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ABSTRACT: Melanins are enigmatic pigments found in all biological kingdoms that are associated with a
variety of functions, including microbial virulence. Despite being ubiquitous in nature, melanin pigments
have long resisted atomic-level structural examination because of their insolubility and amorphous
organization.Cryptococcus neoformansis a human pathogenic fungus that melanizes only when provided
with exogenous substrate, thus offering a unique system for exploring questions related to melanin structure
at the molecular level. We have exploited the requirement for exogenous substrate in melanin synthesis
as well as the capabilities of high-resolution solid-state nuclear magnetic resonance (NMR) to establish
the predominantly aliphatic composition ofL-dopa melanin and to introduce13C labels that permit the
identification of proximal carbons in the developing biopolymer. By swelling solid melanin samples in
organic solvents and using two-dimensional heteronuclear NMR in conjunction with magic-angle spinning,
we have identified chemical bonding patterns typical of alkane, alkene, alcohol, ketone, ester, and indole
functional groups. These findings demonstrate the feasibility of a novel approach to determining the structure
of melanin using metabolic labeling and NMR spectroscopy.

Melanins make up a heterogeneous class of natural
pigments that have a myriad of biological functions, includ-
ing protection against sunlight, energy transduction, and
camouflage (1). Melanins are found in bacteria, fungi, plants,
and animals; they are believed to be composed of polym-
erized phenolic or indolic compounds that are highly resistant
to degradation (2). Melanin is believed to be responsible for

the remarkable resistance of human melanoma cells to
therapeutic radiation and chemotherapy (3, 4). In several
opportunistic pathogenic fungi, includingCryptococcus neo-
formans, melanin synthesis is associated with virulence.
Despite their biological importance, natural melanins have
defied chemical and structural analysis; these materials are
amorphous, heterogeneous, insoluble, and resistant to crystal-
lization. For instance, the insolubility of brown or black
nitrogen-containing eumelanins precludes their study with
solution-state hydrodynamic, spectroscopic, and light scat-
tering techniques. Similarly, their amorphous character makes
it impossible to determine their molecular structures using
current crystallographic techniques. Hence, a full accounting
of the melanin structure remains beyond our current analyti-
cal horizon.
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To meet these investigative challenges, several research
groups have used high-resolution13C and 15N solid-state
NMR1 in conjunction with established chemical shift trends
to tentatively identify functional groups in synthetic and
natural eumelanins from animal or fungal sources (5-9).
Although signals from carboxylic acids, aromatics, and
uncyclized aliphatic chains have been found in all of these
materials, their relative spectral intensities vary widely due
to the diverse sample sources and the possible presence of
proteinaceous contaminants (7). Broad line widths have been
attributed to the structural heterogeneity of each biopolymer
as well as the presence of paramagnetic centers (10). These
approaches provide tantalizing first looks at the structural
features of such intractable materials, but they are limited
by uncertainties in both the numerical values and interpreta-
tions of the chemical shifts. Alternatively, solution-state
NMR has been used for more than two decades to character-
ize melanins and soil organic matter dissolved in a strong
base (5, 11-14). As with chemical degradation methods, an
incomplete or distorted picture of the original material may
result from this procedure, and in practice, the13C and1H
spectra have often displayed disappointing resolution at-
tributed to high viscosity, unpaired electron density, and
chemical heterogeneity.

In contrast to many other microorganisms,C. neoformans
synthesizes melanin only in the presence of exogenous
substrates, namely,o-diphenols such asL-dopa (L-3,4-
dihydroxyphenylalanine) that have hydroxyl groups at posi-
tions 2 and 3 or 3 and 4 of the phenyl group (15). The
pigment is deposited in the cell wall and can be extracted in
the form of hollow particles that resemble cells (melanin
“ghosts”) using denaturants and hot HCl (16). Since melanin
synthesis inC. neoformansis completely dependent upon
exogenous substrate, it is possible to obtain a biopolymer
derived from a single precursor that can be labeled isotopi-
cally. In the current work, we have used13C-labeledL-dopa
to biosynthetically label particular melanin sites; their signals
dominate the solid-state13C NMR spectra and illustrate how
proximal carbons in the biopolymer structure may be
identified. Furthermore, we have been able to achieve liquid-
like spectral resolution simply by swelling insoluble fungal
melanin in appropriate solvents and acquiring the NMR
spectra under magic-angle spinning (MAS) conditions. This
approach was validated previously for synthetic polymer gels
(17) and extended to multidimensional spectroscopy of
natural plant polymers (18-20). The combination of13C
biosynthetic labeling, solid-state NMR, and sample swelling
has allowed us to identify key functional groups inC.
neoformansmelanin and suggests a general strategy for more
comprehensive elucidation of the molecular structure of this
enigmatic polymer.

MATERIALS AND METHODS

C. neoformans Melanin. Melanin particles from melanized
C. neoformanscells were prepared as described previously
(21). For isotopically enriched samples, 2,3-13C2(97%),4-
18OH(95%)-L-dopa was obtained from Cambridge Isotope
Laboratories.

NMR Measurements. Data were obtained on Varian (Palo
Alto, CA) UNITYplus300 widebore andUNITYINOVA 600
NMR spectrometers located at City University of New York
College of Staten Island. For solid-state13C experiments,
10-30 mg samples were spun at a typical speed of 9.00(
0.01 kHz in a 5 mmprobe from Doty Scientific (Columbia,
SC). For swelled-solid experiments, 7 mg of melanin was
equilibrated in 35 mg of DMSO-d6 and the mixture spun
typically at 2.500( 0.001 kHz in a Varian 40µL 1H-
optimized nanoprobe using 11 G/cm pulsed field gradients.

Cross-polarization magic-angle spinning (CPMAS)13C
experiments were conducted with a1H decoupling strength
of 50 kHz, a delay time of 1 s between successive
acquisitions, a line broadening of 50-100 Hz, and contact
times of 0.5-2.5 ms to establish the ratios of rigid carbon
moieties (22). Direct polarization MAS13C experiments were
carried out with 6 and 50 kHz of1H decoupling during the
signal acquisition period, to estimate the proportions of
mobile and rigid methylene groups, respectively. Delayed
decoupling experiments were performed with 60µs of dipolar
dephasing to remove signals from rigid protonated carbons
(23). Two-dimensional13C-13C spin-exchange experiments
were conducted with mixing times of 0.01-2.0 s as described
previously (24). Chemical shifts are quoted with respect to
tetramethylsilane via hexamethylbenzene as a secondary
substitution reference.

MAS 1H experiments with solvent-swelled samples in-
cluded one-pulse spectral acquisitions as well as two-
dimensional1H-13C gradient-assisted heteronuclear multiple-
quantum coherence (gHMQC) (25) and heteronuclear multiple-
bond correlation (gHMBC) (26) experiments implemented
by adding rotor synchronization to published pulse sequences.
1H and13C chemical shifts were referenced to DMSO at 2.49
and 39.5 ppm, respectively.

RESULTS AND DISCUSSION

Compositional and Dynamic Profiles of Fungal Melanin
from Solid-State13C NMR. A comparison of CPMAS13C
NMR spectra for melanins from several fungal sources is
shown in Figure 1. In all cases, the chemical shifts were
consistent with molecular structures that include open chain
methylene groups (30 ppm), oxygenated aliphatic carbons
(72 ppm), aromatic and/or olefinic carbons (110-160 ppm),
and carboxyls (170 ppm). There were no prominent spectral
features that could be attributed to proteinaceous materials
(CR, ∼50 ppm) or phenolic moieties (58 and 150 ppm); the
peak at 72 ppm may include contributions from polysac-
charides in the fungal cell wall. The signal intensities
measured as a function of cross-polarization time (data not
shown) verify that this spectrum provides a fair compositional
estimate of the rigid carbons in the melanin sample. Although
differing experimental parameters and preparation histories
limit the reliability of comparisons among the different
samples, the molecular composition ofL-dopa melanin from
C. neoformansghost preparations was nevertheless striking
in its preponderance of bulk methylenes and the paucity of
unsaturated residues. This compositional finding was unex-
pected in light of the prevailing view that melanin synthesis
proceeds by polymerization of intact aromatic rings (15).
Significant spectroscopic variations among the pigments from
different fungal sources, which have been noted previously
(13), suggest that the word “melanin” should refer to a class

1 Abbreviations: NMR, nuclear magnetic resonance; MAS, magic-
angle spinning; CPMAS, cross-polarization magic-angle spinning;
HMQC, heteronuclear multiple-quantum coherence; HMBC, hetero-
nuclear multiple-bond correlation.
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of materials with similar physical properties but possibly
different molecular structures.

Additional insight into the molecular architecture of this
melanin was gained from MAS13C NMR spectra obtained
without cross-polarization or nuclear Overhauser effects. By
comparison of the integrated peak intensities with and
without high-power decoupling (data not shown), it is
estimated that 35% of the methylene chain segments undergo
sufficient motion at 75 MHz to exhibit liquid-like spectra.
Significant molecular mobility of these chains is also evident
from the retention of some methylene chain NMR signals
under delayed decoupling conditions and the observation of
5 kHz 1H CH2 line widths in wide-line separation experi-
ments. Although somewhat surprising in light of melanin’s
insolubility in organic and aqueous solvents, this finding of
molecular flexibility has precedent in studies of an intractable
protective polymer in the skin of plants (27).

Other than in the chain methylene region, the spectral lines
are broader than those observed in some fungal melanins
(8) but better resolved than those for melanins from animal
and synthetic sources (6, 7). These trends may reflect
variations in chemical heterogeneity and/or unpaired electron
content. Significant narrowing of mostC. neoformans
melanin spectral lines occurred upon exposure of the dry
samples to D2O (data not shown), indicating motional
narrowing, diminution of13C-1H dipolar interactions due
to exchange of deuterons for protons, or both phenomena.
Since the same narrowing effect is observed in H2O and with
extended exposure to D2O, it is possible to rule out chemical
exchange in this biopolymer system.

Site-Specific Incorporation of13C Labels and Structural
Information. As noted above,C. neoformansrequires exog-
enous substrates to synthesize melanin. This requirement
allows the investigator to choose the substrate and isotopic
labeling pattern to probe particular structural elements
spectroscopically and to monitor the consequences of bio-
synthetic incorporation into the developing polymer. Figure

2 shows CPMAS13C NMR results for C. neoformans
melanin synthesized in the presence of a 2,3-13C2-L-dopa
substrate, in which resonances corresponding to the two
enriched protonated aromatic carbons are dramatically
enhanced compared with the chain methylenes, but some13C
incorporation may also occur for resonances at 30 and 150
ppm. If the amount of aliphatic signal in Figure 1 (top) is
assumed provisionally to be unchanged in the spectrum of
Figure 2, then the integrated intensity of the aromatic spectral
region is found to increase 9-fold.

The ability to observe prominent aromatic resonances in
the 13C-labeled sample (Figure 2) suggests that the modest
signal intensity evident in the natural-abundance sample can
be attributed to a small proportion of this carbon type inC.
neoformansmelanin rather than an effect of paramagnetic
broadening. Although the resonance at 124 ppm exhibits a
chemical shift comparable to position 2 in theL-dopa
monomer (6), the peak at 114 ppm varies significantly from
monomer position 3 (145 ppm), suggesting that the latter
site is no longer occupied by a hydroxyl group upon
formation of the biopolymer.

With the incorporation of13C-enriched substrates intoC.
neoformansmelanin, it also becomes possible to test
hypotheses regarding the spatial proximity and covalent
bonding of particular molecular sites. As an illustration, the
inset of Figure 2 shows results from a13C-13C spin diffusion
experiment on this material. The observation of strong cross-
peaks demonstrates the proximity of the labeled carbons, in
accord with prior reports which showed that these directly
bound atoms inL-dopa remain covalently linked in the
melanin polymer (28). However, preliminary comparison of
the normalized cross-peak intensities with analogous results
for ring-labeled phenylalanine (not shown) suggests that only
half of the carbon pairs remain neighbors during melanin
biosynthesis.

Molecular Structures from NMR of Swelled Melanin
Samples. As noted above, MAS13C NMR indicated a
surprisingly significant degree of motional averaging in
unlabeled powdered melanin. In addition, the spectral nar-
rowing evidenced for many of the resonances upon exposure
to D2O and H2O suggested that the biopolymer could be
swelled readily in common solvents. These observations
prompted us to collect high-sensitivity MAS1H NMR spectra
under solvent-swelled conditions, exploiting the fact that this
protocol simultaneously enhances molecular mobility and
minimizes magnetic susceptibility line broadening (29, 30).
Figure 3 displays a typical 600 MHz NMR spectrum ofC.
neoformansmelanin swelled in DMSO.

FIGURE 1: CPMAS 13C NMR spectra of solid fungal melanins:
25 MHz spectrum ofOidiodendron tenuissimummelanin, adapted
from ref 8 (bottom), 25 MHz spectrum ofTrichoderma harzianum
melanin, adapted from ref8 (middle), and 75 MHz spectrum ofC.
neoformansmelanin, produced with a natural-abundanceL-dopa
precursor (shown above the spectrum) and requiring 9 h ofspectral
acquisition (top).

FIGURE 2: CPMAS13C NMR spectrum (75 MHz) ofC. neoformans
melanin produced with a 2,3-13C2-L-dopa substrate. The inset shows
a contour plot from a 14 h 2D proton-driven13C-13C spin diffusion
experiment on the selectively13C-enriched melanin sample.
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Even at modest spinning speeds of 2-3 kHz, the one-
dimensional (1D) spectra exhibit flat baselines and reasonably
narrow lines; the 20-25 Hz line widths preclude the
observation ofJ couplings but are comparable to those
exhibited by neuromelanins dissolved in a strong base (14)
and to those of swelled samples of plant biopolyesters (19,
20). Similar spectral features are observed at temperatures
from 20 to 50°C or if the swelling is done with D2O. The
integrated intensities of the various1H resonances confirmed
the predominance of methylene and other aliphatic groups,
as deduced independently from13C CPMAS and direct
polarization MAS of dry melanin (Vide supra). Also notable
is a small resonance at 8.10 ppm, attributed provisionally to
the pyrrole CH group of a carboxyl-substituted indole (31).
Finally, a secondary alcohol peak (3.83 ppm) is visible when
the sample is swelled in D2O, though it is partially obscured
by the residual H2O signal when the sample is swelled in
DMSO. The overall concordance of compositional profiles
derived from solid-state and swelled-solid NMR added a
measure of confidence to the quantitative reliability of both
methodologies. Nevertheless, the paucity of1H signals from
multiply bonded moieties may indicate incomplete acces-
sibility to solvent, and complications from paramagnetic
broadening cannot be ruled out for either type of NMR data.

To identify functional groups definitively, the MAS-
assisted NMR approach was also used to obtain two-
dimensional heteronuclear correlated spectra of fungal
melanin swelled in DMSO, as shown in Figures 4 and 5.
The 13C HMQC spectrum (Figure 4) separates overlapping
1H NMR signals according to the different resonance
positions of their attached13C nuclei, identifies directly
bonded hydrogen-carbon pairs, and serves as a fingerprint
of the hydrogen- and carbon-containing functional groups
present in the biopolymer (25). With the benefit of correlated
1H and 13C chemical shifts, it was possible to confirm the
likely presence in fungal melanin of methyl groups (CH3CH2,
0.74 and 13.8 ppm; CH3COO, 2.05 and 33.7 ppm), several
environmentally distinct types of long chain methylenes (e.g.,
1.13 with 22.4, 29.4, and 31.8 ppm), proton-bearing carbons
attached and adjacent to double bonds (CHdCH, 5.16 and
129.6 ppm; CH2CHdCH, 1.86 and 26.9 ppm), and meth-
ylenes near carbonyls (CH2COO, 1.89 and 21.1 ppm; CH2-
CdO, 2.06 and 30.0 ppm). A cross-peak at 3.83 and 63.4
ppm, consistent with a secondary alcohol group, is also

identified tentatively near the signal from residual water in
the DMSO solvent (data not shown). The carbon shifts are
in satisfactory agreement with the CPMAS13C data presented
above; the narrow line widths of these two-dimensional (2D)
spectra make it possible, moreover, to discriminate among
environmentally similar protons and carbons as is done
routinely for organic molecules in solution (32).

Finally, Figure 5 shows a13C HMBC spectrum for swelled
fungal melanin under MAS NMR conditions. This experi-
ment reveals long-range covalent connectivities involving
nonprotonated carbons that are not reported in HMQC
spectra; it also displays cross-peaks that confirm the presence
of functional groups proposed above: ketones (CH2CdO,
2.06 and 208.7 ppm), esters (CH2COO, 1.89 and 173.5 ppm;
CH3COO, 2.05 and 172.1 ppm), and olefins (CH2HCdCH,
1.86 and 129.6 ppm). The long-range coupling shown by
the cross-peak at 2.06 and 158.8 ppm may be attributed to
an aromatic-linked carboxylate moiety (5). These observa-
tions extend the structural information deduced from CP-
MAS, 1D, and HMQC experiments to yield definitive
evidence for previously unknown fragments in the molecular
structure of this fungal melanin.

Implications for Elucidation of Melanin Molecular Struc-
ture and DeVelopment. By exploiting the capabilities of both
solid- and solution-state NMR and the unique requirement
of C. neoformansmelanin for exogenous substrates, we
obtained significant new structural information for this
enigmatic biopolymer. The molecular composition of this

FIGURE 3: MAS 1H NMR spectrum (600 MHz) ofC. neoformans
melanin, swelled at 1:5 (w/w) in DMSO-d6 at 25°C and spun at
2.5 kHz. Peaks from the DMSO and water are labeled s and w,
respectively; a spinning sideband is marked with an asterisk. An
additional peak at 3.83 ppm is visible if the sample is swelled in
D2O.

FIGURE 4: Contour plot of single-bond correlations from a gradient-
assisted 2D1H-13C HMQC NMR experiment onC. neoformans
melanin, conducted with 2.5 kHz magic-angle spinning andz-axis
pulsed field gradients. Regions corresponding to aliphatic chain
methylene, methyl, and alkene groups are shown; an additional
cross-peak that can be attributed to a secondary alcohol group is
also visible near the signal from residual water present in the DMSO
solvent.

FIGURE 5: Contour plot of long-range through-bond correlations
from a gradient-assisted 2D1H-13C HMBC NMR experiment on
C. neoformansmelanin, conducted as described in the legend of
Figure 4. No other cross-peaks appeared in the spectrum.
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melanin is predominantly aliphatic, including uncyclized
methylene groups that exhibit a high degree of flexibility.
Many aromatic linkages such as the C2-C3 bond inL-dopa
are retained when this substrate is incorporated into the
developing pigment, though the chemistry by which the
aliphatic moieties are synthesized requires further investiga-
tion. Molecular motion is enhanced throughout the polymeric
structure upon swelling in solvents such as H2O or DMSO,
making it possible to obtain high-resolution1H NMR spectra
and identify 1H-13C pairs that are directly or remotely
bonded within the melanin structure. By augmenting the
tentative structural assignments made traditionally from13C
chemical shift trends, we were able to identify functional
groups such as alkanes, alkenes, alcohols, ketones, and
carboxylic acid esters. The resulting preliminary picture of
melanin’s molecular architecture is nevertheless more defini-
tive and more comprehensive than that established previously
by elemental analysis and magnetic resonance spectroscopies.

Among the great pigments of nature, the melanins are the
least understood because their structures are undetermined.
The foregoing studies demonstrate both the feasibility and
future promise of NMR spectroscopy for building a com-
prehensive molecular picture of melanin. A variety of
substrates may be used in biosynthetic labeling experiments,
and covalent connections between the structural moieties may
be identified by a suitable choice of isotopic labels and NMR
experiments. These strategies offer the exciting prospect of
identifying complex nitrogen-containing aromatic ring struc-
tures, uncyclized aliphatic chains, and possible melanin-
polysaccharide linkages that underlie the function of this
important biological material.
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