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A primary virulence-associated trait of the opportunistic fun-
gal pathogenCryptococcus neoformans is the production of mel-
anin pigments that are deposited into the cell wall and interfere
with the host immune response. Previously, our solid-state
NMR studies of isolated melanized cell walls (melanin “ghosts”)
revealed that the pigments are strongly associated with lipids,
but their identities, origins, and potential roles were undeter-
mined. Herein, we exploited spectral editing techniques to iden-
tify and quantify the lipid molecules associated with pigments
in melanin ghosts. The lipid profiles were remarkably similar in
whole C. neoformans cells, grown under either melanizing or
nonmelanizing conditions; triglycerides (TGs), sterol esters
(SEs), and polyisoprenoids (PPs) were the major constituents.
Although no quantitative differences were found between
melanized and nonmelanized cells, melanin ghosts were rela-
tively enriched in SEs and PPs. In contrast to lipid structures
reported during early stages of fungal growth in nutrient-rich
media, variants found herein could be linked to nutrient stress,
cell aging, and subsequent production of substances that pro-
mote chronic fungal infections. The fact that TGs and SEs are
the typical cargo of lipid droplets suggests that these organelles
could be connected to C. neoformans melanin synthesis. More-
over, the discovery of PPs is intriguing because dolichol is a
well-established constituent of human neuromelanin. The pres-
ence of these lipid species even in nonmelanized cells suggests
that they could be produced constitutively under stress conditions
in anticipation of melanin synthesis. These findings demonstrate
that C. neoformans lipids are more varied compositionally and
functionally than previously recognized.

Cryptococcus neoformans is a globally distributed opportun-
istic fungal pathogen and the primary causative agent of crypto-
coccosis, a frequently lethal infectious disease that results in
;180,000 deaths each year worldwide (1). Avoiding contact
with C. neoformans is essentially impossible due to its global
presence and ability to thrive in soil, trees, and bird droppings,
among other environmental niches. Initial exposure is thought
to occur during early childhood through the inhalation of air-

borne spores or desiccated yeast cells, usually leading to asymp-
tomatic pulmonary infection but no clinical manifestation of
disease (2). In immunocompetent hosts, the infection is either
eliminated or becomes latent. However, in immunocompro-
mised individuals, the outcome is typically cryptococcal pneu-
monia followed by rapid dissemination to the central nervous
system (3). Ultimately, the result is meningitis, which is both
the most commonly presented and most life-threatening form
of cryptococcosis. Cryptococcal meningitis is responsible for
;15% of all HIV/AIDS-related deaths annually (1). The efficacy
of antifungal therapies against C. neoformans is also limited:
even after intervention, the mortality rate is ;50%, rendering
the chance of survival comparable with that of a coin toss (4).
A primary virulence-associated trait in C. neoformans is the

production of melanin pigments, which are deposited within
the cell wall and form a defensive barrier to external stressors.
Melanins are a group of biologically ubiquitous and structurally
heterogeneous pigments produced via the oxidation and poly-
merization of particular aromatic ring compounds. They share
a multitude of remarkable properties that include: the ability to
absorb UV light, transduce electricity, and protect against ion-
izing radiation. In fungi, melanin pigments contribute to viru-
lence by reducing cellular susceptibility to oxidative damage,
inhibiting phagocytosis, and interfering with the host immune
response to infection (5). C. neoformans is unique among mela-
notic fungi because of its dependence on exogenous substrates
for melanin production; this organism is unable to synthesize
melanin precursors endogenously and therefore must scavenge
catecholamines and/or other phenolic compounds from the
environment (6). C. neoformans cells isolated from individuals
with active cryptococcal infections display robust pigment pro-
duction (7–9), an unsurprising outcome considering that mela-
nization is correlated with dissemination of infections and re-
sistance to antifungal therapeutics (10, 11). For these reasons,
the study of C. neoformans melanogenesis can contribute
directly to our understanding of the pathogenicity of this
organism.
The current model for C. neoformans melanization is a pro-

cess in which intracellularly synthesized melanin pigments are
extruded into the cell wall, where they then form strong associ-
ations with various molecular constituents that are essential for
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their deposition and retention (12). The best-established com-
ponents of this melanization scaffold are the polysaccharides
chitin and chitosan (13); for instance, C. neoformans cells that
are unable to produce cell-wall chitin and chitosan display a
“leaky melanin” phenotype, in which melanin pigments are
unable to anchor to the cell wall and consequently leak out into
the culture media (14, 15). Previously, we used solid-state NMR
spectroscopy (ssNMR) to study the molecular structure of
melanized fungal cell walls in “melanin ghost” preparations
fromwhich other cellular constituents were removed (16), con-
firming that melanin pigments are indeed attached to these
polysaccharides (17). Although the protocol used to prepare
melanin ghosts is both enzymatically and chemically degrading,
a portion of the cell wall that participates in melanin deposition
survives this process. Moreover, chitin and chitosan are not the
only cellular constituents that associate tightly with melanin
pigments—a substantial proportion of the nonpigment moi-
eties found in melanin ghosts have been shown to be lipids,
with largely unknown identities, origins, and physiological roles
(13).
In the current study, we aimed to 1) identify the lipid molec-

ular species that associate with melanin pigments and 2) deter-
mine whether melanized cells have a distinct lipid profile com-
pared with nonmelanized cells. As an alternative to attempting
extraction of the strongly bound pigment-associated lipids
from the melanin ghosts, we devised an ssNMR approach to
characterize the chemical structures of these components in
near-native cellular systems. BecauseC. neoformans cannot uti-
lize endogenous substrates for melanin synthesis, cells grown
in media containing [U-13C6]glucose as the sole carbon nutri-
ent source and natural abundance L-3,4-dihydroxyphenylala-
nine (L-DOPA) as the obligatory melanization precursor
yieldedmelanized samples in which only the nonpigment cellu-
lar constituents are enriched in the NMR-active 13C isotope.
Moreover, the requirement of C. neoformans for exogenous
substrates to synthesize melanin pigments enabled us to com-
pare the lipid profile of whole intact cells under melanizing and
nonmelanizing conditions. By leveraging the capabilities of
NMR to select constituents that undergo a certain degree of
molecular motion in the solid state, it was also possible to edit
out 13C resonances from rigid polysaccharides so that unam-
biguous peak assignments of the mobile lipid species could be
made.

Results

Two-dimensional (2D) 13C-13C and 1H-13C experiments reveal
sterol esters, triglycerides, and polyisoprenoids as the major
lipid constituents in melanin ghosts

Lipid constituents were first identified in C. neoformansmel-
anin ghosts by our group in 2008 (18). In that work, HRMAS
(high-resolution magic angle spinning) NMR experiments con-
ducted on melanin ghosts swelled with DMSO revealed 1H-13C
through-bond connectivities that were surprisingly consistent
with triglycerides (TGs). Considering that melanin ghosts are
isolated using exhaustive chemical degradation, including three
successive lipid extraction steps and boiling in strong acid, the
finding of TGs seemed counterintuitive. Nevertheless, our fol-

low-up studies have corroborated this result, and moreover,
they have suggested that other lipid species in addition to TGs
also resist extraction and are retained in the ghosts (13).
A noteworthy feature of these lipids is that, despite their

strong association with melanin pigments, they exhibit a signif-
icant degree of molecular mobility in the solid state and effec-
tively undergo rapid isotropic reorientation even in dry prepa-
rations. In addition to raising an intriguing question regarding
the molecular interactions that govern melanin pigment-lipid
attachment, this retention of molecular mobility materially
improved our ability to identify the individual lipid components
of melanin ghosts using ssNMR. Thus, it first allowed us to
implement spectral editing techniques that discriminate
between constituents based on variations in molecular motion:
by preferentially detecting the signals arising from the mobile
lipids and filtering out resonances from relatively rigid moieties
such as polysaccharides, we were able to alleviate much of the
spectral overlap that can compromise structural analyses in
macromolecular biological systems. Second, molecules that
undergo isotropic reorientation give rise to sharp NMR signals,
because motional averaging abolishes through-space 1H-13C
dipolar couplings that would otherwise be a primary source of
spectral line broadening. As a result, we successfully acquired
high-resolution 13C NMR spectra that displayed few overlap-
ping signals and full widths at half-maximum linewidth of ,1
ppm with a moderate 15-kHz spin rate, facilitating the unam-
biguous assignment of all observed lipid resonances.
To characterize the molecular structures of the pigment-

associated lipids, we conducted a set of 2D experiments that
measured 13C-13C and 1H-13C through-bond connectivities,
respectively. Correlations between directly bonded pairs of
13C-13C nuclei were obtained by implementing a 2D J-INAD-
EQUATE experiment that was carried out with direct polariza-
tion (DP) and a short (2-s) recycle delay for 13C signal acquisi-
tion to favor the signals from mobile constituents (19). In 2D
J-INADEQUATE spectra, a pair of covalently bonded carbons
is represented by two cross-peaks that each have unique single-
quantum (SQ) 13C chemical shifts but share a common double-
quantum (DQ) 13C chemical shift. The DQ shift is the sum of
the two SQ shifts for a directly bonded carbon pair, so signal
overlap is reduced by spreading the SQ shifts over a larger fre-
quency range. To complement these data and verify our peak
assignments, we also carried out a 2D 1H-13C HETCOR experi-
ment using INEPT as the polarization transfer step, obtaining
cross-peaks for each bonded 1H-13C pair within an isotropically
tumbling molecular fragment along with excellent sensitivity
and spectral resolution (20).
Cursory inspection of the 2D DP J-INADEQUATE spectrum

of melanin ghosts (Fig. 1, top) revealed a significant number of
resonances distributed over a wide chemical shift range, which
suggested that melanin pigments are indeed associated with
multiple lipid species, including TGs. Site-specific peak assign-
ments for these molecules are summarized in Table S1. The
presence of TGs, for which 13C NMR assignments are well-
documented (21–23), was immediately apparent from the well-
resolved pair of SQ signals at 62 and 69 ppm that are correlated
with the DQ sum of their SQ frequencies at 131 ppm. These
correlations are consistent with a glycerol backbone in which
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Figure 1. 2D 13C-13C DP J-INADEQUATE (top) and 2D 1H-13C INEPT-HETCOR (bottom) contour plots for C. neoformans melanin ghosts generated
fromH99 cells grown in [U-13C6]glucose-enrichedmedium. The displayed signals are attributed to triglycerides with unsaturated fatty acid acyl chains (TG;
orange), theD7-sterol esters ergosta-7-enol and ergosta-7,22-dienol that share the same nucleus (SN; green) but have different side chains, designated as chain
A (CA; blue) and chain B (CB; turquoise), respectively, and polyisoprenoids containing isoprene units in both the cis (PPc; purple) and trans (PPt; pink)
configurations.
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each of the three carbons is esterified to a similar type of FA,
resulting in a symmetrical molecule that gives rise to just two
inequivalent resonances for the CHO and two CH2O groups,
respectively. Cross-peaks characteristic of long-chain FAs were
also readily observed: between C1 and C2 (172 and 35 ppm),
C16 and C17 (32 and 23 ppm), and C17 and C18 (23 and 14
ppm) (24, 25). The signals at 130 and 27 ppm correspond to a
linkage between the olefinic and allylic carbons of unsaturated
FAs; the allylic carbons at 27 ppm are linked in turn to chain
methylene carbons resonating at 30 ppm (26, 27). Moreover,
the correlation between signals at 129 and 26 ppm indicates a
linkage between olefinic and bis-allylic carbons, suggesting that
a substantial portion of the FAs present in melanin ghosts pos-
sess more than one point of unsaturation (26, 27).
The 2D HETCOR experiment revealed additional 1H-13C

bonded pairs that confirmed our TG structural identification
(Fig. 1, bottom). For instance, the carbon at 62 ppm that we
attributed to the CH2O group of glycerol was found to correlate
with two protons (4.07 and 4.28 ppm), whereas the CHO car-
bon at 69 ppm was only correlated with one proton (5.21 ppm)
(28–30). Each of these protons has chemical shifts consistent
with TGs; 1H-13C cross-peaks corresponding to other possible
types of esterified glycerol moieties (e.g. diglycerides) were not
observed. Themelanin ghost HETCOR spectrum also provided
verification for the presence of diunsaturated FAs: the bis-al-
lylic carbon we identified in the J-INADEQUATE spectrum (26
ppm) is flanked by two double bonds, and consequently, the
proton to which it is covalently bonded gives rise to a relatively
downfield characteristic signal at 2.77 ppm (28–30). Neverthe-
less, completion of the TG resonance assignments left the ma-
jority of the resonances in both the 13C-13C J-INADEQUATE
and 1H-13CHETCOR spectra unaccounted for.
Further analysis of these two 2D spectra revealed sterol esters

(SEs) as a second major lipid component present within mela-
nin ghosts. The 13C-13C through-bond information provided
by the J-INADEQUATE experiment, in conjunction with the
exquisite sensitivity of NMR chemical shifts to variations in
molecular structure, enabled us to unambiguously identify two
predominant sterols. Each sterol ester species had a structurally
identical steroid nucleus with a single unsaturated linkage
between C7 and C8 (118 and 139 ppm; D7 sterol) (31), but they
differed in their side-chain structures. The C17 carbon that
forms a covalent bond between the sterol nucleus and C20 of
the side chain displayed four cross-peaks, of which only two
could be accounted for by linkages to adjacent carbons of the
nucleus (C17-C13: 56 and 43 ppm; C17-C16: 56 and 28 ppm).
Thus, the other cross-peaks involving the C17 carbon can be
attributed to linkages with the C20 carbons of two chemically
distinct side chains. Although both side chains were deter-
mined to share the same 24-methyl carbon backbone, one side
chain is fully saturated, whereas the other contains a double
bond between C22 and C23 (136 and 132 ppm). Distinguishing
between these two side chains allowed us to identify the pre-
dominant sterols in melanin ghosts as ergosta-7-enol and ergo-
sta-7,22-dienol (31–36). Interestingly, our data strongly suggest
that both sterol species are present only in their esterified
forms. In free sterols, the chemical shifts of the hydroxylated
C3 carbon and the hydrogen atom to which it is covalently

bound would be 71 and 3.60 ppm, respectively. However, the
HETCOR spectrum of melanin ghosts displayed a single peak
in that chemical shift region with 13C and 1H values of 73 and
4.67 ppm, consistent with a compound in which the hydroxyl
group is esterified (31, 33), likely to a long-chain FA.
The third and final group of lipid constituents that we identi-

fied in melanin ghosts are polyisoprenoids (PPs), which are lin-
ear polymers of isoprene units. Of the few remaining 13C-13C
cross-peaks in the J-INADEQUATE spectrum that had not
been attributed to TGs or SEs, of particular note were the cor-
relations between a carbon at;135 ppm and five different car-
bons at 16, 24, 32, 40, and 125 ppm. This observation suggested
that the molecule contains two structurally similar carbons
with overlapping resonances at 135 ppm but linkages to mag-
netically distinct repeating units. PPs fit this description, and
their reported 13C and 1H chemical shifts (37–40) are consist-
ent with our data. The repeating isoprene units that comprise
PPs can adopt either cis or trans configurations, yielding dis-
tinct chemical shifts for the C1 and C5 carbon signals of each
stereoisomer. Thus, the C2-C3 and C3-C4 linkages of both iso-
mers can be accounted for by the single pair of cross-peaks at
(135 and 125) and (125 and 27) ppm, respectively. Although the
C2 carbon chemical shift does not differ between the two con-
figurations, the C2, C1 and C2, C5 cross-peaks it forms are
unique: those corresponding to the cis isomer were observed at
(135 and 32) and (135 and 24) ppm, and to the trans isomer at
(135 and 40) and (135 and 16) ppm. The presence of PPs inmel-
anin ghosts is confirmed by our HETCOR data, which include
atypically downfield 1H chemical shifts compared with most
lipids and support substantial double bond content. Conse-
quently, the 1H-13C pairs attributable to PPs are clearly visible
because their cross-peaks are located in a relatively uncluttered
spectral region. The protons covalently bonded to the C1 and
C4 carbons of both cis and trans isomers were observed at;2.0
ppm, and those bonded to the C5 carbons appeared at ;1.6
ppm (37, 38). Additionally, the 1H-13C cross-peak at (5.10 and
125) ppm corresponded to the C3 carbon and its bonded pro-
ton, whereas the C2 carbon was not observed in a HETCOR
experiment because it has no attached protons.

Melanin ghosts, melanized whole cells, and nonmelanized
whole cells contain remarkably similar lipid species

The fact that the pigment-associated lipids we identified in
melanin ghosts have not been reported previously as major
constituents of C. neoformans cells led us to hypothesize that
they might be produced exclusively under melanizing condi-
tions. Our current understanding of C. neoformans lipid com-
position is based on only a handful of studies, all conducted on
lipid extracts from cells grown in rich media under nonmelan-
izing conditions (i.e. in the absence of an obligatory exogenous
melanization precursor). The lack of lipid analyses for melan-
ized cells does not necessarily reflect a lack of interest but could
instead be attributed to experimental challenges: melanin pig-
ments are exceptionally recalcitrant, and thus melanized cells
resist homogenization, which can diminish the effectiveness of
lipid extractions. To circumvent this problem and determine
whether melanized cells have a lipid profile distinct from
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nonmelanized cells, we replicated the ssNMR strategy used to
define the lipid profile of melanin ghosts to examine whole
intact C. neoformans cells grown either with or without the
melanization precursor L-DOPA.
In addition to using spectral editing techniques to select the

NMR signals of mobile molecular moieties, the detection of the
lipid constituents of interest was enhanced by conducting our
DP-INADEQUATE and INEPT-HETCOR experiments on
acapsular cells from the Cap59 mutant strain. As an encapsu-
lated yeast, ;50% of the C. neoformans cell mass is typically
accounted for by a robust external layer of high-molecular
weight polysaccharides (41). Thus, the NMR response from
this large proportion of capsular polysaccharides in WT H99
cells will present a dynamic range problem, overpowering the
signals of constituents that are present in lesser quantities and
compromising the detection of their spectral features (Fig. S1).
Conversely, the absence of capsular polysaccharides in acapsu-
lar Cap59 cells yields spectra that clearly display resonances at-
tributable to a variety of cellular components (Fig. 2).
The 2D 13C-13C DP J-INADEQUATE spectra of nonmelan-

ized and melanized C. neoformans Cap59 whole cells (Fig. 2, A
and B) and H99 melanin ghosts (Fig. 2C) permitted us to com-
pare their respective lipid compositions.Whereas only lipid sig-
nals are observed in themelanin ghost spectrum, the whole-cell
spectra exhibited additional resonances; the majority of these
features can be assigned to correlations between directly
bonded 13C-13C pairs within the ring structures of nonchiti-
nous cell-wall polysaccharides, such as a- and b-1,3-glucans.
As expected, these signals were absent from the DP J-INAD-
EQUATE spectrum of melanin ghosts, because glucans are
removed by enzymatic and chemical treatments during sample
preparation. However, the finding that the DP J-INADEQUATE
spectra of melanized and nonmelanized cells are nearly indistin-
guishable was unanticipated. All of the well-resolved, and there-
fore identifiable, cross-peaks are clearly visible in both spectra
(Fig. 2, A and B), demonstrating that melanization has no influ-

ence over the types of lipid species that are produced byC. neofor-
mans cells. Even more surprising was our observation that both
the DP J-INADEQUATE (Fig. 2, A and B) and INEPT-HETCOR
(Fig. S2, A and B) spectra of each whole-cell sample displayed
identical lipid correlations to those displayed in the analogous
spectra of melanin ghosts (Figs. 1 and 2C). This finding indicates
that the D7 SEs, TGs, and PPs identified as major lipid compo-
nents in melanin ghosts also comprise the lipid content of whole
C. neoformans cells. Taken together, our data suggest that mela-
nization does not trigger the synthesis of any particular lipid spe-
cies, which is consistent with prior work that demonstrated that
melanization changes the transcriptional profiling of only a few
genes in C. neoformans (42). Instead, it appears that C. neofor-
mansmelanin pigments associate with the lipids produced under
nonmelanizing conditions, and due to the recalcitrant nature
of the pigment, a significant portion of these lipids are able to
resist the chemical and extractive treatments used for ghost
preparation.

Melanin ghosts have greater proportions of particular lipid
species compared with whole melanized and nonmelanized
cells

Thus far, we had identified the pigment-associated lipid spe-
cies inmelanin ghosts asD7 SEs, TGs, and PPs, which we subse-
quently demonstrated are also the major species of lipids pro-
duced by C. neoformans cells under both melanizing and
nonmelanizing conditions. However, it was of further interest
to determine whether the relative amounts of lipid constituents
differ in melanized and nonmelanized cells and whether the
proportions ofD7 sterols, TGs, and PPs aremaintained between
melanin ghosts and melanized whole cells. In other words, we
hypothesized that even if the same lipid species were present,
the ease of their production or removal might be impacted by
the presence of themelanin pigment.
To address these questions, we conducted direct polarization

(DPMAS) 13C NMR experiments with a long recycle delay

Figure 2. 2D 13C-13C DP J-INADEQUATE spectra of C. neoformanswhole-cell andmelanin ghost samples prepared from cultures containing [U-13C6]
glucose-enriched medium. Shown are nonmelanized (A) and melanized (B) whole cells from the acapsular mutant Cap59 strain and melanin ghosts gener-
ated fromH99 cells (C). The cross-peaks attributed to key functional groups have been demarcated to highlight the similarities among the three samples.
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(50 s) to acquire spectra in which the integrated peak areas are
quantitatively reliable and therefore reflect the relative
amounts of the various cellular constituents in each sample.
Despite the significant number of overlapping signals in these
one-dimensional (1D) spectra, we were able to locate several
resonances that are unique to each lipid type using the carbon
chemical shift information extracted from the 2D 13C-13C DP
J-INADEQUATE and 1H-13C INEPT-HETCOR experiments
described above. These identifications allowed us to carry out
spectral deconvolution to determine the fraction of the total
signal intensity attributable to each lipid constituent and
thereby estimate its relative content in each of the C. neofor-
mans samples.
Visual comparison of the 13C DPMAS spectra of nonmelan-

ized (Fig. 3A) and melanized (Fig. 3B) acapsular C. neoformans
cells revealed no discernible quantitative differences in the rela-
tive amounts of lipids or other constituent types between the
two samples: as noted in connection with our 2D J-INAD-
EQUATE and HETCOR data, the 1D 13C DPMAS spectra of
cells grown under melanizing and nonmelanizing conditions
were virtually indistinguishable from one another. Conversely,
a number of striking visual differences were observed between
the spectra of melanin ghosts (Fig. 3C) and whole cells (Fig. 3,A
and B); those trends were confirmed by the significant compo-
sitional variations revealed by our quantitative analyses. The
clear dissimilarity between the two sample types is evidenced
by the disparate relative contributions of lipids and polysaccha-
rides to the overall signal intensity of each spectrum. Whereas
signals attributable to polysaccharides (;58–108 ppm) domi-
nate the whole-cell spectra, accounting for;68% of the overall
signal intensity, the sum of the integrated peak areas corre-
sponding to TGs, SEs, and PPs accounted for only 8% (Fig. 3D).
In contrast, for melanin ghosts, the polysaccharide content was
2.5 times lower (27%), whereas the total lipid proportion was
5.3 times higher (42% versus 8%) (Fig. 3E). These findings sug-
gest that the harsh chemical and extractive treatments involved
in melanin ghost preparation are more effective at removing
cellular constituents such as polysaccharides than lipids, result-
ing in the relative enrichment of the latter constituents.
Considerable quantitative variations in the relative contribu-

tions of TGs, SEs, and PPs that comprise the total lipid content
of each sample were also observed between the melanin ghost
and whole-cell preparations. With respect to the total signal in-
tensity across the spectrum, TGs accounted for the largest sig-
nal intensity (22% versus 6% for melanin ghosts and whole cells,
respectively), followed by SEs (17% versus 2%) and then PPs (2%
versus,1%) (Fig. 3, D and E). With respect to the signal inten-
sity attributable to lipids, the balance among the various lipid
species differed substantially between the two types of samples.
SEs and PPs corresponded to a much smaller proportion of the
total lipid content in whole cells (23 and 2%) as compared with
melanin ghosts (43 and 6%, respectively) (Fig. 3,H and I). Inter-
estingly, the constituents that are present in the lowest propor-
tions in whole cells are preferentially retained by melanin
ghosts: the SE content of melanin ghosts was increased 2-fold
(23% versus 43%), and the PP content was increased 3-fold (2%
versus 6%). Taken together, these data suggest that, despite the
lack of influence melanin synthesis has on the types or relative

amounts of lipids produced by C. neoformans cells, melanin
pigments preferentially associate with certain lipid species,
namely TGs, SEs, and PPs.

Discussion

In this work, we set out to identify the particular lipid molec-
ular classes that are strongly associated with the melanin pig-
ment, to begin the process of unraveling the roles of these lipids
in C. neoformans melanization. One of the most striking fea-
tures in the 13C ssNMR spectra of C. neoformans melanin
ghosts is the prominent group of sharp upfield peaks (;10–40
ppm) that are characteristic of lipid long-chain methylene car-
bons. The quantitative ssNMR analyses conducted previously
and in the current study have estimated that lipids comprise
40–70% of the total NMR signal intensity in 13C DPMAS spec-
tra of melanin ghosts from [13C6]glucose-enriched cultures,
whereas polysaccharides account for at most 30% (13). It is now
well-established that the cell-wall polysaccharides, in particular
chitin and its deacetylated derivative chitosan, play a key role in
anchoring C. neoformans melanin pigments to the cell wall.
Genetic disruption of the chitin/chitosan biosynthetic machin-
ery compromises cell-wall integrity and has deleterious effects
on pigment retention, resulting in a “leaky melanin” phenotype
(14, 15). Conversely, supplementing C. neoformans growth cul-
tures with GlcNAc, the monomeric building block of chitin,
increases cell-wall melanin pigment deposition and retention
(43). Thus, with hindsight it is perhaps unsurprising that chiti-
nous polysaccharides are retained in ghosts due to their inti-
mate association with the melanin pigment. However, there is
no currently proposed rationale for the presence of substantial
quantities of lipids inmelanin ghosts.
The implementation of 2D ssNMR experiments that prefer-

entially detect the signals of mobile molecular constituents
allowed us to uncover TGs, SEs, and PPs as the primary lipids
in uniformly 13C-enriched melanin ghost samples. Although
prior work by our group has provided evidence for the presence
of TGs (18), determined herein to be the most abundant lipid
species, SEs and PPs have not been reported previously asmela-
nin ghost constituents. The fact that no lipid species other than
TGs, SEs, and PPs were observed in our ghost samples also
strongly suggests that these constituents originate from lipid
droplets (LDs), subcellular structures that function as storage
depots for neutral lipids in all living organisms (44). It is well-
established that LDs are enclosed by a phospholipid monolayer
and that TGs and SEs comprise ;95% of their contents (45,
46). Although PPs are not considered to be typical LD constitu-
ents, their presence in these organelles is not unprecedented:
PPs have been detected in LDs isolated from Saccharomyces
cerevisiae (47).
All organisms produce PPs, namely polyprenols and doli-

chols, which function in the endoplasmic reticulum as sugar
carriers for reactions such as protein glycosylation and GPI
anchor synthesis (48, 49). PPs have also been found to accumu-
late in a vast array of other organelles and tissue types, but the
roles they play in these cellular locations are currently uncer-
tain (50). Nonetheless, PPs within the LDs of S. cerevisiae have
been proposed to function by coordinating the assembly of the
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cell wall of sporulating fungal cells: the delivery of PPs to the
cell wall via LDs is thought to activate chitin synthase 3 (Chs3),
resulting in the formation of cell-wall chitin that is subse-
quently deacetylated to chitosan (47). Thus, it is informative to
consider our findings for key polysaccharide and lipid species
in their cellular context: 1) melanin ghosts are essentially iso-
lates of the melanized cell wall; 2) chitin and chitosan play a
critical role in the anchoring of melanin pigments to theC. neo-
formans cell wall; 3) both of these polysaccharides, along with
PPs, TGs, and SEs, have been identified within melanin ghosts;
4) TGs and SEs are known to be typical LD cargo. Together,

these considerations suggest that PPs could also be contained
within C. neoformans LDs, where they would play analogous
roles to the PPs reported in S. cerevisiae.
The exceptionally sharp TG, SE, and PP resonances in our

13C ssNMR spectra of melanin ghosts and whole C. neoformans
cells indicate that these lipids continue to undergo the rapid
isotropic motions typical of small molecules in solution despite
being present in the solid state. Unlike the amphiphilic lipids of
cell membranes that adopt layered arrangements in aqueous
environments, neutral lipids such as TGs and SEs lack the
charged functional groups that are required to form ordered

Figure 3. Quantitative estimates of the relative amounts of various cellular components in C. neoformans whole-cell and melanin ghost samples
prepared from cultures containing [U-13C6]glucose-enriched medium, demonstrating the preferential retention of lipids by melanin ghosts. Top
left, 13C quantitatively reliable DP (50-s recycle delay) spectra of nonmelanized (A) and melanized (B) whole cells from the acapsular mutant Cap59 strain and
melanin ghosts generated from H99 cells (C). Top right, pie charts displaying the relative quantities of lipid, polysaccharide, and “other” (unidentified) cellular
constituents with respect to their total content in whole cells (D) and melanin ghosts (E). Only one pie chart is shown for both melanized and nonmelanized
whole cells due to the absence of compositional differences between the two samples. Bottom left, 13C DP spectra of melanized whole cells (F) and melanin
ghosts (G) overlaid with the fitted curves (obtainedwith DMfit spectral deconvolution software) that correspond to the three classes of identified lipids. Bottom
right, pie charts displaying the relative quantities of TGs, SEs, and PPs with respect to the total lipid content in whole cells (H) andmelanin ghosts (I). Each spec-
trumwas normalized by setting the largest peak to full scale.Orange, TGs; green, SEs; violet, PPs.
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structures and can therefore retain a significant amount of mo-
lecular mobility even when packed in LDs (44). Given the prior
micrographic evidence that C. neoformans cells contain abun-
dant intracellular stores of LDs (51–54), we can suggest that at
least a portion of the exceptionally narrow lipid signals dis-
played by the whole cells arise from TGs, SEs, and PPs that are
contained within LDs. However, C. neoformans LDs have not
been found to localize to the cell wall; they have only been
observed in the cytoplasm (51, 52), the contents of which are
removed during melanin ghost isolation. Thus, it is unlikely
that the lipids retained by ghosts remain packed inside these or-
ganelles. Instead, we propose that a portion of the lipids are
released from LDs and transferred to the cell wall, possibly in
conjunction with melanin pigment deposition or during other
cell-wall transport processes (12). Consequently, a subset of
these LD-derived lipids become trapped within the cellular
framework of the melanized cell wall. Nonetheless, rather than
becoming immobilized by association or covalent bonding to
the cell wall or pigment, the lipids are likely to be contained
within discrete cellular domains that allow them to undergo
the molecular motions that produce sharp ssNMR spectral
lines. Although this is a preliminary hypothesis that requires
rigorous experimental testing, our findings nevertheless argue
in favor of a role for LDs inC. neoformansmelanization.
Surprisingly, the lipid profile we determined for melanin

ghosts is not in accord with prior reports of C. neoformans lipid
composition. Although these reports include a few particular
variations, the discrepancies with respect to our findings are
more widespread. First, constituents such as phospholipids and
free sterols (54, 55) are notably absent in our melanin ghost
spectra. Second, the species of SEs we identified (ergosta-7-
enol and ergosta-7,22-dienol) had typically been reported as
only minor sterol constituents (56, 57) or were absent alto-
gether (58, 59). Third, as noted above, there have been no
reports of PPs as major lipids produced by C. neoformans.
Because these prior analyses were carried out exclusively on
nonmelanized cells, we considered that C. neoformans cells
might have a distinct lipid profile when grown under melaniz-
ing conditions (i.e. in the presence of an obligatory exogenous
melanization substrate such as L-DOPA and in minimal media,
which encourages melanization), which might well result in a
distinctive lipid composition for melanin ghosts. Nevertheless,
ssNMR examination of whole acapsular C. neoformans cells
and melanin ghosts under identical conditions invalidates this
hypothesis: our spectroscopic analyses (Fig. 3,A–I) clearly indi-
cated that melanized and nonmelanized cells contain the same
classes and relative amounts of lipids.
Because the unexpected anomalies in lipid compositional

profile for melanin ghosts (D7 sterol esters, TGs, and PPs) were
replicated more generally in both melanized and nonmelanized
C. neoformans cells, it was important to ask why our results var-
ied so significantly from those of other investigators. A degree
of variation could be attributed to our choice of methodology:
lipid analyses have traditionally been conducted on extracted
material using MS, whereas our NMR-based identifications
and quantitative estimates are made directly on whole cells.
Although highly sensitive MS methods are undoubtedly better
able to detect minor constituents, they require validation of the

completeness and nondestructive nature of the lipid extraction
protocol. Conversely, identifying lipids in whole fungal cells by
tailoring the NMR experiments to preferentially detect the sig-
nals of mobile constituents could risk undercounting of a lipid
subpopulation that is relatively rigid. Nonetheless, preliminary
comparisons with lipid extracts5 do not support discrepancies
based onmethodology.
Amore compelling hypothesis, however, concerns legitimate

but significant differences between the prior and current condi-
tions used for culturing the C. neoformans cells. To facilitate
isolation of melanin ghosts, our cells were grown under condi-
tions that promote robust melanization in the presence of an
appropriate obligatory catecholamine substrate (16, 60, 61),
namely 10–14 days of culture in a chemically defined minimal
medium that contains a low concentration of glucose and only
a single nitrogen source. In contrast, all previously published
analyses of C. neoformans lipids were conducted on cells grown
in media with considerably higher glucose concentrations and
harvested after significantly shorter incubation times of ;2
days (56–59), leaving open the possibility that lipid composi-
tion depends on cellular growth conditions.
A closer examination of the relationships between culture

conditions and lipid composition supports the supposition that
our incubation of C. neoformans cells in nutrient-limited media
for exceptionally long time periods can account for profiles that
are rich in TGs, SEs, and PPs—and conversely deficient in
phospholipids, free sterols, and ergosterol. First, Itoh et al. (54)
analyzed the lipid composition of C. neoformans at different
phases of cell growth. These researchers found that during the
early logarithmic phase (;5 h), phospholipid levels are high
and neutral lipid levels are low; over time, however, the phos-
pholipid content decreases, whereas the content of neutral lip-
ids increases. For instance, neutral lipids comprised ;80% of
total lipid content for cells harvested at the stationary phase of
growth (;71 h), and the vast majority (.90%) were TGs. A
similar trend was observed in relative sterol content: the ratio
of sterol esters to free sterols increased from 1:6.9 to 1.3:1 as the
cells progressed from early logarithmic to stationary phases of
growth. Second, work on C. neoformans sterol composition by
Kim et al. (62) is the sole report of D7 sterol ergosta-7-enol as
the major species of sterol in C. neoformans; notably, it is also
the only study carried out on cells harvested after an unusually
long 5-day growth period. Third, although we located no evi-
dence for PPs outside of the endoplasmic reticulum in C. neo-
formans cells, two reports identified PPs in various subcellular
locations in the Aspergillus species Aspergillus fumigatus and
Aspergillus niger (63, 64). Both studies were conducted on cells
grown for over 9 days, the time requirement determined by
Barr and Hemming (64) to achieve maximum concentration.
Thus, in the context of the available literature, our findings sup-
port cell age and nutrient deprivation as modulators of lipid
production and composition inC. neoformans.
Notably, cell aging and nutrient deprivation have each been

linked to pathogenesis in C. neoformans. First, cells that have
undergone many replicative cycles and are thus older

5H.-M. Jan, personal communication.
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generationally have been shown to accumulate during chronic
cryptococcal infections and manifest distinct phenotypic traits
associated with virulence (65, 66). For example, these cells dis-
play a large body size and thicker cell wall, both of which have
been correlated with increased drug resistance and decreased
susceptibility to killing by macrophages. Second, nutrient de-
privation induces several virulence-associated determinants,
for example, by increasing the gene expression and activity of
the laccase enzyme Lac1 (67, 68). Because this laccase catalyzes
the rate-limiting step inmelanin biosynthesis, one way in which
it contributes to virulence is by initiating pigment formation
(assuming the availability of melanization substrate) (69, 70).
Additionally, Lac1 plays a key role in other biosynthetic path-
ways that yield virulence-associated products (71) (e.g. prosta-
glandin (PG) signaling lipids (72) produced from polyunsatu-
rated fatty acids (PUFAs)) (73). Specifically, Lac1 is essential for
the formation of the “authentic” PGs prostaglandin E2 (PGE2)
and 15-keto-prostaglandin E2 (15-keto-PGE2) (74, 75), which
are largely produced by vertebrates to regulate immunomodu-
latory and inflammatory processes (76, 77). Indeed, the synthe-
sis of these PGs by C. neoformans during in vivo infection has
been found to be required for cell growth and proliferation
within macrophages (78). Considering that laccase expression
is induced by nutrient deprivation even in the absence of mela-
nization substrate and that the vast majority of lipids in both
the melanized and nonmelanized cells were identified as
PUFAs in the form of TGs, it is possible that nutrient depriva-
tion specifically increases the production of these lipids, which
are then stored in LDs as readily available precursors for PG
biosynthesis. In sum, it is likely that the lipid species we
detected in cells grown for a prolonged period of time in nutri-
ent-limited media are the predominant lipid species produced
during in vivo infection and could contribute to virulence inde-
pendently of melanin formation.
Interestingly, the impact of cell age and cellular stress on PP

production has been documented in a diverse range of organ-
isms, although not commonly in fungi. A key example is the
accumulation of the PP dolichol in various human tissues: the
quantity of this lipid increases by several orders of magnitude
throughout the human lifespan in tissues such as the liver, thy-
roid, and testis (79), and in fact it has been proposed as a bio-
marker of cellular aging (80). The contention that accumula-
tion of cellular PP is a general mitigating response to cellular
stress (81) is supported by evidence in both mammals and
plants. For example, dolichols act as radical scavengers of per-
oxidized lipids and could thereby reduce the oxidative damage
associated with the progression of age-related mammalian dis-
eases (82). PPs such as polyprenol and solanesol accumulate
within plant leaves in response to both light and viral infections
(83, 84). Despite the relative paucity of reports linking PP levels
to stress in fungi, it is worth noting that the isopentenyl diphos-
phate isomerase enzyme of the isoprenoid pathway is the prod-
uct of an essential gene in fungal species such as S. cerevisiae
(85), Schizosaccharomyces pombe (86), and C. neoformans (87);
conditional mutation of this gene results in cells with reduced
stress tolerance (88). Given this body of evidence, it is plausible
that in our C. neoformans cellular system, the stress induced by
a nutrient-limited environment for a prolonged period of time

(i.e. minimal medium for 10 days) elevates the production of
PPs.
Although we found no variations in lipid species between

melanized and nonmelanized C. neoformans cells, there is an
interesting parallel between the lipids we identified and those
found associated with mammalian neuromelanin: dolichol and
its derivatives are well-established components of neuromela-
nin (89, 90). Moreover, TEM analysis has demonstrated that
these “melanic-lipidic” granules are contained in organelles
complexed together with LDs (91, 92). Analogous to the accu-
mulation of dolichol and its hypothesized role as a protective
compound, neuromelanin builds up in the brain tissue of all
mammals with age and is thought to protect against neuronal
degeneration by sequestering reactive neurotoxic substrates
(93). In contrast, no rationale has been proposed for the pres-
ence of LDs in the neuromelanin literature. However, there is
evidence to suggest that in endolichenic fungal species, the
trapping of lipophilic toxins by LDs is a so-called self-resistance
mechanism that quenches the production of reactive oxygen
species and thereby contributes to the ability of these fungi to
live among algae, cyanobacteria, or other photosynthesizing
microorganisms in a mutualistic relationship (94). Because
melanin formation is an oxidative process that involves the
generation of multiple reactive intermediates (95–97), it is
plausible that in melanotic organisms, the LDs located at sites
where melanin synthesis takes place could have a similar func-
tion. The fact that lipids originating from LDs were also pre-
dominant in the nonmelanized C. neoformans cells could addi-
tionally suggest that they are produced in anticipation of
melanin synthesis: the cell culture conditions that promote
melanin synthesis could simultaneously promote the synthesis
of LDs in preparation for acquiring a substrate suitable for
melanization.
In summary, the work herein provides a comprehensive

compositional analysis of the lipids that associate with the
melanin pigments produced by the fungal pathogen C. neofor-
mans, also exploring their possible origins and roles in cellular
function, such as coordinating cell-wall assembly, participat-
ing in pigment transport, serving as immunomodulators, and
quenching the reactive intermediates formed during melanin
synthesis. By implementing solid-state NMR strategies that
display resonances from mobile molecular species preferen-
tially, we bypassed the need for traditional lipid extraction. We
were able to examine solid samples of the melanized cell wall
directly under near-native conditions, uncovering triglycer-
ides, sterol esters, and polyisoprenoids as the major lipid com-
ponents and estimating their relative proportions. In turn, our
findings suggested a role for lipid droplets in the melanization
process and a dependence of lipid composition on cell culture
conditions. In addition, we compared the NMR spectra of
intact cells grown under melanizing and nonmelanizing condi-
tions, determining the lipid composition of melanized C. neo-
formans cells for the first time. Our results indicate an intimate
association between lipids and melanin pigment that must be
accounted for in proposed schema for fungal melanization and
cell-wall melanin architecture.
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Experimental procedures

C. neoformans strains and cell growth

The well-characterized serotype A strain H99 was used for
melanin ghost isolation, and the acapsular mutant strain Cap59
(generated from an H99 background (98)) was used for whole-
cell ssNMR analysis. Both isolates were maintained in 20% gly-
cerol stock at280 °C. Prior to each experiment, cells were pre-
cultured in Sabouraud dextrose broth and grown for 48 h at
30 °C withmoderate shaking (120 rpm).

Culture conditions

The cells harvested from the Sabouraud preculture were
washed with PBS, counted using a hemocytometer, and adjusted
to a cell concentration of 1 3 106 ml21 in MM containing 13C-
enriched glucose as the sole carbon source (29.4 mM KH2PO4, 10
mM MgSO4, 13 mM glycine, 3 mM thiamine, 15 mM [U-13C6]glu-
cose, pH 5.5). The absence of an obligatory exogenous melaniza-
tion precursor in this medium recipe resulted in the production
of nonmelanized yeast cells. To produce melanized cells, 1 mM L-
DOPA was added to the MM formulation listed above. All cul-
tures were grown for 10 days at 30 °C with shaking at moderate
speed (120 rpm). The cells were collected by centrifugation,
resuspended in PBS, and stored at220 °C until further use.

Isolation of melanin “ghosts”

C. neoformans H99 cells cultured in MM containing [U-13C6]
glucose and 1 mM L-DOPA for 10 days were subjected to the
standard melanin ghost isolation protocol as described in our
prior studies (17). Briefly, the cells obtained from 100 ml of a
melanized culture were subjected to enzymatic hydrolysis of cell-
wall and protein constituents, followed by three consecutive
Folch lipid extractions and then boiling in 6 M HCl for 1 h. The
resulting black solid particles were obtained by centrifugation,
dialyzed against distilled water for several days, and subsequently
lyophilized for 3 days.

Preparation of whole fungal cells

Cultures of melanized and nonmelanized C. neoformans cells
from the acapsular mutant strain Cap59 were grown side by side
in separate flasks containing [U-13C6]glucose-enrichedMMusing
the same culture conditions described above. L-DOPAwas added
to achieve a concentration of 1mM in one of the flasks to produce
melanized cells. The cell pellet obtained from a 100-ml aliquot of
each culture was resuspended in 25 ml of deionized water, vor-
texed vigorously, and then centrifuged at 17,000 rpm for 20 min
at 4 °C. The supernatant was decanted, and this process was
repeated four more times to remove any residual metabolites or
other small molecules. After the fifth wash, the cell pellet was ly-
ophilized for 3 days prior to analysis by ssNMR.

Solid-state NMR measurements

Solid-state NMR experiments reported in this work were
carried out on a Varian (Agilent) DirectDrive2 (DD2) instru-
ment operating at a 1H frequency of 600 MHz and equipped
with a 3.2-mm T3 HXY MAS probe (Agilent Technologies,
Santa Clara, CA). All data were acquired on ;12–18 mg of ly-

ophilized melanin ghost or whole-cell samples using a magic
angle spinning (MAS) rate of 15.006 0.02 kHz and a spectrom-
eter-set temperature of 25 °C. The 2D DQ 13C-13C correlation
spectra were measured using the refocused J-INADEQUATE
pulse sequence (99, 100), which relies on scalar (J) coupling for
polarization transfer between directly bonded carbon nuclei.
The experiments were carried out with 13C 90 and 180° pulse
lengths of 2.6 and 5.2 ms, respectively, a 1H 90° pulse length of
2.3 ms, and 2.4-ms t spin echo delays. DP was used for initial
13C excitation, and a 2-s recycle delay was implemented to
enhance the signals of mobile constituents. Small-phase incre-
mental alternation pulse sequence (SPINAL) decoupling (101)
was applied during acquisition at a radio frequency field of 109
kHz. The 2D 1H-13C correlation spectra were measured with a
solid-state HETCOR pulse sequence that used refocused
INEPT for the selective transfer of polarization between
directly bonded proton-carbon pairs located within mobile
molecules (20). The experiments were carried out with 13C and
1H 90° pulse lengths of 2.5 ms and 2.3 ms, respectively, and a 2-s
recycle delay. Inter-pulse delays were optimized for maximum
1H-13C transfer efficiency using time periods of 1/4J and 1/6J
(with a 1H-13C coupling constant of J = 145 Hz), corresponding
to 1.72 ms and 1.15 ms, respectively. 1H decoupling using the
WALTZ method (102) with a radio frequency field of 5.5 kHz
was applied during signal acquisition. The 1D 13C DPMAS
experiments used to estimate the relative proportions of car-
bon-containing cellular constituents in melanin ghost and
whole-cell samples were implemented with long recycle delays
(50 s) to obtain quantitatively reliable signal intensities. The
13C and 1H 90° pulse lengths were 2.6 and 2.3 ms, respectively.
SPINAL decoupling with a radio frequency field of 109 kHz
was applied during acquisition.

Solid-state NMR quantitative analysis

Spectral curve fitting was performed with the deconvolution
software DMfit (103) by inputting the 13C frequency and line-
width of each peak identified in the J-INADEQUATE spectra and
measuring their individual integrated intensities. The relative
quantities of lipid, polysaccharide, and “other” cellular constitu-
ents were estimated by expressing the sum of the individual peak
areas corresponding to each constituent type as a fraction of the
total integrated area of theNMR spectrum. The relative composi-
tion of triglycerides, sterol esters, and polyisoprenoids was esti-
mated by expressing the summed peak areas as a fraction of the
total integrated signal intensity attributed to lipids. The fitted
curves of peaks located in crowded spectral regions were adjusted
manually to match their integrated areas with the average from a
set of fully resolved peaks corresponding to each constituent.

Data availability

The ssNMR data sets presented in this study and the pulse
sequences implemented to acquire them are available from the
corresponding author upon request.
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