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Chemoenzymatic elaboration of the Raper—Mason
pathway unravels the structural diversity within
eumelanin pigmentst
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Melanin is a central polymer in living organisms, yet our understanding of its molecular structure remains
unresolved. Here, we apply a biosynthetic approach to explore the composite structures accessible in
one type of melanin, eumelanin. Using a combination of solid-state NMR, dynamic nuclear polarization,
and electron microscopy, we reveal how a variety of monomers are enzymatically polymerized into their

corresponding eumelanin pigments. We demonstrate how this approach can be used to unite structure
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Accepted 2nd July 2020 with an understanding of enzymatic activity, substrate scope, an e regulation of nanostructura
features. Overall, this data reveals how intermediate metabolites of the Raper—Mason metabolic pathway

DOI: 10.1039/d0sc02262d contribute to polymerization, allowing us to revisit the original proposal of how eumelanin is
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Introduction

Although the heterogeneous biopolymer melanin® is ubiquitous
in life, there remains a lack in understanding of its intricate
molecular structure.> This structure diverges between three
main types of melanin. Eumelanin,® the most abundant form, is
a black/brown pigment derived from tyrosine and is associated
with melanoma.* Pheomelanin,® the reddish cysteine derivative
can be found in hair and skin. Neuromelanin is a dark pigment
located in the mammalian brain, which studies have shown to
be linked to Parkinson's disease.® Melanin also has a broad
electromagnetic absorption range and plays a role in structural
colour.” These properties are all incredibly useful to harness
and emulate in the synthesis of new materials. Although the
different melanin types share similar properties,® they are
believed to vary significantly in their molecular composition.**®
Despite melanin's ubiquity, significant structural uncertainties
still remain,"” and a major challenge lies in the unique
connectivity and isomeric potential in these polymers. As
illustrated by 1-4 (Fig. 1), eumelanin is composed of multiple
linkages of discrete monomers. Using a minimal ‘dimeric’ unit,
the structural diversity in eumelanin can include disparity in
both regioselectivity and connectivity. The complexity becomes
even greater in pheomelanin 5 (Fig. 1) which contains multiple
structurally discrete units.

The current understanding of melanin'* is based on the
generally accepted biosynthetic pathway for polymerization, the
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Raper-Mason pathway (RMP),'*** that was first proposed 70
years ago. The pathway involves a stepwise progression from
t-Tyr to dihydroxyindole (DHI) or dihydroxyindole carboxylic
acid (DHICA), as shown in Scheme 1. These units then undergo
an oxidation to generate indole-5,6-quinone-2-carboxylic acid
(IQCA) or indole-5,6-quinone (IQ), the immediate precursors for
polymerization. Our findings here show that the general
understanding and interpretation of the RMP is incorrect. In
addition to the various structural complexities, melanogenesis
processes are regulated in vivo through a series of enzymes,

eumelanin

X4-X2 = OH
Y1+-Y2=COzH

pheomelanin  HyN!

X1-X3 = OH o
Y1-Ys = COH HO

Fig. 1 Eumelanin presents multiple levels of structural diversity. The
first, 1, arises through different levels of oxidation represented by X1
and Y1 (yellow). The second arises in the monomers connectivity, as
noted by the comparison of 1 to 2 (red). The third is the degree of
monomer connectivity, such as mono-linked 1/2 to di-linked 3/4.
Further complexity can come from different functional linkages, as
shown in pheomelanin 5 (orange, green and blue).
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Scheme 1 The Raper—Mason pathway (RMP) proposes that melanin
originates from L-Tyr being oxidized to melanin via L-DOPA, which
could be followed by a decarboxylation to dopamine (DA). L-Tyr can
also be decarboxylated to tyramine (TA). These substrates are further
oxidized to form transient intermediates: dopaquinone (DOPA-Q),
dopamine-o-quinone (DQ), leukodopachrome (LA-DOPA-C), leu-
koaminochrome (LA-C), dopachrome (DOPA-C), and aminochrome
(AC), leading to DHI and DHICA units, the proposed building blocks of
eumelanin. Prior to polymerization, DHI and DHICA are further
oxidized to indole-5,6-quinone (IQ) and indole-5,6-quinone-2-
carboxylic acid (IQCA).

including tyrosinases®
oxidative and decarboxylative steps shown in Scheme 1.
However, our findings suggest that each RMP step need not
reach completion prior to polymerization, and heterogeneity
may be generated by the relative abundance of pathway inter-
mediates. Here, we explore the link between tyrosinase
substrate selectivity by exploring RMP intermediate identity
during melanisation.

To date, our structural understanding of melanin arises from
pioneering solid-state NMR (ssNMR) work on fungal melanin by
Stark and Casadevall."”*®* These datasets have enabled
a hypothesis toward the linkages between DHI and DHICA.
Typically, melanin ssNMR spectra are assigned using chemical
shift predictions.' While this method was vital in clarifying the
key functionality, the lack of expanded experimental data to
support these predictions reduces the accuracy of their
assignments.

We began by exploring the ability of the well-characterized
mushroom tyrosinase from Agaricus bisporus® for polymeriza-
tion of different RMP intermediates. Unlike previous studies
where the polymerized pigments are treated with 6 M HCI and
boiled (SEM images in ESI Fig S11 showing destroyed nano-
particles after acid treatments), which can destroy essential

and decarboxylases,'® that unite the

structural features, our pigments were carefully washed with
neutral H,O. The tools of ssNMR and dynamic nuclear
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Fig.2 Melanin polymers were obtained from the action of A. bisporus
tyrosinase on (a) L-Tyr, (b) TA, (c) L-DOPA, and (d) DA. ssNMR spectra of
each melanised sample are overlaid with its original monomer, and
these peaks were used for assignments. Only the *N spectra were
collected using DNP ssNMR with an enhancement ~20. Peak
assignments are provided in the ESI Fig. S2-S8.1 * Denotes the spin-
ning side bands. Bars in the SEM images represent 1 um.

polarization (DNP)*** were applied to evaluate the four critical
monomers tyrosine (L-Tyr), tyramine (TA), dopamine (DA),** and
-DOPA (ESI Fig. S2-S8%) of the RMP (Scheme 1) in their
monomeric and polymeric forms.

In this study, we used both C chemical shift predictions
generated by ChemNMR (ESI Fig. S6t1) and ssNMR spectra
on the monomers to assign the structures of each polymer
(Fig. 2-4). Likewise, corresponding scanning electron micros-
copy (SEM) images of these pigments provide insight into the

Chem. Sci., 2020, 11, 7836-7841 | 7837
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Fig. 3 Melanin particles obtained from the action of A. bisporus
tyrosinase on (a) 4-Hl, (b) 5-Hl, (c) 6-HI, and (d) 7-HI. ssNMR spectra of
each melanised sample are overlaid with its original monomer, and
these peaks were used for assignments. Bars in the SEM images
represent 1 pm. Peak assignments are provided in ESI Fig. S9-S12.+

different morphologies that can arise from these nanoparticles.
From this, one can appreciate the vast differences between
melanin pigments at the nanoscale and how it can attribute to
different biological functions.”*

1-Tyr-melanin

Starting with 1-Tyr (Fig. 2a), a SEM image shows that a black
pigment containing rods imbedded within a solid matrix was
obtained after treating 1-Tyr with tyrosinase. The ssNMR '*C
spectrum of the L-Tyr was evaluated against the L-Tyr-melanin.
Interestingly, spectral overlays indicate that each of the '*C
peaks in the -Tyr monomer (grey, Fig. 2a) were observed in the
t-Tyr-melanin product (black, Fig. 2a). With optimized magic
angle spinning NMR cross polarization experimental condi-
tions for both carbonyl and aliphatics, the lower aliphatic a,B
peaks at 6 38 and 53 ppm suggest that part of the alkyl carbons
didn't convert into an aromatic environment. Meanwhile, a set
of peaks with low intensity was detected at 6 105 and 145 ppm,

7838 | Chem. Sci,, 2020, N, 7836-7841
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indicative of DHI and DHICA (Scheme 1). The three peaks (6
160, 135 and 42 ppm) within the >N spectrum suggested N
atoms commonly associated with pyrroles, indoles, and amines,
respectively.

TA-melanin

The same method was then applied to tyramine (TA), another
RMP intermediate suggested to require processing before
polymerization. The SEM image of TA-melanin (Fig. 2b) illus-
trates a polymer lacking nanostructural features. ssNMR anal-
yses revealed a clear correlation between TA-monomer and TA-
melanin (ESI Fig. S31). As evident in Fig. 2b, the carbon atoms
underwent only a modest chemical environment change upon
polymerization. The spectral data from TA-melanin was in stark
contrast with L-Tyr-melanin, whose broad peaks suggested it
contained a nonuniform melanin composition through
processes such as incomplete decarboxylation, resulting in
mixtures of decarboxylated (R, R, = H) and carboxylated (R, R,
= CO,H) polymers. TA-melanin has an upfield >N chemical
shift of 6 115 ppm resembling peptide linkages. These obser-
vations reveal that the action of the mushroom tyrosinase on TA
was not restricted to comply with the stepwise nature of the
RMP (Scheme 1) but was able to process an expanded mono-
meric scope.

L-DOPA and DA melanin

To complete the RMP intermediate set, r-DOPA-melanin
and DA-melanin spectra were evaluated (Fig. 2¢ and d,
ESI Fig. S4 and S51). As shown in Fig. 2c, the polymerization of
L-DOPA returned a polymer comprised of 100 & 30 nm sized
spheres. Here, the presence of an additional hydroxyl group
with respect to r-Tyr (Fig. 2a) resulted in a nanostructural
change from a material with imbedded surfaces to more
geometrically defined nanometer-sized spheres in rL-DOPA-
melanin. The ssSNMR spectrum from L-DOPA-melanin (Fig. 2c),
like L-Tyr-melanin (Fig. 2a), contained both the aromatic and
aliphatic peaks of its monomer. Similarly, the presence of the
carbonyl at ¢ 173 ppm, along with a and B carbons at ¢ 65 and
45 ppm, in .-DOPA-melanin confirmed incomplete decarbox-
ylation and indole ring formation. Meanwhile, the intensity of
the aliphatic carbons at 6 53 and 47 ppm from DA-melanin were
the strongest of all three polymers, suggesting an increased
level of non-indole cyclised materials. This was further sup-
ported by the presence of a 6 45 ppm peak in the °N spectrum.
The dopamine-formed particles produced visible 100 £+ 10 nm
spheres by SEM imaging.

All four spectral sets (Fig. 2) showed that chemical shift
values of the melanised particles were similar to their mono-
meric precursors with the addition of the cyclised DHI or
DHICA units. The fact that all four monomers melanised shows
the broad selectiveness of the enzyme and the structural
diversity arising from the metabolites. This alters the mecha-
nistic model for melanin formation and impacts the resulting
nanoparticle structure. SEM images of the four melanin prod-
ucts with different nanoparticle morphologies illustrates each
metabolite plays a role in influencing or altering the functional

This journal is © The Royal Society of Chemistry 2020
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capabilities of melanin. The ssNMR spectra also shows that
although the polymer is mostly populated by the monomer
itself, it also includes a small amount of cyclised DHI or DHICA.
Among them, TA-melanin has the most resolved aromatic
region in its "*C spectrum and the most upfield °N chemical
shift at 6 115 ppm which could arise from other types of link-
ages. All of the melanin polymers in Fig. 2 retained primary
amine "N residues at 6 35 ppm or 25 ppm.

Hydroxyindole-melanins

Next, we explored the ability of the A. bisporus tyrosinase to
polymerize indole derivatives of DHI or DHICA (Scheme 1). The
goal of this study was to demonstrate the ability of tyrosinase to
act on non-natural substrates and further probe the substrate
tolerance of this pathway. Using conditions established in the
previous study, the tyrosinase was presented with 4 different
hydroxyindole (HI) monomers: 4-HI, 5-HI, 6-HI and 7-HI, and
the resulting melanins were analysed via ssSNMR and SEM
(ESI Fig. S9-S127). Comparable to the acyclic precursors (Fig. 2),
the *3C spectra of HI-melanins contained similar chemical shift
values to their corresponding monomers. Based on the peak
positions, 4-HI-melanin contained either a C5 or C7 downfield
shift from ¢ 105 to 115 ppm, supporting a 5-5 linkage (Fig. 3a).
In contrast, the increase in the number of peaks in 5-HI-
melanin (Fig. 3b), would result from a 2-4 hetero-linkage
between the two 5-HI units, which can be explained by a loss
of symmetry and a duplication of its 7 carbons.

Each of the carbons observed in the ">C-NMR spectrum of 6-
HI-melanin (Fig. 3c) were identified in the 6-HI monomer,
except for C3, which was weakly observed. 6-HI-melanin
exhibited the most resolved spectra, indicating a more
homogenous environment. Symmetry studies suggest 6-HI-
melanin consists of a 2-2 linkage. Unfortunately, the overlap of
three residues within the central peak at ¢ 126 ppm in the
spectrum from 7-HI-melanin complicated the elucidation of its
linkage (Fig. 3d).

4-HI-melanin (Fig. 3a) and 7-HI-melanin (Fig. 3d) SEM
images resembled r-DOPA-melanin with clusters of nano-
particle sizes of 100 £+ 25 nm. SEM imaging revealed 5-HI-
melanin contained dispersed particles with a high size unifor-
mity of 75 + 15 nm while 6-HI-melanin formed spherical
particles with a large size distribution, 350-900 nm (Fig. 3c).
Though the proposed natural intermediate, DHI (Scheme 1),
contains oxidation at C5 and C6, the substrate tolerance of the
tyrosinase enabled it to polymerize materials with oxidations at
non-natural positions.

Copolymerized melanin blends

To investigate its selectivity, the tyrosinase was used to copoly-
merize various combinations of monomers. The resulting
melanin products along with their monomer counterparts were
analysed by ssNMR and SEM (Fig. 4 and ESI Fig. 13 and 147).
Among the six copolymers, the ssSNMR spectra suggested the
resulting melanin was not of 1 : 1 alternating pattern; rather, TA
took precedence over the others. Though the overall lineshape
follows TA, it is clear that portions of the peaks are derived from

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Melanin produced by copolymerizing two monomers: (a) L-
Tyr : TA-melanin generated from a mixture of L-Tyr and TA, (b) L-
Tyr : L-DA-melanin, (c) L-Tyr : L-DOPA-melanin, (d) TA : DA-melanin,
(e) TA : L-DOPA-melanin, and (f) DA : L-DOPA-melanin using A. bis-
porus tyrosinase. Comparison of the NMR spectra of these mixtures
with that of pure monomers (Fig. 2) was used to explore the monomer
selectivity of this enzyme. Peak and monomer assignments are
provided in ESI Fig. S13 and S147 as well as the experimental conditions
of copolymerization procedure. * Denotes the spinning side bands.
Bars in the SEM images represent 1 um.

the other monomer. Additionally, a set of peaks with distinct
DHI or DHICA chemical shifts appeared at low intensity.
Furthermore, we observed that DA took precedence over
1-DOPA, which took precedence over r-Tyr. Overall, this suggests
the polymers generated from the tyrosinase can incorporate
monomers at different stages of the RMP and does not require
a stepwise conversion as shown in Scheme 1. Instead, the A.
bisporus tyrosinase can polymerize a ‘snapshot’ of the mono-
meric metabolic pool within its local environment. This
observation begins to explain the complexity seen within
melanin polymers and provides an important advance in
understanding the structural diversity accessible in eumelanin.

The SEM images from these blends (Fig. 4) show particles of
various morphologies. In particular, the ones containing DA
yield products increased sphericity and higher ordered struc-
tures. While DA-melanised nanoparticles are around 100 nm,
once it is copolymerized with other monomers, the resulting
nanoparticles increase in size. We observed 100 nm particles
molded into ovoids ranging from 500 nm to 1 pm.

Next, we explored melanin prepared from U-["*C,">N]-1-Tyr
using multidimensional DNP NMR (Fig. 5). Correlations
observed from the 2D *C-**C PDSD experiments® indicated
high populations of intramolecular contacts (ESI Fig. S157).
However, this doesn't exclude the possibility of intermolecular
interactions between tyrosine units, in the case of pi-pi stacking
between monomers.?® The 2D *C-'*C SPC5 experiment®
(Fig. 5a) shows covalent bonds from both the r-Tyr ring and

Chem. Sci., 2020, 1, 7836-7841 | 7839
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Fig. 5 DNP ssNMR analysis of U-[**C**N]-L-Tyr-melanin. (a) 2D
13C-13C SPC5 spectrum showing correlations from the tyrosine ring,
DHI, and DHICA units. (b) 2D **C-*>N TEDOR spectra acquired with
mixing times of 3.2 ms showing pyrrole correlations show only
aromatic contacts and no carboxylated motifs. (c) The aliphatic region
shows four distinct Ca—N environments. (d) C4-N correlations from
DHICA units were detected.

DHI/DHICA units. This further validates the highly populated
presence of L-Tyr monomer in this multicomponent melanised
polymer. The unique chemical shift values of the tyrosine
aromatic ring are clearly assigned, starting with Cf (Fig. 5a)
attached to the hydroxyl group at 6 145 ppm to the double
resonances of Cel, Ce2 at ¢ 115 ppm to another set of double
resonances Cd1l, Cd2 at 6 130 ppm, and lastly to Cg at
0 128 ppm.

In the "*C-""N TEDOR spectra®® (Fig. 5b-d), nitrogen atoms
from hydroxyindole units correlate with both aromatic and
carbonyl carbons, suggesting DHI and DHICA units. Pyrrole
correlations show only aromatic contacts and no carboxylated
motifs, which could result from Baeyer-Villiger type reactions
originating from indole metabolites of the RMP. The primary
amine *°N is correlated to four distinct >C atoms, with the two
major peaks originating from r-Tyr.

Conclusions

This study suggests the classical Raper-Mason pathway doesn't
fully-encompass substrate scope in melanin biosynthesis, as
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enzymatic polymerization can occur with many of its mono-
meric intermediates (blue structures, Scheme 1). Here,
comparative sSNMR evaluations of monomers (Fig. 2 and 3)
provide a useful tool that enables a nuanced understanding of
the structural features of each melanin polymer. While copo-
lymerization studies (Fig. 4) indicate some selectivity, the serial
nature of the RMP can be misleading. These studies suggest
that natural melanin structure likely relies on the local meta-
bolic flux* to guide the structural composition of the resulting
polymers. Overall, tandem SEM and ssNMR analyses enable the
development of a structure-function correlation for melanin
pigments. Demonstrated here for the A. bisporus tyrosinase, this
chemoenzymatic approach offers a general tool to explore the
structural selectivity and tolerance of melanin-producing
enzymes. Efforts are now underway to apply this union
between ssSNMR and electron microscopy to further interrogate
the diversity of natural melanin.
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