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melanin ghost sample was acquired using a 500 ms mixing time; the DARR experiment carried out for
the melanin ghost sample generated from 13C-tyrosine-supplemented C. neoformans cells was acquired
using a 50 ms mixing time. For all experiments, small phase incremental alternation pulse sequence
(SPINAL) decoupling [41] was applied during signal acquisition with a radio frequency field of 83 kHz.
The 13C chemical shifts were referenced externally to the methylene carbon signal of adamantane at
38.5 ppm.

3. Results

3.1. The 13C CPMAS ssNMR Spectra of S. cerevisiae Spore Walls and C. neoformans Melanin “Ghosts”
Display Several Similarities that Suggest Common Structural Elements

This work was inspired by a serendipitous observation of similarities between the
cross-polarization magic-angle spinning (CPMAS) 13C ssNMR spectra of outer spore walls isolated from
S. cerevisiae [34] and melanized cell walls (melanin “ghosts”) isolated from C. neoformans [21]. Figure 1
compares previously reported 1D CPMAS 13C ssNMR spectra for the S. cerevisiae outer spore wall with
comparably acquired data for the melanin scaffold of the C. neoformans wall, demonstrating the close
correspondence of their chemical shifts and the relative intensities of their respective resonances.J. Fungi 2020, 6, x FOR PEER REVIEW 8 of 18 
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Figure 1. One-dimensional (1D) 13C CPMAS��solid-state NMR (ssNMR) spectral comparison of outer 

spore walls isolated from wild type (AN120) S. cerevisiae spore cell walls and melanin ghosts isolated 
from wild type (H99) C. neoformans cells. The cells from both species were grown in media containing 

[U-13C6]-enriched glucose as the sole carbon source. C. neoformans cells were also provided natural 

abundance L-DOPA and thus signals attributable to the melanin pigment ar e not observed. The 

spectral region shaded in blue displays the peaks previously attributed to dityrosine carbons in S. 
cerevisiae spore cell walls, and the region in yellow to lipid carbons in C. neoformans melanin ghosts. 

The spectral region shaded pink displays peaks previously attributed to the carbons of the 

polysaccharides in each sample. The unshaded spectral region (165–185 ppm) displays several 
overlapping peaks that are attributed to the carbonyl carbons in all three constituent types. 

3.2. S. cerevisiae Spore Cell Walls and C. neoformans Melanin Ghosts Are both Comprised of Chitinous 
Polysaccharides, Tyrosine-Derived Constituents, and Neutral Lipids 

The shared 1D CPMAS 13C NMR spectral features of outer spore walls isolated 
from S. cerevisiae and melanin ghosts from C. neoformans prompted us to devise more 
stringent tests for molecular-level structu ral similarities between these two disparate 
types of yeast preparations. To begin our investigation, [U- 13C6]-glucose-enriched 
samples of S. cerevisiae spore cell walls and C. neoformans melanin ghosts were 
examined using 2D 13C-13C dipolar assisted rotation recoupling (DARR) solid-state 
NMR experiments. A relatively long mixi ng time of 500 ms was used to detect 
proximal pairs of 13C-13C nuclei located up to ~6 Å (as much as three bond lengths) 
distant in space from one another. This strategy serves to spread the spectral features 
into a second spectroscopic dimension and moreover, to identify nearby pairs of 
carbons within the macromolecular assemblies. Whereas C. neoformans melanin 
ghosts have been studied extensively using a variety of homo- and heteronuclear 
multi-dimensional ssNMR tec hniques [24,27,42,44,45], only 1D 13C ssNMR data have 
been reported for S. cerevisiae spore walls [34]. Thus, the comprehensive 

Figure 1. One-dimensional (1D) 13C CPMAS solid-state NMR (ssNMR) spectral comparison of outer
spore walls isolated from wild type (AN120) S. cerevisiae spore cell walls and melanin ghosts isolated
from wild type (H99) C. neoformans cells. The cells from both species were grown in media containing
[U-13C6]-enriched glucose as the sole carbon source. C. neoformans cells were also provided natural
abundance l-DOPA and thus signals attributable to the melanin pigment are not observed. The spectral
region shaded in blue displays the peaks previously attributed to dityrosine carbons in S. cerevisiae
spore cell walls, and the region in yellow to lipid carbons in C. neoformans melanin ghosts. The spectral
region shaded pink displays peaks previously attributed to the carbons of the polysaccharides in each
sample. The unshaded spectral region (165–185 ppm) displays several overlapping peaks that are
attributed to the carbonyl carbons in all three constituent types.

As described previously by Lin et al. (2013), the CPMAS 13C spectrum of the S. cerevisiae outer
spore cell wall displays peaks attributable to at least three different constituents: (1) the cell-wall
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polysaccharide carbons, primarily chitin and chitosan (~55–105 ppm, shaded pink); (2) broad resonances
in the 110–160 ppm spectral region (shaded blue) attributed to the aromatic carbons of dityrosine
phenol rings, identified from both their 13C chemical shifts and the analysis of spore walls from
mutant strains; and (3) several prominent peaks between 10 and 40 ppm (shaded yellow) that did not
correspond to carbons of any known spore cell wall moiety and were thus attributed to an unidentified
component designated as Chi.

The 1% natural abundance 13C NMR spectrum of melanized cell walls is typically complicated by
an overlap of the melanin pigment signals and the signals of other wall components [35,42]. However,
since C. neoformans is unable to synthesize melanin pigments from nutrient sources such as glucose [43],
cultures grown with a natural abundance 13C-containing melanization precursor (e.g., l-DOPA) and
stable isotope-labeled [U-13C6]-glucose as the sole carbon source yield cells in which only non-pigment
moieties are enriched with the NMR-active 13C isotope. As a result, the 13C ssNMR spectra of melanin
ghosts prepared from 13C-enriched glucose cultures, illustrated in Figure 1, display signals attributable
solely to those glucose-derived constituents that survive the degradative isolation protocol. The absence
of signals from the DOPA-derived pigment allows the unambiguous identification of the cellular
constituents that make up this melanin scaffold. In particular, the signals shaded in pink have been
shown to arise from chitin and chitosan polysaccharides [21], whereas those shaded in yellow have
been attributed to the methyl and methylene carbons within the fatty acyl chains of triglycerides [27].

The spectral similarity of the two different yeast cell walls is striking. Whereas the correspondence
of the respective polysaccharide regions is to be expected given that both walls are known to contain
chitin and chitosan, the nearly identical chemical shifts and similar intensities in the region from 10
to 40 ppm suggest the presence of lipids in the S. cerevisiae outer spore cell wall that are similar in
molecular structure to the C. neoformans melanized wall. Conversely, the spectral region between 110
and 160 ppm in the C. neoformans sample includes several broad resonances that have not previously
been assigned. These latter peaks bear a noticeable resemblance to features in the analogous region of
the S. cerevisiae CPMAS 13C NMR spectrum, which have been attributed to dityrosine. Considering
that these aromatic carbon peaks cannot originate from the melanin pigment and must instead arise
from a glucose-derived constituent, we considered that the C. neoformans cell wall could contain a
previously unidentified “dityrosine-like” molecular moiety.

3.2. S. cerevisiae Spore Cell Walls and C. neoformans Melanin Ghosts Are both Comprised of Chitinous
Polysaccharides, Tyrosine-Derived Constituents, and Neutral Lipids

The shared 1D CPMAS 13C NMR spectral features of outer spore walls isolated from S. cerevisiae
and melanin ghosts from C. neoformans prompted us to devise more stringent tests for molecular-level
structural similarities between these two disparate types of yeast preparations. To begin our
investigation, [U-13C6]-glucose-enriched samples of S. cerevisiae spore cell walls and C. neoformans
melanin ghosts were examined using 2D 13C-13C dipolar assisted rotation recoupling (DARR) solid-state
NMR experiments. A relatively long mixing time of 500 ms was used to detect proximal pairs of 13C-13C
nuclei located up to ~6 Å (as much as three bond lengths) distant in space from one another. This strategy
serves to spread the spectral features into a second spectroscopic dimension and moreover, to identify
nearby pairs of carbons within the macromolecular assemblies. Whereas C. neoformans melanin ghosts
have been studied extensively using a variety of homo- and heteronuclear multi-dimensional ssNMR
techniques [24,27,42,44,45], only 1D 13C ssNMR data have been reported for S. cerevisiae spore walls [34].
Thus, the comprehensive identifications made previously for melanin ghosts were used to guide
spectroscopic analysis of the 2D DARR results for spore walls. Overall, a side-by-side examination of
the S. cerevisiae spore wall and C. neoformans melanin ghost DARR contour plots (Figure 2) revealed
that the majority of the signal intensity displayed in each spectrum is attributable to the same three
constituent types—polysaccharides, polyaromatics, and lipids—albeit with some variations within
each structural type.


