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Abstract

Endocannabinoids are lipid mediators consisting of esters, amides and ethers of long-chain
polyunsaturated fatty acids. In this work, attention was focused on N-arachidonoyl ty-
rosine (NA-Tyr) and N-arachidonoyl dopamine (NADA), the amides of arachidonic acid
with tyrosine and dopamine, respectively. NADA is an endogenous ligand of both type
1 cannabinoid receptors and type 1 vanilloid channel receptors. NADA is considered an
endogenous compound with capsaicin-like activity and is distributed in several brain areas.
The metabolic fate of endocannabinoids involves numerous enzymatic activities, which are
only partially characterized. In particular, the biological activity of these biomolecules is
terminated by enzymes with hydrolytic or oxygenase/oxidase activity. As part of this prob-
lem, we studied the oxidation of NADA and NA-Tyr mediated by mushroom tyrosinase.
Our experimental data show that tyrosinase can oxidize both NADA and NA-Tyr. The
oxidation of these biomolecules was also carried out in the presence of cysteine, allowing
us to observe the formation of endocannabinoid/endovanilloid adducts with cysteine.
These results were derived from chromatographic analyses and mass spectral experiments.
During the tyrosinase-mediated oxidation in the presence of cysteine, it was possible to ob-
serve the production of a melanin-like pigment. The spectral characteristics of this pigment
are consistent with those of pheomelanin, the pigment that contributes to the structure
of neuromelanin. While mushroom tyrosinase serves here as a convenient biomimetic
model to investigate the oxidative susceptibility of NADA and NA-Tyr, extrapolating these
in vitro findings to mammalian physiology requires caution. Nevertheless, considering the
neuronal distribution of these precursors and the documented, albeit debated, presence
of tyrosinase-like activity in the central nervous system (CNS), these results offer a chemi-
cal rationale to further investigate whether similar oxidative pathways occur in vivo and
potentially contribute to neurodegenerative mechanisms.

Keywords: endocannabinoids; NADA; endovanilloids; tyrosinase; S-cysteinyl conjugates;
pheomelanin; neurodegeneration

1. Introduction
Endocannabinoids are lipid mediators consisting of esters, amides and ethers of long-

chain polyunsaturated fatty acids [1,2]. Among endogenous cannabinoids, N-arachidonoyl
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dopamine (NADA) and N-arachidonoyl tyrosine (NA-Tyr) are the amides of arachidonic
acid with dopamine and tyrosine, respectively.

NADA is an endogenous ligand of both type 1 cannabinoid receptors (CB1) and
the type 1 vanilloid channel receptor (TRPV1). NADA is considered as a member of the
endovanilloid family with capsaicin-like activity and is distributed in several brain areas
of the central nervous system such as the striatum, hippocampus and cerebellum [3,4].
Conversely, NA-Tyr is one of the possible precursors of the metabolic pathway leading to
biosynthesis of NADA in vivo [5].

The formation and inactivation of NADA as well as its significance under physiological
and pathological conditions are not fully understood yet. Nonetheless, there is evidence
that NADA plays an important role in nociception and inflammation in the central and
peripheral nervous system [6].

To date, numerous metabolic pathways have been described that lead to the biosyn-
thesis of endocannabinoids [7–9]. NADA synthesis was observed almost exclusively in
dopaminergic terminals. The first proposed pathway for NADA biosynthesis requires
tyrosine hydroxylase and L-amino acid decarboxylase starting from NA-Tyr as a pre-
cursor and NA-DOPA as an intermediate (Figure 1) [5]. Similarly, the metabolic fate of
endocannabinoids also involves numerous enzymatic activities, which are only partially
characterized [10]. In particular, the biological activity of these biomolecules is terminated
by enzymes with hydrolytic activity or alternatively by enzymes with oxygenase or oxidase
activity [11]. To address this knowledge gap, we studied the enzymatic oxidation of NADA
and NA-Tyr mediated by mushroom tyrosinase.

Figure 1. NADA biosynthesis pathway.

Tyrosinase is known to easily oxidize other substrates in addition to tyrosine, such as
enkephalins or tetrahydroquinolines. A common feature in the structure of these molecules
is the presence of a phenolic portion as enkephalins or a catecholic portion such as tetrahy-
droisoquinolines [12,13]. In particular, enkephalins are pentapeptides with opioid activity
which possess tyrosine residue in the amino-terminal position. The action of tyrosinase on
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these bioactive peptides gives rise to the formation of melanin-like pigments which have
been named opiomelanins [14,15]. These substrates are characterized by a phenolic or a
catecholic moiety, similar to N-arachidonoyl derivatives of tyrosine and dopamine, respec-
tively. Interestingly, opiomelanins are also generated by oxyradical attack on the tyrosine
amino-terminal residue, which is converted to DOPA. The further oxidative modification
of the DOPA residue produces opiomelanins, providing evidence for a possible route of
melanin-like pigment synthesis without any enzyme intervention [16,17].

Tyrosinase-catalyzed oxidation of tyrosine generates the highly reactive dopaquinone [18].
Similarly, the oxidation of dopamine leads to the formation of quinones [19]. In the presence
of cysteine, the quinones undergo nucleophilic addition with the concomitant production
of adducts, mainly 5-S-cysteinyl DOPA and 5-S-cysteinyl dopamine. These adducts are
successively converted through the intermediate synthesis of benzothiazine derivatives into
pheomelanin pigments [20,21]. 5-S-cysteinyl dopamine, normally found in dopamine-rich
regions of the brain, has been reported to act as an endogenous neurotoxin, contributing to
the neurodegeneration of dopaminergic neurons in Parkinson’s disease [22]. Noteworthily,
5-S-cysteinyl dopamine units form the building blocks of neuromelanin, the characteristic
pigment occurring in the bodies of dopaminergic neurons of substantia nigra [23]. Ele-
mental analyses of neuromelanin extracted from substantia nigra indicate a high sulfur
content and a molar C/H ratio indicating the presence of an aliphatic group and a benzoth-
iazine moiety. The neuromelanin aliphatic component has been partially characterized as
C14–C20 fatty acids. The complex composition of neuromelanin and the broad melanization
encountered in these specific neuronal cells led to the hypothesis of a possible involvement
of additional enzymes and substrates in the melanization process [24]. Along these lines,
NADA and NA-Tyr upon oxidation can give rise to melanin-like pigments, contributing
to neuromelanin production. Neuromelanin accumulates as a function of age in the nor-
mal human substantia nigra but is relatively depleted in the substantia nigra of patients
with Parkinson’s disease [23]. The cytoprotective role of neuromelanin is controversial.
Neuromelanin can also be pro-oxidant, becoming a source of free radicals. Moreover,
neuromelanin can activate microglial cells, inducing the release of cytotoxic molecules that
could damage other neurons and thus exacerbate the neurodegenerative process [25].

The aim of this work is to analyze the reaction products of tyrosinase-mediated
oxidation of NA-Tyr and NADA and their reactivity in the presence of an excess of thiol as a
strategy for the formation of new endocannabinoids. This research aims to shed light on the
mechanisms underlying the formation of these biomolecules in order to understand their
possible involvement in the complex inflammatory and nociceptive pathways underlying
neurodegenerative diseases, but also to evaluate their potential as novel pharmaceutical
targets in the fight against these diseases.

2. Materials and Methods
2.1. Materials

N-arachidonoyl tyrosine (NA-Tyr) and N-arachidonoyl dopamine (NADA) (Sigma
Aldrich, St. Louis, MO, USA) were solubilized in 99.8% v/v ethanol at a concentration of
5 mM and 10 mM, respectively. Mushroom tyrosinase (1000 U/mL) (fungal tyrosinase,
EC 1.14.18.1; catalogue no. T3824) and L-cysteine were provided by Sigma Aldrich. In
our experimental conditions, a unit of mushroom tyrosinase was the amount of enzyme
that increases the absorbance of tyrosine at 280 nm by 0.001 per minute at pH 6.5 at
25 ◦C. All other reagents and solvents were used with the highest level of commercial
purity available.
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2.2. NA-Tyr Oxidation: Chromatographic Analysis

Mushroom tyrosinase solution (50 U) was added to the reaction mixture containing
100 µM NA-Tyr and 50 mM phosphate buffer, pH 7.4 (1 mL final volume). The mixture
was left in the dark at room temperature. Aliquots (150 µL) of the reaction mixture were
chromatographically analyzed by HPLC at time zero and after 30, 60 and 120 min of
incubation. A Waters chromatograph with a Waters 996 UV photodiode array detector
(Waters corporation, Milford, MA, USA) was used for the analysis, setting the wavelength
at 275 nm. The column was a Nova-pak C18 (3.9 mm × 150 mm), 4 µm (Waters corporation).
The mobile phase consisted of two eluents: methanol/1 mM ammonium acetate (20:80 v/v),
pH 6.8 (eluent A), and methanol/1 mM ammonium acetate (85:15 v/v), pH 6.8 (eluent B).
The elution was carried out at a flow rate of 1 mL/min in a linear gradient from eluent A to
100% eluent B in 15 min. The peaks were identified using the calibration curve generated
using known endocannabinoid concentrations.

2.3. NA-Tyr Oxidation: Spectrophotometric Analysis

For the oxidative reaction, reaction mixtures containing NA-Tyr from 5 to 100 µM,
100 U mushroom tyrosinase, and 50 mM phosphate buffer (pH 7.4) were prepared
(1 mL final volume). The absorbance was measured at 400 nm over time to estimate
the N-arachidonoyl dopaquinone formation. The spectrophotometric analysis was per-
formed using a Perkin-Elmer Lambda 25 spectrophotometer (Perkin-Elmer, Shelton, CT,
USA). The values of Km and Vmax of the reaction were calculated using GraphPad Prism
5.0 software (GraphPad Software, San Diego, CA, USA).

2.4. NADA Oxidation: Spectrophotometric Analysis

For the oxidative reaction, NADA from 10 to 250 µM, 100 U mushroom tyrosinase
and 50 mM ammonium acetate buffer (pH 7.4) were mixed (1 mL final volume). The
absorbance was measured at 400 nm over time to estimate the formation of N-arachidonoyl
dopaminequinone species. The values of Km and Vmax of the reaction were calculated
using the GraphPad Prism 5.0 software.

Spectral changes during NADA oxidation were recorded over time in the 230–800 nm
range at room temperature. NADA was added to a mixture containing 20 U/mL mushroom
tyrosinase and 50 mM ammonium acetate buffer, pH 6.8. Spectrophotometric analyses
were performed using the Perkin-Elmer instrument (Lambda 25) (Perkin-Elmer).

2.5. N-Arachidonoyl 5-S-Cysteinyl DOPA Synthesis

A solution of NA-Tyr (100 µM) was incubated with 100 U of mushroom tyrosinase
in 1 mL of 50 mM phosphate buffer (pH 7.4) in the presence of 200 µM L-cysteine. The
absorbance was recorded at 6 min intervals in the range of wavelengths 230–400 nm
using the Scan program of the Lambda 25 software associated with the Perkin-Elmer
spectrophotometer (Perkin-Elmer).

2.6. N-Arachidonoyl 5-S-Cysteinyl Dopamine Synthesis

A solution of NADA (100 µM) was incubated with 100 U of mushroom tyrosinase in
1 mL of 50 mM ammonium acetate buffer (pH 6.8) in the presence of 200 µM L-cysteine.
The absorbance was recorded at 6 min intervals in the range of 256–295 nm wavelengths
using the Timedrive program of the Lambda 25 software associated with the Perkin-Elmer
spectrophotometer (Perkin-Elmer).

2.7. NADA Oxidation: Chromatographic Analysis

To evaluate and quantify N-arachidonoyl 5-S-cysteinyl dopamine from NADA based
on its mass-to-charge ratio (m/z), a chromatographic method was optimized using a Waters
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ACQUITY UPLC system (Waters corporation). The system included a quaternary solvent
manager (QSM), a sample manager with a flow-through needle (FTN) system, a photo-
diode array detector (PDA), and a single-quadrupole mass detector with an electrospray
ionization source (QDa).

The formation of N-arachidonoyl 5-S-cysteinyl dopamine product was evaluated
after incubating NADA (100 µM) and 100 U of mushroom tyrosinase in 1 mL of 50 mM
ammonium acetate buffer (pH 6.8) in the presence of 200 µM L-cysteine at room temperature
for 40 min. After 40 min of reaction, the oxidation was stopped by acidifying the mixture
to pH 1 with HCl.

Chromatographic analyses were performed to verify the m/z signal for N-arachidonoyl
5-S-cysteinyl dopamine, confirming the signal at an m/z of 557.82, in negative ionization
mode. A NADA precursor was observed at m/z 440.6 in positive ionization mode with no
detection of N-arachidonoyl 5-S-cysteinyl dopamine product.

For the chromatographic analysis, a Kinetex EVO C18column (1.7 µm, 100 Å,
2.1 × 100 mm, Phenomenex, Inc., Torrance, CA, USA) was used, thermostated at
25 ◦C, with a flow rate of 0.5 mL/min. Mobile phase A consisted of water with 0.1%
formic acid, while mobile phase B was acetonitrile with 0.1% formic acid (Table 1).

Table 1. Chromatographic elution gradient.

Minute Solvent A (%) Solvent B (%)

0.00 98 2

1.00 98 2

6.00 45 55

10.00 20 80

10.50 0 100

12.50 0 100

13.00 98 2

17.00 98 2

2.8. Pheomelanin Synthesis from Endocannabinoids

Pheomelanin was synthesized from NA-Tyr or NADA. A solution containing 0.5 µmol
of NA-Tyr or NADA was incubated with 200 U of mushroom tyrosinase in 1 mL of 50 mM
phosphate buffer, pH 7.4. After 30 s, 1 µmol of L-cysteine was added. The reaction mixture
was left for 24 h at room temperature, then acidified to pH 2.0 with 1 M HCl. The resulting
solution was centrifuged for 30 min at 12,000 rpm to collect the pigment. The precipitated
pigment was washed with 1 M HCl and subsequently dissolved in 1 mL of 1 M KOH.
The identification of pheomelanin as a synthesis product was performed by analyzing
the absorption spectrum (λ = 200–800 nm) of a solution containing 50 µL of the pigment
previously dissolved in 1 M KOH in 50 mM phosphate buffer, pH 7.4. Spectral analysis was
carried out using a Perkin-Elmer Lambda 25 UV-Vis spectrophotometer (Perkin-Elmer).

2.9. Statistical Analysis

The enzyme kinetic parameters Vmax and Km were determined by non-linear re-
gression analysis fitting the initial velocity data to the Michaelis–Menten equation using
GraphPad Prism 5.0 software. Data are expressed as mean ± standard error of the mean
(SEM) from at least three independent experiments. Statistical comparisons between differ-
ent substrates for kinetic parameters and product formation rates were performed using
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one-way analysis of variance (ANOVA). A p-value of less than 0.05 (p < 0.05) was considered
statistically significant.

3. Results
3.1. NA-Tyr Oxidation: Kinetic Analysis

The oxidation of NA-Tyr mediated by mushroom tyrosinase was carried out under
dark conditions at room temperature in 50 mM phosphate buffer, pH 7.4, and was moni-
tored by chromatographic analysis. The HPLC analysis showed a decrease in the peak area
with a retention time of 9 min, corresponding to the NA-Tyr. This decrease in peak area was
time-dependent: it was observed that in 2 h approximately 67% of the endocannabinoid
was oxidized (Figure 2A).

Figure 2. Tyrosinase-mediated NA-Tyr oxidation. (A) NA-Tyr concentration decreases as a function
of time determined by HPLC analysis. (B) Curve for the NA-Tyr oxidation spectrophotometrically
monitored at 400 nm. Individual data points represent experimental measurements, error bars
indicate standard error of the mean (SEM), and the solid line represents the non-linear regression fit.
Data are expressed as mean ± SEM of three independent experiments.

To study the tyrosinase-mediated oxidation of NA-Tyr, the reaction rate at 400 nm was
monitored. This wavelength corresponds to the absorption of the dopaquinone species,
which is formed following the catecholic activity of tyrosinase on the endocannabinoid
NA-Tyr. Figure 2B shows the Michaelis–Menten curve for the NA-Tyr oxidation.

Under the same experimental conditions, the kinetic parameters of tyrosinase-
mediated oxidation were evaluated for both NA-Tyr and L-Tyrosine (L-Tyr) as substrates.
These parameters are reported in Table 2. Comparison of the obtained values of Km reveals
that NA-Tyr shows a slightly higher affinity than L-Tyr for the enzyme, indicating similar
substrate recognition. However, the NA-Tyr kcat value is markedly lower, resulting in an
approximately 51-fold lower catalytic efficiency (kcat/Km) compared to L-Tyr. This demon-
strates that, despite a comparable affinity and an efficient binding, NA-Tyr is converted
much more slowly, making it a very poor substrate for tyrosinase catalysis.

Table 2. Kinetic parameters of tyrosinase-mediated oxidation of NA-Tyr and L-Tyr.

NA-Tyr L-Tyr

Km 174.30 ± 8.70 µM 218.60 ± 10.90 µM

Vmax 6.4 × 10−1 ± 0.06 nmol/min ** 40.0 ± 4.0 nmol/min

kcat 0.005 ± 0.0006 s−1 ** 0.317 ± 0.032 s−1

kcat/Km (2.87 ± 0.41) × 10−5 µM−1 s−1 (1.45 ± 0.21) × 10−3 µM−1 s−1

** p < 0.01 Vmax NA-Tyr vs. L-Tyr and kcat NA-Tyr vs. L-Tyr.
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3.2. NADA Oxidation: Kinetic Analysis

Similarly to NA-Tyr, the tyrosinase-mediated enzymatic oxidation of the endocannabi-
noid/endovanilloid NADA was spectrophotometrically analyzed at 400 nm following the
reaction rate. Figure 3 shows the Michaelis–Menten curve for NADA.

Figure 3. Tyrosinase-mediated NADA oxidation. Curve for the NADA oxidation spectrophotometri-
cally monitored at 400 nm. Individual data points represent experimental measurements, error bars
indicate standard error of the mean (SEM), and the solid line represents the non-linear regression fit.
Data are expressed as mean ± SEM of three independent experiments.

Under the same experimental conditions, the kinetics of oxidation of dopamine (DA)
were evaluated.

The kinetic parameters of the reaction with NADA and with DA, obtained experi-
mentally, are reported in Table 3. Comparison of the obtained values of Km reveals that
NADA has about 4.5-fold lower affinity than dopamine for the enzyme, but retains a similar
kcat value, leading to a moderate reduction in catalytic efficiency (~3.8-fold) compared to
dopamine. These data suggest that the reduced affinity of NADA is partially compensated
by an efficient catalytic turnover.

Table 3. Kinetic parameters of tyrosinase-mediated oxidation of NADA and DA.

NADA DA

Km 110.60 ± 11.10 µM * 24.35 ± 2.50 µM

Vmax 78.0 ± 7.75 nmol/min 63.5 ± 6.40 nmol/min

kcat 0.60 ± 0.05 s−1 0.50 ± 0.06 s−1

kcat/Km (5.42 ± 0.71) × 10−3 µM−1 s−1 * (20.50 ± 3.2) × 10−3 µM−1 s−1

* p < 0.05 Km and kcat/Km NADA vs. DA.

The tyrosinase-mediated NADA oxidation was followed spectrophotometrically over
time in the wavelength range between 220 and 800 nm (Figure 4A). Spectral analysis
revealed an alteration in the spectrum of NADA around 400 nm. Monitoring the NADA
absorbance over time at 400 nm, an absorbance increase can be seen after about 2 min of
analysis, followed by a slower decrease (Figure 4B).

3.3. N-Arachidonoyl 5-S-Cysteinyl DOPA and N-Arachidonoyl 5-S-Cysteinyl Dopamine Generation

It is known that the quinone species produced by the oxidative reaction of tyrosine
catalyzed by mushroom tyrosinase can react with L-cysteine [26]. The product of this
reaction is S-cysteinyl DOPA. Similarly, the incubation of NA-Tyr with tyrosinase in the
presence of cysteine led to the formation of a thiol adduct. Figure 5A shows the spectral
modifications of NA-Tyr during the oxidation reaction in the presence of cysteine. During
the reaction, two absorption peaks appeared at the wavelengths of 256 nm and 295 nm.
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The formation of these peaks is indicative of the production of a NA-DOPA S-cysteinyl
conjugate from NA-Tyr (Figure 5A).

Figure 4. Tyrosinase-mediated NADA oxidation. (A) Spectral analysis of NADA in the range of
300–800 nm. (B) NADA absorbance over time at 400 nm. The absorbance (A) was monitored.

Figure 5. Tyrosinase-mediated NA-Tyr and NADA oxidation with cysteine. (A) Spectral analysis
of N-arachidonoyl 5-S-cysteinyl DOPA generation by NA-Tyr oxidation in the range of 220–400 nm.
(B) N-arachidonoyl 5-S-cysteinyl dopamine generation by NADA oxidation over time, spectrophoto-
metrically monitored at 256–295 nm. The absorbance (A) was monitored.

Similarly, NADA was enzymatically oxidized in the presence of L-cysteine. To verify
the formation of the thiol adduct, the absorbance was measured over time at 256 nm and
295 nm, the absorption wavelengths of N-arachidonoyl 5-S-cysteinyl dopamine (Figure 5B).

N-arachidonoyl 5-S-cysteinyl dopamine generation by NADA oxidation was verified
by performing a chromatographic analysis which allowed the observation of a product with
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a m/z signal at 557.82, which corresponded to N-arachidonoyl 5-S-cysteinyl dopamine for-
mation from tyrosinase-mediated NADA oxidation in the presence of cysteine (Figure 6B).
NADA was observed with a m/z signal at 440.6 (Figure 6A).

Figure 6. Tyrosinase-mediated NADA oxidation with cysteine. Chromatographic and mass spectral
analysis of N-arachidonoyl 5-S-cysteinyl dopamine generation by NADA oxidation. (A) NADA
spectrum and (B) N-arachidonoyl 5-S-cysteinyl dopamine spectrum.

3.4. Pheomelanin Formation

When the endocannabinoids, NA-Tyr and NADA, are incubated with L-cysteine in the
presence of mushroom tyrosinase for 24 h an insoluble pigment is formed. This pigment
appears brown for NA-Tyr and yellowish for NADA (Figure 7A).

Figure 7. Pheomelanin formation. (A) Pigments from NA-Tyr and NADA. (B) Absorption spec-
trum pigment resulting from the NA-Tyr reaction in presence of cysteine. The absorbance (A)
was monitored.

The insoluble pigment derived from NA-Tyr was dissolved in 1 M KOH and subjected
to UV-Vis spectrophotometric analysis. The absorption spectrum of this pigment resulting
from the NA-Tyr reaction in the presence of cysteine (Figure 7B) showed an absorption
maximum at about 230 nm. The spectral characteristics of this pigment are consistent
with those of pheomelanin produced by tyrosine and dopamine and reported in the
literature [27,28].

4. Discussion
The biosynthetic pathways leading to the formation of endocannabinoids in tissues

have only been partially characterized to date. Alternative pathways concerning both
the biosynthesis and metabolic fate of these biomolecules are currently being studied.
The results reported in this work indicate that the endocannabinoids NA-Tyr and NADA
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undergo an oxidative metabolism catalyzed by the enzyme tyrosinase. Following the action
of tyrosinase, the formation of oxidized derivatives of the tyrosine moiety in NA-Tyr and
the dopamine moiety in NADA are formed. Moreover, the formation of a thioether-catechol
derivative of NADA and NA-Tyr was observed in the presence of cysteine. In recent years,
numerous endocannabinoids have been identified and synthesized, but cysteine derivatives
of the endocannabinoids, which are produced by the nucleophilic addition of cysteine
to the phenolic and catechol rings of NA-Tyr and NADA, respectively, have never been
described until now. While the oxidation of free dopamine to cysteinyl-dopamine adducts is
a well-established pathway in neurodegeneration, previous studies on acylated derivatives,
such as NA-Tyr, or endocannabinoids, such as anandamide, have exclusively focused
on either hydroperoxide/epoxide or generic polymer formation, completely missing the
characterization of specific S-cysteinyl conjugates on the catechol head [22,29,30]. Our
experimental data allow us to hypothesize a new oxidative metabolic fate for this type
of endocannabinoid.

We therefore tested the action of tyrosinase on these endocannabinoids, NA-Tyr and
NADA. The kinetic parameters of tyrosinase-mediated oxidation of NA-Tyr and NADA
do not differ substantially from those of tyrosine or dopamine, and it is therefore evident
that both endocannabinoids can readily replace tyrosine and dopamine as substrates
for tyrosinase (Figure 8). Although NA-Tyr and NADA are both accepted as substrates
by tyrosinase, their kinetic behaviour differs significantly from that of L-tyrosine and
dopamine. In particular, NA-Tyr shows a Km value comparable to that of L-Tyr, indicating
similar substrate recognition and binding affinity. However, its kcat value is markedly
lower, resulting in an approximately 51-fold lower catalytic efficiency (kcat/Km). This
indicates that, despite efficient binding, NA-Tyr is converted much more slowly by the
enzyme. By contrast, NADA displays lower apparent affinity than dopamine (higher Km),
but retains a similar kcat value, leading to a more moderate reduction in catalytic efficiency
(~3.8-fold). Therefore, our data support the conclusion that NA-Tyr and NADA can act
as alternative substrates for tyrosinase, but not with the same catalytic efficiency as the
native substrates.

Figure 8. N-arachidonoyl-ortho-quinone formation by tyrosinase-mediated oxidation of NA-Tyr and
NADA. Our results from Figure 4 confirmed the formation of N-arachidonoyl-ortho-quinone from
NADA. The reaction product from NA-Tyr is only speculative.

Tyrosinase is the main and undoubtedly fundamental enzyme involved in the pro-
duction of melanin. The formation of the melanin pigment requires the initial oxidation
of phenolic and catechol precursors to ortho-quinones. Tyrosine is first hydroxylated by
tyrosinase to DOPA, which is subsequently oxidized to dopaquinone. In the process of
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melanogenesis, the ortho-quinone thus formed undergoes a spontaneous intramolecular
cyclization giving rise to the indole precursors of melanins [31].

However, ortho-quinone can also isomerize to form para-quinomethane [32] (Figure 9).
The isomerization pathway of ortho-quinone leads to the so-called sclerotization process
that is observed in insects [33,34]. In insects, this process is triggered by the oxidation
of the catechol precursor N-acetyldopamine which causes the hardening of the exoskele-
ton [35]. Ortho-quinone has a characteristic absorption spectrum with λmax at 400 nm. In
our experimental conditions, the spectrophotometric analysis of the oxidation of NADA
in the presence of tyrosinase revealed the rapid formation of an absorption maximum
at 400 nm, indicating the formation of a compound with the spectral characteristics of
ortho-quinone. This absorption decays slowly, suggesting that the ortho-quinone initially
formed undergoes a subsequent transformation. As with other catechol precursors, the
resulting N-arachidonoyl-ortho-quinone can cyclize or isomerize. It is possible that, due
to the presence of the carbonyl group of the arachidonoyl tail linked to the nitrogen of
dopamine, the isomerization of ortho-quinone is favoured over the cyclization. In NADA,
the nitrogen atom is engaged in an amide linkage with the arachidonoyl tail. This con-
version from a primary amine to an amide deeply decreases the lone pair availability on
the nitrogen, rendering it non-nucleophilic under physiological/experimental pH and
completely preventing spontaneous intramolecular cyclization. This proposed mecha-
nism is supported by the experimental evidence that the prolonged oxidation of both
NA-Tyr and NADA by tyrosinase does not lead to the formation of a detectable amount of
melanin-like pigment.

Figure 9. N-Arachidonoyl-ortho-quinone isomerization and cyclization reactions. Previous works
demonstrated an analogue isomerization and cyclization process [31,33,34].

It is interesting to note that in the presence of thiol groups, the dopaquinone produced
by the tyrosinase-mediated oxidation of tyrosine undergoes a nucleophilic addition with
concomitant formation of adducts such as S-cysteinyl DOPA. These adducts are subse-
quently converted through the synthesis of an intermediate derived from benzothiazine
into pigments of the pheomelanin type. Normally, tyrosinase is inhibited by sulfhydryl
compounds that are capable of binding copper at the active site [36]. However, in the
presence of an appropriate amount of thiols, the enzyme is not inhibited and the thiol
reacts rapidly with the ortho-quinone formed, giving rise to adducts through the attack
of the SH group on the aromatic ring (Figure 10). Herein, we observed that the oxidation
of NA-Tyr with tyrosinase in the presence of cysteine leads to the formation of an adduct
showing two UV absorption maxima at 256 and 295 nm, characteristic of the absorption
of an S-cysteinyl DOPA moiety. Similarly, also the oxidation of NADA in the presence of
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cysteine with tyrosinase revealed a time-dependent increase in the absorption at 256 and
295 nm, characteristic of the formation of a thioether-catechol derivative of NADA. Mass
spectral analysis confirmed the effective formation of the cysteinyl adduct with NADA.
However, more detailed experiments are needed to better characterize the structure of the
reaction product.

Figure 10. 5-S-cysteinyl N-Arachidonoyl dopamine formation. Our results from Figures 5 and 6
confirmed the formation of 5-S-cysteinyl N-arachidonoyl dopamine.

It is worth mentioning that when an ortho-benzoquinone intermediate undergoes a
nucleophilic attack by a thiol (like L-cysteine) this preferentially yields the 5-S-conjugate
as the major product, with minor amounts of the 2-S-conjugate [37]. The alkyl group at
position 1 acts as a weak inductive electron-donating group, which slightly deactivates
positions 2 and 6. Consequently, nucleophilic attack by the cysteine thiol group occurs
preferentially at C-5 (and to a lesser degree at C-2), leading to 5-S-cysteinyldopa or 5-S-
cysteinyldopamine as the major product.

As with other phenolic or catechol substrates, in addition to cysteine, other thiols
such as glutathione can also react with the dopaquinone derivative of NA-Tyr and NADA.
The nucleophilic addition reaction on ortho-quinone is very fast. For this reason, only the
enzymatic oxidation of NA-Tyr or NADA to ortho-quinone is essential for thiol binding to
the endocannabinoid. We have in fact observed that the rate of formation of the S-cysteinyl
conjugate is the same as that of formation of the quinone which is obtained from the
oxidation of NA-Tyr with tyrosinase in the absence of thiols.

Contrary to what occurs in the absence of cysteine, the action of tyrosinase on both
NA-Tyr and NADA in the presence of cysteine induces the formation of a pigment with
the spectral characteristics of pheomelanin. This result indicates that the adduct formed
between the endocannabinoid and cysteine following the action of tyrosinase is in turn
transformed into quinone, which undergoes intramolecular cyclization forming a benzoth-
iazine core. The various benzothiazine units copolymerize with each other producing the
pheomelanin-like pigment that we have observed. These data are encouraging in suggest-
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ing the formation of this pigment; however, EPR spectroscopy, or advanced spectroscopic
methods, will unequivocally demonstrate the pheomelanin formation. It is interesting
to note that neuromelanin, the pigment present in some brain cells (substantia nigra and
locus coeruleus) shares many chemical and structural properties with pheomelanin. Neu-
romelanin is a mixed type of melanin in whose structure aliphatic groups, benzothiazines
and indole are present [38–40]. It is possible, but remains to be demonstrated, that endo-
cannabinoids as well as other neuromodulators already reported in the literature, such as
enkephalins, contribute to the formation of neuromelanin [41].

The entry into cells of cysteine or glutathione constitutes the first step in the field
of phenomena related to oxidative stress. For this reason, the in vivo formation of these
thioether-catechol derivatives cannot be excluded, particularly in the brain where both
the tyrosinase and the endocannabinoids/endovanilloids studied in this work are present.
In this work, we used mushroom tyrosinase, instead of the human one, since it is a well-
characterized and widely used oxidizing enzyme for studying the oxidation of phenolic
and catecholic substrates, allowing controlled investigation of the chemical reactivity and
product formation of the compounds analyzed in this study. Our primary intention was not
to demonstrate that the same reactions necessarily occur in vivo in the mammalian CNS,
but rather to evaluate whether these substrates are chemically susceptible to tyrosinase-
mediated oxidation under biologically relevant conditions. In the future we are planning
to perform analysis using human experimental models.

The formation of these S-cysteinyl conjugates can also be induced directly by re-
active oxygen and nitrogen species such as the hydroxyl radical or peroxynitrite [42].
Noteworthy is the experimental evidence that thioether derivatives of dopamine (5-S-
cysteinyldopamine) act as neurotoxins [43]. Speculatively, NADA, whose cerebral dis-
tribution reflects that of dopaminergic neurons, could undergo the same reactions as
dopamine, leading to the formation of the S-cysteinyl conjugate N-arachidonoyl-5-S-
cysteinyl dopamine.

5. Conclusions
Our results allow us to hypothesize the potential presence in the tissues of two new

groups of compounds, the endocannabinoid S-cysteinyl conjugates of NA-Tyr and NADA
and the melanin-like pigment produced by the oxidation of these conjugates. The study
and further characterization of these new S-cysteinyl conjugates of the endocannabinoids
NA-Tyr and NADA can fill a significant gap in the understanding of endocannabinoid
chemical biology, thereby opening new perspectives in understanding not only the metabolic
and functional significance of these biomolecules but also their possible involvement in the
complex pathological mechanisms underlying neurodegenerative diseases. This represents
a significant achievement in the pharmaceutical field, as the identification of alternative
metabolic products can open new horizons for the formulation of novel targeted therapeutics.
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