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Demonstration of a Common Indole-based
Aromatic Core in Natural and Synthetic
Eumelanins by Solid-State NMR

Subhasish Chatterjee,*2 Rafael Prados-Rosales,’ Sindy Tan,2 Boris Itin,"
Arturo Casadevall,b and Ruth E. Stark*a

Abstract: Despite the essential functions of melanin pigments in diverse organisms and their roles in
inspiring designed nanomaterials for electron transport and drug delivery, the structural frameworks of
the natural materials and their biomimetic analogs remain poorly understood. To overcome the
investigative challenges posed by these insoluble heterogeneous pigments, we have used L-tyrosine or
dopamine enriched with stable *C and '°N isotopes to label eumelanins metabolically in cell-free and
Cryptococcus neoformans cell systems and to define their molecular structures and supramolecular
architectures. Using high-field two-dimensional solid-state nuclear magnetic resonance (NMR), our
study directly evaluates the assumption of structural commonality between synthetic melanin models
and the corresponding natural pigments, demonstrating a common indole-based aromatic core in the
products from contrasting synthetic protocols for the first time.

Running head: Solid-state NMR of Eumelanins

Keywords: Melanin, Cryptococcus neoformans, NMR spectroscopy, Structural Biology, Amorphous
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Introduction

Eumelanins, ubiquitous pigments that play protective roles in
animals, plants, and fungi,' also guide the development of organic
nanomaterials with tailored conductive and radical scavenging

>> and have applications to soil bioremediation.®

performance
Moreover, eumelanins are associated with virulence of fungal
pathogens in humans and food crops; these pigments have been
implicated in human drug resistance and neuronal degeneration."”’
A related group of bioinspired polydopamine coating materials is
emerging as drug delivery vehicles, cell adhesion modulators, and
biosensors for drug discovery.® Despite this versatile range of
physical
characteristics of eumelanins have impeded efforts to delineate

important  functions, the insoluble amorphous
their molecular structures or to critically evaluate the suitability
of related synthetic materials as model systems for intact natural
pigments with diverse capabilities.’

Degradative chemical methods have been employed to identify
and quantify the relative proportions of 5,6-Dihydoxyindole
(DHI) and 5,6-Dihydroxyindole-2-carboxylic acid (DHICA) as
the likely indole-based building blocks of eumelanins.®!!
However, diverse linear crosslinked heteropolymers'? or stacked

: 13,14
oligomers ™

can be assembled from just these two monomers in
their various tautomeric and redox states to form intractable
amorphous melanin pigments; either polymer or oligomer
produce  heterogeneous

supramolecular structures that can include chemically similar

arrangements are  expected to
units.'> For instance, the currently favoured oligomer models are
supported by density functional theory (DFT) but fall short of
unique fits to the available physical data or satisfactory
accounting for the broad UV-Vis absorbance and humidity-
1316 Although
synthetic melanins have been implicitly assumed to serve as good
SILIT their structural

dependent conductivity of the biopolymers.
models for pigments from natural sources,
concordance to natural melanins has never been demonstrated
directly. Thus, direct molecular and supramolecular information
on intact pigments should be of significant value, particularly if
obtained for mature melanins produced from defined small-
molecule precursors. Such strategies can substantially advance
efforts to delineate the formation mechanisms and structural
prerequisites of biomaterials that are versatile enough to absorb
UV light, bind metals, tailor surfaces for drug resistance, and
alter microbial virulence.

Cryptococcus neoformans (CN) is an unusual human pathogenic
fungus that forms eumelanins only in the presence of exogenous
catecholamine compounds that are oxidatively polymerized by
The of obligatory

the action of laccase.'® requirement

This journal is © The Royal Society of Chemistry 2014

catecholamine precursors makes CN a natural platform for
generating well-defined eumelanins biosynthetically because it
ensures that all melanin products are assembled in the fungal cells
from known catecholamine substrates.'®?® This requirement also
allows us to introduce stable isotope labels that serve as
exquisitely sensitive NMR spectroscopic probes of molecular
architecture in natural eumelanins.?'?? Importantly, the feasibility
of making pigments using structurally related catecholamines and
different enzyme catalysts under both cell-free conditions and in
fungal cells allows us to test how the outcome of melanin
formation depends on these controlling factors.

Both solid-state and swelled-solid NMR have been used primarily
to deduce the carbon-based functional moieties present in CN

20-22 S -
and related melanin pigments.'®*>° However,

eumelanins
nitrogen-based structural information has been sparsely defined
for the intact pigments; neither molecular frameworks nor
supramolecular organization have been compared systematically
for related synthetic and natural eumelanins. Our ability to
understand and use eumelanins in bioinspired materials science
also remains seriously limited due to the paucity of information
about how aromatic build a

nitrogenous compounds

heterogeneous natural pigment core.

Using isotopically enriched L-tyrosine or dopamine precursors in
conjunction with high-field solid-state 3C and "N NMR of their
melanin products, we report the functional groups and, for the
first time, the pairwise proximities that define essential features
of the carbon-nitrogen molecular framework in intact solid
eumelanins. The pigments made by both enzyme-catalyzed
chemical polymerization and cell-mediated fungal biosynthesis
are shown to possess a common indole-based aromatic core
including several magnetically distinct structural frameworks,
allowing critical comparison with prior computational and
degradative analyses. The current investigation furthers our
understanding of the structural arrangements that are prevalent in
intact melanins made from indole- and pyrrole-based aromatic
building blocks, shedding fresh light on the supramolecular

architecture of this important class of enigmatic biomaterials.

Experimental Section

Chemical synthesis of melanins

Chemical reactions were conducted with [U-"3C,"N]-L-tyrosine
(Cambridge Isotope Labs, Andover, MA), "N-L-tyrosine
(Cambridge), L-tyrosine (Sigma Chemical Co., St. Louis, MO),
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L-dopa (Sigma), dopamine (Sigma), and [U-"2C,"*N]-dopamine
precursors (Medical Isotopes, Inc., Pelham, NH) in separate
experiments. Other chemicals were purchased from Sigma,
unless otherwise stated.

Tyrosinase-mediated oxidative autopolymerization was carried
out to form melanin under cell-free conditions essentially as

described previously.*'

Briefly, 2.5 mmol of precursor in 100
mL of pH 7.4 sodium phosphate buffer containing 4 mL
tyrosinase (667 units/mL) and 1 mL catalase (592 units/mL) was
covered with punctured aluminum foil to permit aeration at room
temperature (~22 °C) and to avoid extensive oxidation of the
developing pigment from peroxide ions generated in the active
site of the tyrosinase enzyme. After 72 hours of mechanical
stirring, the reaction mixture was acidified to ~pH 1 with 6 M
The solid

pigment was separated by centrifugation at 9000 rpm and 25 °C

HCI and placed in a boiling water bath for 20 min.

for 15 min, then washed repeatedly by removing the supernatant
after centrifugation and adding distilled water until the pH
reached ~7. The precipitate was transferred to a Falcon tube
covered with punctured parafilm, frozen using liquid nitrogen,
and lyophilized. Upon removal of the sample from the
lyophilizer, the sample container was sealed immediately and
stored at 4 °C.

The tyrosinase-mediated oxidative process was conducted in the
absence of catalase to test the effects of the latter enzyme on
generation of melanin pigments under cell-free conditions.
Melanins were also produced by autopolymerization of natural

31-33 .
as described

abundance L-dopa using published methods
above but in the absence of the tyrosinase enzyme. The reaction
mixtures contained 2.5-5 mmol of L-dopa precursor in 100 mL
Tris-HCI (sodium phosphate) buffer at pH 7.4 were covered with
punctured aluminum foil to allow for aeration at room
temperature (~22 °C). The final products were purified as

described above.
CN melanin biosynthesis
Fungal melanins were biosynthesized from the precursors

described serotype D 24067
Cryptococcus neoformans (American Type Culture Collection

above using the strain of
208821) and isolated for biophysical study using chemical
protocols that solubilize other cellular components.?***>¢ Cells
were grown in a 1 mM solution of an obligatory melanin
precursor in chemically defined media (29.4 mM KH,PO,, 15

This journal is © The Royal Society of Chemistry 2014

mM D-glucose, 13 mM glycine, 10 mM MgSO,4, and 3 uM
thiamine at 30 °C) for 10 days at 150 rpm in a rotatory shaker.
Either unlabeled or [U-'">C]-glucose were used in separate
experiments. Cell pellets obtained by centrifugation at 2000 rpm
were washed with phosphate buffered saline (PBS); the isolated
fungal cells were suspended in 1.0 M sorbitol / 0.1 M pH 5.5
sodium citrate solutions and incubated with 10 mg/mL lysing
enzymes (from Trichoderma harzianum) for 24 h at 30 °C to
remove cell walls. After centrifugation at 2000 rpm for 10 mins,
the pellet (melanized protoplasts) was washed several times with
To denature
proteinaceous components, a 20 mL aliquot of 4.0 M guanidine

PBS until the supernatant was nearly clear.

thiocyanate was added to form a suspension that was incubated
for 12 h at room temperature in a rocker (Shaker 35, Labnet,
Woodbridge, NJ). The cell debris was collected and washed 2-3
times with ~20 mL PBS and incubated for 4 h at 65 °C in 5 mL of
buffer (10 mM Tris-HCI, pH 8.0, 5 mM CaCl,, 5% SDS)
containing 1 mg/mL proteinase K (Boehringer Mannheim,
Germany). The recovered cell debris was washed 2-3 times with
~20 mL PBS, then subjected to Folch lipid extraction®’ while
maintaining the proportions of chloroform, methanol, and saline
solution in the final mixture as 8:4:3. After three delipidations,
the final product was suspended in 20 mL of 6 M HCI and boiled
for 1 h to hydrolyze cellular contaminants associated with
melanin. The black particles of interest that survived HCI
treatment were dialyzed against distilled water for 14 d with daily
water changes. The resulting melanin particles (‘ghosts’) were
lyophilized for further biophysical analysis.

Solid-State NMR

Either of two instruments was used for *C and "°N solid-state
cross polarization — magic-angle spinning (CPMAS) NMR
measurements: a Varian (Agilent) VNMRS NMR spectrometer
operating at a 'H frequency of 600 MHz with a 1.6-mm HXY
fastMAS probe equipped to hold 2-6 mg of powdered samples
and spinning typically at 15 kHz (+20 Hz) (Agilent Technologies,
Santa Clara, CA); or a Bruker Avance II spectrometer operating
at a 'H frequency of 750 MHz with 3.2 mm HCN or 3.2 mm E—
free HCN probes containing 6-16 mg of powdered samples and
spinning typically at 10-20 kHz (5 Hz) (Bruker BioSpin Corp.,
Billerica, MA). All data were collected at spectrometer-set
temperatures of 25 °C. Typical 90° pulse lengths for 'H were
~2.5 us for the Bruker HCN probe and ~3 ps for the E-free HCN
probe; *C and N 90° pulse lengths were ~5 ps and ~6 ps,
respectively, for the 3.2 mm HCN probes. For the 1.6-mm

OBC, 2014 | 3
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Varian HXY fastMAS probe, the typical 'H 90° pulse length was
~1.2 us; °C and "N 90° pulse lengths were ~1.3 ps and ~2.65
us, respectively. Spectral datasets were processed with 50-200
Hz of line broadening; chemical shifts were referenced externally
to the methylene (-CH,-) group of adamantane (Sigma) at
5c=38.48 ppm®® or calculated from "N and "*C gyromagnetic
ratios by IUPAC-specified procedures.®

For 1D *C CPMAS NMR using the 3.2-mm Bruker probes,
typical 1-2 ms cross polarization times with ~20-50% linearly
ramped rf field strengths*® for 'H and a ~50 kHz constant rf field
for '*C were used to transfer magnetization from 'H to "*C
nuclear spin baths. High-power heteronuclear proton decoupling
(80-100 kHz) was achieved using the two-pulse phase modulated
(TPPM) composite pulse sequence,*’ and recycle delays of 3 s
were inserted between successive acquisitions. For the 1.6-mm
Varian probe, high-power heteronuclear 'H decoupling (175—
185 kHz) was achieved using the small phase incremental
alternation (SPINAL) pulse sequence*? and acquisition was done
with a 3 s recycle delay.

1D N CPMAS spectra were also recorded with ramped cross
polarization, using 1-3 ms cross polarization times, recycle delays
of 2-3 s, and 80-100 kHz 'H decoupling. Typical experimental
parameters on the Bruker spectrometer were as follows: 'H 90°
pulse duration, ~3 ps; >N 90° pulse duration, 4-6 ps; 'H-"*N
1-3 ms; sweep width, 25-50 kHz;
acquisition time, 10 ms; data points, 2048; number of transients,

cross polarization time,

128-10,000 for '“N-enriched pigments. Typical experimental
parameters on the Varian spectrometer were as follows: 'H 90°
pulse duration, 2.3 ps; "N 90° pulse duration, 2.65 ps; sweep
width, 50 kHz; acquisition time, 50 ms; data points, 2500;
number of transients, 1024-4096.

>N-3C spin correlations were obtained using double CP-based
(DCP) measurements**** with the Bruker 750 MHz spectrometer
and HCN probe. The 2D *N-"*C DCP correlation spectra were
collected with a 1-3 ms initial 'H = '°N CP step and a 3-4 ms °N
> Bc cp step; MAS rates of 15-23 kHz were used in separate
TPPM 'H decoupling with an rf field strength
corresponding to 80-100 kHz was applied during acquisition. For

experiments.

2D DCP measurements on CN dopamine melanin pigments,
typical experimental parameters were as follows: spectral width
for *C, 75 kHz; spectral width for 15N, 25 kHz; number of scans
(direct dimension), 1536; number of points (indirect dimension),
32; three identical data sets (each ~24 hr) co-added to produce the

final DCP spectra. For 2D DCP measurements on synthetic

This journal is © The Royal Society of Chemistry 2014

melanin pigments derived from the [U-13C,15N] L-tyrosine
precursor, typical experimental parameters were as follows:
spectral width for B¢, 75 kHz; spectral width for 5N, 25 kHz;
number of scans (direct dimension), 1024; number of points
(indirect dimension), 128; two identical data sets (each ~22 hr)
co-added to produce the final DCP spectra.

>N-*C correlations were confirmed with Proton Assisted
Insensitive Nuclear Cross-Polarization (PAIN-CP) experiments,
which reduce dipolar truncation and hence favor the observation
of long distance contacts.*>*® A Bruker Avance II spectrometer
operating at a 'H frequency of 900 MHz and equipped with a 3.2-
mm HXY E-free probe spinning at 20 kHz was used for these
measurements. 2D PAIN-CP spectra of the isotopically enriched
synthetic melanin pigments were recorded with a spectral width
of ~103 kHz in the direct dimension (‘*C) and ~45.6 kHz in the
indirect dimension ('°N); other parameters included 512
transients (direct dimension), 2048 points in the direct dimension
(**C), and 64 points in the indirect dimension (*°N).

For 2D "“C-'°N spectral data, acquisition times in the indirect
dimension were chosen to limit the total experiment times to 1-3
days; additional resolution was not available by acquiring more
data points because signal decay was complete and the sweep
width exceeded the spectral window with the selected parameters.
An exponential apodization function with 200-400 Hz line
broadening was used for the direct-detected dimension, and an
100-200 Hz line
broadening was applied for the indirect dimension. Identical 1D

exponential apodization function with
spectra were observed before and after lengthy 2D NMR
experiments, verifying the melanin sample stability.

Results and Discussion

BC and "N NMR Comparisons of Synthetic and Fungal Melanins

Shown in Figure 1 are the first °C and "N CPMAS NMR
spectra reported for melanin pigments derived from [U-"*C,'"N]-
L-tyrosine by cell-free enzyme-catalyzed polymerization.
Comparable 150 MHz one-dimensional (1D) '*C spectra (Figure
S1) and the expected EPR activity20 are obtained whether this
pigment supporting
previously reported tyrosinase-mediated oxidation from L-
Both
synthetic pigments display aromatic regions (110-160 ppm)

is made from L-tyrosine or L-dopa,
tyrosine to L-dopa during the polymerization process.’
similar to CN melanins derived from the obligatory exogenous L-

20-22
dopa precursor,
common heterogeneous amorphous aromatic core structure in the

providing preliminary indications of a

(natural-abundance) synthetic and fungal melanin pigments. *C

OBC, 2014 | 4
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NMR
dominated by partially resolved arene (and/or alkene) resonances
with  proposed ring
structures,**?® but additional spectral features are evident from

spectra for the isotopically enriched materials are

consistent indole-based  aromatic
carboxyl groups (168-174 ppm) and open-chain aliphatics (30-60
202327 and  the

polydopamines discussed below.>® When compared with the L-

ppm) as reported for solid fungal melanins

tyrosine or natural abundance L-dopa starting materials, these
polymerized products show 1D '*C NMR spectra with broad
attributable to

magnetically similar structural units and also to the presence of
47,48

features superposition of chemically and

stable free radicals.

N s —
chemical "0 N'i
synthesis

* OH — —
* NH;
HO™ * *
*
L I)’roslne putative indole-based building blocks

NC=0 HN-C=

/w u\/\w gf“‘ﬁi A

150 100 b
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120
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140
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Figure 1. Left: One-dimensional solid-state CPMAS Bc (top) and BN (bottom) NMR
spectra of synthetic [U—13C,15N]—L—tyrosine melanin obtained at a '‘H operating
frequency of 750 MHz and spinning rate of 23 kHz. Provisional 3C resonance
assignments appear in the Results section. Right: Two-dimensional 3N double
cross polarization (DCP) NMR*® contour diagram of synthetic [U-13C,15N]—L—tyrosine
melanin, obtained with a spinning speed of 23 kHz. The cell-free reactions, for
which the isotopic labeling scheme and a possible indole-based structural unit are
illustrated, were catalyzed by tyrosinase.

The 75 MHz "N NMR spectrum of isotopically enriched L-
tyrosine melanin shown in Figure 1 offers the highest resolution
view to date of the nitrogen-based pigment architecture,

surpassing natural-abundance spectra of synthetic L-dopa

melanins and natural pigments from fungal sources.***’ In
conformance with these prior reports, our synthetic L-tyrosine
melanin displays aromatic resonances at ~130 and ~157 ppm,
consistent with a pyrrole within an indole unit and a free pyrrole
BC-based

structure, respectively.’® These results strengthen our

This journal is © The Royal Society of Chemistry 2014

hypothesis of a common indole-based aromatic core in melanins
formed by fungal biosynthesis or derived from cell-free synthesis
using alternative L-tyrosine or L-dopa precursors: a common or
similar aromatic framework develops by autopolymerization and
when the reaction is mediated by tyrosinase or laccase. The
observed '’N chemical shifts (Figures 1 and S1) are also in
accord with reports for melanin from Sepia officinalis and human
polydopamines,*°

the prominent aliphatic amine resonances reported previously in
24,27,30

hair,?® and tryptophan derivatives.* However,

other pigment samples are absent from our N L-tyrosine
melanin spectra, suggesting that the open-chain aliphatic *C
NMR features exhibited by our melanins do not arise from
acid or catecholamine  products.

uncyclized  amino

Two-Dimensional NMR to Delineate Pairwise >C-'>N Proximities
in Synthetic and Fungal Melanins

Both the resolution and structural information content of the 1D
spectra are improved substantially by the two-dimensional (2D)
NMR contour plot of Figure 1, which discriminates among the
carbonaceous functional groups by their chemical shifts and
reveals which "*C nuclei are located within ~4.5-5 A of particular
'5N partners. Thus, rather than using a collection of observed *C
and "N chemical shifts to deduce plausible building blocks,
double cross polarization* (DCP) experiments on [U-">C,"*N]-L-
tyrosine melanin provide direct spectroscopic verification of
nearby dipolar-coupled "*C-'"N pairs present in the pigment
structure. These results, which are confirmed by Proton Assisted
Insensitive Nuclei Cross Polarization (PAIN—CP)45 methods
(Figure S2), constitute the first direct assessment of nitrogen-
containing molecular architecture in a melanin pigment. Such
powerful heteronuclear correlation strategies have been used only
rarely in non-crystalline solids,® which typically display
compromised cross polarization efficiency and limited spectral
resolution.

For eumelanin derived from L-tyrosine, the overlapped 1D *C
NMR aromatic core spectral pattern (110-160 ppm) is augmented
by a 2D contour plot that reveals five *C-'>N spatially proximal
spin pairs, including four chemically distinguishable carbons and
three nitrogens. The nearby *C-">N pairs correspond to cross-
peaks at (130, 163), (130, 132), (152, 125), (163, 125), and (168,
132) ppm, indicating the covalent and associative architectural
possibilities for intact melanin biopolymer assemblies. For
instance, the carboxyl carbon (168 ppm) and several types of

OBC, 2014 | 5
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arene carbons (130, 152, and 163 ppm) are each close in space to
one of the two types of indole nitrogens that appear in the "°N
spectrum at 125 and 132 ppm, respectively, providing direct
support for aromatic building blocks similar to and/or developed
from DHICA as well as DHI structural units in the fully formed
melanin structure.”’ Conversely, only the arene carbons at ~130
ppm are proximal to the 163-ppm pyrrole nitrogens, consistent
with oxidative cleavage of the DHI-based aromatic units that

7 and polydopamines.*

predominate in synthetic melanins
Although the observed pairwise '*C-'°N interactions could also
result from oligomer stacking with interlayer distances of 3.1-3.4
A deduced from DFT calculations,'® we expected the numerous
shorter indole covalent bonds to dominate the observed DCP
spectral connectivities. Given the concordance of 1D *C CPMAS
spectra for synthetic L-tyrosine melanin and CN L-dopa melanin,
similar structural constraints are expected to characterize the

fungal pigment.

1D and 2D NMR for Structures of Synthetic and Fungal
Polydopamine Melanins

Finally, the potential of solid-state NMR for investigations of
melanin molecular architecture is aptly illustrated for a series of
EPR-active pigments derived from a dopamine precursor by
laccase-mediated catalysis in the CN fungal cells. Figures 2 and
$3 illustrate the similarity of 1D >N CPMAS NMR signatures for
and CN [U-"C,"’N]-dopamine again
supporting a common aromatic core and reinforced by 1D *C
CPMAS spectra with similar aromatic features (but distinctive
aliphatic resonances in the 0-50 ppm region)™' (Figure S3). In

synthetic melanins,

addition to the major resonances at ~130 and ~157 ppm observed
242728 the >N NMR spectra of our dopamine
pigments confirm a modest 30-ppm peak assigned previously to

for other melanins,

amines.’® The similarity of aromatic core structures in fungal and
synthetic pigments is underscored by comparison with the 2D
DCP spectrum of [U-'">C,'’N]-dopamine CN melanin shown in
Figure 2, which replicates the cross-peak pattern and major
pairwise nuclear spin proximities of the synthetic [U-">C,"’N]-
tyrosine pigment (Figure 1). No nearby '*C-"*N pairs involving
the [U-">C]-glucose taken up by the cellular medium are evident
in the current DCP spectrum. Thus, though this latter 2D NMR
indole-based core
architectures from L-tyrosine and natural-abundance L-dopa

result extends the finding of common

precursors to the dopamine neurotransmitter, distinctive spectral

features consistent with uncyclized amine-terminated sidechains™
are also revealed for polydopamine.

This journal is © The Royal Society of Chemistry 2014
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Figure 2. Left: One-dimensional solid-state CPMAS N NMR spectra of [U-13C,15N]—
dopamine synthetic and CN melanins obtained at 'H operating frequencies of 600
MHz and 750 MHz, respectively, and a spinning rate of 15 kHz. Right: Two-
dimensional **C-">N double cross polarization (DCP) NMR*® contour diagram of [U-
13C,”’N]—dopamine CN melanin produced in [U—”C]—glucose media, obtained at a 'H
operating frequency of 750 MHz with a spinning speed of 10 kHz. The cell-free
reaction was catalyzed by tyrosinase in the presence of catalase.

Conclusions

Our C and "N solid-state NMR results demonstrate for the first
time that cell-free polymerization of L-tyrosine or L-dopa
produces melanins with a common indole-based aromatic core
The indole-related
spectral signature is also evident for intact synthetic dopamine

structure in the intact melanin pigments.

and natural-abundance L-dopa CN melanins, thus supporting the
development of a similar aromatic pigment core from these three
precursors — regardless of whether tyrosinase or laccase catalysts
are used and whether the reactions are mediated by fungal cells.
Whereas these NMR studies indicate the suitability of the
synthetic models for aromatic structural units of the natural
pigments, reveal distinctive

they also aliphatic moieties

depending on how the pigments are formed.

Each reaction pathway produces a heterogeneous, amorphous
pigment, and the CN melanins can also bind to cell-wall
components.’>?? The 'C-'>N dipolar interaction patterns are
strikingly similar for the synthetic L-tyrosine melanins and CN
dopamine pigments. Both DCP and PAIN-CP NMR spectra of
the intact pigments (Figures 1 and S2) implicate structural
moieties consistent with previously reported DHICA and DHI
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7911 Additional

carbons that could arise from unreacted L-dopa are evident in
both synthetic and CN melanins; aliphatic amine structural
elements proposed to arise from coupling of dopamine and/or

degradation products. open-chain aliphatic

quinone structural units*® are found uniquely in the dopamine
Our observation of four distinct indole-like/indole-
based *C-""N pairs supports multiple modes of polymeric
In the context of prior

melanins.

assembly for this pigment class.
computational and experimental evidence arguing in favor of

13,14

stacked oligomers, the distinct proximal pairwise interactions

revealed by our 2D NMR measurements independently
demonstrate spatial connectivities that likely result from multiple
polymerization pathways contributing to the formation of
amorphous, heterogencous natural and synthetic eumelanins.
These atomic-level structural comparisons of intact melanins
produced from well-defined precursors set the stage for
controlling the development of natural protective pigments and
human therapeutics,

engineerin iomaterials or
b terial 1

photoprotection, and environmental remediation.
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