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Catecholamine autoxidation has been recognized as one of the potential trigger factors for
catecholaminergic neuron loss characteristics of neurodegenerative diseases. The cyclization step with
intramolecular Michael addition of catecholamine o-quinones has been shown to be the irreversible and
rate limiting step of the autoxidation reaction across a broad pH range and has a complex pH
dependence that has not yet been fully understood. Using quantum chemical calculations, we
demonstrated that in the case of noradrenaline and adrenaline two catecholamine o-quinone species,
one with an unprotonated and one with a protonated quinone group can participate in the cyclization
reaction and that the mechanisms of these reactions significantly differ, emphasizing the importance of
quinone group protonation states in the reaction mechanism. With a thorough exploration of the
reaction kinetics, we further showed that at acidic pH the cyclization reaction rate is pH independent,
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Introduction cyclization with intramolecular Michael addition to yield ami-
nochrome, a precursor of neuromelanin.” Besides catechol-

The monoaminergic neurotransmitters adrenaline and amine autoxidation, other biochemical processes such as the

noradrenaline are two major biologically important catechol-
amines in the nervous system. The former is primarily produced
by the adrenal medulla and a few foci in the central nervous
system,' while the latter is produced by the sympathetic post-
ganglionic neurons and neurons within the locus coeruleus. In
addition to being an integral regulator of multiple physiological
processes such as the spectrum of cardiovascular functions,
adrenaline also has clinical application in the management of
cardiorespiratory emergencies like anaphylaxis, cardiac arrest,
angioedema and severe acute asthmatic exacerbations.>* On the
other hand, noradrenaline mediates a range of neurocognitive
and motor functions, as well as brain neural differentiation,
plasticity and survival, compensatory response mechanisms in
acute brain injuries and the progression of neurodegenerative
mechanisms in chronic brain disorders.**

In aqueous solution catecholamines undergo a spontaneous
non-enzymatic autoxidation. This autoxidation reaction has
become a focus of interest in the search for the trigger factor for
the catecholaminergic neuron loss characteristic for neurode-
generative diseases, especially Alzheimer's and Parkinson's
disease.® The reaction chain begins with an oxidation step that
yields the catecholamine quinone form and superoxide anion.
The superoxide anion further decomposes to various reactive
oxygen species (ROS), while the quinone form undergoes
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electron transfer chain, various biogenic amine degradation by
monoamine oxidase (MAO) and chronic inflammatory
processes, are also sources of ROS in the central nervous
system, which damage biological macromolecules such as
lipids, proteins and nucleic acids and cause cell dysfunction
and neuron loss.®™® Other potential mechanisms of neuro-
degeneration include amyloid plaque formation and direct
aminochrome toxicity. Aminochrome is etiologically important
in a number of pathophysiological mechanisms such as neu-
roinflammation, mitochondrial dysfunction, dysfunction of
protein degradation, o-synuclein aggregation, and oxidative
stress, which are all implicated in neurodegenerative
disorders."**

In catecholaminergic neurons, the synthesis of catechol-
amines occurs in different cell compartments with varying pH.
Dopamine is synthesized in the cytosol with pH of ~7.1 and
readily transported into secretory vesicles with an acidic envi-
ronment (pH of ~5.3) by vesicular monoamine transporter 2
(VMAT-2).%*** Inside the acidic secretory vesicle, dopamine is
enzymatically converted to noradrenaline. In cells that produce
adrenaline, noradrenaline is transported back from the vesicle
to the cytosol where it is enzymatically converted to adrenaline
which is again transported into secretory vesicles by the vesic-
ular monoamine transporter 1 (VMAT-1) present in adrenergic
neuroendocrine cells.'® Catecholaminergic signaling occurs via
classic synaptic transmission across a few nm wide synaptic gap
that is acidified during signal transmission,''” as well as via
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extrasynaptic volume transmission in the range of a few pm *®
and endocrine signaling,” with both of the latter mechanisms
occurring in the extracellular fluid/blood with a pH ~ 7.4.

Several studies of catecholamine autoxidation have consis-
tently reported complex pH dependence of the catecholamine
autoxidation rate, and identified the cyclization step with
intramolecular Michael addition as the irreversible and rate
limiting step of the autoxidation reaction across a broad pH
range.”” However, the exact reaction mechanism remains
unclear,* and the existing attempts to delineate it fail to explain
the complex pH dependence. Recently, using computational
methods, we proposed a reaction mechanism of dopamine
autoxidation that accounted for the pH dependence at a narrow
physiological pH range, which was in agreement with experi-
mental data.*® Since catecholamines are present in various
biological compartments with varying pH, understanding the
cyclization step at different pH is critical to a full appreciation of
catecholamine autoxidation in physiological conditions.

Accordingly, the present study aimed to further our under-
standing of the cyclization step of the catecholamines -
noradrenaline and adrenaline autoxidation reaction in aqueous
solution by considering two reaction pathways at a broad pH
range using quantum chemical methods and critical compar-
ison with the available experimental data.

Computational details
Computational reaction kinetics determination

Using the Gaussian 16 software package, quantum chemical
calculations were employed to study the autoxidation reaction
mechanism of catecholamine o-quinones.** The initial struc-
tural geometries of the catecholamine o-quinones complexed
with various species were built with Molden v5.9 software
package® and optimized at the M06-2X/6-31+G(d,p) theory level,
which represents a reasonable balance of computational
integrity and cost; and is recommended for kinetic calcula-
tions.** The integral equation formalism variant polarizable
continuum solvation model (PCM) of Tomasi and coworkers
which describes the solute as a composite of interlocking
spheres and the solvent as a dielectric continuum, was applied
to account for the effect of solvation.*® Accordingly, with
a dielectric constant of 78.3 applied to represent the aqueous
solution, the solvent reaction field was included to re-optimize
the structural geometries. The same protocol was also used for
the products’' minima. Transition state search started from the
manually-set initial geometries. A vibrational analysis was per-
formed in the harmonic approximation for all stationary points.
Calculated frequencies were used for thermodynamic correc-
tions of relative reaction and activation free energies at 298.15
K. In contrast to the reactants’ and products’ minima which
bear all real frequencies, the transition states have one imagi-
nary frequency, with the reactive motion being delineated by the
corresponding eigenvector. Atomic charges were calculated
using the Merz-Singh-Kollman scheme.

Equations AG = kgTIn(10)(pK, — pH) and AG = kg-
T In(10)(pH — pK,) were applied to calculate the free energy
change associated with proton transfer from and to an ionizable

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

group with a certain pK, value, to and from bulk water in an
aqueous solution with a certain pH value, respectively.

Computational pK, determination

In the Brgnsted-Lowry acid base theory, acids are species that
are able to donate proton to a proton acceptor. If the acceptor is
bulk water then there are analytical relations between the free
energy for the process, acid dissociation constant and pH value.
For the deprotonation reaction,

AH, " = Ayq + Hyg" (1)

and
pK, = —log K, (2)
AG,q = —2.303RT log K, (3)

the pK, is given by

AGyq
PR = 2 303RT @
where AG,q is the Gibbs energy of deprotonation in aqueous
solution, R is the gas constant, and T is the absolute
temperature.

For pK, calculations, the thermodynamic cycle shown in
Fig. 1 was followed. For gas-phase reaction energies (AGgas)
a high level ab initio method using CBS-QB3 theory was used.*®
The absence of imaginary frequencies in the optimized struc-
ture verified that the stationary point represented a local
minimum. To calculate solvation free energies (AGs) the MP2
theory with 6-31++G (2d,2p) basis set*” and various solvent
reaction field models including universal solvation model,
based on density (SMD),*® PCM,* conductor-like polarizable
continuum model (CPCM)* and isodensity polarizable
continuum model (IPCM)* were used. Furthermore, a cluster-
continuum model with SMD was employed to take into
account specific hydrogen bonding that could be important for
pK, calculations. As suggested by Vianello and coworkers
a reaction set (Fig. 2) consistent with the concept of homo-
desmotic reactions, with matching number of hydrogen bonds
on both sides of the equation, was constructed to calculate the
solvation free energy.* Since calculations of solvation free
energies of charged species are highly demanding and subject
to error up to 4 kcal mol *,* the Langevin Dipole (LD) model

+ AGa +
HA,, —=> H', + A

aq
)

AG, (H*;]\ AG (AT
AG

HA+gas = H +gas + Agas

Fig. 1 Thermodynamic cycle used for pK, calculations. AGg,s free
energy of deprotonation in gas-phase; AG, solvation free energy; AG,q
free energy of deprotonation in aqueous solution.

-AG, (HA)
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Fig.2 Scheme of noradrenaline o-quinone (top) and adrenaline o-quinone (bottom) interacting with water molecules to calculate the solvation
free energy. Analogous schemes were used to calculate the solvation free energies for all protonation states.

that can more accurately model solvation effects for molecules
with a high charge was also employed.*” The Merz-Kollman
atomic charges which served as an input for the LD model
constructed in the ChemSol 2.1 software, were derived with
Guassian 16 using PCM/MP2/6-31++G (2d,2p).

For the thermodynamic cycle used

AGaq = AGgys + AAG (5)
AAGy, = AGy(HY) + AG((A) — AG(AH™) (6)

The solvation free energy of a proton AG{(H') =
—264.0 keal mol ! was adopted from the literature.** The value
includes the formation of hydronium ion and its free energy of
hydration. The gas phase standard free energy of a proton
Ggas(H') = —6.287 keal mol ™" at 298.15 K was derived from the
Sacku-Tetrode equation.*® For conversion of AGg,,, for which
the 1 atm reference state is used for calculation, to 1 M refer-
ence state, which is used for AGs calculation, the following
equation was used:

AGg(1 M) = AGy(1 atm) + RT In(24.46) 7)

Therefore, the pK, values reported were calculated using:

OH
o, o,
pKa,
~
H—ﬁiR
o H o
pKa,
OH
0 o
pKa,
H=-N*R
HO* y HO*

Geus(A) — ooy (AHY) + AG,(A) — AG,(AH") — 268.39
1.365

pK, =
(8)

The eqn (8) was derived following the procedure suggested
by Liptak and coworkers by combining eqn (4)-(7) and values
for AG(H") and Gg,s(H") from the literature.*

Results and discussion

Two catecholamine o-quinone species, one with unprotonated
and one with protonated quinone group, were considered to
participate in the cyclization reaction (Fig. 3)." After the plau-
sible mechanisms for cyclization were identified, the activation
free energies for the reactions were calculated. Furthermore, the
effect of pH on activation free energies and reaction kinetics
was investigated.

Cyclization of catecholamine o-quinones with unprotonated
quinone group

For species with unprotonated quinone group, several reaction
scenarios have been considered (Table 1). The reaction mech-
anisms that were predicted to be strongly endergonic were ruled

OH

g
\
Z:

/

Py
/

OH
HO
oH HO N
y ®
N
H” R

Fig. 3 Noradrenaline (R = H) and adrenaline (R = CH=) o-quinone cyclization reaction pathways.
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Table 1 Reaction free energies for different cyclization reaction scenarios for noradrenaline and adrenaline o-quinone with unprotonated

quinone group

Reaction free energy (kcal mol )

Adrenaline
Cyclization reaction scenario Noradrenaline o-quinone o-quinone
Spontaneous with protonated amino group 148.35 138.99
Spontaneous with unprotonated amino group 11.10 8.20
H,O0 extracts a proton from unprotonated amino group 28.72 27.13
H,O extracts a proton from sessile C-H 53.42 47.87
Two H,O0 extract a proton from unprotonated amino group and sessile C-H simultaneously 57.08 54.31
OH™ extracts a proton from unprotonated amino group —24.85 —27.72
OH™ extracts a proton from sessile C-H 6.03 6.56
Two OH™ extract a proton from unprotonated amino group and sessile C-H simultaneously —58.95 —62.28

out as feasible; accordingly, the transition state search and
activation free energy calculations were not employed. The
reaction mechanism where a proton was extracted from the
sessile C-H by one hydroxide ion was slightly endergonic and
cyclization did not occur, suggesting that this is also not the
preferred mechanism.

The reaction mechanism where a proton was extracted from
the unprotonated amino group by one hydroxide ion was strongly
exergonic, hence, transition state search was employed. The
corresponding intrinsic activation free energies (AGP,) were
8.37 kcal mol ' and 4.18 kcal mol ' for noradrenalin and
adrenalin o-quinone respectively (Fig. 4). Comparing these values
and the intrinsic activation free energy for dopamine o-quinone
cyclization reaction (6.78 kcal mol ')** shows that intrinsic

0370 7 0393

activation free energies are very small, almost barrier-less, and
reaffirms that methylation of amino group decreases the intrinsic
activation free energy.** Please note, that the rearrangement of
protons after cyclization step was not investigated further since
bulk water is a proton rich environment where proton diffusion
rate is very fast (1.6 x 10"" s7') and does not represent a rate
limiting step.**

Despite being strongly exergonic, the scenario where protons
were extracted by two hydroxide ions from the unprotonated
amino group and the sessile C-H simultaneously was not
further investigated, since the free energy of formation of two
hydroxide ions (22.4 kcal mol " at pH 7.4) is too high, making
this reaction pathway less favorable.*
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Fig.4 Optimized geometries and atomic charges of the reactants (R), transition state (TS) and products (P) of noradrenaline (top) and adrenaline
(bottom) o-quinone with unprotonated quinone group cyclization reaction. Reactants are complexes between catecholamine o-quinone and
a hydroxide ion (OH™). Products are cyclized single charged catecholamine o-quinone and a molecule of water. Carbon atoms are represented
with gray, oxygen atoms red, hydrogen atoms white and nitrogen atoms with blue color.
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Cyclization of catecholamine o-quinones with protonated
quinone group

For catecholamine o-quinones with protonated quinone group,
a spontaneous cyclization with protonated amino group was
predicted to be strongly endergonic with reaction free energies
of 130.56 kecal mol™* and 111.81 kecal mol ™" for noradrenaline
and adrenaline o-quinone respectively, and was accordingly
ruled out as feasible, reaffirming that even at very acidic pH the
amino group must be first deprotonated before intramolecular
Michael addition can take place.'**>*

Cyclization reactions of catecholamine o-quinone with
protonated quinone and unprotonated amino group were
strongly exergonic with reaction free energies of
—32.28 keal mol " and -37.97 keal mol ™" for noradrenaline and
adrenaline o-quinone respectively. In this scenario the cycliza-
tion occurred spontaneously without extraction of the proton
from unprotonated amino group, with virtually barrier-less
intrinsic activation free energy (AG;,,) of 1.21 keal mol ' and
1.11 keal mol ' respectively (Fig. 5).

PH dependence of catecholamine o-quinone cyclization
activation free energy

Complete activation-free energy for cyclization of catechol-
amine o-quinones with unprotonated quinone group
(AGY) that would be comparable to the experimental values
include also the free energy of hydroxide ion formation kg-
T In(10)(pK,w — pH), where experimental pK, of water (pK,,)
15.7 is taken into account; the free energy of amino group
deprotonation kgT In(10)(pK,1 — pH); and the free energy of
quinone group deprotonation kT In(10)(pK,, — pH).*® There-
fore, at:

0.416
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pH > pKa,h
AGY = AGY, + kT In(10)(pK,  — pH) )
at PKa,z < pH < pKa,h
AG] = AGY, + kgT In(10)(pK,., — pH)
+ kT In(10)(pK, , — pH) (10)
AG] = AG], + kgT In(10)(pK,., + pK.1 — 2pH) (11)
and at pH < pK, ,,
AG] = AGY, + kgT In(10)(pK, ., — pH)
+ kT In(10)(pK,., — pH)
+ kT In(10)(pK, > — pH) (12)

AG] = AG], + kgT In(10)(pK, + pKa1 + pKao — 3pH) (13)

Complete activation-free energy for cyclization of catechol-
amine o-quinones with protonated quinone group
(AG) include also the free energy of quinone group proton-
ation kT In(10)(pH — pK,,); and the free energy of amino group
deprotonation kgT In(10)(pK,1 — pH). Therefore, at:

PH > pK, 1,
AGY = AGY, + kT In(10)(pH — pK,.») (14)
PKaz < PH < pKy 1,
AG] = AG], + kgT In(10)(pK, 1 — pH)
+ kgT In(10)(pH — pK,») (15)
AGT = AG, + kgT In(10)(pK, 1 — pKa») (16)
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Fig.5 Optimized geometries and atomic charges of the reactants (R), transition state (TS) and products (P) of noradrenaline (top) and adrenaline
(bottom) o-quinone with protonated quinone group cyclization reaction. Reactants are catecholamine o-quinone with protonated quinone
group and unprotonated amino group. Products are cyclized single charged catecholamine o-quinone. Carbon atoms are represented with gray,
oxygen atoms red, hydrogen atoms white and nitrogen atoms with blue color.
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Table 2 Calculated pK, values for noradrenaline and adrenaline o-quinone using MP2/6-31++G (2d,2p) and several methods to calculate

solvation free energy”

PCM CPCM IPCM SMD CC LD EXP
Noradrenaline o-quinone PKa1 1.4 1.4 5.4 8.7 14.2 11.9 8.6 (ref. 3)
PKas —21.4 —21.4 ~16.3 ~14.6 —15.2 —25.3 =—6 (ref. 47)
Adrenaline o-quinone PKa1 2.1 2.1 5.8 9.1 13.2 11.9 8.7 (ref. 3)
PKas —22.4 —22.4 —14.5 ~15.2 —15.5 ~19.2 =—6 (ref. 47)

“ The experimental values of pK, ; are for noradrenaline and adrenaline, since the values for their o-quinones are not available. PCM - isodensity
polarizable continuum model; CPCM - conductor-like polarizable continuum model; PCM - integral equation formalism variant polarizable
continuum model; SMD - universal solvation model, based on density; CC - cluster-continuum model with SMD; LD - Langevin dipoles; EXP —

experimental values.

PH < pKa,21

AGY = AG, + kT In(10)(pK,,; — pH) (17)

Please note that the activation free energy of cyclization of
catecholamine o-quinones with unprotonated quinone group is
pH dependent across all pH range. Cyclization of catecholamine
o-quinones with protonated quinone group is on the other hand
pH dependent only at pH higher and lower than pK, ; and pK,
respectively, while at pH between pK,; and pK,, it is pH
independent.

Noradrenaline and adrenaline o-quinone pK, values

Since the activation free energies are markedly influenced by
PKa,, pK, values for noradrenaline and adrenaline o-quinone
were determined using several methods of solvation free energy
calculations (Table 2). Exact experimental pK, values for cate-
cholamine o-quinones are not available. Amino group pK,, is
experimentally not accessible because at alkaline pH the cycli-
zation rate is too fast and catecholamine o-quinones are not
stable. In this respect, the experimental pK, ; values of adren-
aline and noradrenaline were applied. Approximation is plau-
sible since the closest carbonyl group is topologically six bonds
away from the amino group. Quinone group pK,, is experi-
mentally inaccessible due to highly acidic conditions, but is
estimated to be —6 or lower;*” however, our results suggest that
pK,, is significantly lower than —é.

Calculations of pK, values are extremely demanding and
represent one of the strictest tests for the quality of solvation
models.*** Comparing the calculated and experimental pkK,

AG:JJrkBT1n(10)(pK2w7pH)) T
B

kgT

kobs (PH) = kgT

e

<AGfu +Hep T 1n(10) (pKaw+PKa1 —2pH)> k
- B

AGZ, +kp T In(10) (PKaw+PKa 1 +PKa 2 —3pH)

kgT

This journal is © The Royal Society of Chemistry 2020

) kT

values, the SMD solvent reaction field model predicted the most
accurate values.*® Cluster-continuum model with SMD did not
substantially improve the calculations, suggesting that specific
hydrogen bonding is not very important for calculations of
catecholamine o-quinones pK, values.

Reaction kinetics of noradrenaline and adrenaline o-quinone
cyclization

The reaction rate constant (k;4c) and activation free energy bear
the following relation:

kT ef@%)

krae =
‘ h

(18)

Considering that two major parallel pathways of catecholamine
o-quinone cyclization reaction proceed simultaneously, the pre-
dicted observed reaction rate constant (kops) is the sum of reaction
rate constants for cyclization of catecholamine o-quinones with
unprotonated (k) and protonated (k) quinone group.

kobs = ku + kp

af (&) , BT (&)

(19)

Kops = (20)

Taking into account the complete activation free energies at
different pH intervals, the following pH dependence of the
predicted observed reaction rate constant can be derived:

7(AG$+kB T In(10) (pH—pK,_2)>

T ’ pH > pKdl

T

kgT

(AG;; +ep T 1n(10) (pK, 1 ’pKa.2)>
h € ;

pl{zLZ < PH < pKd‘l (21)

(AG;H{BT In(10) (PKa1 —pH)>

kgT
+——e 2 ,

H K,
7 pH <pK,»
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Fig. 6 The pH-dependence of predicted observed reaction rate constant for noradrenaline (red interrupted line) and adrenaline (green dotted
line) o-quinone cyclization reaction applying the experimental pK;, values from Table 2.

The pH-dependence of predicted observed reaction rate
constant for noradrenaline and adrenaline o-quinone cycliza-
tion applying the experimental pK, values from Table 2 is
featured in Fig. 6. At alkaline pH, the predominant pathway is
the cyclization of catecholamine o-quinone with unprotonated
quinone group where a proton is extracted by hydroxide ion
from unprotonated amino group.* Please note that at highly
alkaline pH, the cyclization step is not the rate limiting step of
catecholamine autoxidation, indicated by a plateau and loss of
pH dependence of experimentally observed catecholamine
autoxidation reaction rate constant at highly alkaline pH.'**>?®
At acidic pH, the cyclization of catecholamine o-quinone with
protonated quinone group becomes predominant, indicated by
a plateau that is independent of pH and becomes again pH
dependent at extremely low pH. The pH dependence of
proposed cyclization reaction mechanism is in qualitative
agreement with experimental data, proving the validity of our
model."”**** Moreover, at physiological pH, the cyclization
reaction is faster for adrenaline than noradrenaline o-quinone,
which is also consistent with experimental data.”** Since
noradrenaline o-quinone is more stable at physiological pH
than adrenaline o-quinone, it is more susceptible to enter
competing oxidative pathways like tautomerization leading to
chain breakdown.*

Quantitatively, the proposed model is reasonably close to
experimental data. The predicted observed reaction rate
constants are dependent on calculated intrinsic activation free
energies where error up to 3 kcal mol ' is expected due to the
error of hydration free energy calculations for charged species.*
Furthermore, experimental pK, values are not available, while
the calculated pK, values of monoamines are expected to have
error of 3 or even more units.’” El-Ayaan et al. predicted the
noradrenaline o-quinone pK, values of pK, ; = 9.53 and pK, , =
1.55 from experimental cyclization reaction kinetic data.*
However, they performed the experiments in the presence of
different salts and iron(ur) or periodate that might significantly
influence the Kkinetics of the reaction.*® Moreover, the

16656 | RSC Adv, 2020, 10, 16650-16658

catecholamine autoxidation reaction rate is also influenced by
the electrostatic properties of immediate surroundings influ-
encing the dispersion and localization of charges on the reac-
tants,* which could significantly alter the local pK, values of
reactants and the intrinsic activation free energy of the cycli-
zation reaction, consequently changing the observed autoxida-
tion reaction rate constants.** This could be biologically
relevant since catecholamines are stored in secretory vesicles
with numerous other charged molecules® and since catechol-
aminergic signaling occurs in a complex environment of
a synapse and extracellular space.’® Therefore, further studies
investigating the effects of various charged molecules on cate-
cholamine o-quinone cyclization reaction are warranted.

Conclusions

Using quantum chemical methods, the present study investi-
gated the cyclization step of the catecholamines- noradrena-
line and adrenaline autoxidation reaction in aqueous solution
by considering two reaction pathways across a broad pH range.
The result showed that two catecholamine o-quinone species,
one with unprotonated and one with protonated quinone
group, can participate in the cyclization reaction. At acidic pH,
spontaneous cyclization of catecholamine o-quinone with
protonated quinone and unprotonated amino group is
predominant and its kinetics is pH independent; while at
alkaline pH, the cyclization of catecholamine o-quinone with
unprotonated quinone group where a proton is extracted from
the unprotonated amino group by hydroxide ion prevails and
is highly pH dependent. Furthermore, analytical solution for
describing the complex pH dependence of the observed
cyclization reaction rate constant and predicted pK, values for
noradrenaline and adrenaline o-quinone are also provided.
The proposed model is consistent with experimental data and
provides deeper understanding of the catecholamine o-
quinone cyclization mechanism. It remains a challenge for the
future to address these reactions on multiscale QM/MM level

This journal is © The Royal Society of Chemistry 2020
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and to build a macroscopic model of catecholaminergic
neurodegeneration.®’
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