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Abstract The acidity of oxygen containing amino acids

(Asp, Tyr, Ser, Thr) and the chemically analogue S-con-

taining Cys was investigated using quantum mechanical

methods when these amino acids interact with Al(III). The

pKa values of these residues were determined calculat-

ing the free energy of a proton transfer reaction from the

metal-bound amino acid to a reference molecule, a water

molecule interacting with the cation. In addition, for

comparison, since Al(III) can replace Mg(II) in certain

proteins, the acidity of these O-containing amino acid was

also computed when they interact with Mg(II). All calcu-

lations were carried out combining the B3LYP density

function method with the polarizable continuum PCM

model. Our results confirm that the second solvation sphere

water molecules must explicitly be included for an accurate

description of interaction between the solute and the sol-

vent. The computed pKa values show that the acidity of all

amino acids is enhanced when they interact with both

cations. However, the pKa values are significantly lower

with Al(III) than with Mg(II). This difference in the acidity

may lead to drastic chemical changes in proteins where

Al(III) substitutes Mg(II). The present work allows to

quantify the acidity shift of the title amino acids due to the

influence of Al(III) and provides a valuable information for

a better understanding of its biological consequences.

Keywords Aluminum � Acidity � Amino acid

1 Introduction

Al(III) is a non-essential element that has been introduced

in the living systems mainly due to human intervention [1].

The consequences of aluminum in human body is still

uncertain, and its toxicity remains unclear. Nevertheless,

aluminum has been involved in diseases such as dialysis

dementia, or some renal bone diseases. Aluminum has been

also related with Alzheimer disease, although the connec-

tion between aluminum uptake and development of this

neurodegenerative diseases is still highly speculative [2].

Al(III) can interact with small molecules (citrate) and

proteins (albumin and transferrin) in serum. The iron

transporter transferrin is the main protein binding alumi-

num, and this interaction increases its bioavailability

within the cell. On the other hand, Al(III) is seen to enter

and permanently occupy binding sites which in healthy

systems are served by other metal cations with specific

binding and charge properties [3]. Mg(II) seems to be one

of the most affected cations, since the two cations are

similar in size, which is a dominant factor over the charge

identity in terms of metal ion competition [4, 5]. For

instance, some authors point out the substitution of Mg(II)

by Al(III) in various binding sites as one of the causes of

neurodegenerative diseases, such as Alzheimer [3, 6].

Al(III) has been seen to be able to alter a myriad of

enzymes, as the hexokinase [7, 8], phosphofructokinase

[9], acetylcholinesterase [10] or glutamate dehydrogenase

[11]. Hexokinase, for instance, catalyzes the phosphoryla-

tion of glucose to glucose 6-phosphate by using Mg–ATP

as a cofactor [12], and the uptake of Al(III) inhibits the

normal activity of this enzyme [7, 8].

The increasing number of roles discovered for Al(III)

in physiological processes demands an understanding

of how Al(III) interacts with compounds in biological
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systems, and how this interaction can change fundamental

chemical properties of the interacting ligands. Metal ions

are present in one-third of enzymes found in the nature.

Numerous cations interacts with proteins, and the broad

type of features presented by the metals allow them to play

a wide variety of roles, going from keeping the structure of

the protein, to catalyze reactions. The inclusion of a tri-

valent cation such as Al(III) can alter the structure of a

given metal site, and therefore, alter its function. A par-

ticular important aspect of Al(III) interaction with amino

acids is the shift that can provoke in the acidity of key

residues that form the active site. This could lead to an

alteration of the protonation state of residues directly

coordinated to Al(III), with the concomitant effects on the

structure and activity of a given metalloenzyme. In addi-

tion, the determination of the shift in pKa’s could shed light

on the type of chemical species that Al(III) can form at

physiological pH values within biological environments. In

the present paper, we address this question through the

theoretical evaluation of the shift in the pKa of selected

amino acids, mainly oxygen containing ones, when inter-

acting with Al(III).

Computationally, the evaluation of a pKa is not exempt

from difficulty, and diverse approaches have been

employed for an accurate evaluation of pKa, which are

summarized in several reviews [13, 14]. Several works

have been published estimating the absolute pKa of wide

variety of molecules with reasonable success [15, 16, 17,

18]. In principle, the evaluation of an absolute pKa would

require the accurate estimation of the solvation free energy

of H?. However, depending on the experiment, the solva-

tion energy of H? can differ in ca. 5 kcal/mol, which may

suppose deviation of 3 units in the final pKa value. An

alternative of the absolute or direct evaluation of pKa is the

evaluation of a relative pKa with respect to a molecule, for

which the pKa is experimentally known. Thus, one con-

siders the deprotonation of the acidic group as a proton

transfer to a second molecule, preferably a water molecule.

This strategy avoids the treatment of the solvation energy

of proton, and it has been employed in many studies with

satisfactory results [19, 20, 21, 22].

On the other hand, metallic hydrated cations pose

specific challenges. For instance, the inclusion of a highly

charged cation induces charge transfer between the metal

center and the solvent. In several studies, it has been

claimed that the implicit continuum models describe

poorly this short-range interaction [23]. As an alternative,

the inclusion of explicit water molecules in the outer

solvation sphere yields improved results [24, 25].

Regarding aluminum, Bickmore et al. [26] employed

bond-valence methods to determine the acidity of several

reactions, among them the deprotonation of a Al(III)-

bound water molecule. The authors obtained a value of

4.97, in very good agreement with the experimental value

of 5.0 [27]. Yang et al. [28] studied the hydrolysis of

aluminum characterizing the different structures upon

water molecule deprotonation using density function

theory. They defined a supermolecule including explicit water

molecules for the second hydration sphere and compared

pKa values using the absolute and relative methods. The

results indicate that the relative method is more appro-

priate for the first hydrolysis reaction, predicting a pKa

value of 4.6. However, little is known about the change in

acidity for amino acids, due to their interaction with

Al(III). Thus, in the present work, we determine the pKa

value for the most relevant oxygen-containing ligands that

interacts with Al(III). To do so, their relative pKa’s are

calculated with respect to a metal-bound water molecule,

for which its experimental pKa value is well known. In

addition, we also provide comparison of these shifts in

pKa with respect to the effect of another metal cation of

similar size but lower charge, Mg(II), that has been

pointed out as a possible target for Al(III) substitution due

to size similarity [29].

After a brief description of the methodology followed in

this study (Sect. 2), in Sect. 3 the results for pKa values of

Al(III)- and Mg(II)-bound oxygenated side chain contain-

ing amino acids are presented. Finally, a brief discussion of

them are included in Sect. 4.

2 Computational details

2.1 pKa calculation

The pKa values of four oxygen-containing amino acids

(aspartic acid, tyrosine, serine and threonine) and of the

sulfur- containing ligand cysteine were determined inter-

acting with two cations: Al(III) and Mg(II). To do so, the

free energy in solution (DGaq:) for the reaction of proton

transfer to a hydroxide ion coordinated to the metal was

evaluated, that is:

M � ðH2OÞ5 � AAH
� �þqþ M � ðH2OÞ5 � OH�

� �þðq�1Þ

� M � ðH2OÞ5 � AA�
� �þðq�1Þþ M � ðH2OÞ6

� �þq ð1Þ

where M stands for the cation (Al(III) or Mg(II)), and AAH

and AA- the protonated and unprotonated states for

O-containing acidic amino acid. Phenol/phenolate, acetic

acid/acetate, methanol/methoxide, ethanol/ethoxide and

methylthiol/methylthiolate were used to represent the

deprotonated/protonated side chains of tyrosine, aspartic

acid, serine, threonine and cysteine, respectively. The

q term denotes the charge of each cation [?3 for Al(III)

and ?2 for Mg(II)]. The pKa of AAH ligand is then

calculated as:
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pKa ¼
DGaq:

ln10RT
þ pKRef

a ðexp:Þ ð2Þ

where DGaq: is calculated from Eq. 1 and pKRef
a (exp.) is the

experimental pKa of the water molecule interacting with

the cation. With this scheme, the relative pKa value is

evaluated instead of the absolute pKa, what avoids the need

to deal with the proton solvation free energy. This protocol

requires the choice of a similar reference molecule with a

well-determined experimental pKa, and therefore a water

molecule interacting with the cation was chosen as this

reference molecule (see Fig. 2) because: (1) water is an

oxygen containing ligand, and in this sense, shows chemical

similarities with the ligands to be studied, (2) the experi-

mental pKa of a water molecule coordinated to Mg(II)

and Al(III) is known (pKa = 12.4 for the former and

pKa = 5.0 for the later), (3) the number of charged species

is conserved in both sides of the chemical equation for

which the free energy difference is calculated. With this

protocol, a proper cancelation of errors is expected at both

sides of Eq. 1. This protocol to evaluate pKa’s was previ-

ously used by the authors for phosphoranes [30] and

amides [31] obtaining successful results.

2.2 Ab-initio calculations

All geometrical optimizations were carried out in gas phase

using the Gaussian 03 suite of programs [32] employing

B3LYP functional [33, 34, 35, 36] in conjunction with

the 6-31??g(d,p) basis set. The electronic energy was

refined by single-point energy calculations at B3LYP/6-

311??G(3df,2p). To confirm that the optimized structures

were minima on the potential energy surfaces, frequency

calculations were done at the same level of theory. The

frequencies were then used to evaluate the zero-point

vibrational energy (ZPVE) and the thermal (T = 298 K)

vibrational corrections to the enthalpy and Gibbs free

energy in the harmonic oscillator approximation. To cal-

culate the entropy, the different contributions to the parti-

tion function were evaluated using the standard expressions

for an ideal gas in the canonical ensemble and the har-

monic oscillator and rigid rotor approximation. Thus, the

final gas-phase enthalpy and free energy were obtained

from the B3LYP/6-311??G(3df,2p) electronic energy and

the enthalpic and entropic corrections evaluated at the

B3LYP/6-31??G(d,p) level.

Solvation free energies at the gas-phase B3LYP/6-

31??G(d,p) geometries were estimated with the polari-

zable continuum model (PCM) approach [37, 38, 39, 40].

The united atom Hartree-Fock (UAHF) set of atomic radii

was used to define the cavity. These radii have been opti-

mized with the HF/6-31G(d) wave function to give

accurate solvation free energies of a dataset of anionic/

cationic and neutral organic and inorganic molecules [38].

Therefore, the HF/6-31G(d) level of theory was chosen to

represent the solute. To obtain the relative energy of each

complex in solution, the contributions of solvation were

added to the corresponding gas-phase relative energies.

The thermodynamic cycle shown in Fig. 1 was employed

to evaluate the relative free energies in aqueous solvent

(DGaq:) for Eq. 2.

2.3 Importance of second solvation sphere

As it was pointed out in the Introduction section, inaccu-

racies of the continuum models for describing the strong

hydrogen bonds of the first solvation shell around ions are

expected. In order to further investigate this point and

provide a sufficiently accurate model for aluminum coor-

dination, two scenarios were defined: (1) consider alumi-

num and only its first solvation sphere, or (2) second sphere

water molecules are also included. For both systems, the

pKa of a water molecule interacting with Al(III) was

determined according to the reaction:

Al � H2O6½ �þ3þOH� � Al � ðH2OÞ5 � OH�
� �þ2þH2O

ð3Þ

taken into account the experimental pKa of 15.7 for a water

molecule.

First, only the first solvation sphere was included in the

quantum calculation, that is, Al(III) and six water molecules

for [Al�(H2O)6]?3, and a hydroxide ion and five water mole-

cules for [Al�(H2O)5�OH-]?2. In both structures, Al(III)

presents an octahedral arrangement. Thus, the interaction

between the solute and the solvent was treated implicitly

with the continuum PCM model, at the level of theory

described in Computational Details. A pKa value of 18.6 was

computed, far away from the experimental value of 5.0. As it

has been pointed out in several studies, this error can be

attributed to an inadequate description of short-range inter-

action by implicit solvent methods [23]. In order to verify

this point, the proton affinity (PA) for a free OH- was

calculated as PA ¼ �DH ¼ �DEgas�phase þ RT; where DE

Fig. 1 Thermodynamic cycle used to evaluate the reaction free

energy in solution (DGaq:) of Eq. 2
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was determined as the difference in electronic energy

between H2O and OH- in gas-phase. The calculated PA for a

free OH- is 1634.7 kJ/mol, in excellent agreement with the

experimental value of 1635 kJ/mol [41]. From this result, it

can be inferred that the origin of the error comes from a poor

description of the Al(III)-water complex.

Therefore, the second solvation sphere of Al(III) was

explicitly treated by including 12 explicit water molecules

in the [Al�(H2O)6]?3 and [Al�(H2O)5�OH-]?2 complexes

(see Fig. 2). A similar supermolecule was previously

characterized for hydrated Al(III) complex by Yang et al.

[28] The new system leads to a considerable improvement

of the calculated pKa. Now, a value of 4.6 is obtained, in

concordance with the 4.6 value calculated by Yang et al.

[28] using a different methodology, and in very good

agreement with the experimental value of 5.0 [27]. Thus,

these calculations confirm the importance to treat properly

the short-range interaction between the metal and solvent,

by including explicitly the second solvation sphere, while

the long-range interaction are correctly described by the

continuum model. Hence, in all calculations carried out to

estimate the pKa values of amino acids the second solva-

tion sphere was explicitly included in the different com-

plexes characterized.

3 Results

Theoretical pKa values were estimated for the Al(III)-

complexes shown in Fig. 3. The solvation free energy

(DGaq:) was determined for the proton transfer described in

reaction 1. All Al�(H2O)5AAH structures present an octa-

hedral coordination. The deprotonation of the ligand leads

to the M�(H2O)5�AA- structure, which keeps the octahedral

conformation. In all complexes characterized, explicit

water molecules are included in the second hydration

sphere (see below).

3.1 Aluminum complexes

3.1.1 Structures

The distances between aluminum and the oxygen atoms of

the acidic oxygen atom of each ligand and first solvation

water molecules are presented in Table 1. Optimized

structures are depicted in Fig. 3. In all the optimized

structures, Al(III) presents an octahedral conformation

where the ligand is placed in the first solvation sphere and

the remaining positions are occupied by water molecules;

12 water molecules are placed in the second hydration

sphere.

The protonated ligands (AAH) show neutral charge. In

all structures characterized, a hydrogen bond interaction is

found between the OH group of the ligand and a second

shell water molecule. The average distance between Al(III)

and the O atom of first shell water molecules is ca. 1.92 Å

for all amino acids. A larger difference is found in the

distance between the cation and protonated O atom of the

amino acids. Serine and threonine show the shortest dis-

tances (ca. 1.93 Å), tyrosine an intermediate value with a

Al(III)–O distance 0.3 Å longer (1.953 Å), while aspartic

acid presents the longest distance with 1.989 Å.

The deprotonation of these residues changes the inter-

action between the cation and the ligand, since there is a

larger coulombic interaction between Al(III) and the nega-

tively charged deprotonated ligand. Comparing with the

Al(III)–AAH interaction, the Al(III)–O distance has

shortened to 1.78–1.87 Å. Now, Tyr, Ser and Thr present

very similar bond distances, and Asp shows the longest

distance (1.866 Å), 0.08 Å larger than the other residues.

The carboxylic group of the Al(III)–Asp complex is

forming a hydrogen bond between the unbound oxygen

atom of the ligand and a first shell water molecule (see

Fig. 3). This interaction is not possible for the other amino

acids and instead they form a hydrogen bond between the

unique oxygen atom of the ligand and a second shell water

molecule. On the other hand, the average distances

between the first shell water molecules and Al(III) found in

the complexes formed by Tyr, Ser and Thr are 1.96 Å, ca.

0.3 Å longer than in the complex formed by their proton-

ated species. The reduction of the total charge of the

complex from ?3 to ?2 may explain this behavior. The

average Al(III)–Ow distance in the Al(III)–Asp complex is

1.92 Å, only 0.1 Å longer.

The complex formed by cysteine resembles the complex

formed by serine, its analogous O-amino acid, although the

Al(III)–S distance is ca. 0.6 Å longer. Again, the distance

between Al(III) and the acidic S atom is 0.2 Å longer when

it is protonated. The larger Al(III)–S distance in compari-

son with the Al(III)–O distance does not influence the

position of the first shell water molecules, and the average

Fig. 2 B3LYP/6-31??G(d,p) optimized structures of [Al(H2O)6�
12H2O]?3 and [Al(OH-)(H2O)5�12H2O]?2 complexes, employed as

reference to evaluated the pKa of Al(III)-bound amino acids according

to Eq. 2. Analogous complexes were characterized with Mg(II)
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Al–Ow distance in the complexes formed by the protonated

and unprotonated cysteine does not vary from the one

shown by serine.

3.1.2 pKa values

The solution reaction free energies (DGaq:) computed for

each ligand according to Eq. 1, and the estimated pKa

values are shown in Table 1. The standard pKa values in

solution of the related amino acids are also included in the

table. Taking into account the values of the pKa values in

solution, Asp is the most acidic amino acid with a pKa value

of 3.9, while the remaining amino acids present signifi-

cantly higher pKa values: 8.3 for cysteine, 10.1 for tyrosine

and 13.0 for serine and threonine. The DGaq: presented in

Table 1 are negative for Asp, Tyr, Ser and Cys, where Asp

presents the largest value (-21.4 kcal/mol), followed by

Ser and Thr (-2.2 and -2.3 kcal/mol) and Tyr (-0.9 kcal/

mol). Thr is the only amino acid with a positive DGaq: value

(0.8 kcal/mol). These negative values imply that the proton

transfer from the amino acid to an Al(III)-bound hydroxide

molecule is exoergic and therefore these amino acids are

more acidic than the reference water molecule. As a result,

their pKa values are lower than the experimental pKa value

of the Al(III)-bound water molecule (5.0). Asp presents

the lowest pKa value (-10.7), followed by cysteine (3,3),

serine (3.4), tyrosine (4.1) and threonine (5.6). Therefore,

the trend in acidity among the different ligands is in general

maintained as in solution. The only exception is serine,

which unlike in solution, it shows lower pKa values than

tyrosine and threonine. As expected, the interaction with

Al(III) has lowered the pKa value of all ligands. However,

the decrease is not the same for all ligands: Asp presents

the most significant drop of its pKa value with a lowering

of 14.6 units while for the remaining amino acids the

lowering is less drastic, with a decrease in the range of 3-6

units.

3.2 Magnesium complexes

In order to compare the pKa values obtained for Al(III)

complexes with a prototype metal cation prone to Al(III)

substitution, similar complexes were characterized for

Mg(II) cation. This metal cation is similar in size to Al(III),

but with a lower charge, and therefore, these calculations

will allow us to perform interesting comparisons to high-

light the changes in acidity due to the inclusion of a tri-

valent cation such as Al(III) in biological environments.

We now comment briefly on the results obtained for Mg(II)

cation.

Fig. 3 B3LYP/6-31??G(d,p)

optimized structures of the

complexes formed by Al(III)

and the amino acids considered

in this work: Asp, Tyr, Ser, Thr

and Cys. On the left, the neutral

AAH specie is presented, and

the unprotonated negatively

charge AA- form on the right.

Similar structures were obtained

with Mg(II)

Theor Chem Acc (2011) 128:477–484 481
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3.2.1 Structures

All Mg(II) complexes present an octahedral arrangement

and they show similar structures to the ones displayed by

Al(III) (Fig. 3). The Mg(II)–O and average Mg(II)–Ow

distances for these compounds are presented in Table 1.

The substitution of a trivalent cation such as Al(III) by the

divalent Mg(II) lengthens the distances with respect to the

ligand in about 0.2 Å. This elongation is observed for all

complexes characterized, including the structures formed

by protonated and unprotonated ligands. In spite of this

difference, the same trend observed with Al(III) complexes

is repeated with Mg(II). Therefore, the neutral protonated

amino acids show longer Mg(II)–O distances than their

unprotonated counterparts. Moreover, the average Mg(II)–

Ow distances are slightly shorter when the amino acid is

neutral. However, in the case of unprotonated ligands, not

all structures characterized adopted the desired final

geometry. In the case of Ser and Thr, the optimization led

to a spontaneous proton transfer from a second shell water

molecule to the ligand, not observed with Al(III). This

proton migration make unrealistic the calculation of pKa

ascribed to the protonation/deprotonation of the ligand

oxygen, since in both neutral and negatively charged

species this ligand remains protonated. Therefore, the cal-

culations were repeated with the proton forced to remain

bound to the second shell water molecule, freezing the

corresponding OW–HW distance. The pKa values obtained

with both type of structures are shown in Table 1. But these

values should therefore be taken with care.

3.2.2 pKa values

The computed pKa values for the Mg(II)-bound amino

acids are presented in Table 1. For Asp, Tyr and Cys, the

DGaq: values for the proton transfer from Mg(II) complexes

to the Mg(II) bound hydroxide ion are negative. Asp shows

the largest (absolute) value (-18.3 kcal/mol), and as with

Al(III), the influence of a cation such as Mg(II) lowers the

pKa value of these amino acids studied with respect to their

standard values in solution. Tyr also shows a negative

DGaq: value (-6.4 kcal/mol), which is more negative than

with Al(III). Note that a more exoergic proton transfer

reaction to the reference molecule does not mean that the

Mg(II)-bound tyrosine is more acid, as the larger pKa

values of the Mg(II)-bound tyrosine demonstrates. How-

ever, the results for Ser and Thr should be analyzed with

care. The same behavior as for the rest of the ligands is

Table 1 Reaction free energies of Eq. 1 (DGaq:) and pKa values computed for Asp, Tyr, Ser, Thr and Cys interacting with Al(III) and Mg(II).

The standard pKa values of these amino acids are also presented. In addition, the distances between the cation and O atom of the amino acids and

the average distances between the cation and the first solvation water molecule’s O atom are shown for the unprotonated (AA-) and protonated

(AAH) species

Aspartic acid Tyrosine Serine Threonine Cysteine

pKSol:
a (exp.) 3.9 10.1 13.0 13.0 8.3

Aluminuma

Al(III)–OAAH 1.989 1.953 1.928 1.925 2.524

Al(III)�OAA� 1.866 1.779 1.789 1.789 2.340

Al(III)�OW
AAH

1.920 1.919 1.924 1.926 1.918

Al(III)�OW
AA�

1.932 1.955 1.958 1.960 1.956

DGaq: -21.4 -0.9 -2.2 0.8 -2.3

pKAl
a

-10.7 4.1 3.4 5.6 3.3

DpKAl
a

14.6 6.0 9.6 7.4 5.0

Magnesiumb

Mg(II)–OAAH 2.201 2.169 2.105 2.104 2.749

Mg(II)�OAA� 2.097 2.009 2.058 2.052 2.572

Mg(II)�OW
AAH

2.096 2.093 2.105 2.107 2.095

Mg(II)�OW
AA�

2.110 2.132 2.123 2.123 2.128

DGaq: -18.3 -6.4 -3.5c/1.6d -2.0c/3.2d -5.8

pKMg
a

-1.0 7.7 9.8c/13.6d 10.9c/14.8d 8.1

a pKexp:
a ¼ 5:0 [27]

b pKexp:
a ¼ 12:4 [41]

c Spontaneous proton transfer from a second shell water molecule to the unprotonated specie
d OW–HW distance frozen

482 Theor Chem Acc (2011) 128:477–484
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found if the fully optimized structures (but those in which

the initially unprotonated ligand receives a proton from a

water molecule) are considered. However, if we take into

account structures partially optimized to force the unproto-

nated state of the ligands, positive reaction energies are

found and we obtain the counter-intuitive results of a

higher pKa for these ligands when interacting with Mg(II)

than in solution. Probably the right results is somewhere in

between the two estimated values. In general, the pKa shift

observed with Mg(II) is significantly smaller than with

Al(III). Asp shows the lowest pKa value (-1.0), followed

by tyrosine (7.7), serine (9.8/13.6) and threonine (10.9/

14.8). Finally, the acidity of the cysteine is almost unal-

tered by the cation, and its pKa value (8.1) is only 0.2

lower.

4 Discussion

The influence of the trivalent cations Al(III) in the acidity

of oxygen-containing side chain amino acids have been

quantified by calculating the pKa of these residues when

they are coordinated to Al(III). To estimate the pKa value,

we have applied a protocol based on the calculation of the

relative acidity of the residues with respect to an Al(III)-

bound water molecule.

First, the accuracy of the method has been measured by

comparing the experimental and computational pKa of a

water molecule interacting with Al(III), considering an

isolated hydroxide molecule as the basic molecule. If only

the first solvation sphere of the hydrated Al(III) complex is

considered, a poor result is obtained. However, when the

second solvation sphere is explicitly treated by adding 12

water molecules, the value of the pKa improves, yielding a

value of 4.6, in very good agreement with the experimental

value of 5.0 [27] and in noticeably support of the results of

Yang et al. [28]. Thus, these results confirm what it has

extensively pointed out in the literature [23], that the

implicit treatment of the solvent by continuum dielectric

models it is not sufficient to describe the short-range

charge-transfer effects between the cation and water mole-

cules in the vicinity, when highly charged metals are

considered. Therefore, the inclusion of explicit water

molecules at the second hydration sphere was seen to be

key to yield accurate pKa evaluations.

Since the deprotonation of a water molecule coordinated

to the metal was chosen as reference, amino acids with an

acidic OH group were included in the study, that is, Asp,

Tyr, Ser and Thr. Besides, these amino acids are among the

most prone ones to Al(III) interaction. Due to the chemical

similarity between oxygen and sulfur, Cys was also stud-

ied. From our results, it is clear that Al(III) has a big

influence on the acidity of these amino acids, and we can

predict important shifts in the pKa of these amino acid side

chains when coordinated to Al(III). In particular, our data

suggests that Asp would show the largest pKa drop, going

from 3.9 units in solution to -10.7 when interacts with

Al(III). The other amino acids show also much lower pKa

values: Tyr from 10.1 to 4.1, Ser from 13.0 to 3.4, Thr from

13.0 to 5.6 and Cys from 8.3 to 3.3. Our results also con-

firm the idea that the interaction of these residues with

Al(III) could provoke a change in the protonation state of

the neutral residues treated in this work (Tyr, Ser, Thr, and

Cys), since all of them show pKa’s lower than typical

physiological pH values. The chemical importance of such

shift should not be underestimated, since a change in the

protonation state of a given amino acid can lead to

important changes in the structure and function of proteins

in which Al(III) would be inserted.

In order to compare the differential effect of Al(III)

insertion in a metal ion site, we have decided to re-calcu-

late the pKa’s for a metal such as Mg(II). This metal cation

is of similar size to Al(III), but has a lower charge of ?2,

and it is thought to be a metal particularly prone to Al(III)

substitution. The differential effects of these two metal ions

on the acidity of the selected side chains of this work will

shed light on the effect that may be expected from a highly

charged trivalent cation such as Al(III). When Mg(II) is

considered, there is also, in general, an increase in the

acidity of these residues (lower pKa’s), but the lowering of

these pKa’s is significantly less pronounced than in the

Al(III) case: Asp (-1.0), Tyr (7.7), Cys (8.1), Ser(9.8/13.6)

and Thr (10.9/14.8). However, for the amino acids that are

neutral at standard conditions (Tyr, Cys, Ser and Thr) the

shift in their pKa’s is not sufficient as to become depro-

tonated at physiological pH’s upon interaction with Mg(II).

This is in contrast to the behavior highlighted above for

Al(III) and points to a major effect of Al(III)/Mg(II) sub-

stitution at the Mg(II) metal binding sites.

5 Concluding remarks

Aluminum is a non-essential element that has been intro-

duced recently in the human body. Al(III) has been seen to

enter binding sites of several enzymes that should be filled

up by other metals, such as magnesium [42]. The higher

positive charge of Al(III) triggers geometrical changes in

the protein, such as shorter metal-ligand distances. In the

present work, we have quantified the effect that Al(III)

insertion would have in the acidity of oxygen- containing

side chains bound to the metal. The present study confirms

that the acidity of these amino acids coordinated to Al(III)

suffers a drastic increase (lower pKa’s), which could pro-

voke deprotonation of neutral side chains such as Tyr, Ser,

Thr or Cys at physiological pH’s. This deprotonation is
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much less likely to occur when residues are bound to a

divalent metal ion such as Mg(II), and therefore, this could

be an important difference in the chemical behavior of

Al(III)/Mg(II) amino acids, and constitutes one key factor

to consider when explaining disruption of protein func-

tionality upon Al(III)/Mg(II) substitution [43]. Our results

allow for a quantification of these effects through the

accurate evaluation of the shift in pKa’s upon Al(III)

coordination.
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