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The interaction of aluminum with catecholamine-
based neurotransmitters: can the formation of
these species be considered a potential risk factor
for neurodegenerative diseases?t

Gabriele Dalla Torre, © 2 Jon I. Mujika, @2 Joanna Izabela Lachowicz,
Maria J. Ramos 2 ° and Xabier Lopez*®

The potential neurotoxic role of Al(i) and its proposed link with the insurgence of Alzheimer's Disease
(AD) have attracted increasing interest towards the determination of the nature of bioligands that are pro-
pitious to interact with aluminum. Among them, catecholamine-based neurotransmitters have been pro-
posed to be sensitive to the presence of this non-essential metal ion in the brain. In the present work, we
characterize several aluminum-catecholamine complexes in various stoichiometries, determining their
structure and thermodynamics of formation. For this purpose, we apply a recently validated compu-
tational protocol with results that show a remarkably good agreement with the available experimental
data. In particular, we employ Density Functional Theory (DFT) in conjunction with continuum solvation
models to calculate complexation energies of aluminum for a set of four important catecholamines:
L.-DOPA, dopamine, noradrenaline and adrenaline. In addition, by means of the Quantum Theory of
Atoms in Molecules (QTAIM) and Energy Decomposition Analysis (EDA) we assessed the nature of the Al—
ligand interactions, finding mainly ionic bonds with an important degree of covalent character. Our results
point at the possibility of the formation of aluminum-catecholamine complexes with favorable formation
energies, even when proton/aluminum competition is taken into account. Indeed, we found that these
catecholamines are better aluminum binders than catechol at physiological pH, because of the electron
withdrawing effect of the positively-charged amine that decreases their deprotonation penalty with
respect to catechol. However, overall, our results show that, in an open biological environment, the for-
mation of Al-catecholamine complexes is not thermodynamically competitive when compared with the
formation of other aluminum species in solution such as Al-hydroxide, or when considering other
endogenous/exogenous Al(ii) ligands such as citrate, deferiprone and EDTA. In summary, we rule out the
possibility, suggested by some authors, that the formation of Al—catecholamine complexes in solution
might be behind some of the toxic roles attributed to aluminum in the brain. An up-to-date view of the
catecholamine biosynthesis pathway with sites of aluminum interference (according to the current litera-
ture) is presented. Alternative mechanisms that might explain the deleterious effects of this metal on the
catecholamine route are thoroughly discussed, and new hypotheses that should be investigated in future
are proposed.

Introduction

The possible toxicity of aluminum is a highly controversial
issue.! Although scientific literature on the adverse health
> the exact molecular
mechanisms of aluminum toxicity are not sufficiently under-
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we can mention the promotion of oxidative stress,” ® the inhi-
bition of the normal function of several enzymes (such as hexo-
1713 etc.), the interference

with several key cell metabolism cycles,"*™® and also alteration
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of the structure and chemistry of important metabolites'*"”
and cofactors.'® Moreover, since it has been pointed out that
aluminum can cross the blood-brain barrier and accumulate
in cerebral tissues,'® special concerns have been raised on the
possibility of local toxic effects caused by the presence of the
aluminum ion. In fact, aluminum is widely recognized as a
potential neurotoxic element.”® Early studies supported this
hypothesis, linking aluminum to the formation of neurofibril-
lary tangles (NFTs),>! and more recent experimental and
theoretical studies have underlined the ability of aluminum to
bind to phosphorylated peptides®**® and to promote hyper-
phosphorylation of normal neurofilaments.?* In addition, the
ability of aluminum to contribute to Ap-amyloid aggregation
has been recently demonstrated,***?° and growing evidence is
linking aluminum to be a decisive contributing factor in
Alzheimer’s Disease (AD).>*’

Another proposed route for aluminum neurotoxicity is the
alteration of signaling processes in which neurotransmitters
are somehow affected by the presence of this exogenous metal.
Due to the possibility of aluminum binding catechols,*® that
bear two of the hardest Lewis base oxygen donors to Al(m),
an obvious target would be catecholamine-based
neurotransmitters.”’° > As a matter of fact, it has been shown
that aluminum affects the signaling process mediated by these
neurotransmitters,” altering their content in animal
models,”® and interfering with enzymatic activities in which
these neurotransmitters®* are involved.

In particular, some authors suggested that catecholamines
may become primary Al(ui) binders in citrate-low tissues.>***

Catechol-aluminum interactions have been extensively
studied in the framework of aluminum chelation therapy,”®3>~”
because of their strong binding affinity towards high valence
metals and their low molecular mass. Although several experi-
mental efforts have been made in this sense, the clear and com-
plete understanding of the properties and behavior of these
metal-ligand complexes is still a challenging task. Accordingly,
computational chemistry is a very powerful tool to complement
the available experimental data and help towards their rationali-
zation and clear understanding. The use of state-of-the-art
theoretical approaches can provide fundamental knowledge and
valuable insights into the properties of these systems, unattain-
able by other means. In this sense, we have recently proposed
and applied a validated computational protocol®*® to account for
the binding affinity of a wide set of catecholates and salicylates
towards Al(m), finding a good qualitative agreement with
respect to experimental stability constants. Moreover, the use of
the Bader’s Quantum Theory of Atoms in Molecules (QTAIM)
and the Energy Decomposition Analysis (EDA) allowed us to
characterize the physico-chemical features of the Al-O bonds and
rationalize the effects of different substituents towards the
modulation of the binding affinities. In this sense, we have
stressed how electron withdrawing/donating effects can modu-
late the strength of the Al-O bonds by means of their efficient
transmission through the aromatic rings of these compounds.®®

In the present work, we apply a similar methodology to
investigate the stability of metal-ligand complexes formed by
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aluminum and catecholamine-based neurotransmitters
(Fig. 1). Four catecholamines are considered in different
metal-ligand stoichiometries: .-DOPA, dopamine, noradrena-
line (norepinephrine) and adrenaline (epinephrine).
Furthermore, and more importantly, we carefully analyze the
proton/aluminum ion competition for binding to these neuro-
transmitters, comparing our results with those previously
published for catechol and 4-nitrocatechol®® and with other
known low-molecular-mass (LMM) Al(u) chelators such as
citrate, deferiprone (1,2-dimethyl-3-hydroxy-4(1H)-piridinone)
and ethylenediaminetetraacetic acid (EDTA) (Fig. 1). In particu-
lar, citrate was chosen as a reference compound of endogen-
ous aluminum chelators because of its well established high
affinity for Al(m) in human serum;**~*" deferiprone was chosen
as a reference of exogenous Al(m) chelators since it is the most
efficient LMM drug currently employed in aluminum and iron
chelation therapy.’””** Finally, the choice of EDTA as a refer-
ence compound is due to its high affinity for trivalent and
divalent metal ions, which is also the reason for its controver-
sial role in chelation therapy.”*** It is important to note that
these polydentate ligands span different binding modes (tri-
dentate for citrate, bidentate for deferiprone and hexadentate
for EDTA, Fig. 1), leading to different stoichiometric complexes
with different entropic contributions, and therefore are very
suitable choices to compare the thermodynamics of formation
of catecholamines.

Our results show that, although the formation of different
Al-catecholamine complexes shows favourable complexation
energies compared to catechol, due to the electron withdraw-
ing (EW) effect of the positively charged amino group, the
overall stability is not competitive with the formation of other
species in solution. Indeed, Al-catecholamine complexes can
only barely compete, from a thermodynamic point of view,
with the formation of Al(OH),” species in solution, in agree-
ment with the available experimental data. Al-Hydroxide is
widely recognized as the most stable Al(m) hydrolytic species at
physiological pH.**** Moreover, in an open biological environ-
ment, the formation of Al-catecholamine complexes is not as
stable as the formation of other metal-ligand complexes such
as Al-citrate, Al-deferiprone and Al-EDTA.

In summary, we rule out the possibility that the interaction
of aluminum with these neurotransmitters, in an open biologi-
cal environment, could explain the experimentally assessed
toxic effects of Al(m) with neuronal processes involving cate-
chol-based neurotransmitters. Other possibilities are exam-
ined and discussed in light of an up-to-date view of the cat-
echolamine biosynthesis pathway.

Methods

Cluster-continuum approach

In order to investigate the thermodynamics of these Al-
catecholamine complexes, a cluster-continuum approach is
employed.'”*®*” The first coordination shell of aluminum is
surrounded by explicit water molecules in an octahedral

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Structures of the compounds considered in the present work: L-DOPA, dopamine, noradrenaline (norepinephrine), adrenaline (epinephrine),
catechol, 4-nitrocatechol, deferiprone (Ferriprox), citric acid, ethylenediaminetetraacetic acid (EDTA). In red, atoms that form the metal coordination

site.

fashion; the effect of the remaining solvent is treated using the
self-consistent reaction field (SCRF) method with the polarized
continuum model (PCM), using the integral equation formal-
ism variant (IEFPCM).*® All geometrical optimizations were
carried out in the aqueous phase using the Gaussian 16 Rev.
A03 suite of programs,” the B3LYP functional®®®' and
6-31++G(d,p) basis set. Additionally, we added Grimme’s D3
dispersion correction,®® along with the Becke-Johnson (BJ)
damping function,’® that was shown to further increase the
accuracy of non-covalent interactions.>*™>°

To confirm that the optimized structures were real minima
on the potential energy surfaces, frequency calculations were
carried out at the same B3LYP-D3(BJ)/6-31++G(d,p) - IEFPCM
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 (7 = 298 K) vibrational corrections to the
enthalpies and Gibbs free energies within the harmonic oscil-
lator approximation. To calculate the entropy, the different
contributions to the partition function were evaluated using
the standard statistical mechanics expressions in the canonical
ensemble and the harmonic oscillator and rigid rotor
approximation.

The electronic energies were refined by single-point energy
calculations at the B3LYP-D3(BJ)/6-311++G(3df,2p) level of
theory. Single point calculations with other dispersion cor-
rected DFT functionals as well as MP2 were also performed to
validate the methodology, with similar results (see the ESI).

This journal is © The Royal Society of Chemistry 2019

Moreover, considering the importance of a proper treat-
ment of solvation energies using implicit solvation
models,>”*® we repeated the calculations using the SMD sol-
vation model®® and compared the results with IEFPCM calcu-
lations and experimental stability constants (ESI Table S6 and
Fig. S37), finding very similar correlation coefficients.

Definition of binding affinities

We characterized Al(m)-Lig complexes with 1:1, 1:2 and 1:3
stoichiometries. The formation stability of these complexes was
studied following the ligand substitution reaction shown in (1):

[AI(HZO)G](an M)3+ + Lr(aq,l M)q_
= [AI(HZO)6—er](aq.1 M)S_q + mHZO(an M)

(1)

where g is the net charge of the ligand L, r is the number of
ligands and m depends on the stoichiometry of the complex,
suchasm =2, m=4and m =6 for 1:1, 1:2 and 1:3 com-
plexes, respectively. Notice that we consider the ligand’s coor-
dinating groups in their unprotonated form, which is the state
considered when evaluating experimental log /.

The enthalpy in solution corresponding to the binding of
the ligand to Al(m) is therefore calculated as:

AHG™ = Hyq[Al(H,0)q_,, L] + mHaq(H,0)
— HaqAl(H,0)] — Hag(L)r + AnRT In(24.46)

(2)

Since the enthalpies are determined using an ideal gas at 1
atm as the standard state, the last term in eqn (2) corresponds

Dalton Trans., 2019, 48, 6003-6018 | 6005
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to the volume change due to the transformation from 1 atm to
1 M in solution, where An refers to the change in the number
of species in the reaction.®® In a similar way, the free energy of
the complexes is determined as:

AGL™ = Gag[Al(H20)_,Ls] + MGaq(H,0)
— Gaq[Al(H20)4] — Gag(L)r (3)
+ AnRT In(24.46) + mRT In(55.34)

where the last term is the entropic factor that accounts for the
concentration of 55.34 M of water in liquid water.®°

In order to take into account the influence of the protona-
tion constants at the coordination site, we also define free
energy at physiological pH values that takes into account the
energy penalty associated with the deprotonation of the two
phenoxide groups of these catechol-based ligands at physio-
logical pH (7.4), defined as:

AGEYS = AGI™ + AGHP™ (4)

The last term in eqn (4) corresponds to the free energy of
deprotonation of a given ligand at physiological pH (7.4). This
is calculated according to the experimental values for the titra-
table groups (phenolate) of the ligands. pK, values for catechol
and 4-nitrocatechol were taken from ref. 36; for .-DOPA, dopa-
mine, noradrenaline and adrenaline from ref. 30.

AGP™ = 2.303RT Y (pKa' — pH) (5)
i

where pK,' is the experimental pK,, and pH is taken as 7.4.

Al-ligand formation energies

A strategy to take into account the aluminum ion/proton com-
petition for the ligand’s binding site is presented. Formation
energies for aluminum-ligand complexes of different stoichio-
metries were considered according to the general equilibria:

Al(H,0)*" + Ly < AIL(H,0),_,,° " +
nH;0" + (m — n)H,0

(6)

where n is the number of protons in the coordination site of a
given ligand at physiological pH; m depends on the stoichio-
metry and the binding mode (bidentate, tridentate, hexaden-
tate) of the ligand considered (see eqn (2)).

As pointed out by Jensen,*” the calculation of binding ener-
gies in solution is a challenging task from a computational
point of view. This is mainly due to the inaccurate prediction
of solvation energies of small charged ions with continuum
solvation models such as IEFPCM. In order to alleviate this
problem, the Gibbs free energies of the hydronium and
hydroxide ions were calculated as:

Gaq(H30") = Ggas(H;0") + AGsor (H;0T) (7)
Gaq(OH ) = Ggas(OH ™) + AGo (OH ™) (8)

where G is calculated at the DFT level as explained before;
AGq,), are the experimental solvation energies of the hydro-
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nium and hydroxide ions (-103.45 and —106.40 kcal mol,
respectively) obtained from ref. 61.

Moreover, a correction term®” in the free energies is intro-
duced to account for the pH as:

Gpu = m(—pH)RT In(10) (9)

where physiological pH is 7.4 and m is the number of
hydroniums.

In the case of the calculation of the formation free energy
of Al(OH),” hydrolytic species a similar correction term was
introduced to account for pOH:

Gpon = m(—pOH)RT In(10) (10)

pAl calculation

Experimental pAl values of 1-DOPA, dopamine, noradrenaline
and adrenaline were calculated by means of the Hyperquad
simulation and speciation (HySS) program®” using speciation
data from ref. 30.

Chemical bond analysis

QTAIM and delocalization indices. The Quantum Theory of
Atoms in Molecules (QTAIM)® was used to perform a topologi-
cal analysis of the electron density, providing the critical
points of the electron density and the atomic boundaries that
define the atomic partition of the molecular space. The so-
called bond critical points (BCPs) are saddle points of the elec-
tron density that usually occur between two bonded atoms and
provide important information about the nature of bonding.
Closed-shell interactions (such as van der Waals, ionic and
hydrogen bonds) and metal-metal interactions are character-
ized by small values of density, charge depletion and
positive energy densities (i.e., small p(rscp), V2p(recp) > 0 and
H(rgcp) > 0). Conversely, covalent interactions are characterized
by large electron density values, charge concentration and
negative energy densities (i.e., large p(rscp), Vp(recp) < 0 and
H(rgep) < 0).7°° However, it has been pointed out that for
some interactions which may be classified as covalent bonds,
the Laplacian is positive and the total energy density at the
BCP (H(rgcp)) is negative. Such a situation is often observed for
strong A-H:--B hydrogen bonds classified as partly covalent in
nature (H(rgcp) < 0).¢”

Delocalization Indices (D.1.) are a measure of the covariance
between the population of two atoms A and B and, conse-
quently, a measure of the number of electrons simultaneously
fluctuating between these atoms,®*%°

5(A,B) = j L d1d2p,.(1,2) = cov(Na, Ng) (11)

A
where p,(1, 2) is the exchange-correlation density.”® It can be
taken as the number of electron pairs shared between atoms A
and B, i.e., the bond order.”

The AIMAII v11.08.23 program’> was used to carry out the
QTAIM analysis on the previously optimized structures at the
B3LYP-D3(BJ)/6-311++G(3df,2p) level of theory.

This journal is © The Royal Society of Chemistry 2019
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Energy decomposition analysis (EDA)

The energy decomposition analysis (EDA) is a state-of-the-art
tool for a quantitative interpretation of chemical bonds. The
EDA scheme” based on the theory developed by Ziegler and
Rauk’™ and by Morokuma’ was carried out using the
ADF20177°7® suite of programs. In order to perform the EDA
analysis, all 1: 1 Al-ligand complexes previously optimized at the
B3LYP-D3(B])/6-31++G(d,p) IEFPCM level with Gaussian16 were
split into two fragments: the aluminum ion surrounded by four
water molecules and the unprotonated ligand. Single-point ener-
gies for the EDA analysis were calculated using the B3LYP-D3(BJ)
functional and the very robust full electron even-tempered quad-
ruple-¢ basis set’**® (ET-QZ3P-1DIFFUSE) provided by ADF2017.
All EDA calculations were performed in the gas phase.

The EDA decomposes the instantaneous interaction energy
AE;, between two fragments A and B in a molecule A-B into
three well defined terms that can be interpreted in chemically
meaningful ways:

AEine = AEeistat + AEpauti + AEo; (12)

These terms are (1) the quasi-classical electrostatic inter-
action energy between the charge densities of the fragments,
AE.iseae (2) the exchange/repulsion between the fragments due
to Pauli’s principle, AEp,,;, and (3) the energy gain due to
orbital mixing of the fragments, AE,;.

Considering that EDA calculations are usually carried out
in the framework of density functional theory, if an explicit
correction term for dispersion interaction is employed (such
as Grimme’s D3 method), then EDA numerical results remain
unchanged but the dispersion correction appears as an extra
term:

AEint = AEelstat + AEPauli + AEoi + AEdisp (13)

Results and discussion

Binding affinities of 1:1, 1:2 and 1: 3 Al-catecholamine
complexes with respect to reference catechol

In Fig. 2, we depict the structures characterized in the present
work for 1:1, 1:2 and 1:3 aluminum-catecholamine com-
plexes along with our previously determined structures for
catechol and 4-nitrocatechol ligands.*® Very similar structures
are obtained with respect to catechol, indicating that the
different amine substituents have a little effect on the coordi-
nation mode of aluminum to the catechol moiety.

In Table 1, we can find the binding energies of catechol-
amines compared to catechol and 4-nitrocatechol chosen as
reference structures of our previous work.>® Two states have
been considered for the amino group: protonated and unpro-
tonated. Although the estimation of Kiss et al.?’ is that at phys-
iological pH these amines will be protonated, we have decided
to consider both possibilities in order to gain more insights
into the thermodynamics of binding energies and the role
played by the positively charged amino group. It is worth
emphasizing that the theoretical methodology employed in

This journal is © The Royal Society of Chemistry 2019
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this work has been recently thoroughly validated for a wide
dataset of catecholates and salicylates using different density
functionals, the MP2 method and experimental data.’® In
Fig. 3, we compare the binding free energies, AGyq ', of the
catecholamines along with the previously obtained values for
catechol and 4-nitrocatechol with respect to experimental
stability constants (log ), finding a remarkable good corre-
lation coefficient of 0.9909, which confirms the validity of our
approach. It is important to mention, at this stage, that experi-
mental logp values were taken from two different sources:
those of catecholamines from an old paper by Kiss et al.*® and
those of catechol and 4-nitrocatechol from a more recent
paper by Nurchi et al.*® Binding energies with different func-
tionals (M06-2X** and wB97X-D*)) as well as the
MP2 method®® can be found in the ESI (Tables S1-S37),
giving very similar correlation coefficients when compared
with experimental stability constants (ESI Fig. S17).

We first discuss the results for N-protonated catecholamines,
as this is the most likely situation at physiological pH. In
general, catecholamines show lower AGyq ¥ (in absolute values)
than catechol, in agreement with the lower experimental stabi-
lity constants (Table 1). However these binding affinities are
higher than the ones of 4-nitrocatechol; this compound was
chosen as a reference system to evaluate the electron withdraw-
ing (EW) effect of substituents in the catechol ring. Accordingly,
the introduction of a positively charged amino tail in catechol-
amines has an EW effect, which is smaller than the one pro-
voked by the 4-nitro substituent. This can be explained consid-
ering that, as assessed in our previous work,*® the strong EW
effect of the NO, group added to a catecholate ring is mediated
through both resonance and inductive mechanisms of action.
On the other hand, the EW effect of the protonated amino
group of catecholamines is mediated only by the electron
attracting behavior of the positive charge. Among catechol-
amines, .-DOPA and dopamine show, in general, higher AGyq™"
than adrenaline and noradrenaline. In this sense, we should
bear in mind that protonated 1-DOPA has a higher total negative
charge (—2) than the rest of the catecholamines (—1) due to the
presence of the carboxylate group (Fig. 1); therefore, its inter-
action with the trivalent aluminum ion is expected to be stron-
ger. Besides, the higher Al(ur) affinity of dopamine compared to
noradrenaline and adrenaline can be explained considering
that the latter two compounds contain a hydroxyl group in the
alkyl chain, which has an EW effect. These aspects will be dis-
cussed in detail in the “Analysis of Al-O bonds” section.

In order to check the effect of the positive charge of the
amine towards binding affinities, we re-evaluated AGuq ©
values considering the unprotonated amino groups. In all
cases, there is an increase of absolute AGyq © values (Table 1),
which is due to the higher total negative charge of
N-unprotonated catecholamines. Interestingly, now r-DOPA
and dopamine show larger binding energies than catechol.
Again, 1-DOPA bears a higher total negative charge (—3) than
catechol (—2) and the other catecholamines (—2), that explains
its stronger aluminum affinity. However, in the case of dopa-
mine, the presence of the alkyl tail acts as an electron donat-

Dalton Trans., 2019, 48, 6003-6018 | 6007
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Fig. 2 Optimized geometries in aqueous solution of 1:1, 1:2 and 1:3 complexes of aluminum with L-DOPA, dopamine, noradrenaline (norepi-

nephrine), adrenaline (epinephrine), catechol and 4-nitrocatechol.

ing group (ED) by induction, although such an effect is wea-
kened by the presence of the EW effect (by induction) of NH,.
Moreover, when a second EW group is added to the alkyl
chain, namely, -OH in noradrenaline and adrenaline, the
overall EW effect prevails over the ED one, lowering the
binding ability of these two catecholamines with respect to
catechol (Table 1).

In summary, the positive charge at the amino group plays a
major role in the modulation of the binding affinities in these
aluminum-ligand complexes, although the presence of other
substituents also influences the overall stability.

6008 | Dalton Trans., 2019, 48, 6003-6018

In order to confirm these speculations and to obtain a
more physically sound picture of the substituent effects, as
well as to investigate the bonding nature of these complexes,
we decided to perform a detailed chemical bond analysis
based on both QTAIM and EDA analysis which is presented in
the next section.

Analysis of Al-O bonds

Bader’s Quantum Theory of Atoms in Molecules (QTAIM,
Table S4 and Fig. S2t) allows us to gain more insight into the
physico-chemical properties of these Al-ligand interactions.

This journal is © The Royal Society of Chemistry 2019
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Table 1 DFT binding enthalpies (AH;q™™), binding energies (AGsq™") and physiological binding energies (AGzq
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Phys) with available experimental stability

constant (log 3, log ffcong.) and pAl data for the whole dataset of catechol-based ligands. Note that cumulative stability constants (log ) are compar-

able with AG3q™, while conditional stability constants (log fcona) are comparable with AGhq

influence of protonation constants

s since the last two quantities take into account the

Theoretical thermodynamics

Experimental parameters®

h h
_ AHS™ AGR™  AGE® AHE™  AGE™  AGR
Ligands Protonated amine Unprotonated amine log j 1og fcona. pAl
1-DOPA 1:1 —88.3 —-92.8 —82.7 -91.8 —95.2 —81.9 16.0 8.1 10.8
1:2 -160.0 —-166.6 —146.4 -160.3 —165.6 —138.8 29.2 13.3
1:3 —182.8 —193.5 —163.3 —187.7 —195.7 —155.5 38.4 14.5
Dopamine 1:1 —85.7 —88.6 —78.8 —89.5 -92.8 —78.9 15.6 8.0 10.8
1:2 —148.4 —-154.7 —-135.1 —-153.6 -161.6 —133.8 28.6 13.4
1:3 —181.8 —190.0 —160.6 —186.2 —195.2 —153.5 37.6 14.7
Noradrenaline 1:1 —83.1 —87.2 -77.8 —88.3 -91.8 —79.8 15.6 8.3 11.4
1:2 —-143.0 -150.7 —-131.8 —148.5 -157.0 —-133.0 28.6 14.0
1:3 -177.5 —186.1 -157.7 -179.2 —189.8 —153.8 37.9 16.0
Epinephrine 1:1 —83.0 —87.2 -78.1 —88.2 -91.5 —78.7 15.6 8.2 11.3
1:2 —143.0 -150.7 —132.5 —146.4 —-154.6 —-129.3 28.6 13.9
1:3 -176.4 —187.2 —159.2 —-178.4 —186.3 —148.0 37.9 15.8
Catechol 1:1 —88.4 -91.4 —79.6 16.3 8.2 10.1
1:2 —-151.8 -157.7 —134.1 31.7 13.2
1:3 —183.1 —-191.7 —156.6 41.1 13.5
4-Nitrocatechol 1:1 —71.6 —75.8 -71.2 13.3 — 14.2
1:2 —-124.0 —-130.8 -121.7 24.8 —
1:3 —183.1 —164.6 —150.8 33.7 —

“Experimental pK, and parameter values for .-DOPA, dopamine, noradrenaline and adrenaline are taken and calculated (pAl) using data from
ref. 81; for catechol and 4-nitrocatechol are taken from ref. 36. All energies in kcal mol™" are calculated at the B3LYP-D3(BJ)/6-311++G(3df,2p) -

IEFPCM level of theory.
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Fig. 3 B3LYP-D3(BJ) binding energies (AGgq™") versus experimental
stability constants (log ).>>*® A correlation coefficient of 0.9909 is
obtained. All amino groups are considered in their protonated state.

For simplicity, we will focus our discussion on 1:1 complexes,
considering both N-protonated and N-unprotonated catechol-
amines. Similarly as reported in our previous work on the
interaction of aluminum with substituted catechols and sal-
icylic acids,”® we find positive values of the Laplacian of the
electron density, V?p(rgcp), and small but negative values of

This journal is © The Royal Society of Chemistry 2019

the energy density, H(rgcp), consistently for all Al-O bond criti-
cal points. According to the Bader’s criteria, positive values of
V?p(rscp) and H(rgcp) are indicative of closed-shell interactions
(i.e. ionic or electrostatic bonds), while negative values for
both quantities indicate the presence of shared (covalent)
interactions. The mixed situation present in our results, pre-
viously reported for bonds involving metals,®® suggests that
although Al-O bonds are mainly of ionic nature, they also
contain a small degree of covalency, due to their dative nature.
To provide a more accurate analysis of these aluminum-ligand
interactions, Al-O delocalization indices (D.I.5-o) were also
calculated. Delocalization indices are a measure of the average
number of electron pairs shared between two atoms, therefore
they have been related to the measure of the covalent character
of a given bond.”

As previously hypothesized, the results seem to confirm the
electron withdrawing effect mediated by the positively charged
amino group (Table S4 and Fig. S2+) that decreases the elec-
tron density from the two Al-O bonds; a more detailed albeit
speculative analysis of the D.I.,_o values is presented and
thoroughly discussed in the ESI.{

In summary, Bader’s analysis confirmed the hybrid nature
of the Al-O interactions, and has been proven to be a powerful
tool to rationalize the effects that the different chemical
environments of these catechol-based compounds have on
their binding affinity trend.

Dalton Trans., 2019, 48, 6003-6018 | 6009
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The EDA approach was also used to characterize the degree
of the ionic/covalent character of the Al-O bonds (Table S57t)
by splitting the total interaction energy (AEy,) into the electro-
static (AEegt), Orbital interaction (AE,;) and Pauli repulsion
(AEpyy)i) terms. EDA results confirm the previous QTAIM ana-
lysis, pointing to a mainly ionic bond with a smaller but sig-
nificant covalent character. As expected, there are pronounced
differences in the electrostatic contributions to the bond
depending on the total charge of the ligand. In this sense,
unprotonated catecholamines show higher AE.,: values than
protonated ones (Table S51). Moreover, N-protonated L-DOPA,
catechol and 4-nitrocatechol show larger electrostatic energies
than protonated dopamine, noradrenaline and adrenaline, in
agreement with their higher negative charge. One has to take
into account that a lower AE.q ., Will be compensated with a
lower de-solvation energy when forming the complex, and
therefore the big differences in AE.g, and AE;, shown in
Table S5f are not reflected in the actual AGyq © trend
(Table 1), due to the lack of solvation effects in EDA analysis.
Also, this puts a word of caution in the use of EDA with no-sol-
vation effects when comparing ligands of different total charges.

In general, protonated catecholamines show lower orbital
interaction energies (AE,;) than the protonated counterparts,
in agreement with the previous delocalization indices analysis
(Fig. S27), indicating a lower covalent contribution. However,
among different compounds a clear trend in orbital and inter-
action energies with respect to binding energies (AGaq "
could not be established. Therefore, we remark again that EDA
results should be taken only with caution, since no solvation is
introduced in this energy decomposition scheme; we already
reported the paramount importance of considering solvation
effects when dealing with charged complexes in solution.®

Aluminum ion/proton competition for ligand binding

Unlike log f, (apparent) stability
(log Beona) are weighted by taking into account the influence of
the protonation constants of a given ligand.®” That is, their cal-
culation considers the ligand in all of its possible forms in
solution;®” accordingly, log fecona takes into account the
proton/aluminum ion competition for ligand’s coordination
site. This is due to the fact that both Al(m) and H' are hard
Lewis acids and, therefore, compete for the binding of hard
Lewis bases, coherently with the Pearson’s Hard and Soft
Acids and Bases (HSAB) principle.®®

A comparison between the experimental values of log f and
log Beona PoINts to a change in chelation performance between
catechol and catecholamines (Table 1). Thus, whereas in
general higher values of logp are found for catechol with
respect to catecholamines, the opposite is true when consider-
ing conditional stability constants, indicating that when
proton competition is taken into account catecholamines are
better aluminum chelators than catechol. The reason relies
on the lower pK, values of the two hydroxyl groups of the cate-
chol ring of catecholamines®® compared with those of cate-
chol.’® In Table 1, we report the values of physiological

binding energies (AG;}]’}'S), calculated by taking into account

conditional constants
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the energetic penalty that Al(m) has to pay in order to deproto-
nate the ligands, based on their experimental pK, values (see
the Methods section). In agreement with the experimental
log fecona data, we also observe a change in the trend between
AGRY and AGW™, with catecholamines showing slightly
higher AGEQY ° values than catechol but smaller AGgq®
(Table 1).

The estimation of AGapgy ® is a first approach to understand
the chelation performance towards Al(m). However, the fact
that both theoretical and experimental information are com-
bined in the evaluation of AG;?YS partially jeopardize the use-
fulness of this approach; both contributions to the final
binding energy are not evaluated at the same level and the pro-
cedure depends on the availability of experimental pK, values
for the ligands. In order to overcome these limitations, we
decided to calculate the binding energies of Al-ligand com-
plexes departing from protonated ligands. In this way, the
proton/aluminum ion competition for ligand binding is intrin-
sically considered in the definition of the corresponding reac-
tion equilibria (see the Methods section). We will refer to these
free energies as AGigan, where the subscript L,y stands for
the protonation state of a given ligand L at physiological pH.
Results can be found in Table 2; we have considered that both
hydroxyl groups of the catechol moiety in all compounds are
protonated and that the amino groups of catecholamines are
also in their protonated state. We have observed that, irrespec-
tive of the stoichiometry and of the catecholamine, we obtain
in all cases substantial negative AGf,’gan values. This suggests
that, in all cases, aluminum is able to displace the protons
from the catechol moieties and form stable Al-ligand
complexes.

In summary, both experimental and theoretical results
point to the importance of considering properly the effect of
ligand deprotonation in order to evaluate the overall perform-
ance of a given ligand towards aluminum binding. In fact, the
order in relative binding affinity can be altered when deproto-
nation energies of the ligands are taken into account.
Nevertheless, the interaction between aluminum and catechol/
catecholamines is strong enough to displace the protons from
the ligand, leading to potentially stable complexes.

Comparison between different ligands towards aluminum
binding and aluminum hydroxide formation in solution

In an open biological environment, in order to bind to a given
ligand, the aluminum ion has to compete not only with the
protons, but also with other endogenous (and eventually
exogenous) chelators. Moreover, the speciation of the Al(u) ion
in solution is a complex task;*> indeed, at physiological pH,
there exist several Al(ur)-hydroxide species, with AI(OH),~ being
the most stable one.*** Accordingly, we also need to consider
the possibility of the hydroxide binding competition, in order
to evaluate the chelation performance of a given ligand.

In this sense, the main shortcoming in the use of log f.ond
as a criterion to evaluate the chelation properties is the fact
that conditional stability constants depend on the stoichi-
ometries of the corresponding metal-ligand complexes.***”

This journal is © The Royal Society of Chemistry 2019
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Table 2 DFT and experimental (pAl) proton/aluminum ion competition for ligand binding, compared to hydroxide formation used as a reference.

Ligands are considered in their physiological protonation state

Ligands Reaction equilibria AH‘:(();:EH AGEZ'_IL'EH AGggan AAGZ(}]‘_YLS,,H pAl

Hydroxide Al(H,0)¢*" + 40H™ — Al(OH),” + 6H,0 —82.0 -94.9 —59.0 0 12.1°

1-DOPA Al(H,0)6™" + Loy — AlL(H,0)," + 2H;0" —-10.8 -19.9 —40.1 18.9
Al(H,0)6>" + 2L,° — AlL,(H,0),” + 4H;0" —4.9 -20.7 —61.1 -2.1 10.8°
Al(H,0)6™ + 3L,° — AlL;*™ + 6H;0" 18.6 28.6 -31.9 2741

Dopamine Al(H,0)™" + Loy" — AIL(H,0),*" + 2H;0" —-10.8 —-18.9 —39.0 20.0

. - . —15. —=55. . .

Al(H,0)6>* + 2L,5" — AIL,(H,0)," + 4H,0" 1.5 15.2 55.5 3.4 10.8°
Al(H,0)6™" + 3Lop_" = AlL;® + 6H;0" 43.1 19.2 —41.3 17.7

Adrenaline Al(H,0)™" + Loy" — AIL(H,0),*" + 2H;0" -12.4 -21.2 —41.3 17.7
Al(H,0)6> + 2L,5" - AlegHzo)Z+ +4H,0" -1.7 -18.6 —59.0 0 11.3%
Al(H,0)¢™" + 3L,y " — AIL;" + 6H;0" 34.5 12.0 —48.5 10.5

Noradrenaline Al(H,0)™" + Loy" — AIL(H,0),>" + 2H;0" -12.6 -21.9 —42.1 16.9
Al(H,0)6> + 2L,5" — AlegHzo)Z+ +4H,0" -2.2 —20.2 —60.6 -1.6 11.4°
Al(H,0)¢™" + 3L,y " — AIL;" + 6H;0" 34.8 8.5 —52.1 6.9

Catechol Al(H,0)6™" + Loy — AlIL(H,0)," + 2H;0" —-10.6 -19.4 —39.6 19.4
Al(H,0)6>" + 2L,° — AlL,(H,0),” + 4H;0" 3.8 -13.7 —54.0 5.0 10.1°
Al(H,0)¢™" + 3L,1° — AlL;*™ + 6H;0" 50.0 24.4 —36.2 22.8

4-Nitrocatechol Al(H,0)6™" + Loy — AlL(H,0)," + 2H;0" —15.2 —25.0 —45.2 13.8
Al(H,0)6>" + 2L,° — AlL,(H,0),” + 4H;0" -11.1 -30.0 -70.4 -11.4 14.2¢
Al(H,0)¢™" + 3L,1° — AlL;*™ + 6H;0" 14.5 —14.0 -74.6 -15.6

Deferiprone Al(H,0)™" + Ly~ — AIL(H,0),*" + H,0 + H;0" —26.8 —-33.3 —43.4 15.6
Al(H,0)6>* + 2Ly~ = AlL,(H,0)," + 2H,0 + 2H;0" -39.7 -51.0 -71.2 -12.2 15.49
Al(H,0)¢™" + 3Ly°~ = AlL;° + 3H,0 + 3H;0" -28.8 —53.7 —84.0 —25.0

Citrate Al(H,0)¢™" + Ly~ — AlL(H,0);~ + 2H,0 + H;0" —58.5 —-70.0 —80.0 -21.0 14.4¢
Al(H,0)¢*" + 2Ly~ — AIL’>™ + 4H,0 + 2H;0" —46.7 -71.7 -91.8 -32.8

EDTA Al(H,0)** + Ly®™ — AIL™ + 5H,0 + H;0" -79.2 -111.8 -121.9 —62.9 16.4¢

“Data taken from ref. 32. ® Calculated with the HySS program using data from ref. 81. “Data taken from ref. 36. ? Calculated with the HySS
program using data from ref. 89 All energies in kcal/mol are obtained at the B3LYP-D3(BJ)/6-311++(3df,2p) - IEFPCM level of theory.

For this reason, stability constant values of ligands displaying
different denticities (e.g. bidentate, tridentate, hexadentate
etc.) cannot be directly compared because of different entropic
contributions of their chelate effect.**

In order to overcome such limitations, the pM parameter
has been introduced as a general criterion to compare the che-
lation performance between different ligands.’® This is
defined as —log[Mg] usually taken at [My] = 1 x 10°° M and
[Lr] =1 x 107> M at pH 7.4, where [My] is the concentration of
free metal in solution (in this case aluminum), and [My] and
[Lr] are the total concentrations of the metal and the ligand,
respectively.’” Such an experimental parameter is very useful
to assess the potential competitiveness of different ligands
towards Al(m) in an open biological environment, and it will
be used in this section for the discussion of the Al(m) binding
efficiency of different ligands (see Table 2 and Fig. 5).

In Table 2 and Fig. 5, we compare the formation energies of
the catechol-based ligands with those of some reference com-
pounds displaying different denticities, namely: citrate, the
main biochelator of aluminum in blood serum;**™*' deferi-
prone, one of the main drugs used in Al(m) chelation
therapy;®*”**°! EDTA, one of the most powerful Al(m) chelating

This journal is © The Royal Society of Chemistry 2019

agents*®** (Fig. 4). As in the previous section, all ligands are

considered at their most likely protonation states at physiologi-
cal pH (Table 2): citrate with a hydroxy group protonated and
the three carboxylates unprotonated; deferiprone with the
hydroxy group protonated, and EDTA with one amine proto-
nated and the four carboxylates unprotonated. In addition,
relative formation energies (AAGggan) for each ligand are cal-
culated with respect to the formation energy of Al(OH),”
hydrolytic species, which represents the competition of hydrox-
ide for aluminum binding in solution (Table 2). We depict
both theoretical and experimental (pAl) data in Fig. 5. Note
that the vertical line at pAl = 12.1 indicates the threshold for
an efficient competition with aluminum hydroxide formation;
the same is true for the horizontal line at AGggan =
—59.0 keal mol™", which marks the theoretical limit for a given
ligand to be able to compete with hydroxide formation at phys-
iological pH.

In Fig. 5 we see that, although all catecholamines and cate-
chol compounds show negative formation energies, only
4-nitrocatechol at 1:2 and 1:3 stoichiometries is able to
clearly outcompete hydroxide at physiological pH (Fig. 5). This
is coherent with an experimental pAl of 14.2 for 4-nitro-

Dalton Trans., 2019, 48, 6003-6018 | 6011
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Fig. 4 Optimized geometries in the aqueous solution of aluminum
bound to different reference ligands: deferiprone (Ferriprox), citrate and
ethylenediaminetetraacetic acid (EDTA). Note that deferiprone, citrate
and EDTA are, respectively, bidentate, tridentate and hexadentate alumi-
num chelators.

catechol, similar to the 14.4 value of citrate. Similarly, citrate,
deferiprone and EDTA lie in the top-right region of Fig. 5, the
region where they can form more stable complexes than
Al(OH),™ according to both theoretical and experimental data.
The AGS?’LSHH values of catechol, irrespective of the stoichio-
metry, are lower (in absolute values) than —59.0 kcal mol™,
the calculated formation free energy of Al(OH),” hydrolytic
species (Table 2). This is in agreement with the lower pAl value
of Al-catechol, 10.2, than that of Al-hydroxide, 12.1.
Catecholamines lie in an intermediate situation between that
of catechol and 4-nitrocatechol, but both theoretical and

View Article Online
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experimental results restrain them in an area of low competi-
tiveness with respect to hydroxide formation (Fig. 5). Indeed,
only 1:2 Al-.-DOPA and Al-noradrenaline seem to be barely
competitive with Al-hydroxide, showing AGaPanH values of
-61.1 and -60.6 kcal mol™!, respectively (Table 2).
Interestingly, among bidentate compounds, all Al-catechol-
amine complexes, as well as all Al-catechol ones (but not Al-4-
nitrocatechol nor Al-deferiprone) show a preference towards
the formation of the 1: 2 metal-ligand complex (Fig. 5). This is
in agreement with the speciation diagram for Al-adrenaline
depicted by Kiss et al.,*® where they found that the 1:2 Al-
adrenaline complex is the prevalent one in the 5-8 pH range.

The overall low competitive situation of all catecholamines
is reflected by their pAl values around 10 and 11, that we calcu-
lated using the speciation data of Kiss et al.>® They are close
but lower than the pAl value of Al-hydroxide, 12.1 (Table 2),
although Martin®* has reported a generic and single pAl value
for all catecholamines of 12.8, which seems to be only barely
competitive compared with Al-hydroxide formation.

In summary, despite that catecholamines display in prin-
ciple favorable proton/aluminum ion competition with an
enhanced affinity with respect to catechol, this is not sufficient
to transform them into potential strong aluminum binders in
aqueous solution at physiological pH; they can only barely
compete with aluminum-hydroxide formation. Moreover, as
demonstrated by our calculations and by the available experi-
mental data, other well known aluminum chelators such as
citrate, deferiprone and EDTA, are much more prompt to bind
to Al(m) than catecholamines in an open biological environ-

® 1:1 Complex
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Fig. 5 Proton versus aluminum ion competition for different ligands at different stoichiometries. On the x-axis, experimental pAl values. On the
y-axis, DFT formation energies. Aluminum hydroxide [Al(OH),~] formation is used as a threshold for positive/negative Al-ligand competition. All Al—

ligand reaction equilibria are presented in Table 2.
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ment. Accordingly, we can classify these neurotransmitters as
overall poor aluminum binders; the impact of these findings
in light of the catecholamine biosynthesis pathway will be dis-
cussed in the next section.

Discussion and biological implications
of the results

The catechol moiety is the building block of catecholamines, a
class of neurotransmitters and hormones of fundamental
importance for the correct homeostasis and function of both
the central (CNS) and peripheral (PNS) nervous systems, where
they exert a wide range of tasks.”>®* Within the CNS, these
neurotransmitters are involved in many cognitive, motor,
emotional, neuronal plasticity and memory-related functions.
In the PNS, as hormones they find their way in the correct be-
havior of both the sympathetic and parasympathetic systems,
where they play an important role in the fight-or-flight
response and, in general, in the body’s response to stress.’
1-DOPA, dopamine, noradrenaline (norepinephrine) and adre-
naline (epinephrine) are synthesized from the aminoacid
L-tyrosine (Fig. 6); the resulting catecholamine biosynthesis
pathway involves several enzymes, substrates, cofactors, metal
ions and regulatory mechanisms that are highly interjoined
with other metabolic pathways, leading to a complex and
finely controlled network.”> Hence, the perturbation, inter-
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ference or impairment of such an intricate network is associ-
ated with the development of severe clinical phenotypes and
neurometabolic disorders.”®

As introduced in the beginning, Al(m) is believed to play a
role in the insurgence of neurodegenerative diseases (in par-
ticular Alzheimer’s Disease®’) as well as in the impairment of
several key neuronal processes.” Indeed, it has been shown
that this exogenous metal affects the signaling process
mediated by catecholamines,®® it alters their content in animal
models,”® and interferes with enzymatic activities that involve
these neurotransmitters.>*°*® Moreover, it has been demon-
strated that the ingestion of aluminum affects catecholamine
levels in different brain tissues.”®"%°

Therefore, a relationship between the presence of alumi-
num in the brain and interferences with the metabolic routes
involving catecholamines has been established. Does the inter-
action of aluminum with catecholamines, and the resulting
metal-neurotransmitter complexes, play a direct and crucial
role that could be considered a potential risk factor for neuro-
degenerative phenotypes? Our calculations clearly support the
formation of stable complexes between aluminum and cat-
echolamines, with favorable complexation energies even when
proton displacement is taken into account. However, in solu-
tion the resulting complexes are only barely competitive with
the formation of Al(OH),” hydrolytic species at physiological
pH. Additionally, both theoretical and available experimental
data point to a highly unfavored competition of all Al-neuro-

Enzymatic machineries

Tyrosine
hydroxylase

Aromatic
L-amino acid
decarboxylase

Dopamine
B-hydroxylase

Phenylethanolamine
N-methyltransferase

Fig. 6 Schematic representation of the catecholamine biosynthesis pathway with sites of aluminum interference according to the literature.
Cofactors involved in each specific enzymatic reaction are highlighted in blue, while functional groups that are added/removed in red. THB =
Tetrahydrobiopterin; P5P = pyridoxal phosphate; SAM = S-Adenosyl methionine; vitamin C = ascorbic acid; DfH = dopamine p-hydroxylase.
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transmitter complexes with respect to other endogenous bio-
chelators such as citrate, or with respect to other ligands like
deferiprone and EDTA.

As a consequence, the direct interaction of free aluminum
ions in solution with catecholamines does not seem to be a
likely factor that could interfere with these metabolic pathways.
Based on our thermodynamic data, the formation of strong
aluminum-catecholamine complexes must fulfill two con-
ditions: (i) a solvent-free environment that protects from
hydroxide attack or prevents hydroxide formation, and (ii) the
absence of other efficient aluminum chelators. Some authors
have already suggested that the formation of aluminum-cat-
echolamine complexes requires a citrate-free environment,*%3
although they did not discuss carefully the effect of hydroxide
molecules.

In light of these considerations, what is the experimentally
assessed detrimental role of aluminum within the catechol-
amine route?

To answer this question, in the rest of the section we will
collect and discuss (to the best of our knowledge) the literature
regarding Al(m) and catecholamines, and evaluate some other
possible mechanisms of Al(m) interference that could be
assessed in future. For that purpose, an up-to-date representa-
tion of the catecholamine biosynthesis pathway with sites of
aluminum influence (according to the literature) is proposed
in Fig. 6.

There are three enzymes whose activity has been reported
to be inhibited by the presence of aluminum: tyrosine
hydroxylase (TH),””*® dopamine f-hydroxylase (DBH)**°® and
catechol-O-methyltransferase (COMT).'*"*%* Tyrosine hydroxyl-
ase is responsible for the synthesis of .-DOPA using the ami-
noacid L-tyrosine as a substrate and Fe(u) and tetrahydrobiop-
terin (THB) as cofactors. Dopamine f-hydroxylase, an enzyme
that contains Cu(u) metal ions in its active site, converts dop-
amine to noradrenaline using vitamin C as a cofactor. Finally,
catechol-O-methyltransferase is involved in the regulation
(inactivation) of catecholamine levels by methylation of their
hydroxyl groups, using Mg(u) and S-adenosyl methionine
(SAM) as cofactors (Fig. 6).

Interestingly, all of these three enzymes make use of divalent
metal ions (iron, copper and magnesium) in order to perform
the redox reactions required by their active sites. Al(u) is well
known for being a non-redox metal,””®'* therefore it can have a
direct and strong influence on the reaction mechanisms cata-
lyzed by these enzymes. Aluminum has been shown to be
able to bind to Fe(m)loaded transferrin.'®* %" Accordingly,
aluminum might be able to displace the copper ion from the
active site of DBH and, due to its different ionic radius, confor-
mationally impair the activity of that enzyme. Alternatively,
another possibility is that the non-redox behavior of Al(u) alters
the reaction mechanism of DBH leading to its inactivation.

Similarly, Al(m) might compete with Fe(u) and Mg(u) being
utilized as a cofactor by TH and COMT, respectively, thus
affecting their normal behavior.

Quite interestingly, Al(u) inhibits O-methylation (COMT)
but not N-methylation (phenylalanine N-methyltransferase,
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PNMT)'*"'%* of catecholamines. PNMT is the enzyme in
charge of the synthesis of adrenaline through N-methylation of
noradrenaline (Fig. 6). These findings were interpreted in
terms of the formation of strong and stable Al-catecholamine
complexes, in which the methylation at the oxygen atoms of
the catecholate would be affected by the binding of the metal,
whereas the methylation at the terminal amino group of nor-
adrenaline would be unaffected since this group is not directly
bound to aluminum.'®'®* In line with this interpretation,
authors showed that the use of a potent chelating agent such
as deferoxamine (DFO) is able to reverse the Al(m)-induced
inhibition of COMT,'” in agreement with the much higher
Al(m) affinity of EDTA and deferiprone characterized in this
work. They also reported that an excess of DFO inhibits again
COMT, because of the removal of magnesium ions that are
required as cofactors.'>

Our results would further support this hypothesis, since in
COMT, contrary to PNMT, there is a well-defined Mg(u)
binding site that can protect aluminum from hydroxide for-
mation, due to the lack of solvent molecules. Therefore, such
an environment could favor the formation of a strong alumi-
num-catecholamine complex that, ultimately, impairs the
normal functioning of COMT. In this sense, Sparta and
Alexandrova investigated the effects of various divalent and tri-
valent metal ions towards the enzymatic activity of COMT by
means of QM/MM simulations.’®® They found that trivalent
metal ions such as Fe(ur) impair the reaction mechanism by
increasing the activation energy needed for the methyl transfer
reaction; this is due to the higher electrophilic nature of Fe(u)
that reduces the basicity of the oxygen donors of the catechol-
based substrate, rather than to an iron-induced conformation-
al change of the enzyme.'®® Aluminum could certainly play a
similar role since it also shows a strong electrophilic nature
according to its high charge and small size.

Regarding the non-inhibition of PNMT, it is important to
note that while COMT requires metal ions as cofactors, PNMT
does not rely on metal ions."® The unfavourable competition
of Al-adrenaline complexes with respect to Al-hydroxide for-
mation in the absence of a protective metal ion binding site
might explain its non-sensitivity to the presence of Al(m)
reported in the literature.'®*%?

The catecholamine pathway contains two main enzymatic
regulators that ensure the correct homeostasis of the levels of
these neurotransmitters: one is the previously discussed cate-
chol-O-methyltransferase, and the second one is monoamine
oxidase (MAO, Fig. 6). MAO enzymes catalyze the oxidative de-
amination of biological monoamines using flavin adenine
dinucleotide (FAD) as cofactors, thus leading to their inacti-
vation. Different mechanisms of action (at least four) have been
proposed for MAO catalytic activity, although the exact one is
still not well understood.'*® Interestingly, while Al(m) inhibits
COMT, some authors reported, by means of kinetic studies in
rat brain, that this metal is instead able to increase the activity
of MAO, in particular the B isotype."*""'* Hyperactivation of
monoamine oxidase enzymatic activity is one of the hallmarks
of both Alzheimer’s'® and Parkinson’s''* diseases. However,

This journal is © The Royal Society of Chemistry 2019
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it is hard to hypothesize what could be the role of aluminum
in the overactivation of MAO, considering the lack of a clear
reaction mechanism.

So far we have discussed the role that aluminum might
have with respect to the enzymatic machineries acting on the
catecholamine pathway. However, there are many low-mole-
cular-mass organic cofactors that are pivotal for the correct be-
havior of these enzymes and therefore could be important
targets of this metal (Fig. 6).

In this sense, there is evidence that aluminum affects the
metabolism of tetrahydrobiopterin (THB).'>™'®* THB is an
essential cofactor employed by many enzymes, including tyro-
sine hydroxylase. Impaired THB metabolism by aluminum has
been related in particular to dialysis dementia."'® One hypoth-
esis that has been made is that Al(um) might interfere with the
activity of dihydrobiopterin reductase,"'® an enzyme that
employs the nicotinamide adenine dinucleotide phosphate
(NADPH) cofactor to catalyze the production of tetrahydrobio-
pterin from dihydrobiopterin. However, such an hypothesis was
not further investigated. Quite interestingly, computational
studies proved the ability of Al(m) to alter the conformation of
NADH,"® a cofactor closely related to NADPH. Although still
unclear, Al(m) interference with THB metabolism might be
another possibility to explain the metal-induced inhibition of
TH.

Vitamin C, also known as ascorbic acid, is an essential
vitamin required as a cofactor by DBH for the conversion of
dopamine into noradrenaline (Fig. 6). Perturbation of vitamin C
metabolism in the brain has been related to the occurrence
of severe neurodegenerative diseases.''® Moreover, several
studies highlight the chelation properties of vitamin C and its
interaction with aluminum has been investigated.**"** In
this sense, the structure and binding mode of the Al-ascorbate
complexes in solution have been unveiled and clarified by
means of both experimental and DFT computations.'*
Therefore, vitamin C might be a potential Al(m) target, and the
resulting complex might be involved in the impairment of
DHB activity (Fig. 6).

Conclusions

We have investigated the possible formation of complexes
between aluminum and an important class of catecholamine-
based neurotransmitters: -DOPA, dopamine, noradrenaline
(norepinephrine) and adrenaline (epinephrine). Chemical
bond analyses confirmed the main ionic nature of the Al-O
interactions, but with a significant degree of covalent charac-
ter. Then, we have determined that aluminum can clearly dis-
place the protons of the hydroxyl groups of the catechol moiety
forming stable aluminum-catecholamine complexes. However,
in solution, the estimated binding affinities are lower than the
formation energies of aluminum-hydroxide, and much lower
than the Al(m) affinities of other ligands such as citrate, deferi-
prone and EDTA. According to these results, we can rule out
the hypothesis that the formation of aluminum-catecholamine

This journal is © The Royal Society of Chemistry 2019
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complexes, in an open biological environment, might be
behind the detrimental role attributed to this metal within the
catecholamine biosynthesis pathway. Other possible mecha-
nisms are discussed; aluminum could interfere/compete with
the homeostasis of other metal ions required as cofactors of
enzymes involved in the catecholamine route. Moreover, it
could bind within the active site of these metal-dependent
enzymes, where the presence of a protective metal-ion binding
site, like in the case of COMT, would provide the necessary
conditions for the formation of strong aluminum-catechol-
amine complexes. Finally, it could also bind to other organic
cofactors such as vitamin C and it could interfere with the
upstream metabolic routes of other cofactors (THB). Again, it
is worth emphasizing that little-to-nothing is known about the
molecular basis of aluminum’s behavior in these biochemical
pathways; therefore, much more basic knowledge in this sense
must be gained in future, and the present paper encourages
further theoretical and experimental studies.
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