuum models to consider bulk solvent effects for at least 133 Al-
Ser and Al-PSer structures (see Fig. 2). This dataset comprises mono-
nuclear Aluminum-Serine and Aluminum-Phosphoserine complexes
with various hydrolytic species of aluminum as reference structures ([Al
(H2O)6]3+,[Al(OH)(H2O)5]2+, and [Al(OH)2(H2O)4]1+, which here-
after they will be referred to as Al3+, [Al(OH)]2+ and [Al(OH)2]+

species), and considering various binding modes to the different pro-
tonation states of Ser and PSer (see Fig. 1). In addition, we compare our

results with previous studies using similar methodologies of well-
known aluminum binders in biological media [24] such as citrate,
2,3 − diphosphoglyceric acid [43] or glucose 6-phosphate [30].

2. Methods

All geometrical optimizations were carried out in water solution
with an Integral Equation Formalism Polarizable Continuum Model
(IEFPCM) [44] as implemented in Gaussian09, [45] B3LYP functional
[46-49] with D3 version of Grimme's dispersion corrections with Becke-
Johnson damping [50] and 6-31++G(d,p) basis set. To confirm that
the optimized structures were real minima on the potential energy
surfaces, frequency calculations were carried out at the same level of
theory. All structures showed positive force constants for all the normal
modes of vibration. The frequencies were then used to evaluate the
zero-point vibrational energy (ZPVE) and the thermal (T=298 K) vi-
brational corrections to the enthalpies and Gibbs free energies within
the harmonic oscillator approximation. To calculate the entropy, the
different contributions to the partition function were evaluated using
the standard statistical mechanics expressions in the canonical en-
semble and the harmonic oscillator and rigid rotor approximation. The
electronic energies were refined by single-point energy calculations at
the B3LYP/6-311++G(3df,2p) level of theory. The adequacy of this
methodology has been proven to show good performance in the trends
in binding affinity [16,24,29,30,43]. Nevertheless, to confirm the
adequacy of the methodology, we re-evaluated the affinity energies of
some representative complexes by single-point calculations with four
different functionals: PBE0-D3BJ, TPSS-D3BJ, B97D3 and M06-2X. The
trends in binding affinity are equally described by the different func-
tionals. The results can be found in the Supporting Information (SI).

2.1. Binding free energies in solution

We studied at least 133 different 1:1 aluminum-serine and alu-
minum-phosphoserine complexes. Al3+, [Al(OH)]2+, and [Al(OH)2]+

Fig. 1. The two ligands employed in this study, serine and phosphoserine: A) The different ionic species analyzed for serine (Ser) and the titratable groups of each
species; B) The different ionic species studied for phosphoserine (PSer) and the titratable groups of each of the species.
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hydrolytic species were analyzed with four and three different proto-
nation states for Ser and PSer, respectively. The 1:1 complex formation
stability was studied following the ligand substitution reaction shown
in Eqs. (1), (2) and (3):
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where q is the net charge of the ligand anion L, and m depends on the
ligand's coordination mode to aluminum and can be m= 1, 2, 3 or 4
when the ligand binds in a monodentate, bidentate/dicoordinate, tri-
dentate or tetradentate fashion, respectively. The enthalpy in solution
corresponding to the binding of the ligand to Al3+ is therefore calcu-
lated as:
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Since the enthalpies are determined using an ideal gas at 1 atm as
the standard state, the last term in Eq. (4) corresponds to the volume
change due to the transformation from 1 atm to 1 M in solution, where
Δn refers to the change in the number of species in the reaction [51]. In
a similar way, the free energy of the complexes is determined as:
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where the last term is the entropic factor that accounts for the con-
centration of 55.34 M of water in liquid water [51].

The enthalpy and free energy in solution corresponding to the
binding of the ligand to [Al(OH)]2+ and [Al(OH)2]+ are coherent with
Eqs. (4) and (5) with the corresponding changes.

The pKa values for Ser are 2.13, 9.05 and ∼13.0, for the carboxylic,
amine and alcoholic group, respectively [52], and the values for PSer
are ∼ 1 (OH2PO3), 2.1 (COOH), 5.78 (OHPO3 ) and 9.85 ( +NH3

1) [53].
In Eqs. (4) and (5) the same protonation state was considered for Ser or
PSer in solution and coordinated to aluminum, therefore a correction
must be introduced when necessary. In such cases the pKa values stated
above were considered to evaluate the protonation and deprotonation
energies as:

=G RT pK pH2.303 ( )deprot
a (6)

=G RT pH pK2.303 ( )prot
a (7)

where pKa is the value of the de/protonated group of Ser or PSer and pH
is the environmental pH, namely 7.4. The reference pKa values and the
ΔGdeprot/ΔGprot are shown in Table 1.

The final free energy at physiological pH values G( )aq
Phys for all

compounds is therefore evaluated as:

= + +G G G Gaq
Phys

aq
compl deprot prot (8)

2.2. Quantum Theory of Atoms in Molecules

Quantum Theory of “ Atoms in Molecules ”(QTAIM) [54] was ap-
plied to previous geometrically optimized structures. QTAIM

Fig. 2. Complexation enthalpies and free energies for Al-Ser (filled circles) and
Al-PSer (striped squares) complexes: A) Al3+ complexes; B) [Al(OH)]2+ com-
plexes; and C) [Al(OH)2]1+ complexes. The different colors account for the total
charge of the complex: +3 (yellow), +2 (red), +1 (blue), 0 (green), −1
(black) and −2 (orange).

Table 1
Calculated free energies (ΔGdeprot and ΔGprot, in kcal/
mol) required to de/protonate a titrable group de-
termined according to Eqs. (6) and (7). † taken from ref.
[52], and $ taken from ref. [53].
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calculations were carried out with the use of AIMAll v13.05.06 program
[55]. The characteristics of bond critical points (BCPs) were analyzed.

The analysis of BCP provides information on the nature of intera-
tomic interaction. For shared interactions like covalent and polarized
bonds the Laplacian of electron density (∇2ρ(rBCP)) is negative since
there is concentration of electron density in the atom-atom region. For
the interactions between closed-shell systems like van der Waals in-
teractions, ionic ones and hydrogen bonds there is the depletion of
electron charge within the atom-atom region that results in low ρ(rBCP)
and the positive value of Laplacian.

However it was pointed out that for some interactions which may be
classified as covalent bonds, the Laplacian is positive and the negative
value of the total electron energy density at BCP (H(rBCP)) is the suffi-
cient criterion of covalency. Such a situation is often observed for
strong AeH...B hydrogen bonds classified as partly covalent in nature
(H(rBCP) negative at H...B BCP), even for very strong hydrogen bonds
the Laplacian of the electron density at BCP is negative (like for FHF−

anion where ∇2ρ(rBCP) for both H...F contacts is negative). However
usually, as for the other closed-shell interactions, for AeH...B hydrogen
bonds both values, ∇2ρ(rBCP) and H(rBCP), are positive.

The figures were rendered using the VMD software [56] while the
graphs were generated using grace v5.1.23.

3. Results and discussion

Ser and PSer have three functional groups able to coordinate the
aluminum cation. Carboxylate (COO−) and amine (NH+

3 ) groups are
commom in both ligands, while an alkoxide (O−) group is presented in
Ser which is converted to a phosphate (OPO3

2 ) group in PSer. Four and
three different ionic species for Ser and PSer, respectively, have been
analyzed taking into account the pKa values of each ligand (see Fig. 1).
Although, the deprotonation of the alcoholic OH group of Ser would
occur in principle at highly alkaline pH range, ∼ 13, it is well known
that the acidity of the ligand can change upon its coordination to alu-
minum, so it cannot be neglected [22] . In addition, the coordination to
aluminum by the different functional groups of Ser/PSer's ionic species
is analyzed. Three different aluminum hydrolytic species are studied,
which corresponds to i) [Al(H2O)6]3 (named Al3+ hereafter); ii) [Al
(H2O)5(OH)]2 (named [Al(OH)]2+ hereafter); and iii) [Al
(H2O)4(OH)2]+1 (named [Al(OH)2] + hereafter). This allows us to
study the effect of OH− in the binding affinity of aluminum by the
ligands. As one can see in Fig. 2, the charge is a driving factor for the
binding affinity in each aluminum oxidation state, obtaining the largest
complexation free energies for the highest negatively charged com-
plexes.

We start analyzing the results of complexes formed by Al3+, fol-
lowed by [Al(OH)]2+ and finish with [Al(OH)2]+ compounds.

3.1. Al3+ species

The formation of various aluminum-serine and aluminum-phos-
phoserine complexes is studied taking into account the pKa values of Ser
and PSer. The coordination of aluminum by the different functional
groups (alkoxide, phosphate, carboxylate and amine groups) is com-
pared in the studied ionic species of Ser and PSer.

A total of 24 Al3+-Ser complexes are analyzed with various total
charges, +3, +2 and +1 (see Fig. 2A and SI). As expected, the charge
is the driving factor for the binding affinity, obtaining the largest
complexation energies for the less positively charge complexes, +1,
(see Table 2 and Fig. 2A). On the other hand, the mono- and bidentate
binding mode of carboxylate group ( Fig. 3 a and 3b) is analyzed in the
four possible ionic species of Ser, being the monodentate binding mode,
mC, favored against the bidentate one, bC, by at least 7 kcal/mol de-
pending on the ionic species (see Table 2 and SI).

Regarding +2 charge Al-Ser complexes, the structures with +NH3
and O− functional groups show larger complexation free energies than

their tautomers with NH2 and OH groups, even at physiological pH
despite the larger penalty in the complexation free energy due to the
deprotonation of the alcohol group in the first type of compounds (see
Table 1). Besides, the dicoordinate binding mode of carboxylate and
alkoxide/amine groups, dCO/dCN, is the preferred chelation mode in
both ionic species, =Gaq

Phys −65.57 kcal/mol and −37.29 kca/mol,
respectively (see Fig. 3 d and 3f). Six and five membered rings are
formed with those binding motifs, respectively. Moreover, it should be
mentioned that the coordination of Al3+ by alkoxide presents a higher
complexation free energy than the dicoordinate binding by carboxylate
and amine groups (dCN), =Gaq

Phys −58.27 kcal/mol vs −37.29 kcal/
mol.

Finally, the tricoordinate binding mode by the three functional
groups (tCNO), which forms a (6+5+5)-membered joint rings (see
Fig. 3h), is the preferred coordination mode in [Al-Ser]+1 complexes,

=Gaq
Phys −83.84 kcal/mol, followed by the dicoordinate binding mode

of carboxylate and alkoxide groups (dCO, =Gaq
Phys −79.05 kcal/mol)

and by alkoxide coordination ( =Gaq
Phys −71.91 kcal/mol). The mono-

dentate binding mode of carboxylate also presents a high complexation
free energy ( =Gaq

Phys −83.41 kcal/mol), although it must be noted that
a spontaneous proton transfer from a water molecule to the alkoxide
group is observed during the geometry optimization process in [Al-
Ser]+1 complex, see Fig. 3g. This could be either an artifact of our
reduced solvation model, or a real possibility. Notice that the pKa of a
water molecule bound to aluminum is 5.3, whereas the pKa of an alk-
oxide is ∼ 13. A partial estimation of the energy associated with this
proton transfer revealed that its presence does not alter the main qua-
litative trends in binding affinities outlined in this article.

To sum up, the binding motifs of Ser to Al3+ can be classified in the
next decreasing binding affinity order: tricoordinate binding by the
three functional groups (COO−, NH2, O−), tCNO ≥ monodentate
binding by carboxylate group with proton transfer from a water mo-
lecule to alkoxide, mC > dicoordinate binding by carboxylate and
alkoxide, dCO > coordination by alkoxide, O > dicoordinate binding
by carboxylate and amine, dCN ≥ monodentate binding by carbox-
ylate, mC > bidentate binding by carboxylate, bC > coordination by
amine, N.

On the other hand, a total of 24 Al3+-PSer complexes are analyzed
with total charges of +2, +1 and 0 (see Fig. 2A and SI). The smallest
complexation free energies are obtained for +2 complexes, whereas
+1 and 0 charge systems present quite similar complexation free en-
ergies, being favored the neutral complexes. Thus, the charge is a
driving factor for the binding affinity, as expected from our previous
studies of aluminum-biophosphate complexes [24,30,43]. In addition,
monodentate binding mode of carboxylate or phosphate groups is
preferred against the bidentate ones, see Table 2 and Fig. 4a–d. More-
over, the highest complexation free energy is obtained in [Al-PSer]0

compounds for the dicoordinate binding of Al3+ by carboxylate and
phosphate groups (dCP, =Gaq

compl −102.74 kcal/mol), which forms a 8-
membered ring. Note, that in this structure we observe a spontaneous
proton transfer from a water molecule to the phosphate group during
the geometry optimization process, Fig. 4g. This could be either an
artifact of our reduced solvation model, either a real possibility due to
the fact that the pKa of a water molecule bound to aluminum is 5.3,
whereas the second pKa of the phosphate is ∼ 5.78.

[Al-PSer]0 compounds are able to form two, three and even four
joint ring systems with similar complexation free energies. The tri-
coordinate binding of Al3+ by carboxylate monodentately and bident-
ately by phosphate, tCP, forms a (8+4)-membered joint rings, =Gaq

compl

−87.36 kcal/mol (Fig. 4h), the tridentate chelation by the three func-
tional groups (COO−, NH2, OPO3

2, tCNP) forms (8+7+5)-membered
joint rings, =Gaq

compl −82.53 kcal/mol (Fig. 4i), while the tetra-
coordinate binding by the three functional groups with the phosphate
in a bidentate fashion, tCNbP, forms (8+7+5+4)-membered joint
rings, =Gaq

compl −86.20 kcal/mol (Fig. 4j). It should be mentioned that
the dicoordinate binding of Al3+ by carboxylate and phosphate groups,
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dCP, in [Al-PSer]+1, which forms an 8-membered ring, also shows a
similar complexation free energy, −85.66 kcal/mol (Fig. 4e). Thus, the
binding motifs can be classified in the next decreasing complexation
free energy order: dicoordinate binding of carboxylate and phosphate
groups with a proton transfer, dCP > tricoordinate binding of carbox-
ylate monodentately and phosphate bidentately, tCP >
tetracoordination of the three functional groups with the phosphate in a
bidentate mode, tCNbP > dicoordinate binding of carboxylate and
phosphate, dCP ≥ tricoordination of the three functional groups,
tCNP > monodentate binding of phosphate, mP > bidentate binding of
phosphate, bP > monodentate binding of carboxylate, mC > bidentate
binding of carboxylate, bC.

The largest complexation free energy of both Al3+-Ser/PSer com-
plexes is obtained for the dCP binding motif in [Al-PSer]0 complex,
−102.74 kcal/mol. Although in general, [Al-Ser]+1 complexes present
a bit larger complexation free energies than Al-PSer compounds (a
maximum of ∼ 6 kcal/mol between the two complexes without any
proton transfer and higher complexation free energies), at physiological
pH the trend is reversed and [Al-Ser]+1 species competes with [Al-
PSer]0 and [Al-PSer]1+ complexes (see Table 2 and SI). Al-Ser's tCNO
and dCO binding modes ( −83.84 kcal/mol and −79.05 kcal/mol)
competes with Al-PSer's dicoordinate, tricoordinate and tetracoordinate
chelated systems (dCP −85.66 kcal/mol, tCP −84.02 kcal/mol, tCNP
−79.18 kcal/mol and tCNbP −82.85 kcal/mol). On the other hand, the

aluminum binding by phosphate is favored against the alkoxide binding
by 4 kcal/mol in +1 charge complexes, =Gaq

Phys −75.93 kcal/mol vs
−71.91 kcal/mol.

The Quantum Theory of “ Atoms in Molecules ”(QTAIM) is applied
to some representative structures of Al-Ser and Al-PSer complexes, see
Table 3. As expected, a strong interaction between the aluminum and
its coordination sphere is being observed, see Supporting Information.
It is well demonstrated in various studies that a strong interaction is
connected with a high ρ(rBCP) value [57]. In addition, one can observe
that Ser and PSer coordination with aluminum presents a positive La-
placian of electron density at Al...O/N BCP, ∇2ρ(rBCP), indicator of an
electrostatic interaction. However, according to H(rBCP) there are siz-
able differences in the bonds obtained for same class interactions in Al-
Ser complexes. Thus, the carboxylate and alkoxide interactions with
aluminum present a full ionic character in some complexes, with po-
sitive values of H(rBCP), while they have a small degree of covalancy
character in others (small but negative value of H(rBCP)), see Table 3.
Besides, the interaction between the functional groups of PSer and
aluminum always presents a small degree of covalency. According to
delocalization indexes (DI), the covalency character of the functional
groups can be classified in the following decreasing order: alkoxide >
phosphate > carboxylate > amine > water (see Fig. 5A). In the case of
phosphate interaction, the strength of AleO bonds depends on the
charge of the phosphate and type of coordination mode, with dianionic

Table 2
Enthalpy and free energy affinities in kcal/mol for Al3+ − Ser/PSer complexes formation with corrections
that account for the physiological pH and de/protonation of the corresponding titratable groups. The sub-
scripts indicate the coordination mode of Ser/PSer to Al3+. The † sign indicates a spontaneous proton
transfer from a water molecule to alkoxide/phosphate group during the optimization. The ‡ sign indicates
two spontaneous proton transfer from a water molecule to the phosphate group and from another water
molecule to carboxylate group during the optimization.
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monodentade phosphate groups showing the largest DI's (see Fig. 5B).
On the other hand, aluminum first solvation water molecules have a
tendency to make strong hydrogen bonds with other oxygen atoms in
Al-PSer complexes. They present high values of ρ(rBCP) (in the range of
0.0334 –0.0894 au) in comparison with typical hydrogen bonds, see
Supporting Information. Moreover, most of these hydrogen bonds,
H...O, show a negative H(rBCP), which can be treated as the covalency of
H...O interaction. One can see that the covalent character increases for
shorter hydrogen bond distances, see Supporting Information.

3.2. [Al(OH)]2+ species

In this section, one water molecule of the coordination sphere of
Al3+ is ionized to give [Al(OH)(H2O)5]2. Therefore, we analyze the
energetics corresponding to the complexation of Ser and PSer with [Al
(OH)]2+ by the different functional groups of each species (see Fig. 2B).

We have considered 19 [Al(OH)]2+ − Ser complexes that differ in

coordination mode and protonation states of Ser (see Supporting
Information). The resultant charges of the complexes are +2, +1 and
0. We find that there is an increase in binding affinity with the reduc-
tion of the positive charge of the complex, obtaining the largest com-
plexation free energy for the neutral charged compounds (see Fig. 2B

Fig. 3. Representative structures of Al3+ − Ser complexes. The complexation
free energies for the physiological pH ( Gaq

Phys) are shown in kcal/mol. The
subscripts indicate the coordination mode of Ser to Al3+: mC, monodentate
binding of carboxylate; bC, bidentate binding of carboxylate; O, monodentate
binding of alkoxide group; N monodentate binding of amine group; dCO di-
coordinate binding of carboxylate and alkoxide groups; dCN dicoordinate
binding of carboxylate and amine groups; tCNO tricoordinate binding of car-
boxylate, amine and alkoxide groups. The † sign indicates a spontaneous proton
transfer from a water molecule to alkoxide group during the optimization. Fig. 4. Representative structures of Al3+ − PSer complexes. The complexation

free energies for the physiological pH ( Gaq
Phys) are shown in kcal/mol. The

subscripts indicate the coordination mode of PSer to Al3+: mC, monodentate
binding of carboxylate; bC, bidentate binding of carboxylate; mP, monodentate
binding of phosphate group; bP, bidentate binding of phosphate group; N
monodentate binding of amine group; dCP dicoordinate binding of carboxylate
and phosphate groups; tCNP tricoordinate binding of carboxylate, amine and
phosphate groups; tCP tricoordinate binding of carboxylate monodentately and
phosphate bidentately; tCNbP tetracoordinate binding of carboxylate and amine
groups monodentately and phosphate group bidentately. The † sign indicates a
spontaneous proton transfer from a water molecule to phosphate group during
the optimization. While the ‡ sign indicates two spontaneous proton transfer
from a water molecule to the phosphate group and from another water mole-
cule to carboxylate group during the optimization.
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and Table 4). On the other hand, the mono- and bidentate binding
mode of carboxylate group is analyzed in the four possible protonation
states of Ser, being the monodentate binding mode favored against the
bidentate one by at least 6 kcal/mol depending on the species (see
Table 4 and SI). In addition, the monoanionic species with NH+

3 /O−

titratable groups are preferred over NH2/OH tautomers, despite the
larger penalty in the complexation free energies at physiological pH due
to the deprotonation of the alcohol group in the first type of compounds
(see Table 1). The same was observed for Al3+ complexes. Besides, the
formation of rings is favored in both tautomeric species by the di-
coordinate binding mode of carboxylate and alkoxide/amine groups
(see SI). As a matter of fact, it should be mentioned that the co-
ordination of [Al(OH)]2+ by alkoxide presents a higher complexation
free energy than the dicoordinate binding by carboxylate and amine
groups, dCN, by around 10 kcal/mol ( =Gaq

Phys −40.90 kcal/mol vs
−30.27 kcal/mol in +1 complexes, see Table 4). Finally, the tri-
coordinate binding mode by the three functional groups, tCNO, which
forms (6+5+5)-membered joint rings, is the preferred coordination
mode in [Al-Ser]0 complexes, =Gaq

compl −77.13 kcal/mol, followed by
the dicoordinate binding mode of carboxylate and alkoxide groups
(dCO, =Gaq

compl −70.53 kcal/mol). Therefore, the binding motifs can be
sorted in the next decreasing complexation free energy order:
tCNO > dCO > O > dCN > mC > bC > N.

On the other hand, a total of 29 [Al(OH)]2+ − PSer complexes are
analyzed with total charges of +1, 0 and −1(see Fig. 2B and SI). The

smallest complexation free energies are obtained for +1 complexes,
while the highest ones are obtained for −1 charge systems. Thus, the
charge is a driving factor for the binding affinity. In addition, mono-
dentate binding mode to carboxylate group is preferred against the
bidentate one ( =Gaq

compl −25.27 kcal/mol vs −9.96 kcal/mol), while
the opposite is observed for the phosphate group (bidentate binding
mode is favored), −59.97 kcal/mol vs −54.93 kcal/mol, see Table 4
and SI.

The dicoordinate binding mode of aluminum by carboxylate and
phosphate groups, dCP, where an 8-membered ring is formed, presents
the highest complexation free energy in the three different types of
complexes (see Table 4). Besides, the formation of joint rings is favored
against the monodentate binding mode (see SI). Therefore, tCP and
tCNbP binding motifs show also a high complexation free energy.
Surprisingly, the tricoordinate chelation of [Al(OH)]2+ by the three
functional groups, tCNP, presents a smaller complexation free energy
than the bidentate binding of phosphate group, −47.80 kcal/mol vs
−52.48 kcal/mol. Thus, the binding modes can be organized in the
next decreasing complexation free energy order: dCP > tCNbP >
tCP > bP > tCNP > mP > mC > bC.

The largest complexation free energy at physiological pH of [Al
(OH)]2+-Ser/PSer complexes is obtained for the dCP binding motif in
[Al-PSer]−1 complex, −71.69 kcal/mol. Al-PSer compounds present
larger complexation free energies at physiological pH than Al-Ser
complexes, although the preferred binding motif in Al-Ser species,

Table 3
Distance (in Å) and electron delocalization indexes (DI) of aluminum interactions with the functional groups in re-
presentative Al3+-Ser/PSer structures. QTAIM parameters of Al...O and Al...N bond critical points (BCP, in au): ρ(rBCP), the
electron density at BCP; ∇2ρ(rBCP), the Laplacian of the electron density; and H(rBCP), the total electron energy density at
BCP. OC stands for carboxylate group oxygen atom, OP for phosphate group oxygen atom, O for alkoxide oxygen atom, and
OW for average water oxygen.
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tCNO in [Al-Ser]0, is only 4 kcal/mol behind, =Gaq
Phys −67.24 kcal/

mol. Moreover, the aluminum binding by phosphate is favored against
the alkoxide binding by 7 kcal/mol in neutral complexes (
−54.93 kcal/mol vS −47.27 kcal/mol, see Table 4 and SI).

The application of the QTAIM theory to some representative struc-
tures of Al-Ser and Al-PSer complexes are shown in Supporting
Information. Similar features are observed for the AleO and AleN
bonds in [Al(OH)]2+ species to the ones previously mentioned in the
case of Al3+ compounds. According to DI's the strongest interaction
corresponds to the aluminum-hydroxide interaction with the following
decreasing order in DI's: hydroxide > alkoxide > phosphate >
carboxylate > amine > water. It is worthwhile to highlight, that the
presence of a hydroxide in the first coordination shell of aluminum has
a sizable and weakening effect on the strength of the rest of the alu-
minum-ligand interactions. For instance, in the case of [Al
(PSer)tCNP(H2O)3] the DI's for the different aluminum-ligand bonds are
0.229 (Al−OP ) > 0.199 (Al−OC) > 0.132 (Al−N ) > 0.126
(Al−OW ), whereas for [Al(PSer)tCNP(H2O)2(OH)]− the figures are
0.228 (Al−OH ) > 0.203 (Al−OP ) > 0.170 (Al−OC) > 0.129
(Al−N ) > 0.115 (Al−OW ). This lowering in DI's by the presence of a
hydroxide is consistent with the lower binding affinities observed in the
case of [Al(OH)]2+ species with respect to Al3+ compounds.

3.3. [Al(OH)2]+ species

In this section, two water molecules of the coordination sphere of
aluminum are hydrolyzed to give [Al(OH)2(H2O)4]1([Al(OH)2]+ here-
after). Therefore, we analyze the energetics corresponding to the
complexation of [Al(OH)2]+ with Ser and PSer by the different func-
tional groups of each species.

We have considered 17 Al-Ser complexes that differ in coordination
mode and ionic species of Ser, see Supporting Information. The

resultant charge of the complexes are +1, 0 and −1. We find that there
is an increase in binding affinity with the reduction of the charge of the
complex, obtaining the largest complexation free energy for the
monoanionic compounds (see Fig. 2C and Table 5). On the other hand,
the mono- and bidentate binding mode of carboxylate group is analyzed
in the four possible ionic species of Ser, the monodentate binding mode
being favored in the neutral and positively charge complexes by at least
4 kcal/mol, while the bidentate binding is favored by 2 kcal/mol in the
anionic complexes (see Table 5 and SI).

In addition, the neutral species with −NH+
3 and −O − titratable

groups are preferred against their tautomers with −NH 2 and −OH
titrable groups, despite the larger penalty in the complexation free
energy at physiological pH due to the deprotonation of the alcohol
group in the first type of compounds (see Table 1). As a matter of fact,
the same was observed for Al3+ and [Al(OH)]2+ complexes. Besides,
the formation of rings is favored in both ionic species by dCO and dCN
binding motifs. Moreover, it should be mentioned that the coordination
of [Al(OH)2]+ by alkoxide presents a higher complexation free energy
than the dicoordinate binding by carboxylate and amine groups by
around 6 kcal/mol, although the difference is reduced to less than
1 kcal/mol at the physiological pH (see Table 5 and SI).

Finally, the tricoordinate chelation by the three functional groups,
tCNO, which forms (6+5+5)-membered joint rings, is the preferred
coordination mode in Al-Ser−1 complexes, =Gaq

compl −55.01 kcal/mol,
followed by the dicoordinate binding mode of carboxylate and alkoxide
groups (dCO, =Gaq

compl −47.87 kcal/mol). Therefore, the binding mo-
tifs can be sorted in the next decreasing complexation free energy order:
tCNO > dCO > O > dCN > mC > bC > N.

On the other hand, a total of 20 Al-PSer complexes are analyzed
with total charges of 0, −1 and −2(see Fig. 2C and SI). The smallest
complexation free energies are obtained for +1 complexes, while the
highest ones are obtained for −1 charge systems, although at physio-
logical pH the monoanionic and dianionic complexes present very si-
milar Gaq

Phys (see Table 5). This behavior is indicative that we are
reaching the saturation limit of negative charge coordination to the
metal positive center.

In addition, the formation of chelated systems is preferred against
the monodentate complexes. The bidentate binding mode of phosphate
group is favored against the monodentate one. Moreover, the di-
coordinate binding of aluminum by carboxylate and phosphate groups,
dCP, where an 8-membered ring is formed, shows the highest com-
plexation free energy (see Table 5 and SI).

The binding motifs can be classified in the next decreasing com-
plexation free energy order: dCP > tCP > bP > mP > N > mC > bC.

The largest complexation free energy at physiological pH of [Al
(OH)2]+-Ser/PSer species is obtained for the tCNO binding motif in [Al-
Ser]−1 complex, −45.12 kcal/mol, followed from very closely by [Al-
PSer]−1 dCP ( −43.85 kcal/mol), tCP ( −42.10 kcal/mol) and bP (
−42.22 kcal/mol) binding motifs. In general, Al-PSer compounds pre-
sent larger complexation free energies at physiological pH than Al-Ser
complexes (see SI). Moreover, the aluminum binding by phosphate is
favored against the alkoxide binding by 11 kcal/mol in monoanionic
complexes ( −41.62 kcal/mol vS −30.51 kcal/mol, see Table 5).

The application of the QTAIM theory to some representative struc-
tures of Al-Ser and Al-PSer complexes are shown in the Supporting
Information. The order in DI's is similar to the one commented before
for [Al(OH)2]2+ compounds with hydroxide > alkoxide >
phosphate > carboxylate > amine > water. The presence of a second
hydroxide has a further weakening effect on the rest of aluminum-li-
gand interactions, consistent with the lowest binding affinities for [Al
(OH)2]+ species.

3.4. Discussion

Our calculations show a variety of possible competitive structures
for aluminum binding, which lead to a rich diversity of potential

Fig. 5. Average delocalization indexes. A) Average for each functional group in
Al3+ − Ser/PSer structures. B) Average for phosphate group in monoanionic
(black) and dianionic (red) Al3+ − PSer complexes.
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structures to be formed. Our results show that the phosphorylation of
serine increases its affinity for aluminum. As a summary of the most
stable structures we show the Gaq

comp and Gaq
Phys (see Fig. 6) versus the

sum of delocalization indexes in Al− X bonds (X=O, N) for the six
most stable structures in each hydrolytic species for Al-Ser and Al-PSer
compounds. It is clear from the figure that in both families of com-
pounds the complexation free energies decrease in the following order
Al3+ > [Al(OH)]2+ > [Al(OH)2]+, which is in agreement with the
known higher ability of aluminum to bind polypeptides as the pH
lowers [27].

On the other hand, the introduction of a phosphate group in the
peptide increases the binding ability of the peptide towards aluminum,
specially if we consider Gaq

Phys values. Thus, upon deprotonation of the
alkoxide a very strong AleO bond is created with high values of delo-
calization index and high values of Gaq

comp (Al3+, 0.245 au and
−81.8 kcal/mol, respectively). In fact, some of these Al-Ser structures
show consistently higher Gaq

comp than some of the Al-PSer species
(especially those that do not imply a proton transfer from the sur-
rounding water molecules to the phosphate). However, when Gaq

Phys

are considered, and therefore, the energy penalty to deprotonate the
alcohol is taken into account, the higher affinity of aluminum to PSer is
clearly evidenced for all the hydrolytic species. In particular, the next is
observed:

Al3+: The preferred ligand is PSer by at least ∼ 9 kcal/mol.
Nevertheless, if we do not take into account the most
stable structure, [Al(PSer)dCP(H2O)4], where a proton
transfer from a surrounding water molecule to the
phosphate was observed during optimization, [Al
(Ser)tCNO(H2O)3]1 is ∼ 6 kcal/mol higher in Gaq

comp than

[Al(PSer)tCP(H2O)3]. However, at physiological pH this
trend is reversed and PSer is the preferred ligand by ∼
2 kcal/mol ( −83.84 vs −85.66 kcal/mol).

[Al(OH)]2+: [Al(Ser)tCNO(H2O)2(OH)] is ∼ 2 kcal/mol higher in
Gaq

comp than [Al(PSer)dCP(H2O)3(OH)]−. However, at
physiological pH the trend is reversed and PSer is the
preferred ligand by ∼ 4.5 kcal/mol ( −67.24 vs
−71.69 kcal/mol).

[Al(OH)2 ]+: [Al(Ser)tCNO(H2O)(OH)2]− is ∼ 8 kcal/mol higher in
Gaq

comp than [Al(PSer)dCP(H2O)2(OH)2]−2. However, at
physiological pH this difference is significantly reduced
to ∼ 1 kcal/mol ( −45.12 vs −43.83 kcal/mol).

With respect to the preferred chelated motif, there are substantial
changes depending on the hydrolytic species and whether the peptide is
phosphorylated or not (see Fig. S1 in SI). The preferred binding motif in
Al-Ser complexes by at least 4 kcal/mol is the tricoordination binding of
aluminum by the three titratable groups, tCNO (carboxilate, amine and
alkoxide), followed by the dicoordinate binding by carboxylate and
alkoxide groups, dCO. While for the Al-PSer complexes, the preferred
binding pattern is the dicoordinate binding by carboxylate and phos-
phate groups, dCP. Although, the tricoordinate and tetracoordinate
chelations, tCP and tCNbP, present just a bit lower free energies, fol-
lowed by the monodentate coordination of the phosphate group. All
these binding motifs lie very close in energy. It should be also men-
tioned, that the phosphate group shows a small preference for the
monodentate coordination of Al3+, while for [Al(OH)]2+ and [Al
(OH)2]+ it seems to prefer the bidentate coordination. A previous ex-
perimental work of Kiss et al. [40] suggests that in Al-PSer complexes
aluminum was coordinated monodentately by phosphate group or

Table 4
Enthalpy and free energy affinities in kcal/mol for [Al(OH)]2+ − Ser/PSer complexes formation with cor-
rections that account for the physiological pH and de/protonation of the corresponding titratable groups. The
subscripts indicate the coordination mode of Ser/PSer to [Al(OH)]2+. The † sign indicates a spontaneous
proton transfer from a water molecule to phosphate group during the geometry optimization.
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chelated in a tridentate fashion by the three titratable groups, tCNP.
Regarding our results, we think that the tricoordinate binding pattern,
where a joint ring structure is formed, is more favorable than the
monodentate one.

As we have commented above, there is a decrease in the affinity of
both Ser and PSer to aluminum as we increased the number of hydro-
xides in the first coordinaton shell around aluminum. This is also

mirrored in lower DI's. Thus, the presence of hydroxides tends to lower
the ability of aluminum to establish strong AleO interactions with
peptides. At neutral pH, aluminum is chelated by four hydroxide mo-
lecules. Could this hydrolytic species still have a favorable interaction
with Ser or PSer? To analyze this possibility we have calculated the
complexation free energy of displacement of one of the hydroxides of
the first solvation layer of [Al(OH)4]− by Ser's in two protonation
states, SerOH and SerO−, and PSer with the phosphate group either in
the monoanionic (HPSer−) or the dianionic protonation state (PSer2−).
Results are summarized in Table 6. We remind that according to the
experimental pKa's of alcohols and phosphates, the most likely proto-
nation states are SerOH and PSer2− at physiological pH. Two types of
reactions can be found in Table 6. Those reactions in which a negatively
charged functional group, SerO−/HPSer−/PSer2− , displaces a hydro-
xide ligand from the first coordination layer around aluminum, and
those reactions in which the hydroxide displacement is accompanied by
a proton transfer to the hydroxide from the protonated SerOH/HPSer−

groups. According to our results, the displacement of a hydroxide de-
parting from an already deprotonated Ser/Pser is only favorable in the
case of dianionic PSer−2 with the following order in preference
PSer2− > SerO− >HPSer−. It is interesting to note that once deproto-
nated and for compounds of the same charge SerO− has a stronger
interaction than HPSer−. Nevertheless, our results suggest that the
strong interaction of Al(III) with hydroxide precludes in general the
interaction of aluminum with ligands of equal charge such as SerO−/
HPSer−. Delocalization indexes follow these trends, and they decrease
in the following order OH> SerO− >HPSer−.

However, when we depart from protonated SerOH/HPSer−1 and
consider reactions in which the hydroxide substitution is coupled with
proton transfer, now the attack of HPSer− is more favorable and exo-
thermic, −5.89 kcal/mol, than the attack of SerOH, 4.36 kcal/mol. Two

Table 5
Enthalpy and free energy affinities in kcal/mol for [Al(OH)2] 1+ − Ser/PSer complexes formation with cor-
rections that account for the physiological pH and de/protonation of the corresponding titratable groups. The
subscripts indicate the coordination mode of Ser/PSer to [Al(OH)2]1+.

Fig. 6. Complexation ( Gaq
comp, left) and physiological ( Gaq

Phys, right) free en-
ergies and delocalization indexes for Al-Ser (filled symbols) and Al-PSer (striped
symbols) complexes: black circles Al3+ species; red squares [Al(OH)]2+ com-
pounds; and blue diamonds [Al(OH)2]+ structures. The † sign indicates a
spontaneous proton transfer from a water molecule to alkoxide/phosphate
group during the optimization.
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important conclusions arise from these data: i) if deprotonation of the
attacking group is taken into account, the binding of a monophoshate-
serine is significantly more favorable than the attack of the serine, and
ii) the protonation of the leaving hydroxide favors the reaction. Overall
if we consider the most likely species at physiological pH, SerOH and
PSer2−, we can say that phosphorylation of the serine has a deep effect
on the affinity of the peptide towards aluminum. Whereas the dis-
placement of a hydroxide by serine is clearly endothermic, 4.36 kcal/
mol, the reaction's free energies for PSer−2 are all clearly exothermic,
−14.88 kcal/mol. Thus, the phosphorylation of serine can increase the
affinity towards aluminum sufficiently as to displace hydroxides from
the first coordination layer around aluminum at physiological pH.
Notice that DI's of Al−OH are still higher than the ones for Al−OP

(0.267 vs 0.229 au), but the higher electrostatic interaction with a −2
charged phosphate-monoester compensates for a lower DI, and there-
fore, a higher electron donation from hydroxide to aluminum. In
summary, the enhancement on affinity of PSer over serine arises from
two factors: i) the larger negative charge of a PSer2−phosphate group
and ii) the deprotonation energy penalty of the SerOH group. These two
factors combined make phosphorylation of peptide a fundamental
factor in the affinity of polypeptides and proteins towards aluminum,
and it could be one of the defining structural factors in the interaction
of proteins with this exogeneous metal.

4. Conclusions

In this paper we have studied the interaction of different aluminum
hydrolytic species with serine and phosphoserine in order to shed light
on the aluminum-binding abilities of phosphorylated proteins and
peptides. Our calculations confirm the known higher ability of alu-
minum to bind polypeptides as the pH lowers and show a variety of
possible competitive structures for aluminum binding, which lead to a
rich diversity of potential structures to be formed. With respect to the
preferred chelated motif, both ligands show a tendency to form rings.
tCNO is the most favorable binding motif in Al-Ser complexes, forming
a structure with (6+5+5)-membered joint rings, while dCP chelation
is the preferential one in Al-PSer complexes, where an 8-membered ring
is formed.

Our results show unambiguously that phosphorylation increases the
binding capacity of the peptide towards aluminum. This is especially
true at physiological pH when an Al OH( )4 is taken into account as the
reference aluminum hydrolytic species. In this case, the displacement of
an hydroxide from aluminum is clearly endothermic in the case of Ser,
whereas it is exothermic in the case of PSer. The reason for the higher
stability of Al-PSer compounds over Al-Ser ones is a combination of a
higher electrostatic interaction with a double negatively charged
phosphate monoester compound and the energy penalty associated
with the deprotonation of the alcohol group in Serine.
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