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Abstract

Neuromelanins are compounds accumulating in neurons of human and ani-
mal brain during aging, with neurons of substantia nigra and locus coeruleus
having the highest levels of neuromelanins. These compounds have melanic,
lipid, peptide, and inorganic components and are contained inside special
autolysosomes. Neuromelanins can participate in neuroprotective or toxic pro-
cesses occurring in Parkinson's disease according to cellular environment.
Their synthesis depends on the concentration of cytosolic catechols and is a
protective process since it prevents the toxic accumulation of catechols-derived
reactive compounds. Neuromelanins can be neuroprotective also by binding
reactive/toxic metals to produce stable and non-toxic complexes.
Extraneuronal neuromelanin released by dying dopamine neurons in
Parkinson's disease activates microglia which generate reactive oxygen species,
reactive nitrogen species, and proinflammatory molecules, thus producing still
neuroinflammation and neuronal death. Synthetic neuromelanins have been
prepared with melanic, protein structure, and metal content closely mimicking
the natural brain pigment, and these models are also able to activate microglia.
Neuromelanins have different structure, synthesis, cellular/subcellular distri-
bution, and role than melanins of hair, skin, and other tissues. The main com-
mon aspect between brain neuromelanin and peripheral melanin is the

presence of eumelanin and/or pheomelanin moieties in their structure.

Abbreviations: AD, Alzheimers disease; DA, dopamine; EPR, electron paramagnetic resonance; LC, locus coeruleus; L-DOPA, L-
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1 | INTRODUCTION

Neuromelanins (NMs) are a family of compounds present
in neurons of many regions of the human and animal
brain as shown by morphological and neurochemical
studies. These compounds are mostly abundant in
human substantia nigra (SN) and locus coeruleus
(LC) catecholaminergic neurons."” Both these regions
are early targeted in Parkinson's disease (PD), while in
Alzheimer's disease (AD) only LC is early damaged.** In
AD and PD, the NM-containing neurons are preferen-
tially lost compared to those without NM. Considering
the presence of NM in vulnerable neurons of these dis-
eases, it has been discussed for long time whether NMs
are protective or toxic.”® During normal aging there is a
continuous accumulation of NMs in neurons, especially
in SN and LC, so that an increasing pigmentation is
observed,” while in PD and AD there is a severe decrease
of pigmentation, visible to the eye and at histopathologi-
cal examination.®

The synthesis of NMs requires high neuronal content
of catecholamines.® Several enzymes have been hypothe-
sized to be involved in the oxidative phase of NM synthe-
sis, however none of them was shown to play a key
role>® NMs are accumulated within autolysosomal
organelles together with several proteins and lipid bodies
mainly containing dolichols.'® Isolated NM pigments are
dark-brown and are insoluble in water, organic solvents
and are slightly soluble in basic solutions. Purified NMs
contain melanic, lipid and protein components and inor-
ganics."'* In the inorganic component, an important
role is played by metals like iron, copper, and zinc." NMs
shares several aspects with amyloid-p protein like insolu-
bility, accumulation in aging, affinity for metals, ultra-
structural features, synthesis that removes toxic
precursors and neurotoxic effect through activation of
microglia."”

Investigation of NM structure and role has been
always a challenge since it can be isolated and purified in
low amount from human brain. Moreover, the low solu-
bility of NM prevents its use in important structural
methods. Then, adequate models that mimic the struc-
ture and behavior of natural NMs have been synthesized
also providing a reasonable solubility."*'> Considering
structure, synthesis, interactions, and behavior, the brain
NMs are different from melanins present in peripheral
tissues like skin, hair, eyes, and others. Unlike brain NM,

in these tissues the melanin synthesis is depending on
the presence of tyrosinase, and two types of melanins can
be identified: brown-black eumelanin and yellow-red
pheomelanin.*'®

2 | SYNTHESIS AND
ACCUMULATION OF NMs IN
NEURONS DURING AGING

NMs are synthesized and accumulated during lifespan in
neurons of several brain regions of human and animal
brain. The main accumulation of NM, reaching levels as
high as 3-4 mg/g brain tissue, is observed in catechol-
amine neurons of SN and LC of elderly humans.” The
NMs have been described in SN of primates, cats, dogs,
sheep, goats, and horses in variable amount depending
on age and type of animal, with the lowest or
undetectable amount in rodents and the highest in pri-
mates. These differences are related to the different dopa-
mine (DA) metabolism and the slow age-related process
of accumulation.'”°

In cultured DA neurons of rat SN, it was shown that
NM biosynthesis is depending on cytosolic concentration
of DA not accumulated in synaptic vesicles, so that neu-
rons overexpressing vesicular monoamine transporter
2 (VMAT?2) have low cytosolic DA and therefore low NM
synthesis.® In murine neurons of LC, the disruption of
VMAT?2 induces an increase of norepinephrine cytosolic
content and synthesis of NM, suggesting an inverse rela-
tionship between VMAT2 expression and NM content in
LC.>"*? Then, the synthesis of NMs in SN and LC is
clearly a protective process that removes excess of cyto-
solic catechols that otherwise will be oxidized to reactive/
toxic quinones, which in turn could react with proteins
altering their structure and function. In human SN and
LC, it was demonstrated that precursors of NM synthesis
are DA, norepinephrine, and their metabolites.?

Interestingly, an inverse relationship has been
observed between NM content and neuronal vulnerabil-
ity on one side, and VMAT2 expression on the other side
in human midbrain neurons.”** Indeed, regions like
ventral tegmental area (VTA), SN pars reticulata and SN
pars compacta, in the mentioned order, have increasing
content of NM and increasing neuronal vulnerability,
while VMAT2 expression is decreasing from VTA to SN
pars reticulata and pars compacta.** In principle, the
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accumulation and toxic role of NM (as explained in a
next section), as well as related neuronal vulnerability,
could be counteracted by treatments overexpressing
VMAT2, which would reduce the high level of cytosolic
DA, then DA-derived toxicity, and also synthesis of NM
with its neurodegenerative effects would be decreased.®*>

In other brain regions like putamen, premotor cortex
and cerebellum the presence of NMs was also reported.
There are neurons in these regions expressing tyrosine
hydroxylase which converts L-tyrosine into L-3,-
4-dihydroxyphenylalanine (L-DOPA).***” Indeed, it was
demonstrated that NM isolated from these regions
mainly derive from oxidation of DOPA and not from cat-
echolamines, since these neurons expressing tyrosine
hydroxylase do not express aromatic L-amino acid decar-
boxylase necessary for DA biosynthesis, so that only
DOPA is synthesized."*’

The synthesis of NM starts with iron/copper-mediated
oxidation of catechols to quinones which reacts with cys-
teine, histidine and lysine of fibrillated proteins that form
seeds of aggregated oligomers of peptides/proteins, then
further oxidation to melanin takes place. Among the
fibrillated proteins that can interact with quinones,
alpha-synuclein and glycoprotein nonmetastatic mela-
noma protein B were identified in NM-containing organ-
elles of SN, although other proteins able to form
insoluble fibrils with cross p-structure are likely involved.
The complexes iron/copper-melanin-cross 3 sheet pro-
teins aggregates are not degradable by proteasome sys-
tem, and therefore are incorporated by double
membranes to form an autophagosome, which fuses with
lysosome producing an autolysosome. This autolysosome
again fuses with other vesicles that contain further pro-
teins and lipids. At the end, inside autolysosomes the
adduct iron/copper-melanin-f sheet proteins will react
with lipids to generate the final NM pigment within the
organelle.'”'* The mechanism through which lipids are
bound to the melanin-protein moieties of NM is still
completely unknown.

In addition to iron and copper,’ large amounts of zinc
have been found into human NMs of SN and other brain
regions."**?° Smaller quantities of other metals like alu-
minum, manganese, chromium, molybdenum, lead, and
mercury are present in NMs isolated from different
regions of the human brain and part of these metals
arises from environmental exposure.l Then, human NM
pigment can bind reactive iron and copper, as well as
other metals, forming stable complexes and blocking
their neurotoxic effects that could take place through
redox reactions and other processes. These observations
indicate a neuroprotective role of NM against metal-
derived toxicity particularly in brain areas highly
enriched of NM pigment, like SN and LC regions
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involved in neurodegenerative processes of PD and AD.’
These metals could be incorporated into NM during the
first steps of NM biosynthesis participating to the oxida-
tion of catechols to quinones or they can be carried by
proteins in the formation of complexes with NM pigment.
It is interesting that in NM-containing neurons reactive
iron is not found, while neurons without NM have sev-
eral deposits of reactive iron>: this suggests that when
reactive iron is produced, the NM immediately chelate it
forming a stable complex buffering iron-related toxicity.
In NMs, iron(III) is present in sites of different nuclearity.
The simplest sites are constituted by mononuclear iron
sites, where the metal is six-coordinated by oxygen atoms
of catechol moieties, and possibly by water or hydroxo
groups, in a distorted octahedral arrangement and high-
spin configuration, so that these centers are detectable by
electron paramagnetic resonance (EPR) spectroscopy.
These sites are of low or moderate affinity and the metal
can be removed at least partially by treatment with che-
lating agents. Most of iron is bound to NM in
multinuclear clusters of likely variable nuclearity, where
iron(IIT) centers are linked by oxo and/or hydroxo brid-
ges and through catechol groups. These sites are of high
affinity and contain strongly coupled and EPR silent
iron(I1I) centers.*** The NM-iron complex was shown to
be the major player of the contrast mechanisms in mag-
netic resonance imaging of NM in human SN, thus all-
owing to image the loss of DA neurons containing NM
and to diagnose PD.*"**

In NM-containing organelle of the human SN many
lysosomal proteins of soluble and membrane type have
been found, with large number of peptidases, sulfatases,
and esterases but low amount of glycosylases and lipases,
suggesting that this special organelle has less degradation
capacity than typical lysosome.'®*® Important aspects
concerning the last steps of NM synthesis and its storing
as final form of NM should be considered. The NM-
containing organelle has a macroautophagic genesis, as
shown by its double membrane and the presence of pro-
teins like microtubule-associated proteins 1A/1B light
chain 3B, autophagic adaptor sequestosome-1, alpha-
crystallin B chain, heat shock protein HSP 90-alpha,
tubulin polymerization-promoting protein, glycoprotein
nonmetastatic melanoma protein B and ubiquitins, all
involved in macroautophagy and bulk degradation
processes.'?

The NM biosynthesis involves also the lipids stored in
lipid bodies of NM-containing organelles, that are mainly
dolichols and dolichoic acids with smaller amounts of
glycerophospholipids, sphingolipids, and free fatty
acids.'® Dolichols and dolichoic acids, the prevalent mol-
ecules of lipid bodies which are also strictly associated
with NM pigment,**** are likely transported inside NM-
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containing organelles as dolichyl esters by lysosome
membrane protein 2 and apolipoprotein D present in the
organelle, and later hydrolyzed to dolichols by abundant
esterases, and can also be transported inside NM-
containing organelles by vesicle transport and membrane
fusion with other oganelles."

During life NM-containing organelles accumulate
undegradable NM pigment, proteins, lipids, and metals.
The NM itself and the particular feature of its organelle
inhibits peptidase enzyme activity, then several of above-
mentioned proteins can be accumulated. Electron
microscopy images show that autolysosomal organelles
that contain NMs are 0.5-3.0 pm in size and may have
slightly different shapes depending on the neuron and
region where they are observed.'>* Studies with scan-
ning electron microscopy on the NMs pigments isolated
from different brain regions reveal aggregates of spherical
units with about 200 to 400 nm diameter.’®*” Images
obtained by atomic force microscopy show that these
units are composed of substructures whose size is about
30 nm."***” The SN and LC have the highest number of
pigmented neurons of the brain, and each neuron has
more NM-containing organelles than the neurons of
putamen, premotor cortex, and cerebellum, caudate
nucleus, globus pallidus, occipital, parietal, and temporal
cortexes."!?

Outside central nervous system it was reported in few
cases the presence of pigmented nodules in the adrenal
gland, with cells showing positive reaction for Fontana-
melanin staining. Electron microscopy showed the pres-
ence of few NM-like organelles but with morphology very
different from that of NM-containing organelles observed
in neurons of human SN.*® In any case, further investiga-
tion is required to identify the nature of this pigment and
its related organelle.

3 | STRUCTURAL
CHARACTERISTICS OF NMS OF THE
HUMAN BRAIN

For a number of years, the structural features of brain
NMs have been described in terms of that of the more
broadly diffused peripheral melanins.'®* This is gener-
ally referred to as the “casing model” of mixed
melanogenesis,”® which basically represents NM as com-
posed of spheroidal particles containing a core of
pheomelanin surrounded by an external coat of
eumelanin.® The latter is more chemically resistant and
photoprotective, which is an extremely important prop-
erty for skin melanin.'® These properties depend on the
peculiar organization of the eumelanic component,
which is synthesized enzymatically by tyrosinase

producing L-DOPA or catecholamine oligomers assem-
bled in layers with aromatic stacking interactions.*' The
layers are kept close to each other at a distance of 3.5 A,
typical of aromatic stacks, but this feature is completely
absent in the X-ray powder spectra of the NMs isolated
from all brain regions, indicating that human brain NM
must be organized in a different way. An important clue
to unveiling the different structural organization of
human brain NMs came from the X-ray powder data,
that systematically showed a 4.7 A motif (corresponding
to the lateral distance between adjacent backbone peptide
chains) typical of cross-p structure of fibrillated proteins.*
This shows that the melanic component of brain NMs is
not structurally organized and a different biosynthetic
model is then necessary to describe its formation, as a
random chemical rather than enzymatic process, and
assuming that the core of NM particles must be consti-
tuted by protein fibrils rather than only pheomelanin.

The first indication of a possible way to build up an
unstructured melanic coat around the protein core came
from a study of dopamination of myoglobin, a protein
with a rigid a-helical structure.** Analysis of the modified
fragments after proteolysis, indeed, showed that after ini-
tial attack of nucleophilic residues from cysteine
(in human myoglobin) or histidine (in horse heart myo-
globin) to DA-quinone, the resulting electron-rich cate-
chol drives further melanization upon oxidation to
quinone and addition of DA molecules in a sequence of
oxidation/condensation reactions.”® As it is known that
cysteine residues are by far more reactive than other
amino acids toward quinones,’>*’ the pathway involving
cysteine thiol is represented in Figure 1. This process was
systematically confirmed in our subsequent attempts to
synthesize models for the melanin-protein core of brain
NM, using serum albumin,’* or p-lactoglobulin.'
Although, we were interested to obtain soluble melanin-
protein conjugates and, therefore, we limited the protein
dopamination to oligomers of limited size, the melaniza-
tion process inevitably leads to insoluble products when
allowed to proceed for extended time. In all these
melanin-protein conjugates the melanic portion is
unstructured and it was important to find that when
fibrillated f-lactoglobulin was used in the synthesis, the
isolated conjugate showed that DA melanization did not
disrupt the fibrillar core of the protein, yielding the char-
acteristic pattern of cross-p fibrils in the X-ray powder
spectra.’?

We strongly believe that the pathway to melanization
indicated by our model studies reflects the biosynthetic
pathway of the initial core of human brain NM as it
occurs in the cytosol starting from seeds of protein fibrils,
which better expose the polar side chains of amino acids
on the surface, making the nucleophilic attack to
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FIGURE 1 Initial steps of the biosynthetic pathway to the melanin-protein core of NM. The DA quinone formed by metal catalyzed DA

oxidation undergoes nucleophilic attack by the side chains of polar amino acids, indicated as Protein”"XH (i.e., cysteine —SH; histidine -NH;
or also lysine -NH,), exposed on the surface of fibril seeds. As cysteine thiols are by far the most reactive groups against the quinone, the
reaction of this particular protein residue is shown in the figure. Melanization then proceeds by a sequence of oxidation/condensation of the

electron rich catechol residues attached to the protein fibrils.

catecholamine quinones easier. The excess of DA (and
other catecholamines) present in the environment con-
tinues the reaction chain to generate the unstructured
melanin core. The process of further maturation and
lipidation of the initial melanin-protein core has been
described elsewhere.>'?

4 | ROLE OF HUMAN NMS IN
NEUROINFLAMMATION AND
NEURODEGENERATION:
APPLICATIONS OF MODEL NMS IN
IN VITRO AND IN VIVO
NEURODEGENERATIVE SYSTEMS

The massive presence of NM pigment inside dopaminer-
gic neurons of the SN, the brain area mostly damaged in
PD, has indicated NM as key factor for selective vulnera-
bility of these neurons.** The loss of NM-containing neu-
rons of the SN during PD, as demonstrated by
histopathological studies,®*> was also confirmed by the
huge decrease of NM concentration measured in the SN
of PD patients.*® Many studies described a common phe-
nomenon in the SN of PD subjects: the presence of sev-
eral extracellular NM deposits, as result of severe
degeneration of pigmented SN dopaminergic neurons
over the disease.*” Notably, these extracellular NM debris
have been observed in close proximity to activated
microglia in the SN of patients with PD and parkinson-
ism with dementia,*”** or toxin-induced parkinsonism.*’
Phagocytic microglia are responsible for the disappear-
ance of NM pigment in the SN following to neuronal
death, since NM debris have been observed inside reac-
tive microglia.*’ Interestingly, extracellular NM in PD
behaves like amyloid-p protein in AD, since both com-
pounds can activate microglia leading to exacerbation of

neurodegenerative processes."> Then, SN dopaminergic
neurons seem to be particularly vulnerable to inflamma-
tory insult that is mainly generated by glia, mostly
microglia and astroglia, since reactive astrocytes and
microglia have been reported in PD SN indicating a
robust inflammatory state.*”>

All these data converge on the key role of NM in glia
activation and disease progression. To deeply understand
these mechanisms, NM purified from human SN has
been used to study the role of NM in driving this inflam-
matory state in in vitro and in vivo models. An early
report demonstrated that human NM added to microglia
cultures was able to induce positive chemotactic effects,
microglial activation with subsequent release of
proinflammatory and neurotoxic mediators like tumor
necrosis factor o, interleukin 6, and nitric oxide.’® This
model was later improved showing that NM, rapidly
phagocytized and degraded by microglia, induced micro-
glial activation ensuing production of reactive oxygen
and nitrogen species, together with  several
proinflammatory factors. Moreover, this updated in vitro
model demonstrated that NM induced severe neurons
degeneration in neurons/microglia co-cultures, showing
that this microglia-mediated process likely involves mac-
rophage antigen complex-1 and phagocytic oxidase of
microglia.”® Indeed, microglia derived from mice defi-
cient in phagocytic oxidase or macrophage antigen
complex-1, when activated by human NM induced less
neuronal degeneration. Then, drugs blocking these
microglial proteins could have neuroprotective effects
reducing microglia-mediated toxic effect of NM.>*

These neuroinflammatory/neurodegenerative effects
have been also investigated by using in vivo models:
injection of human NM into rat SN caused strong
microglia activation with significant degeneration of
dopaminergic neurons.’>> In the intranigral injection
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area, NM was also able to induce a moderate
astrocytosis.>® Then, the role of NM on human astroglial
cells was investigated in vitro showing that human NM
exposure caused inhibition of the tumor necrosis factor o
induced expression of the chemokine interferon y induc-
ible protein-lO,54 demonstrating that NM can affect
inflammatory signaling also in human astroglial cells,
even though this interplay deserves further studies.

In addition to the activation of tissue-resident cells
like microglia and astroglia, NM could have effects on
other immune cells: an in vitro study reported that after
exposure to human NM, dendritic cells effectively phago-
cytized NM, developed mature phenotype while secreting
proinflammatory cytokines and triggering T cell prolifer-
ation and response.”> Moreover, a novel inflammatory T
cell-mediated degenerative mechanism has been
suggested to involve the major histocompatibility com-
plex class I, which is highly concentrated in NM and
expressed in dopaminergic neurons containing NM of the
SN mostly targeted in PD.>® In this regard, high expres-
sion of the major histocompatibility complex class I was
also observed in NM-containing neurons of the LC, the
norepinephrine brain area targeted in PD and early dam-
aged in AD. The major histocompatibility complex class I
can bind antigenic peptides derived by cleavage of foreign
or native proteins and present them on plasma mem-
brane, then these NM-containing neurons can be particu-
larly susceptible to T cell-mediated cytotoxic attack
inducing selective neurodegeneration.”®

These findings explain the role of NM in neuro-
inflammatory/neurodegenerative processes of PD: after
an initial neuronal damage, NM released from dying neu-
rons induces microglial activation with production of
neurotoxic molecules which damage other neurons with
further release of NM, establishing a vicious condition of
neuroinflammation and neurodegeneration. In addition,
due to its poor solubility, NM could remain for long time
in the extracellular milieu of SN sustaining this chronic
inflammatory process that can be exacerbated also by
release of toxic compounds and redox active metals
immobilized into NM structure.””>®

Synthetic melanins have been used to induce and
study neurodegenerative and neuroinflammatory pro-
cesses in vitro and in vivo, replacing classic exogenous
toxins which cause only acute damage that is far from
what really happens in a PD brain. These synthetic
models, obtained by DA autoxidation, have been used to
study effects on dendritic cells, with very little effect on
their phenotype and function, since these compounds
were just synthetic melanins with structure and composi-
tion very different from human NM.>> A later in vitro
and in vivo study showed that similar synthetic model of
melanin with the addition of cysteine induced microglia

activation =~ with  up-regulation of a  variety
proinflammatory mediators, in a caspase-dependent
manner.”® Both studies provided an approach in the
study of molecular mechanisms underlying neu-
roinflammation of PD, although used very simple ana-
logues. This limitation was later overcome with the
synthesis of new NM models, comprising a more realistic
melanic portion with amyloid cross-p protein core and
iron components, which were used in vitro (Figure 2),
showing that these models were able to activate microglia
cells stimulating the proinflammatory response as human
NM does."

5 | COMPARISON BETWEEN NM
AND PERIPHERAL MELANINS

Melanin behaves as a redox system, containing multiple
reducing and oxidizing groups.”® Reverse engineering
methodology, based on mediated electrochemical probing
employing appropriate redox probes, showed that
eumelanin redox potential was about 0.3 V versus normal
hydrogen electrode, while that of pheomelanin was about
0.6 V versus normal hydrogen electrode.”’ The
researchers concluded that melanin could act as an elec-
tron transfer catalyst and pheomelanin, in particular,
could exert pro-oxidizing activity through redox-buffering
mechanism.®' Based on free electron laser-photoelectron
emission microscopy measurements of threshold photo-
ionization potential of hair eumelanosomes and
pheomelanosomes,®” their oxidation potentials were esti-
mated to be about —0.2 V for the former and +0.5 V ver-
sus normal hydrogen electrode, for the latter, suggesting
that pheomelanosomes were stronger reductants than
eumelanosomes, and even in the dark pheomelanosomes
could reduce molecular oxygen to superoxide anion. On
the other hand, the interaction of synthetic eumelanin
and pheomelanin models with different radicals, gener-
ated by pulse radiolysis, suggested that the one-electron
reduction potential of the majority of redox groups of
cysteinyl-DOPA-melanin was less negative than —0.31 V,
while that of DOPA-melanin was more negative than
—0.45 V.%® Distinct pro-oxidizing activity of synthetic
pheomelanins was demonstrated in a study, in which the
efficiency of melanin containing different amount of ben-
zothiazole and benzothiazine, to photo-oxidize reduced
glutathione was compared.** The researchers found that
benzothiazole-rich pheomelanin was more efficient in
depleting glutathione upon irradiation with ultraviolet A
than benzothiazine-rich melanin.

As described in a previous paragraph, the structure
and biogenesis of NM strongly differs from that of periph-
eral melanins. However, the external melanic coat of NM



ZUCCA ET AL.

wewme LIFE_W [ LEY-_L_

FIGURE 2

Transmission electron microscopy images of rat microglia cultures exposed to synthetic NM models (a) and human NM

pigment isolated from SN (b). Both synthetic and natural NM appear in microscopy images as black and electron-dense pigments (arrows).

The synthetic NM used in this in vitro model has a composition similar to that of the natural pigment, with a melanin-protein core obtained

by melanization of fibrillated p-lactoglobulin with the presence of iron. Both compounds were actively phagocytosed by microglia cells and

engulfed inside specialized phagosomes (arrows) for future breakdown and degradation of the pigments. During this process, this synthetic

NV, as well as similar analogues with minor differences in their constituents, were able to promote microglia activation that was assessed by

analysis of activation of typical proinflammatory markers in a manner that was similar to that of human NM. Scale bar = 2 pm. Reprinted

(adapted) with permission from ref.'> Copyright 2017 American Chemical Society

is essentially constituted of unstructured eumelanic oligo-
mers and we expect that the redox properties of NM
should be similar to that of eumelanin. Indeed, photo-
electron emission microscopy measurements revealed
that the oxidation potential of NM pigment isolated from
human SN was about —0.1 V + 0.2 V versus normal
hydrogen electrode,*® which compares favorably with the
oxidation  potential of human eumelanosomes
(—0.2 V + 0.2 V) determined in an independent study.®*
Although oxidation potential of NM shell is not suffi-
ciently reductive to induce a high level of oxidative stress,
it is sufficient to induce redox cycling with paraquat, a
redox active environmental toxin, as demonstrated by
electrochemistry-based reverse engineering methodol-
ogy.®®> Redox cycling of paraquat, with the formation of
its one-electron reduction product, which via interaction
with molecular oxygen yields superoxide anion, could
account for possible neurotoxicity mediated by NM.°*
One of the most distinct properties of melanin is its
ability to bind metal ions.°® The binding sites of synthetic
catechol- and DOPA-melanin, analyzed by EPR spectros-
copy, using 63-copper(Il) as a paramagnetic molecular
probe, revealed that at weakly acidic pH, only mono-
dentate carboxyl complexes were formed, while at near
neutral pH bidentate phenolic hydroxy complexes were
observed. At higher pH, also bidentate nitrogen-carboxyl
complexes were formed. Copper complexes with natural
melanin from bovine choroid, at weakly acidic pH, were
the same as in synthetic DOPA-melanin; however, at pH

above 7 the EPR spectra of copper(Il) suggested possible
formation of bidentate nitrogen complexes. There is little
doubt that the catechol hydroxy, amine and carboxylic
groups are involved in binding of monovalent and diva-
lent alkali metal ions, divalent and trivalent transition
metal ions and lanthanide ions by natural and synthetic
eumelanins.®®

Assuming that typical melanic units of NM are rea-
sonably well approximated by dihydroxyindole, ben-
zothiazine and benzothiazole units,’” the binding of
these units with iron(II) and iron(III) was analyzed by
potentiometric and spectrophotometric titration.®® The
study indicated that under neutral and mildly acidic con-
ditions, iron(IIT) preferable forms with dihydroxyindole
species bidentate complexes.

Iron and copper ions are the biologically most rele-
vant redox-active transition metal ions; however, when
in complexes with certain low-molecular weight ligands,
these metal ions can be toxic due to their ability to cata-
lyze free radical decomposition of hydrogen peroxide.®®
Binding of ferric ions by NM from SN and by a synthetic
NM model was studied by EPR spectroscopy.®”® Later, it
was shown that intraneuronal NM buffered reactive iron
and blocked iron-mediated oxidation of ascorbate and
DA.” The study also revealed that NM, by sequestering
iron ions, inhibited in a dose-dependent manner the for-
mation of hydroxyl radicals by Fenton's reaction. Distinct
antioxidant action of a synthetic and natural NM was
found in a model system by monitoring the rate and
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extent of lipid peroxidation induced by ferrous ions and
free radical initiators.” Although both free radical scav-
enging activity of NM and its metal-ion sequestering abil-
ity were considered, it was concluded that the
predominant mechanism of melanin protection against
oxidative damage was sequestration of iron. Similar pro-
tective role of retinal pigment epithelium melanin, based
on its ability to sequester iron ions, was reported else-
where.”” Interestingly, retinal pigment epithelium mela-
nin granules, after experimental photoaging exhibited
substantially reduced antioxidant properties and even
accelerated iron-induced peroxidation of unsaturated
lipids.”” In view of the in situ photoaging of retinal pig-
ment epithelium melanin demonstrated in samples from
older human donors,” the reduced ability of photoaged
melanin to sequester redox-active metal ions and to scav-
enge reactive oxygen species is of considerable interest.
Although it is unknown if NM undergoes with age simi-
lar physicochemical changes that could compromise its
antioxidant and protective functions, chronic oxidative
modifications of NM are expected considering its long-
time exposure to high flux of hydrogen peroxide formed
in DA metabolism.>”

6 | SYNTHESIS AND STRUCTURE
OF MODELS NMS

Our knowledge on the biosynthesis, composition, struc-
ture, activities (as metal chelating agent, remover of toxic
species, activator/quencher of redox reactions and as acti-
vator of microglia and astrocytes) is continuously increas-
ing based on the studies of the natural NM pigment.
Nevertheless, a detailed characterization is hampered by
the fact that NM is substantially insoluble and can only
be extracted in small amounts from the aged human
brain (4-5 brains of elderly subjects are required to
obtain ~1 mg of NM from SN). Due to scarce availability
of human NM, the use of synthetic analogues is really
promising. Synthetic models of this pigment are needed
in order to have access to techniques where large amount
of substance is required, and when the insolubility does
not allow the acquisition of data. The best synthetic
models would require a similar structure and composi-
tion of NM: in particular considering the eumelanin/
pheomelanin ratio, the metal content, the accessibility
and association of the metal ions, the protein content
with cross-f3 structure core and, finally, covalently bound
lipid residues. Presently, it is hard to obtain all these fea-
tures in synthetic models.

The optimization then required a stepwise process.
Synthetic NMs were prepared by oxidative polymeriza-
tion of DA and/or cysteine/DA: by changing the reagents

ratio, the benzothiazine to dihydroxyindole (the
pheomelanin and the eumelanin oligomer units, respec-
tively) ratio can be controlled."*””* When the synthesis
of the pigment is performed in the presence of iron(Il) as
catalyst, a faster reaction is observed and the formed NM
contain the metal ion, in its iron(IIT) form, strongly
bound in clusters to catecholate residues, with spectro-
scopic (i.e., EPR) features that closely resemble those of
the natural NM pigment."*

These latter synthetic NMs are almost completely
insoluble and difficult to study. A big improvement in the
models was obtained by the addition of protein moieties
in the compounds. At first albumin was used as the pro-
tein component.'* Through the change of the relative
ratios between the reagents (DA, cysteine, albumin, iron)
during the synthesis, it has been possible to obtain deriv-
atives with different eumelanin/pheomelanin, metal and
protein contents. The characterization of these synthetic
NMs showed the presence of two types of iron binding
sites."* A small fraction of the metal ion is weakly bound
to catecholato groups of the melanic component in
mononuclear sites, which give rise to EPR detectable sig-
nals. The larger amount of iron is also bound to the
melanic moiety but forming multinuclear clusters with
additional oxo-hydroxo bridges which keep the iron cen-
ters strongly bound to each other and electronically
coupled, so that these centers are non-detectable by EPR
spectroscopy.'* The organization of iron centers in these
synthetic NM analogues is therefore similar to that occur-
ring in natural NM of human brain.">** A radical,
coupled to the iron, is also observed in the melanic
moiety,'* similarly to what observed in the natural NM
pigment.' Nevertheless, the most important aspect of the
models containing albumin is the possibility to obtain
soluble conjugates, facilitating the spectroscopic and
activity studies.

The proteolytic digestion of the conjugates followed
by mass spectrometry analysis allowed to clarify the prin-
cipal mechanism of protein covalent link to the melanic
portion, as a nucleophilic addition to DA quinone with a
reactivity rank as follow: -SH (cysteine) >> -imidazole
(histidine) > -NH, (lysine). The nuclear magnetic reso-
nance analysis on the conjugate showed that the melanin
covalent link to the protein has different effect on the
conformational mobility of the residues according to
whether the nucleophilic addition occurs on small
melanic oligomers (in this case the protein gains in con-
formational freedom) or on extended polymers (thus
leading to slow rotational freedom).'*

A good NM model should consider that NM biosyn-
thesis does not involve the enzymatic DA oxidation cata-
lyzed by tyrosinase or other enzymes, but involves the
interaction of fibrillar protein nuclei with DA (and
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metabolites) present in the cytosol of neurons. DA is oxi-
dized in the presence of traces of metal ions (particularly
iron and copper), and in this way melanin-protein conju-
gates with an unstructured melanic component are thus
generated. In support of this thesis, there is the fact that
unlike the peripheral melanins, the only structural ele-
ment recognized in human NM is the fibrillar protein
nucleus, as above described, from which the melanic por-
tion grows."®°

In order to obtain more sophisticated models that best
mimic the structure of human NM, we have replaced
albumin with p-lactoglobulin, a protein capable of for-
ming fibrils.”” Soluble melanin-protein conjugates were
also obtained by melanization of fibrillated f-lactoglobu-
lin.'® These new soluble models allow analysis using vari-
ous techniques including mass spectrometry, nuclear
magnetic resonance, EPR and ultraviolet-visible spectros-
copies, and circular dichroism. The melanic portion of
the conjugates contains either eumelanic or mixed
eumelanic/pheomelanic composition, with the latter bet-
ter simulating natural NMs. In addition, the conjugates
can be loaded with controlled amounts of iron. These
conjugates maintain the amyloid cross-p protein core as
the only structurally organized element, as in human
brain NM, together with similar iron environment as
shown by the EPR spectra, thus acting as good models."’

Moreover, it is important to underline that, in addi-
tion to DA, other catecholamines participate in the bio-
synthesis of NM.** Indeed, our group recently developed
the synthesis of models that mimic the NM of human
LC. These NM models, unlike the previous ones that
were synthetized from DA, were prepared starting from
norepinephrine and with iron and copper ions in a ratio
similar to that found in natural NM from LC.” These new
synthetic analogues mimicking the NM of LC could be
used to develop in vitro and in vivo models to study neu-
rodegenerative and neuroinflammatory mechanism of
diseases that affect LC neurons containing NM, primarily
AD and PD.
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