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Abstract Dopamine is the most essential monoaminergic neurotransmitter involved in the patho-

physiology of neurodegenerative disorders, and its autoxidation has been recognized as one of the

potential trigger factors for dopaminergic neuron loss. The cyclization of dopamine o-quinone was

shown to be the irreversible and rate-limiting step of the autoxidation reaction at physiologic pH

values. Furthermore, various metal ions such as Al3+, Fe3+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+,

Cd2+, Pb2+, and Mn2+ have been clinically associated with neurodegeneration, especially Parkin-

sonism and dementia. It has been proposed that these metal ions could increase the rate of the dopa-

mine autoxidation reaction; however, the exact mechanism has not yet been fully understood. Using

advanced quantum chemical calculations with the inclusion of solvent effects we showed that except

for Mn2+, the studied metal cations could form complexes with dopamine o-quinone and signifi-

cantly increase the dopamine o-quinone cyclization rate in aqueous solution; first, by enabling

the cyclization to proceed spontaneously without the attack of the unprotonated amino group by

hydroxide ion; second, by decreasing the intrinsic activation energy; and third, by decreasing the

free energy of protonated amino group deprotonation. The latter also decreases the protective effect

of acidic pH on dopamine autoxidation found in synaptic vesicles. The results are fully consistent

with experimental data and provide deeper understanding of the effects of metal cations on the

dopamine autoxidation reaction at physiologic pH values.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dopamine is the most essential monoaminergic neurotransmitter

involved in the pathophysiology of neurodegenerative disorders such

as Parkinson’s disease, Alzheimer’s disease, and dementia with Lewy

bodies (Martorana and Koch, 2014; Pavlin et al., 2016; Piggott et al.,

1999). While several advances have been made in understanding the

molecular pathophysiology of these neurodegenerative diseases, the

trigger factor for the monoaminergic neuron loss characteristic of the

disorders remains poorly understood. A recent focus of interest in an

attempt to illuminate this blind spot is the non-enzymatic autoxidation

reaction of dopamine in an aqueous solution (Segura-Aguilar et al.,

1998). This autoxidation reaction chain involves an initial oxidation step

that yields the catecholamine quinone form and superoxide anion, sub-

sequent decomposition of the superoxide anion into various reactive

oxygen species (ROS), and cyclization of the quinone form with

intramolecular Michael addition (Baez et al., 1994). The product of

the cyclization step is aminochrome, a neuromelanin precursor which

has been implicated in a broad range of pathophysiological mechanisms

underlying neurodegenerative disorders. In one-electron reduction by

flavoenzymes that useNADHorNADPHas electrondonors the amino-

chrome can be transformed into leukoaminochrome o-semiquinone rad-

ical. The latter is very reactive with oxygen and can deplete bothNADH

and oxygen required for ATP synthesis. Moreover, aminochrome can

also form adducts with different proteins causing protein degradation

dysfunction, a-synuclein aggregation, and promoting oxidative stress

and neuroinflammation (Paris et al., 2010; Segura-Aguilar, 2019). Other

biochemical processes, for example, the mitochondrial electron transfer

chain and degradation of biogenic amines by monoamine oxidase

(MAO) are besides catecholamine autoxidation also important sources

of ROS in the central nervous system (Cassagnes et al., 2018; Pavlin

et al., 2016). All the above processes may induce focal neurodegenera-

tion of dopaminergic neurons and contribute to Parkinson’s disease

and other neurodegenerative disorders (Herrera et al., 2017).

The cyclization step of the catecholaminergic autoxidation reaction

has been recognized as the irreversible and rate-limiting step across a

broad pH range (Bacil et al., 2020; Bindoli et al., 1999; El-Ayaan

et al., 1998; Lin et al., 2017; Schindler and Bechtold, 2019). Using quan-

tum chemical calculations, we recently proposed a reaction mechanism

of autoxidation of dopamine and other catecholamines explaining the

complex pH dependence of their autoxidation rate at a broad pH range

(Umek, 2020; Umek et al., 2018) and demonstrated that low pH values

are critical to maintain dopamine stability and prevent its autoxidation.

Moreover, we showed that protonation and introduction of positive

charge to quinone group of catecholamine o-quinones in aqueous solu-

tion could change the mechanism of the cyclization step and its kinetics

by significantly increasing the rate of the reaction (Umek, 2020).

Various metal ions have been associated with neurodegeneration,

especially Parkinsonism and dementia. For example, exposure to man-

ganese (Mn), copper (Cu), and cadmium (Cd) has been clinically asso-

ciated with psychiatric symptoms and extrapyramidal motor

dysfunction typical of Parkinsonism. Moreover, the iron (Fe) concen-

trations in the substantia nigra correlate well with the motor dysfunc-

tion symptoms in Parkinson’s diseases (Paris and Segura-Aguilar,

2011). Lead (Pb) and nickel (Ni) can cause cognitive deficiencies, tired-

ness, lethargy, ataxia, and behavioural disorders (Canfield et al., 2003;

Lamtai et al., 2018). Furthermore, zinc (Zn), cadmium (Cd), and alu-

minium (Al) accumulation has been associated with neural damage

and Alzheimer’s disease (Branca et al., 2018; Morris and Levenson,

2017; Wang et al., 2018); and high levels of cobalt (Co) can cause tin-

nitus, deafness, vertigo, visual changes, optic atrophy, tremor and

peripheral neuropathy (Catalani et al., 2012). Although metal neuro-

toxicity has been extensively investigated, the exact molecular mecha-

nisms of toxicity are not sufficiently understood due to broad

interactions of metal ions with synaptic transmission and synaptic

plasticity at the presynaptic, synaptic, and postsynaptic levels (Sadiq

et al., 2012).
Several divalent and trivalent metal cations such as Fe3+, Mn2+,

Cu2+, Co2+, Zn2+, Al3+, Ni2+, Pb2+ have been found to interact

with the phenolic group of catecholamines and forming organometallic

complexes in aqueous solution (Gergely et al., 1981; Grgas-Kužnar

et al., 1974; Harrison et al., 1968; Jameson and Neillie, 1966, 1965;

Lloyd, 1995; Martin, 1994). Moreover, it has been reported that in

the central neural system, iron and dopamine coexist in the dopamin-

ergic vesicles (Ortega et al., 2007). Oxidizing metal cations catalyse

dopamine autoxidation in aerobic and anaerobic conditions by direct

oxidation of dopamine to semiquinone, and by oxidizing the latter

to o-quinone which is the form that subsequently undergoes the irre-

versible cyclization and forms aminochromone (Paris and Segura-

Aguilar, 2011; Salomäki et al., 2018). Such oxidation of dopamine to

dopamine o-quinone by metal ions shows inverse pH dependence

increasing the rate at acidic pH and decreasing the rate at alkaline

pH (Salomäki et al., 2018). On the other hand, the cyclization step is

also highly pH-dependent, and its rate significantly decreases at acidic

and neutral pH, where it becomes the rate-limiting step of dopamine

autoxidation, and increases at alkaline pH where oxidation of dopa-

mine to quinone form becomes rate-limiting (Bacil et al., 2020; Lin

et al., 2017; Salomäki et al., 2018; Umek et al., 2018). Therefore, in

physiological conditions where dopamine is mainly located in synaptic

vesicles with the acidic environment (pH of �5.6) and in the cytosol

and extracellular fluid with pH of �7.1 and �7.4, respectively, the

cyclization step represents the most important rate-limiting step of

autoxidation reaction (Chaudhry et al., 2008; Du et al., 2014; Mani

and Ryan, 2009; Pregeljc et al., 2020). Although the effects of various

metal ions on the autoxidation of dopamine and other catecholamines

have been extensively studied, their effect on the cyclization step of

autoxidation remains poorly understood (Sun et al., 2018). Accord-

ingly, the present study aimed to elucidate the effects of different diva-

lent and trivalent metal cations that have been clinically associated

with neurotoxicity on cyclization step of dopamine autoxidation reac-

tion in aqueous solution at physiological pH range using advanced

quantum chemical methods with the inclusion of solvent effects.

2. Materials and methods

2.1. Quantum chemical calculations

Gaussian 16 software package (Frisch et al., 2016) was used to
perform all the quantum chemical calculations to study the
organometallic complexes of metal cations and dopamine o-

quinone, and to determine the effect of metallic cations on
the reaction mechanism of dopamine o-quinone cyclization
step. The initial structures of dopamine o-quinone and dopa-

mine o-quinone complexed with various metallic cations were
built using the Molden v5.9 software package (Schaftenaar
and Noordik, 2000). To decrease computational cost, a
1:1 M ratio of metal cation to dopamine o-quinone was consid-

ered for all studied complexes. All the structures were opti-
mised at the M06/Def2-TZVPP level of theory because M06
functional and Def2-TZVPP basis set are recommended for

organometallic chemistry and for noncovalent interactions
(Weigend and Ahlrichs, 2005; Zhao and Truhlar, 2008). Sol-
vent effects were considered by the universal solvation model,

based on density (SMD) (Marenich et al., 2009), which is a sol-
vent reaction field model that describes the solute as a compos-
ite of interlocking spheres and the solvent as a dielectric

continuum. A dielectric constant of water (e = 78.3) was
applied to represent an aqueous solution. While studying reac-
tion kinetics, the same procedure was applied to optimize
geometries of products after cyclization. The transition state

search started from the manually set initial geometries.
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Analysis of harmonic vibrational frequencies was performed
for all stationary points. Calculated frequencies were used
for thermodynamic corrections of relative free energies at

298.15 K. The reactant and product minima have only real fre-
quencies, while the transition states have one imaginary fre-
quency and visualisation of its eigenvector corresponds to

the reactive motion. Atomic charges were calculated by the
Merz–Singh–Kollman scheme. For metal atoms, the corre-
sponding universal force field radii scaled by 1/1.2 were applied

(Rappé et al., 1992). Frontier molecular orbital analysis was
performed at the same level of theory and the solvation model
to assess the chemical reactivity of studied complexes. Where
applicable, high-spin (HS), intermediate-spin (IS), and low-

spin (LS) states were considered. Described quantum chemical
methods with the inclusion of solvent effect represent an estab-
lished tool for studying binding and reactivity and can provide

important knowledge and insight into properties of otherwise
unattainable systems (Dalla Torre et al., 2019; Khan et al.,
2018; Kržan et al., 2020).

2.2. Electron density analysis

To perform a topological analysis of the electron density

between metal cations and dopamine o-quinone, we used a
quantum theory of atoms in molecules (QTAIM) (Bader,
1991) that provides critical points of the electron density and
the atomic boundaries. The bond critical points (BCPs) are

saddle points of the electron density between two bonded
atoms and provide information about the nature of bonding.
Small electron density values, charge depletion, and positive

energy densities are characteristic for van der Waals, ionic
and hydrogen bonds, and metal–metal interactions, while large
electron densities, charge concentration, and negative energy

densities are characteristic for covalent interactions. The topo-
logical parameters at the BCPs were calculated using the mul-
tiWFN3.1 software package (Lu and Chen, 2012) on the

previously optimized structures. Wavefunction files derived
by Gaussian 16 at M06/Def2-TZVPP/SMD level of theory
served as input files.

2.3. Calculation of pKa values

The pKa values of organometallic complexes of metal cations
and dopamine o-quinone were calculated using the thermody-

namic cycle shown in Fig. 1 (Liptak et al., 2002). If acid
donates a proton to bulk water, there is an analytical relation
between the free energy for the process, acid dissociation con-
Fig. 1 Thermodynamic cycle used for pKa calculations. DGgas –

free energy of deprotonation in gas-phase; DGs – solvation free

energy; DGaq – free energy of deprotonation in an aqueous

solution.
stant (Ka), and pH value of water (Bronsted, 1928). For the
deprotonation reaction

AHþ
aq¼ Aaq þHþ

aq ð1Þ
and

pKa ¼ �logKa ð2Þ

DGaq ¼ �2:303RTlogKa ð3Þ
the pKa is given by

pKa ¼ DGaq

2:303RT
ð4Þ

where DGaq is the Gibbs energy of deprotonation in an aque-

ous solution, R is the gas constant, and T is the absolute
temperature.

For the thermodynamic cycle used

DGaq ¼ DGgas þ DDGsol ð5Þ

DDGsol ¼ DGs H
þð Þ þ DGs Að Þ � DGs AH

þð Þ ð6Þ
For calculations of gas-phase reaction energies and solva-

tion free energies (DGs) the M06/Def2-TZVPP level of theory
and SMD reaction field model were used. The latter was cho-

sen because it was found to be the most accurate in predicting
catecholamine o-quinone pKa values (Umek, 2020). The solva-
tion free energy of a proton DGs(H

+) = �264.0 kcal mol�1

and the gas phase standard free energy of a proton Ggas(H
+)=

�6.287 kcal mol�1 at 298.15 K were adopted from the litera-
ture (Ho and Coote, 2009; Liptak et al., 2002). Please note,

that value of Ggas(H
+) includes reaction free energy of hydro-

nium ion formation and is hydration free energy. For conver-
sion of DGgas, for which the 1 atm reference state is used for
calculation, to 1 M reference state, which is used for DGs cal-

culation, the following equation was used:

DGgas 1Mð Þ ¼ DGgas 1atmð Þ þ RTlnð24:46Þ ð7Þ
The pKa values were therefore calculated using the

equation:

pKa ¼ Ggas Að Þ � Ggas AH
þð Þ þ DGs Að Þ � DGs AH

þð Þ � 268:39

1:365

ð8Þ
The latter equation was derived by combining Eqs. (4)–(7)

and experimental values for DGs(H
+) and Ggas(H

+).
Free energy differences of proton transfer from the ioniz-

able group with a certain pKa value to bulk water with a cer-
tain pH value were calculated using the equation:

DG ¼ kBT ln 10ð Þ pKa� pHð Þ ð9Þ
It is worth stressing that pKa calculations are extremely

demanding since deprotonation is equivalent to SN1 reaction
(Perdan-Pirkmajer et al., 2010; Sham et al., 1997).

3. Results and discussion

We studied the complexation of various biologically important
divalent and trivalent metal cations with dopamine o-quinone.

Possible complexes were further characterised using QTAIM
analysis and quantum chemical reactivity indices, after which
the effects of divalent and trivalent metal cations on pKa val-

ues, cyclization reaction mechanism, and activation free ener-
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gies were determined. Finally, the effect of pH on activation
free energies and reaction kinetics was investigated.

3.1. Binding affinities of metal cation-dopamine o-quinone
complexes

For 1:1 complexes, the equilibriums between divalent (M2+)

and trivalent (M3+) metal cations with neutral (DAQ) and
protonated (DAQ+) dopamine o-quinones are shown by the
following equations respectively:

M2þ þDAQ ¼ MDAQ2þ ð10Þ

M2þ þDAQþ ¼ MDAQ3þ ð11Þ
and

M3þ þDAQ ¼ MDAQ3þ ð12Þ

M3þ þDAQþ ¼ MDAQ4þ ð13Þ
The stability constant values (log K1) are given as:

logK1 ¼ �DG
2:303RT

ð14Þ

The binding free energies and stability constant values are
shown in Table 1. All studied complexes between divalent
and trivalent metal cations and dopamine o-quinone except
complex with Mn2+ had negative binding free energies, sug-

gesting that complexation of most studied metal cations and
dopamine o-quinone is thermodynamically favourable. The
complexation of Mn2+ with dopamine o-quinone is thermody-

namically not favourable, which is also supported by experi-
mental kinetic data where Mn2+ did not significantly affect
the mechanism and kinetics of dopamine o-quinone cyclization

(Lloyd, 1995). Moreover, the trivalent cations Al3+ and diva-
lent cation Ni2+ had the largest biding affinities and stability
constants, followed by Fe3+, Pb2+, Cu2+, Co2+, Fe2+,

Cd2+ and Zn2+. The binding affinities of all studied metal
Table 1 Binding energies (DG) and stability constants (logK1) f

dopamine o-quinone (DAQ).

DAQ with unprotonated amin

Complex Spin state DG (kcal mol�1)

Al3+-DAQ – �46.61

Mn2+-DAQ HS 3.57

IS 27.91

LS 89.53

Fe2+-DAQ HS �8.22

LS 37.08

Fe3+-DAQ HS �17.27

IS �16.91

LS 15.28

Co2+-DAQ HS �8.92

LS 23.31

Ni2+-DAQ HS �37.74

LS �8.48

Cu2+-DAQ – �10.87

Zn2+-DAQ – �3.12

Cd2+-DAQ – �3.81

Pb2+-DAQ – �12.76

HS-high spin; IS-intermediate spin; LS-low spin; –not applicable.
cations complexed with protonated dopamine o-quinones were
smaller than for neutral dopamine o-quinones, suggesting that
the positively charged amino tail has an electron withdrawal

effect, which is mediated by electron attracting behaviour of
positive charge. In the study by Dalla Torre et al., a similar
observation was noted for complexes of Al3+ and cate-

cholamines. For Al3+ cation, it was also shown that in aque-
ous solution at physiological pH the formation of AlðOHÞ �

4

is more favourable than complexation with catecholamines

(Dalla Torre et al., 2019). However, since the free energy of
hydroxide ion formation which is given by
kBTlnð10Þð15:7� pHÞ, where 15.7 is pKa of a water molecule

(Bronsted, 1928), is very high at acidic pH, the formation of
hydroxide ion becomes thermodynamically less favourable
making the complexation with catecholamines more likely.

Our results also show that the stability constants of the

complexes between divalent and trivalent metal cations and
dopamine o-quinone are the highest for high spin, intermediate
for intermediate spin and the lowest for low spin states

(Table 1), suggesting that the low- and intermediate spin state
complexes are thermodynamically less favourable. Accord-
ingly, only high spin state complexes were investigated further.

3.2. Properties of metal–oxygen atom bonds in metal cation-

dopamine o-quinone complexes

To characterise metal–oxygen atom bonds, the QTAIM anal-
ysis at BCPs was performed for each studied metal cation-
dopamine o-quinone complex shown in Fig. 2. Each complex
forms two metal–oxygen atom bonds, for which the topologi-

cal parameters are reported in Table 2. The electron density (q
(r)) at BCP is a measure of the strength of the bond. Metal–
oxygen atom bonds involving divalent cations Fe2+ and

Ni2+ had the largest q(r), followed by Cu2+, Fe3+, Al3+,
Co2+, Zn2+, Cd2+, Pb2+ and Mn2+. The Laplacian of the
electron density (r2q(r)) at BCP characterizes a bond in terms

of negative (covalent bond) or positive (electrostatic
or 1:1 complexes of divalent and trivalent metal cations with

o group DAQ with protonated amino group

logK1 DG (kcal mol�1) logK1

34.15 �42.89 31.42

�2.62 4.22 �3.09

�20.45 39.711 �29.09

�65.59 90.50 �66.30

6.02 �7.36 5.39

�27.17 59.86 �43.86

12.65 �12.15 8.90

12.38 6.33 �4.64

�11.20 57.18 �41.89

6.53 �6.43 4.71

�17.08 22.98 �16.83

27.65 �36.32 26.61

6.21 �4.37 3.21

7.96 �9.39 6.88

2.29 �1.43 1.05

2.79 �2.67 1.95

9.35 �10.47 7.67



Fig. 2 Metal cation-dopamine o-quinone complex with unpro-

tonated amino group with marked bond critical points. Carbon

atoms are represented with grey, oxygen atoms with red, hydrogen

atoms with white, nitrogen atoms with blue, and metal cation with

yellow colour. Numbers 1 and 2 denote specific bond critical

points which electronical density analyses are presented in Table 2.
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interactions, hydrogen bond or van der Waals interactions)
values, while the nature of the bond is denoted by the negative
ratio of kinetic to potential energy density (–G(r)/V(r)) at BCP.

The positive values of r2q(r) and the values of -G(r)/V(r) near
1 (Table 2) indicate that the interactions between the oxygen
atoms and metal cations are electrostatic and partially covalent

(Crisponi and Nurchi, 2011; Grabowski, 2011). The bond ellip-
ticity (e) at the BCP, a derivative of the Hessian matrix of the
Table 2 Electron density (q(r)), Laplacian of electron density (r2q(r
density (�G(r)/V(r)) and ellipticity of the electron density (e) at bon
cation-dopamine o-quinone (DAQ) complexes (Fig. 2). Results are p

DAQ with unprotonated amino group

Complex Bond q(r) r2q(r) �G(r)/V(r)

Al3+-DAQ MAO1 0.0672 0.268 0.860

MAO2 0.0726 0.307 0.864

Mn2+-DAQ MAO1 0.0354 0.153 0.949

MAO2 0.0477 0.215 0.920

Fe2+-DAQ MAO1 0.0916 0.425 0.855

MAO2 0.0853 0.378 0.854

Fe3+-DAQ MAO1 0.0663 0.238 0.852

MAO2 0.0849 0.324 0.834

Co2+-DAQ MAO1 0.0587 0.288 0.904

MAO2 0.0617 0.302 0.898

Ni2+-DAQ MAO1 0.0851 0.426 0.861

MAO2 0.0868 0.430 0.858

Cu2+-DAQ MAO1 0.0826 0.393 0.851

MAO2 0.0770 0.356 0.854

Zn2+-DAQ MAO1 0.0563 0.282 0.953

MAO2 0.0590 0.297 0.947

Cd2+-DAQ MAO1 0.0424 0.181 0.953

MAO2 0.0511 0.227 0.940

Pb2+-DAQ MAO1 0.0434 0.145 0.927

MAO2 0.0479 0.163 0.915
electron density, demonstrated that the predominant character
of the metal–oxygen atom bond is the r-type character (Silva
Lopez and R. de Lera, 2011). The heterogeneity in our results

suggests that because of their dative nature, metal–oxygen
atom bonds are mainly electrostatic with some degree of cova-
lency (Gervasio et al., 2004). A similar finding was recently

shown for Al-oxygen atom bonds in complexes of Al3+ and
catecholamines and for metal–oxygen atom bonds in some
other organometallic complexes such as Fe3+-

hydroxypyridinones (Dalla Torre et al., 2019; Kaviani et al.,
2018).

3.3. Chemical reactivity of metal cation-dopamine o-quinone

complexes

Chemical reactivity of metal cation-dopamine o-quinone com-

plexes was assessed using frontier molecular orbital analysis
and quantum chemistry reactivity indices such as HOMO-
LUMO energy gap, electronic chemical hardness, electronic

chemical potential, and electrophilicity index. The HOMO-
LUMO energy gap (DEgap = ELUMO � EHOMO) correlates
with the charge transfer interaction within the molecule

(Aihara, 1999). Global chemical hardness g and electronic
chemical potential m describe the charge transfer within a sys-
tem in the ground state and are calculated as:

g ¼ ELUMO � EHOMO

2
ð15Þ

and

l ¼ ELUMO þ EHOMO

2
; ð16Þ

where more negative values of chemical potential suggest
higher chemical reactivity. The global electrophilicity index x
)), negative ratio of kinetic energy density to the potential energy

d critical points of metal–oxygen atom (MAO) bonds of metal

resented in atomic units (a.u.).

DAQ with protonated amino group

e q(r) r2q(r) �G(r)/V(r) e

0.053 0.0657 0.335 0.892 0.048

0.077 0.0707 0.395 0.889 0.068

0.036 0.0375 0.164 0.945 0.031

0.013 0.0407 0.180 0.936 0.023

0.201 0.0943 0.435 0.852 0.184

0.167 0.0865 0.381 0.852 0.156

0.052 0.0675 0.242 0.850 0.053

0.014 0.0784 0.291 0.838 0.030

0.547 0.0708 0.357 0.888 0.540

0.545 0.0719 0.362 0.886 0.537

0.033 0.0848 0.424 0.862 0.032

0.032 0.0849 0.422 0.860 0.031

0.042 0.0766 0.362 0.856 0.062

0.039 0.0782 0.367 0.853 0.057

0.020 0.0504 0.246 0.966 0.026

0.015 0.0591 0.301 0.949 0.018

0.015 0.0421 0.180 0.955 0.016

0.008 0.0484 0.213 0.945 0.011

0.023 0.0433 0.145 0.928 0.023

0.013 0.0451 0.152 0.923 0.018
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on the other hand determines the favourable energy change

when a chemical system becomes saturated by the addition
of electrons and is calculated as (Parr et al., 1999):

x ¼ l2

2g
ð17Þ

Results presented in Table 3 show that during a complex

formation, the electronic hardness and electronic chemical
potential decreased while electrophilicity increased, suggesting
that metal cation-dopamine o-quinone complexes are more

reactive than dopamine o-quinone. Moreover, dopamine o-
quinone complexes with Ni2+, Cu2+, Al3+ and Pb2+ exhib-
ited the highest chemical reactivity among the studied
complexes.

3.4. The pKa values of metal cation-dopamine o-quinone

complexes

Since the cost in terms of free energy for deprotonation of the
amino group of dopamine o-quinone is necessary for the
cyclization reaction to occur, we investigated the effect of com-

plexation of metal cations and the dopamine o-quinone on its
pKa values. The calculated pKa values of dopamine o-quinone
and metal cation-dopamine o-quinone complexes are shown in

Table 4. The complexation with metal cations causes a
decrease of pKa values from 0.47 to 3.46. This suggests that
the positive charge of metal cation electrostatically affects
the protonated amino group of the dopamine o-quinone. Since

the free energy differences of proton transfer from the
Table 3 Chemical reactivity of metal cation-dopamine o-quinone

(DEgap), chemical hardness (g), electronic chemical potential (m) and e

u.).

DAQ with unprotonated amino group

Complex DEgap g m x

DAQ 0.1332 0.0666 �0.1915 0.

Al3+-DAQ 0.0900 0.0450 �0.2215 0.

Mn2+-DAQ 0.0942 0.0471 �0.2164 0.

Fe2+-DAQ 0.1184 0.0592 �0.2018 0.

Fe3+-DAQ 0.0917 0.0458 �0.2224 0.

Co2+-DAQ 0.1091 0.0546 �0.2087 0.

Ni2+-DAQ 0.0831 0.0416 �0.2234 0.

Cu2+-DAQ 0.0872 0.0436 �0.2209 0.

Zn2+-DAQ 0.0915 0.0458 �0.2183 0.

Cd2+-DAQ 0.1148 0.0574 �0.2054 0.

Pb2+-DAQ 0.0917 0.0459 �0.2216 0.

Table 4 Partial charge of metal cations, amino group pKa values an

metal cation-dopamine o-quinone complexes compared to dopamine

Complex DAQ Al3+-

DAQ

Mn2+-

DAQ

Fe2+-

DAQ

Fe3+-

DAQ

Partial charge of

metal cation

– 2.29 1.91 2.27 2.58

pKa 8.73 6.00 8.26 8.09 5.41

DDG (kcal mol�1) – �3.70 �0.64 �0.87 �4.51

– not applicable.
ionizable group with a certain pKa value to bulk water with
a certain pH bears the following relation
DG ¼ kBT ln 10ð Þ pKa� pHð Þ, the complexation of dopamine

o-quinone with metal cations thermodynamically favours the
amino group deprotonation by decreasing the energy of pro-
ton transfer from the amino group to bulk water for 0.64–4.

51 kcal mol�1 at any given pH value. Such influence of a
charge on the pKa value of a nearby ionizable group has
already been established in proteins (Pace et al., 2009). The

apparent decrease in pKa value of dopamine amino group in
the presence of Fe3+ and Cu2+ ions was also indirectly
observed by Salomäki et al. while studying the dopamine
autoxidation rates at different pH values with and without

the presence of the forementioned metal cations. It was also
theoretically predicted that the pKa value of the dopamine
amino group would decrease by approximately 0.45 per unit

of positive charge (Salomäki et al., 2018).
Calculations of pKa values are very demanding and can

serve as one of the strictest tests for the efficiency of various

solvation models (Kavcic et al., 2021; Repič et al., 2014;
Warshel, 1981). Our results show that the calculated pKa value
of dopamine o-quinone (pKacalc = 8.73) is in good agreement

with the experimental pKa value of dopamine (pKaexp = 8.86)
(Berfield et al., 1999) showing that the SMD reaction field sol-
vation model with M06/Def2-TZVPP level of theory is suffi-
ciently accurate. Note that because of the topological

proximity (six bonds away) of the closest carbonyl group from
the amino group, the pKa value of the dopamine amino group
was applied as an approximation on account of lack of the
(DAQ) complexes determined by HOMOLUMO energy gap

lectrophilicity index (x). Results are presented in atomic units (a.

DAQ with protonated amino group

DEgap g m x

2754 0.1471 0.0735 �0.2036 0.2818

5449 0.1285 0.0642 �0.2472 0.4757

4975 0.1131 0.0566 �0.2192 0.4248

3441 0.1293 0.0647 �0.2210 0.3776

5395 0.1296 0.0648 �0.2480 0.4745

3991 0.1342 0.0671 �0.2321 0.4014

6006 0.1311 0.0655 �0.2398 0.4387

5594 0.1184 0.0592 �0.2433 0.5002

5207 0.1345 0.0672 �0.2323 0.4013

3674 0.1329 0.0664 �0.2347 0.4147

5356 0.1343 0.0672 �0.2298 0.3930

d changes of free energy of amino group deprotonation (DDG) of

o-quinone (DAQ).

Co2+-

DAQ

Ni2+-

DAQ

Cu2+-

DAQ

Zn2+-

DAQ

Cd2+-

DAQ

Pb2+-

DAQ

1.82 1.67 1.72 1.83 1.85 1.65

6.91 7.69 7.65 7.5 7.9 7.05

�2.47 �1.41 �1.47 �1.67 �1.13 �2.28



Table 5 Reaction and activation free energies for cyclization

reaction of dopamine o-quinone (DAQ) initiated by an attack

of hydroxide ion (OH–) and for spontaneous cyclization

reactions of metal cation-dopamine o-quinone complexes in

aqueous solution (Fig. 3).

Complex Reaction free energy

(kcal mol�1)

Activation free energy

(kcal mol�1)

DAQ + OH– –23.72 10.95

Al3+-DAQ �29.72 1.11

Mn2+-DAQ �8.91 8.98

Fe2+-DAQ �7.78 11.92

Fe3+-DAQ –33.34 1.68

Co2+-DAQ �12.61 9.03

Ni2+-DAQ –23.63 3.28

Cu2+-DAQ �20.10 4.58

Zn2+-DAQ �13.15 7.56

Cd2+-DAQ �10.04 8.71

Pb2+-DAQ �17.82 5.82
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exact experimental pKa value for dopamine o-quinone amino
group. The latter is not experimentally accessible due to the
very fast cyclization rate at alkaline pH and the instability of

dopamine o-quinone.

3.5. Mechanism and pH dependence of metal cation-dopamine o-
quinone cyclization

Our results show that in contrast to dopamine o-quinone
cyclization in aqueous solution where a hydroxide anion must

first extract a proton from unprotonated amino group
(Fig. 3A) (Umek et al., 2018), a cyclization of 1:1 metal
cation-dopamine o-quinone with unprotonated amino group

can proceed spontaneously as suggested by negative reaction
free energies (Table 5, Fig. 3b). For all the studied complexes
a transition state was searched for, and the intrinsic activation

free energy (DG–
i ) calculated (Table 5), which was the lowest

and basically barrierless for dopamine o-quinone complexes
with Al3+ and Fe3+ cations. Note that at physiological pH

values, complete activation free energy (DG–) that would be
comparable to the experimental values also includes the energy
of amino group deprotonation. Therefore, the complete activa-
tion free energy for cation-dopamine o-quinone cyclization is

given by:

DG– ¼ DG–
i þ kBT ln 10ð Þ pKa� pHð Þ ð18Þ

Inserting the latter into the transition state equation.

krate ¼ kBT

h
e
�ðDG–

kBT
Þ ð19Þ

gives pH dependences of reaction rate,

krateðpHÞ ¼ kBT

h
e
�ðDG

–
i
þkBT ln 10ð Þ pKa�pHð Þ

kBT
Þ ð20Þ

from which the following functional form can be derived:

krate pHð Þ ¼ 10�ðc�pHÞ ð21Þ
The latter is qualitatively fully consistent with experimental

pH dependence of dopamine, adrenaline, and noradrenaline
autoxidation rate in aqueous solution in the presence of
Fe3+ ions (El-Ayaan et al., 1998, 1997; Linert et al., 1993).
Please note that since bulk water is a proton rich environment,

the rearrangement of protons after the cyclization step was not
investigated because the proton diffusion rate in an aqueous
solution is very fast and does not represent a rate-limiting step

(Umek et al., 2018).
Fig. 3 Dopamine o-quinone cyclization reaction (A) and metal cation

solution.
Results therefore show that most of the studied metal
cations can significantly increase the dopamine o-quinone

cyclization rate in aqueous solution, first, by enabling the
cyclization to proceed spontaneously without the attack of
the unprotonated amino group by hydroxide ion; second by,

decreasing the intrinsic activation energy; and third, by
decreasing the free energy of protonated amino group deproto-
nation. It also relatively decreases the protective effect of acidic

pH on dopamine autoxidation. This could be biologically
important in the aspect of neurodegeneration, since with age
and in various pathological conditions, different metals can
accumulate in the various tissues, including the brain, and

the mechanisms that counteract metal neurotoxicity could
become less efficient (Paris and Segura-Aguilar, 2011).

At this point, it is worth stressing that synaptic vesicles,

cytosol, and extracellular fluid are very complex environments
with many molecules such as citrate that could act as endoge-
nous chelators that could bind metal cations and ameliorate

their toxic effect (Chua et al., 2010; Dalla Torre et al., 2019).
Moreover, Jiang et al. showed that stabilization of Fe3+ by
ATP molecule that is abundant in the neurons and also acts
as co-transmitter could significantly decrease the ability of

Fe3+ to catalyse dopamine autoxidation (Jiang et al., 2013).
Furthermore, it was also proposed that complexes of cate-
cholamines, Fe3+, and ATP are produced in neurons or

synaptic clefts as a protective measure against oxidative stress
-dopamine o-quinone complex cyclization reaction (B) in aqueous
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(Kou et al., 2019). Accordingly, further experimental studies
examining the role of metal cations in catecholaminergic neu-
rodegeneration are warranted.

The implicit SMD solvation model was used to represent
the aqueous solution, therefore, the hydrogen bonds between
studied complexes and water molecules were not explicitly con-

sidered. Since hydrogen bonds can have a crucial role for the
structure and interactions of biomolecules, they could influ-
ence the studied reactions (Benmalti et al., 2009; Flakus

et al., 2012; Rekik et al., 2015). However, the quantitative the-
oretical treatment of hydrogen-bonded systems is very
demanding, and even the most advanced theories are some-
times not able to sufficiently describe them (Ghalla et al.,

2010; Rekik, 2014; Rekik et al., 2016). Therefore, it remains
a challenge to address these reactions on multiscale QM/MM
level with explicit solvation model.

4. Conclusions

Using the quantum chemical methods, we investigated the effects of

various divalent and trivalent metal cations on the cyclization step of

dopamine autoxidation in an aqueous solution. We showed that except

for Mn2+, the complexation of other studied metal cations (Al3+,

Fe3+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+) with dopamine

o-quinone, which is the form entering the cyclization reaction, is ther-

modynamically favourable, that the bonds between metal cations and

dopamine o-quinone are mainly of electrostatic nature, and that these

complexes have higher chemical reactivity than dopamine o-quinone

itself. Furthermore, we showed that metal cations could significantly

increase the dopamine o-quinone cyclization rate in aqueous solution:

(a) by enabling the cyclization to proceed spontaneously without the

attack of the unprotonated amino group by hydroxide ion, (b) by

decreasing the intrinsic activation energy, and (c) by decreasing the free

energy of protonated amino group deprotonation, which also rela-

tively decreases the protective effect of acidic pH on dopamine autox-

idation. The results are fully consistent with experimental data and

provide a deeper understanding of the effects of metal cations on the

rate-determining step of dopamine autoxidation at physiologic pH val-

ues. They support the notion that biologically important divalent and

trivalent metal cations could increase the rate of dopamine autoxida-

tion in cellular compartments with neutral pH, such as cytosol end

extracellular fluid, and compartments with acidic pH, such as synaptic

vesicle. Thus, they could increase the oxidative stress and amino-

chrome production which can both lead to neurodegeneration and

dopaminergic cell loss. It remains a challenge for the future to build

a macroscopic model of catecholaminergic neurodegeneration under

different pathologic conditions including heavy metal toxicity

(Pregeljc et al., 2020).
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Parr, R.G., Szentpály, L.V., Liu, S., 1999. Electrophilicity index. J.

Am. Chem. Soc. 121, 1922–1924. https://doi.org/

10.1021/ja983494x.
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