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Aluminium is widely used as an antimicrobial coagulant, food additive, and cookware. However, many
reports indicate that aluminium may be a critical factor in many amyloid diseases, such as Alzheimer’s disease
and Parkinson’s disease. Unfortunately, the underlying mechanism is still poorly understood, which limits
efforts to prevent and treat these diseases. In this paper, using an ab initio method, we studied the interaction
of Al-backbone ring structure with the π-electron-rich sidechains of His, Phe, Trp, and Tyr. We found that in
the absence of water, the Al-backbone ring can stably bind with those sidechains. In the presence of water, the
Al-backbone ring can bind to the His sidechain and cannot bind to the other sidechains. As revealed by further
investigations, this could be attributed to the fact that there was a coordinate bond of the Al-backbone ring with
the His sidechain, while there were the π-π stacking and cation-π-like interactions with the other sidechains.
These findings potentially provide a molecular understanding of Al-related toxicity, and may be helpful in
designing drugs for those aforementioned aluminum-linked diseases and encourage treatment of Al-polluted
water.
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I. INTRODUCTION

Extensive evidences have shown that aluminum ions were
a potent neurotoxicant, both in experimental animals and in
humans [1–4]. It has lead to an increased interest in Al
in antimicrobial coagulants [5–8], food additives, and cook-
ware [9–11]. The first studies demonstrating Al neurotox-
icity in experimental animals were conducted by Siem and
Döllken more than 100 years ago [12]. In 1965, it was
shown that intracerebral inoculation of Al phosphate in rab-
bits resulted in neurofibrillary degeneration of ‘striking re-
semblance’ to the neurofibrillary tangles of Alzheimer’s dis-
ease (AD) [13, 14], thereby initiating the contentious de-
bate of the role of Al in AD. In 1973, the increased con-
centrations of Al were found in the brains of patients with
AD [15]. In 1985, Perl and his coworkers studied the rela-
tionship of aluminum to Alzheimer’s disease, and identified
abnormal accumulations of aluminum within neurons derived
from Alzheimer’s disease patients containing neurofibrillary
tangles [16]. In 2001, Trond and his colleagues reported the
epidemiological evidence linking Al and AD [17]. With the
study of biomolecules, the close relationship between alu-
minum and health, along with its mechanisms, has become
interesting [18–21]. Recently, it was reported that Al ions can
induce the formation of backbone ring structures in peptides,
largely destabilizing the proteins and resulting in irreversible
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denaturation [22], which provides a new way to understand
Al-related toxicity.

Non-covalent interaction is crucial in a variety of phenom-
ena in biology [23–25]. The interaction among molecules
not bound by chemical bonds made possible the formation
of supramolecular units, which form the basis of many as-
pects of supramolecular chemistry and nanotechnology [26].
In biological systems, non-covalent interactions were respon-
sible for phenomena such as molecular recognition [27] and
played a crucial role in enzymatic catalysis [28], protein fold-
ing [29, 30], and even process, such as ion transport of recog-
nition [31–33]. In recent years, studies of model systems and
analysis of biological macromolecular structures have estab-
lished the importance of the cation-π interaction as a force
for molecular recognition [34]. In the absence of water, the
binding of simple cations to benzene and related structures
was shown to be quite substantial, comparable even to cation-
water interactions [35]. Through the sidechains of aromatic
amino acids, novel binding sites for cationic ligands can be
constructed [36]. Meanwhile, the usual π-π interaction was
an offset or slipped stacking, i.e., the rings were parallelly dis-
placed. Such a parallelly-displaced structure results from the
contribution of π electron attraction [37, 38]. It was shown
that π-π interactions were not due to an electrostatic attrac-
tion between the two π-systems, but occurred when the attrac-
tive interactions outweighed the contributions of π-electron
repulsion [39, 40]. It should be noted that all the above non-
covalent interactions are based on π-electron-rich molecular
structures.

In this paper, we explore the interactions between the
Al-induced backbone ring structure and the π-electron-rich
sidechains of His, Phe, Trp, and Tyr. It is observed that the Al-
induced complex is able to stably bind to these sidechains in
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the absence of water molecules. Meanwhile, the Al-backbone
ring can bind to the His sidechain and can not bind to the
other sidechains in the presence of water molecules. The
water-independent adsorption can be attributed to the coordi-
nate bond between the Al ion of the backbone-ring structure
and the N atom of His sidechain. The mechanism of water-
dependent adsorption is then revealed to be the following.
The Al-induced backbone ring structure first induced a redis-
tribution of the π electrons when it is close to the ring layers
of the Phe, Trp, and Tyr sidechains. After that, an attraction
like cation-π and π-π stacking interaction occures between
the Al-induced complex and the sidechain layers, which de-
pends on the presence of water molecules. These findings
have the potential to lead to an understanding of the effect of
Al-backbone ring structure on the sidechains of amino acids,
and even the pathogenic mechanisms of amyloid diseases.

II. METHODS

All of our calculations were performed by the second-order
Mφller-Plesset perturbation theory (MP2), as implemented in
the Gaussian09 package with the 6-31+G(d,p) basis set of
triple-zeta quality and including diffuse functions applied on
all atoms, which has been widely used to study the interaction
between Al-induced backbone ring structure and π-electron-
rich amino acids. Once a stationary point has been reached, a
frequency analysis was carried out to ensure that the structure
corresponded to a minimum in the potential energy surface of
the complex.

Fig. 1. (Color online) Al-induced backbone-ring structure. The
cyan, blue, red, white, and green balls represent carbon, nitro-
gen, oxygen, hydrogen, and aluminum, respectively. (a) The Al-
backbone complex consists of [AlOH]2+ and a model peptide, HCO-
Ala-NH2, where Al ions bind on the peptide backbone by forming
a ring structures, and the hydrogen atom initially attached to the
amide nitrogen N is substituted by the Al ion. (b) The correspond-
ing Al-backbone ring complex with H2O molecules is formed by
[AlOH · (H2O)4]2+ [41] and the peptide, HCO-Ala-NH2. The hy-
drated Al ion interacts with the O atom on the peptide backbone first
and one H2O molecule is released. Then it forms the ring structure
by further interacting with the N atom and neighboring O atom on
the peptide backbone with another H2O molecule dropped.

III. RESULTS AND DISCUSSION

To study the interaction of the Al-induced backbone ring
structure [22] with residue sidechains, we first applied an Al-
backbone ring structure in the absence of water molecules,
formed by [AlOH]2+ and a model peptide, HCO-Ala-NH2
(Fig. 1(a)). The hydrogen atom initially attached to the amide
nitrogen N was substituted by the Al ion, and the Al ions si-
multaneously chemically bound to the amide nitrogen N and
carboxyl oxygen O on the backbone. Therefore, the back-
bone structure consisted of the Al ion together with the α
carbon, C1, carbonyl carbon, C2, amide nitrogen, N, and
carboxyl oxygen, O, atoms. We simulated the binding of
the Al-backbone ring structure with the sidechains of His,
Phe, Trp, and Tyr. The relaxed structures are presented in
Fig. 2. The dihedral angle (Table 1) between the ring and
His sidechain was 90◦, while the dihedral angles between
the ring and sidechain planes of Phe, Trp, and Tyr were 48◦,
43◦, and 37◦, respectively. Therefore, the Phe, Trp, and Tyr
sidechains almost stacked over the backbone ring structure,
which was clearly different from the His sidechain. We fur-
ther calculated the binding energy of the ring structure with
the sidechains by the formula,

Ebinding =E(all complex including no water molecule)

− E(the ring structure with no water molecule)

− E(sidechain),

(1)

where Ebinding denotes the binding energy of the backbone
ring and sidechain, while the first, second, and third term in
the right side of equation indicate the energies of the complex
formed by the Al-backbone ring structure and the sidechains,
the Al-backbone ring structure and the sidechain of the amino
acid. We have calculated a series of binding energies and car-
ried out frequency analysis of different displacements of the
His, Phe, Trp, and Tyr to ensure that the structure we have se-
lected corresponds to a minimum in the potential energy sur-
face of the complex. The results are shown in Table 1. For the
interaction of the Al-backbone ring with His sidechain, the
binding energy reached −2.91 eV, which means that the bind-
ing is very stable in absence of water. This can be attributed
to the coordinate bond of the Al ion with the N atom of His
sidechain [42, 43]. Namely, N atom of the histidine tends to
grasp the Al ion through a coordinate bond as the electron-
pair-donor. The coordinate bond forms when the electrons of
the N atom from the histidine residue are shared between N
and Al atoms. In the case of Phe, Trp, and Tyr sidechains,
the binding energies of the backbone ring were −1.63, −2.10
and −1.69 eV, respectively, which indicates that the binding
between the backbone ring and these sidechains are also sta-
ble in absence of water. These binding energies were clearly
weaker than the binding energy between the backbone ring
and His sidechain, denoting the interactions of the backbone
ring with the Phe, Trp, and Tyr sidechains are weaker than
that with the His sidechain.

We also investigated the impact of water on the above bind-
ing by considering the first solvation shell of the Al aqua ion
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Fig. 2. (Color online) Interactions of Al-backbone ring with the sidechains of His (a), Phe (b), Trp (c), and Tyr (d). The cyan, blue, red,
white and green balls represent carbon, nitrogen, oxygen, hydrogen, and aluminum, respectively. Figure (b)–(d) show a new type of stacking
structure, which has a certain inclination compared to the π-π stacking. Figure (a) shows a strong coordination interaction, different from
the stacking structure. In order to demonstrate the interaction clearly, we only retained the α carton. The backbone of the four amino acid is
replaced by the hydrogen atom.

Fig. 3. (Color online) Redistribution of electronic density in Al-backbone ring and sidechains. The blue cloud denotes the electron-density
change ∆D > 0 (regions accepting electrons), and the red cloud with the isosurface indicates ∆D < 0 (regions losing electrons). Here, the
Al-backbone conformation with its ring structure close to the π layer on the sidechains is presented as an example. (a) Phe, (b) Trp and (c)
Tyr.

TABLE 1. Dihedral angles and binding energies of Al-backbone
ring with residue sidechains

His Phe Trp Tyr
Dihedral angles (◦) 90 48 43 37
Binding energya (eV) −2.91 −1.63 −2.10 −1.69
Binding energyb (eV) −1.06 0.35 −0.11 0.24
a absence of water molecules.
b presence of water molecules.

([AlOH(H2O)4]2+). The binding energy in the presence of the
first water shell was calculated by the formula as follows,

Ebinding =E(all complex including two water molecules)
+ E(H2O)

− E(the ring structure pulse two water molecules)
− E(sidechain),

(2)
where Ebinding denotes the binding energy of the backbone
ring and sidechain in the presence of water molecules, while
the first, second, third, and fourth terms in the right side of
equation denote the energies of the complex composed by the
Al-backbone ring structure and the residue sidechain with one
water molecule attached to the Al ion, one water molecule

which drops off when the complex forms, the Al-backbone
ring with two water molecules tied to the Al ion, and the
residue sidechain. As presented by the results in Table 1,
when introducing water molecules, the binding energies were
reduced to −1.06 eV for the His sidechain, 0.35 eV for the
Phe sidechain, −0.11 eV for the Trp sidechain, and 0.24 eV
for the Tyr sidechain, respectively. This indicates that in
the presence of water, the binding strength of backbone ring
structure with these sidechains can be significantly reduced,
especially the binding of Phe, Trp and Tyr sidechains, which
become unstable. It is noted that the stable binding of the Al-
backbone ring with the His sidechain in the presence of water
molecules can be attributed to the coordinate bond between
the Al ion and the N atom of His.

To reveal the physics underlying the water-dependent
binding between the Al-backbone ring structure and the
sidechains of Phe, Trp, and Tyr, we further calculated the
redistribution of the electron density when the Al-backbone
ring was bound to the sidechain by the formula,

∆D =D(BackboneRing + sidechain)

−D(BackboneRing) −D(sidechain),
(3)

where the first, second, and third terms on the right side of
equation represents the electron density of the complex, the
Al-backbone ring structure, and the sidechain, respectively.
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Fig. 4. (Color online) Distribution of positive and negative charges. The red and blue balls represent the atoms with positive and negative
charges, respectively. (a) Phe, (b) Trp, and (c) Tyr.

The results are shown in Fig. 3. Blue clouds were clearly
observed between the Al-backbone ring and the sidechains
of Phe, Trp, and Tyr, which means that there are electrons
shared between the backbone ring and sidechain, and, thus, π-
π stacking interaction occurs between them. The π-π stack-
ing interaction of two benzenes is about −0.3 eV [44], which
is obviously weaker than the binding of the backbone ring
with the sidechain. Therefore, besides π-π stacking, there
should be other physics underlying these interactions. We
further analyzed the atomic charges of the complex. As pre-
sented in Fig. 4, the positively charged Al ions were always
close to the negatively charged atoms of sidechain, which in-
dicates that there exists electrostatic attraction between the
Al-backbone ring and the sidechains of Phe, Trp, and Tyr.
Therefore, the Al ions in the backbone ring structure induce
the re-arrangement of charges in the sidechain, resulting in
a cation-π-like interaction between them [34–36, 45]. This
will significantly increase the binding strength of the ring
with those sidechains in the absence of water, which could
be largely reduced by water molecules.

IV. CONCLUSION

We studied the interaction between the Al-backbone ring
structure and the sidechains of His, Phe, Trp, and Tyr. It was
found that in the absence of water, the Al-backbone ring can
stably bind with those sidechains. In the presence of water,
it can bind to the His sidechain, but cannot bind to the other
sidechains. As revealed by further investigation, the underly-
ing mechanism was the coordinate bond of the Al-backbone
ring with the His sidechain, while there were the π-π stack-
ing and cation-π-like interactions with the other sidechains.
These findings are expected to help understand the effect of
Al-backbone ring structure on the sidechains of amino acids,
and even the pathogenic mechanism of Alzheimer’s disease.
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