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Cell-wall dyes interfere with Cryptococcus neoformans melanin

deposition

Ricardo Perez-Dulzaides, Emma Camacho, Radames J. B. Cordero and Arturo Casadevall*

Abstract

Melanization is an intrinsic characteristic of many fungal species, but details of this process are poorly understood because
melanins are notoriously difficult pigments to study. While studying the binding of cell-wall dyes, Eosin Y or Uvitex, to melanized
and non-melanized Cryptococcus neoformans cells we noted that melanization leads to reduced fluorescence intensity,
suggesting that melanin interfered with dye binding to the cell wall. The growth of C. neoformans in melanizing conditions with
either of the cell-wall dyes resulted in an increase in supernatant-associated melanin, consistent with blockage of melanin
attachment to the cell wall. This effect provided the opportunity to characterize melanin released into culture supernatants.
Released melanin particles appeared mostly as networked structures having dimensions consistent with previously described
extracellular vesicles. Hence, dye binding to the cell wall created conditions that resembled the ‘leaky melanin’ phenotype
described for certain cell-wall mutants. In agreement with earlier studies on fungal melanins biosynthesis, our observations
are supportive of a model whereby C. neoformans melanization proceeds by the attachment of melanin nanoparticles to the cell

wall through chitin, chitosan, and various glucans.

INTRODUCTION

Melanization is common in fungi and is associated with viru-
lence among many pathogenic species. Melanin production
serves a multitude of functions in fungi including increased
cell wall strength [1], decreased susceptibility to heat and cold
[2], resistance against ultraviolet radiation [3], protection
from amoeboid predators [4] and energy transduction
(reviewed in [5, 6]). In the context of virulence, melanin
reduces the vulnerability of fungal cells to antimicrobial oxida-
tive fluxes and proteins produced by immune cells and
increases resistance to certain antifungal drugs [7, 8]. Melanin
is a potential drug target, since compounds that interfere with
melanization increase microbial clearance in animal models of
fungal infection [9]. Hence, dissecting the process of melani-
zation in fungi is essential for understanding critical aspects of
fungal pathogenesis. Nonetheless, studies on melanin have
been hampered by this pigment’s amorphous structure and
insoluble nature, which is notoriously difficult to isolate and
analyse with standard techniques.

Cryptococcus neoformans is a human pathogenic basidiomy-
cete that is a primary cause of life-threatening meningoen-
cephalitis in individuals with impaired immunity.

Melanization in C. neoformans is considered one of the most
important virulence factors together with the polysaccharide
capsule [10]. The current model of melanization in C. neofor-
mans posits that it is catalysed by the enzyme laccase in the
presence of exogenous phenolic compounds [11]. Melanin
and laccase have been shown to co-localize near the C. neofor-
mans cell wall [11, 12] and have been found in extracellular
vesicles [13, 14]. Melanization in vesicles helps contain the
many cytotoxic intermediates produced during melanin bio-
synthesis [13], and these structures have been referred to as
fungal melanosomes [15]. The mechanism by which the fungal
melanosome is exported to the exterior of the cells and attaches
to the cell wall is unknown. Solid-state nuclear magnetic reso-
nance (NMR) has provided evidence that C. neoformans mela-
nin has covalent links to cell-wall polysaccharides [16]. When
chitin or chitosan synthesis is altered, C. neoformans cells
release more melanin into the surrounding medium [17, 18].
Taken together, these data suggest that cell-wall polysacchar-
ides may serve as anchors for melanin into the cell wall.

While studying staining of melanized and non-melanized
C. neoformans cells with cell-wall fluorescent dyes, we noted a
lessening of fluorescent intensity in the presence of melanin.
To explain this observation, we considered two hypotheses:
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(1) melanization blocked accessibility to the dye-binding site
within the cell wall and/or (2) melanin’s broad-spectrum
absorbance ‘quenched’ dye fluorescence. Consequently, we
studied the effect of melanization in the presence of cell-wall
dyes and established that both of the above-mentioned
explanations contribute to the observed outcome. Our data
demonstrate that cell-wall dyes interfered with melanin incor-
poration into the cell wall, thus promoting the release of mela-
nin particles to the culture media. These observations give
additional support to the view that Cryptococcal melanin
structure is formed by melanin nanoparticles, individual or as
strings, which are attached to the cell wall through polysaccha-
ride interactions.

METHODS

Yeast growth conditions

C. neoformans var. grubii serotype A strain H99 was used for
all experiments. Fungal cultures were started from frozen yeast
stocks and grown for 48h in 10ml yeast peptone dextrose
(YPD) broth (Becton, Dickinson and Company, Sparks, MD,
USA) shaking at 30°C. This culture was then used to seed a
larger volume of YPD, which was then grown for an addi-
tional 48 h. For some experiments, heat-killing of yeast cells
was done by incubating the cells in a 55 °C water bath for 1h.
The highly melanized cultures described in Fig. 1 were
obtained by growing yeast cells in minimal media supple-
mented with N-acetylglucosamine as described by [19].

Staining procedure

C. neoformans fluorescent staining was performed by sus-
pending cells at a density of 1x10% cells ml " in the presence
of cell-wall dyes, Uvitex (Polysciences, Inc., Warrington, PA,
USA) or Eosin Y (Chroma Gesellschaft, Miinster, Germany),
for 1h at room temperature in 50 ml PBS, shaking and pro-
tected from light. Unstained and heat-killed controls were

treated with an equal volume of PBS instead of the dye solu-
tions. The pH of fungal solutions was measured immediately
after the addition of dye; there was no appreciable difference
between stained and unstained control samples (data not
shown). Samples were then washed three times with PBS and
three times with minimal media without L-DOPA. Yeast
cells were then transferred into 150 ml of minimal media
(29.4mM KH,PO,, 10mM MgSO, 7H,0, 13 mM glycine
and 3 uM thiamine) with 1 mM L-DOPA and low dextrose
(1.5mM) to induce overnight melanization. Forty ml cell-
free supernatant aliquots were collected at the start of the
experiment and every 24 h for 2 days. At each time interval,
the culture viability, pH and laccase activity were measured,
and cells were fixed and examined microscopically. For each
time point, the cell-free supernatant was ultra-centrifuged at
100000 g for 1 h in an Optima L-90K UltraCentrifuge (Beck-
man Coulter, USA) using a swinging bucket SW28 rotor
(Beckman Coulter, USA). The resulting pellet was subjected
to particle size analysis and optical absorbance for melanin
quantification (see below).

Viability assay

Culture viability was tested via tadpoling as previously
described by [20]. Briefly, 200 ul of each sample aliquot
(40 ml) was plated into the first column of a 96-well plate
and serially diluted (1:10) in Sab broth 11 times. To avoid
unaccounted carryover of cells, new tips were used for every
dilution. The plate was covered and the cells grown at 30 °C
for 2-3 days without shaking. Once colonies grew on the
bottom, the number of countable colonies in the most dilute
well(s) were multiplied by the dilution factor of the cell to
get the number of viable cells in the initial culture.

Culture pH measurements

Cultures were removed from the incubator and onto sterile
conditions. A few drops of each culture were used to

Non-melanized cells

Bright Field

Uvitex2B

Highly melanized cells

Fig. 1. C. neoformans melanized cells show dimmed Uvitex fluorescent signal. Light microscopy of C. neoformans cells stained with
India Ink (top panel) or with 5 pl of Uvitex (stock 20 mgml~") in the dark for 10 min at room temperature (bottom panel). Cell images
were obtained using 100x oil-immersed objective. Scale bar, 10 um.
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measure pH by means of intermediate range (5-10) Color-
pHast pH strips (Millipore, USA).

Cell morphology analysis

To establish cell morphology in the presence and absence of
dyes, a 1 ml volume of cell pellet was washed twice with PBS
and incubated with 4 % EM grade paraformaldehyde (VWR,
USA) for 15 min, rocking at room temperature. After 15 min,
the cells were washed twice with PBS and stored at 4 °C. Fluo-
rescent and bright field images were recorded at 100X on an
AX720 microscope (Olympus, USA) equipped with a digital
camera (32-0021B-249, QImaging).

Melanin analyses and quantification

Melanin has a unique broadband absorption spectrum [21].
Culture supernatant absorbance has been used as an indi-
rect semi-quantitative approach to ascertaining the amount
of extracellular melanin [18, 22]. Combining these two
aspects, we performed a semi-quantitative measurement of
melanin content. Each sample was analysed in triplicate by
loading 200 ul of cell-free supernatant on a 96-well plate.
Relative absorbance units from 200 to 900 pm were mea-
sured using a SpectraMax M3 microplate reader (Molecular
Devices, USA). For analysing the size and heterogeneity of
the melanin particles in the supernatant, dynamic light scat-
tering (DLS) was used. This method works best with dilute
suspensions and does not destroy the sample. Relative parti-
cle sizes were measured using a ZetaPlus Zeta Potential
Analyzer (Brookhaven Instruments Corporation, USA).

Ultra-centrifugation to isolate extracellular
vesicles/melanin

The protocol used is similar to one previously reported for
extracellular vesicle isolation in C. neoformans [23]. Briefly,
cell-free supernatant was spun at 100,000 g for 1.5h in an
Optima L-90K UltraCentrifuge (Beckman Coulter, USA)
using a swinging bucket SW28 (Beckman Coulter, USA). This
supernatant was collected, and absorbance was recorded. The
pellet was resuspended in 3 ml Milli-Q purified water (EMD
Millipore, USA) and subjected to another 100,000 g spin for
1h in an Optima TL 100 Ultracentrifuge (Beckman Coulter,
USA) using a TLA 100.3 fixed angle rotor (Beckman Coulter,
USA). The aqueous supernatant was discarded, and the aque-
ous content was then evaporated using a vacuum concentrator
(LABCONCO, USA). Each dried sample was resuspended in
exactly 100 pl of Milli-Q water in a UVette (Eppendorf, USA)
for comparative analysis.

Transmission electron microscopy (TEM)

The ultra-centrifuged pellets were fixed in 2.5 % (v/v) glutaral-
dehyde in 0.1 M sodium cacodylate buffer for 15 min at room
temperature, collected by ultra-centrifugation (100000 g, 1h,
4°C) and stored overnight at 4 °C. The following day, samples
were treated with osmium tetraoxide, serially dehydrated,
embedded in epoxy resin and ultra-thin sections were
obtained. Images were recorded using a Philips/FEI Bio Twin
CM120 transmission electron microscope. Average particle
size was measured using Image] (v 1.48s).
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Cell wall stains binding to polysaccharides

Polysaccharides [Amylose (Sigma # 859656), Cellulose
(Sigma # S3504), Chitosan (Sigma # 9012-76-4), Crab Chi-
tin (Sigma # C9752), Corn Starch (Signature Kitchens),
Curdlan (Waco Chemicals # 032-09902) and Shrimp Chitin
(Sigma # C7170)] were sonicated into a 10 ml aqueous solu-
tion. The larger fragments were then pelleted, and 1 ml of
the smaller fragments from the supernatant were transferred
into a 1.5 ml tube. The solution was then split in half: one
aliquot was stained with Uvitex or Eosin Y (1h at room
temperature) while the other remained in DI water. Samples
were washed twice with Milli Q water to remove unbound
dye. Stained and unstained controls were loaded into black
96-well plates in triplicate and fluorescence was recorded
(Uvitex excitation wavelength was 350 nm, emission wave-
length was 450nm; Eosin Y excitation wavelength was
475 nm, emission wavelength was 550 nm).

Laccase activity

Laccase activity was measured using a modified version of
the ABTS assay [24]. Briefly, cells collected at various time
intervals were washed twice in 50 mM Na,HPO, (pH 7.0)
and concentrated to 1x10® cells in 900 pl of 50 mM Na,
HPO,. We then added 100 pul of 10 mM ABTS, a substrate
for laccase that yields an optically active product once it is
reduced. The cell mixture was incubated overnight at 30 °C
and absorbance was recorded at 420 nm. All sets included a
control without cells as a blank to account for possible con-
taminants or degradation products that may interfere with
the reaction. Heat-killed samples were used as negative con-
trols and their average value was used for background
subtraction. Experiments were carried out in biological trip-
licate and all measurements were taken in technical tripli-
cate. This method was especially attractive to us because it
measures laccase catalysis on the exterior surfaces of whole
live cells and omits interference from intracellular enzymes.

Statistical methods

Statistical analyses were carried out using Prism version
7.0C (GraphPad Software, San Diego, CA, USA). Uvitex
binding differences among melanized and non-melanized
cells (Fig. 2c) were analysed using an unpaired two-tailed
t-test. Two-way analysis of variance (ANOVA) followed by
Turkey’s multiple comparison test was used to analyse
supernatant absorbance as a result of staining (Fig. 4b), lac-
case activity data (Fig. 6) and culture viability (Fig. S1, avail-
able in the onversion of this article). TEM particle size data
(Fig. 7) was analysed with two-way ANOVA and Sidak’s
multiple comparisons test.

RESULTS

Melanin-Uvitex interaction

When staining C. neoformans with Uvitex to study cell-wall
composition, it was noted that overall chitin fluorescence
intensity on melanized cells was significantly dimmer relative
to the brightly fluorescent non-melanized cells (Fig. 1). The
budding sites in melanized cells were brightly stained,
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Fig. 2. Melanin guenched the Uvitex fluorescence signal and interfered with its binding to the cell wall. (a) Incubation of melanized
C. neoformans cells with Uvitex reduced the amount of spectroscopically-measured fluorescence of this cell wall stain. (b) The pres-
ence of melanin in the fungal cell wall reduced both auto-fluorescence (left histogram) and Uvitex fluorescence (right histogram) mea-
sured using flow cytometry. (c) Melanized cells bound less Uvitex than non-melanized cells, as evidenced by the increased amount of

dye in the cell-free supernatant of stained cultures.

consistent with the thinning of the melanin coat on these
regions [25]. We were intrigued by this observation and con-
sidered two hypotheses that could explain this phenomenon:
(1) melanin is physically blocking the dye binding sites and/or
(2) melanin is quenching Uvitex fluorescence due to its ability
to absorb light across the electromagnetic spectrum.

Does melanin quench Uvitex fluorescence or hinder
its binding?

To test melanin’s possible contribution towards the quench-
ing of Uvitex fluorescence, we mixed 100 pl (1x107cells
ml~") of melanized or non-melanized C. neoformans cells
with 100 pl of various concentrations of Uvitex dissolved in
PBS in a black opaque-bottom 96-well plate. Cellular sus-
pensions were mixed vigorously and Uvitex fluorescence
emitted at 435nm was immediately recorded to prevent
cells settling on the bottom of the plate. We found that mel-
anized C. neoformans yeast cells show decreased Uvitex
fluorescence when compared to controls (Fig. 2a). This sug-
gests that cell-wall melanization contributes to fluorescence
quenching (Fig. 2a). Melanin’s ability to quench Uvitex
fluorescence was also evident when flow cytometry was
used to measure the fluorescence of melanized and non-
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melanized C. neoformans cells (Fig. 2b). Signals from mela-
nized cells were generally less intense than those of non-
melanized cells, regardless of Uvitex staining. Thus, our
data demonstrate that due to the wide range absorption
spectrum of melanin pigments, Uvitex fluorescence, as well
as some of the cell’s autofluorescence, can be quenched.

To test the possibility that melanin could be sterically hin-
dering Uvitex binding to the cell wall, melanized and non-
melanized C. neoformans cells were stained with equimolar
concentrations of Uvitex in a 4ml aliquot for 1h in the
dark, at room temperature, with moderate rocking. Cells
were then pelleted, and supernatant fluorescence was
recorded at 435 nm. The more binding of Uvitex to cells, the
less fluorescence remained in the supernatant. Thus, super-
natant fluorescence could be used to estimate the amount of
Uvitex that bound to the cells. Both melanized and non-
melanized C. neoformans cells showed reduced Uvitex fluo-
rescence compared to controls (Fig. 2c), confirming that
both cells’ phenotypes bind Uvitex. However, the superna-
tant from melanized cells showed higher average fluores-
cence signal than the non-melanized ones, suggesting that
melanin interfered with Uvitex binding to the cell wall.
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Cell-wall stains alter C. neoformans melanin
deposition

We considered that if melanin interfered with Uvitex bind-
ing, then it was possible that Uvitex could interfere with
melanin deposition on the C. neoformans cell wall. To test
this possibility, we observed the progression of melanization
in cells previously stained or not stained with Uvitex
(Fig. 3a). Cells were then pelleted via centrifugation, and
supernatant absorbance was used as a proxy for melanin
released into the medium. While we did not see any notice-
able difference in the pigmentation of the cell pellet, we did
notice what appeared to be a direct correlation between the
concentration of stain used and the darkness of the cell-free
supernatants (Fig. 3b). The trend was quantitatively con-
firmed through spectroscopic measurements (Fig. 3c).

Chitosan plays a role in the binding of melanin to
the C. neoformans cell wall

Early studies had shown that Uvitex binds chitin [26], and
chitin and chitosan are critical for melanin retention within
the cell wall of various fungi (C. neoformans [17, 18, 27],
A. nidulans [28], Exophilia dermatitidis [29], Candida albi-
cans [30]). We assessed the role of chitinous cell-wall com-
ponents in C. neoformans melanin deposition after staining
with Uvitex or Eosin Y (Fig. 4a), which has a higher affinity
for chitosan [31]. Following 48h of culture melanization,
supernatants from cells stained with either cell dye showed
higher absorbance indicative of greater melanin release

(Fig. 4b). Melanin content in the extracellular milieu was
found to increase over time in all samples. However, as early
as 48 h the stained samples showed increased melanin con-
tent. These results imply that when we blocked chitosan
binding sites with specific stains, the effect was similar to
that observed by staining with a more promiscuous stain
such as Uvitex. These data are consistent with chitosan play-
ing an important role in melanin deposition on the C. neo-
formans cell wall.

Analysis of collected particles confirms the
presence of melanin

We analysed the size, colour and absorbance of the particles
collected in the ultra-centrifuged pellet, which was re-sus-
pended in a known volume to facilitate comparisons
between samples (Fig. 5a). Spectroscopic analysis of pelleted
material showed melanin’s characteristic broadband absorp-
tion spectrum. While all pelleted substances produced a
broad absorption spectrum, large differences in absorbance
were consistent with the pellet size of melanin particles,
where larger pellets absorbed quantitatively more light than
their smaller counterparts (Fig. 5b).

Changes in culture pH are not responsible for
changes in supernatant coloration

Slightly basic conditions (pH >8) can induce L-DOPA auto-
polymerization (described in [32]). To verify that the
increase in supernatant absorbance was not due to pH

(b)

°\° o\o '\?\o
e do > S
& ¥ P ¥
— 0.1 % Uvitex
— 0.01 % Uvitex

0.001 % Uvitex
0.0001 % Uvitex
— Control

10 min
16 h
20 min
40 min
(¢]
L @
0.8
1h20min
2 06
£
1h40min £ os
2h 0z
0.0
16 h

3;0 4(')0 4.")0
Wavelength (nm)

Fig. 3. C. neoformans stained with Uvitex released more melanin into the culture supernatant. (a) Under the conditions tested, cells
rapidly melanized with little visual difference in pigmentation. (b) While the cell pellet did not show differences in pigmentation, the
supernatant of highly stained cells looked darker than the control. (c) Visual differences in the supernatant were quantified by absor-
bance. Cells stained with increasing quantities of Uvitex released more melanin into the extracellular media.
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Fig. 4. Staining C. neoformans with either Uvitex or Eosin Y affected melanin deposition on the cell wall. (a) C. neoformans cells stained
with either Eosin Y or Uvitex exhibited increased fluorescence localized near the fungal cell wall. (b) Cell-free supernatant absorbance
was measured at different times for cultures previously stained. At 24 h, only Uvitex showed a darker supernatant while at 48 h both
stains were effective at increasing melanin content in the culture supernatant.

variations, we measured individual culture pH at each time differences were found between samples at later time points.
point. There was an even increase in all samples from 5.5 to Heat-killed controls did not alter pH at any time post inocu-
7 within 24h. The pH stabilized, and no further pH lation (data not shown).
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Fig. 5. Measured melanin content is higher in stained samples vs unstained control. The supernatant of cultures stained with either
Uvitex or Eosin Y was ultra-centrifuged. (a) Qualitatively, the pellets of both stained samples are larger than the control. To quantita-
tively measure these differences, pellets were dried, re-suspended in equal volumes and their absorbance measured in a spectropho-
tometer. (b) Optical absorbance correlates with pellet sizes observed for each sample.
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Fig. 6. Laccase activity in the presence and absence of cell-wall dye
as a function of time. There was no significant difference in laccase
activity among the stained samples and unstained control at any time
interval. All samples exhibited a statistically significant (P<0.05) drop
in laccase activity between the 0 and 24 h time intervals [Unstained (*),
Uvitex (*), Eosin Y (**)]. Only the Unstained and Eosin Y samples
retained a statistically significant reduction in laccase activity between
the 0 and 48 h time intervals.

Cell morphology and viability testing

Cell wall stains were previously reported to act as stressors
that affect fungal cell viability and morphology. Growing
fungi in the presence of stain can lead to growth inhibition
and failed separation between mother and daughter cells
[33]. While our growth conditions are different from those
used in the above-referenced publication, we set out to
quantify the effects of our staining protocol on melanizing
C. neoformans cells. To examine culture viability we used a
tadpoling assay [20], which revealed no difference in growth
between stained and control samples (Fig. S1). Our data
suggest that under the conditions utilized, these stains are
not toxic to C. neoformans cells. To ascertain whether there
were changes to cell morphology, we fixed cells collected at
various time intervals, analysed cells by microscopy and
noted no discernable differences. Cells appeared to grow
well as evidenced by the increased number of buds and the
appearance of smaller cells at later time intervals (Fig. S2).
We then assessed defects in mother-to-daughter cell separa-
tion by calculating the average cell number per cell group
(total cell number divided by the number of groups, includ-
ing single cells) as described by [33]. This ratio is equal to
one when only single cells are observed and becomes
increasingly large when groups of mother-daughter cells are
found. Our values ranged between 1.07 and 1.29 (Fig. S2),
which were very similar to the control cultures of [33], who
calculated 1.1 to 1.4; their stress conditions showed a maxi-
mum value of 3.8.

Laccase activity

Recently, it was reported that some industrial synthetic dyes
could affect laccase activity [34]. This prompted us to test the
possibility that the cell-wall stains used in this study were
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interacting with laccase, the protein that catalyses melanin
polymerization. There was no significant difference between
stained and unstained samples using the ABTS assay (Fig. 6),
suggesting that our results are not due to laccase inhibition by
dye. It was interesting that laccase activity was maximal during
the early hours of the experiment and dropped significantly
with time to remain low from 24 to 48 h.

Particle size analysis

Extracellular melanin-containing particles were collected by
ultra-centrifugation and analysed by both dynamic light
scattering (DLS) and transmission electron microscopy
(TEM). The coloration of the supernatant post-ultra-centri-
fugation suggests that melanin material remains dispersed
in the supernatant following ultra-centrifugation. DLS
measurements of pelleted particles predicted a population
with hydrodynamic radii ranging from between 40-60 nm
across all samples (Fig. 7a). Both the control and Uvitex-
treated samples also showed a second population of par-
ticles in the 300 and 150nm hydrodynamic diameter,
respectively (Fig. 7a).

The pellet was then fixed, dehydrated and visualized by TEM.
Images revealed a mix of spherical particles ranging in diame-
ter from 10 to 70nm, with averages around 20-30nm
(Fig. 7b, ¢). Particle electron density varied and ranged across
the grey scale, from dark (electron-rich) to light (electron-
poor). There was no observable correlation between electron
density and particle size of. Many appeared strung together or
connected like a string of particles (Fig. 7b). Very few single
spherical particles were observed in the samples, possibly due
to aggregation during fixation and dehydration. Both dark
and light particles ranged in their measured diameter, with the
lighter population being slightly bigger than the darker popu-
lations. When comparing the ratio of light to dark particles
present, control samples had the highest value and Uvitex the
lowest (data not shown), which is consistent with our results
indicating increased supernatant absorbance in the stained
samples versus controls.

Cell-wall targets for Uvitex and Eosin Y

The C. neoformans cell wall is composed of chitin, chitosan
and various glucans. Eosin Y specifically binds chitosan on
the cryptococcal cell wall [18]. However, the molecular struc-
ture of the Uvitex binding site in chitin is unknown. We
used spectroscopic techniques to probe for the interaction
between cell-wall components and Uvitex. Chitin and chito-
san are beta-1,4-linked polymers of N-acetyl-D-glucosamine
(GlcNAc), while the others are a mixture of alpha- and beta-
linked, branched and unbranched polymers of glucose.
Although the methods used in this analysis do not allow for
comparisons of fluorescence intensity and polysaccharide
concentration between samples, a positive signal implies that
the stain has bound to the polysaccharide. These data dem-
onstrate that Uvitex and Eosin bind to a number of polysac-
charides (Fig. S3). All but one unstained control had
absorbance curves parallel to the x-axis. The only exception
was the chitosan unstained control, which rose higher than
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Fig. 7. DLS and TEM particle size analysis from ultra-centrifuged cell-free supernatant. (a) Dynamic light scattering (DLS) measure-
ments of washed ultra-centrifuged particles in Milli Q water. Polydispersity (meanzstd. error) values from DLS confirm the size distri-
butions visualized in the TEM data in panel (b). (b) Transmission electron microscopy of the same particles post fixation and
dehydration; scale bar, 100 nm. (c) Size comparison of light and dark particles on TEM images as measured with ImageJ. Among the
light (less electron-dense) particles, both Uvitex and Eosin Y were significantly smaller than the unstained control.

others but still much below the stained sample. While on this DISCUSSION

assay cellulose did not give a strong signal, microscopic anal- Understanding the structure of the fungal cell wall is one of
ysis showed a very strong signal suggesting that Uvitex binds the most difficult problems in biology [35]. The fungal cell
cellulose in vitro (data not shown). wall is composed of an intricate network of polysaccharides
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that harbors many macromolecules including proteins, lipids
and sometimes melanin. This structure is sufficiently rigid to
protect the fungal cell against a variety of insults and yet is suf-
ficiently flexible to allow changes in cellular morphology such
as hyphae formation and daughter cell budding. Recently, the
fungal cell wall was shown to manifest viscoelastic properties
that allow the transition of amphotericin-laden liposomes
indicating that it must have sufficient porosity to allow the
transit of these structures [36]. Earlier vesicular structures
were visualized in the cell wall, which were interpreted to be
extracellular vesicles transiting this structure [23]. In this
regard, current models of cryptococcal cell-wall melanization
involve the transit and assembly of melanin-containing
vesicles into a melanized coat [13].

One of the major obstacles to achieving a better understand-
ing of the cell wall in its melanized and non-melanized
states is the relative paucity of techniques to probe this
structure. While studying C. neoformans melanization, we
made the serendipitous observation that melanized cells
stained with Uvitex manifested much dimmer fluorescence
that non-melanized cells. We investigated this phenomenon
and found that the presence of melanin interfered with Uvi-
tex fluorescence in two ways. First, melanin’s broad absorp-
tion quenched Uvitex fluorescence, making darker cells
appear to have a dimmer fluorescent signature. This obser-
vation raises the interesting possibility that if fluorescence
intensity correlates with pigment concentration in a consis-
tent fashion it could be developed to estimate the amount of
cell wall-associated melanin per cell. Second, we found that
melanized cells bound less Uvitex than non-melanized cells.

The observation that cell-wall melanin interfered with Uvi-
tex binding was intriguing because it suggested that both
melanin and the dye bound to the same place. Specifically,
we considered that if Uvitex and melanin shared binding
sites, then studying Uvitex binding to the cell wall could
shed light on the mechanism by with melanin is anchored
in that structure. Chitin [30, 37], chitosan [18], and other
cell-wall structures [15] have been implicated as being
important for melanin deposition on the cell wall. Early
studies aiming to assess binding specificity of Calcofluor
White and Uvitex, both fluorescents stilbene derivatives,
reported that Uvitex binds to several polysaccharides,
mainly fungi-derived [26, 38, 39]. In fungal cells, Uvitex
localizes to the cell wall, but little is known about its interac-
tion at molecular level with cell-wall components.

To further explore targets for Uvitex in the cell wall we
tested its affinity for a series of compounds that could be
found in fungal and plant cell walls, including various poly-
saccharides. Uvitex bound with high affinity to three major
components of fungal cell wall; namely 1-3, 1-6-8-glucans,
chitin and chitosan. Thus, we considered that the dimin-
ished fluorescence resulting from Uvitex binding was a
result of melanin interference. To test this hypothesis, we
stained C. neoformans cells with Uvitex and observed the
process of melanization. While we did not see any visually
apparent difference in melanization of the cells, we noticed
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that the culture supernatant of C. neoformans cells grown
with Uvitex were darker. We also assessed the effect of
Eosin Y, a chitosan-specific dye [31], on the cell-wall mela-
nization. While Uvitex was generally more effective than
Eosin Y at promoting darker culture supernatants, both
stains produced a similar effect. Since Eosin Y is a more spe-
cific stain than Uvitex, it is possible that Uvitex produced
darker supernatants because it was more effective at inter-
fering with melanin deposition resulting in less retained pig-
ment. Taken together, while chitosan is an important
melanin anchor, the current study provides additional evi-
dence to suggest that other cell-wall structures also play a
key role in C. neoformans melanin deposition. Melanization
of C. albicans also depends on cell-wall chitin [30]. We note
the similarity between the effects of cell-wall dyes on C. neo-
formans and the ‘leaky melanin’ phenotype described for
cell-wall mutants of C. neoformans [18, 27, 40] and for
methlyxanthine treated cells [41].

The finding that these dyes promoted darkening of superna-
tants implied release of melanin and suggested that we could
use this technique to isolate melanin granules with sizes con-
sistent to those described in previously published literature
[14, 42]. Analysis of these released melanin particles is also
consistent with the idea that C. neoformans melanin has been
shown to be arranged in concentric layers surrounding in the
cell wall [25, 43]. Curiously, we observed that released melanin
tended to aggregate forming structures that resembled elec-
tron dense beads on a string. While we cannot ascertain from
our images the presence of a membrane surrounding the elec-
tron dense particles, they appear with similarly sized particles
with a broad range in electron density. Thus, it may be possi-
ble that the more electron dense particles depict the progres-
sion of melanization. Given that our samples were collected
from the supernatant of cells a few days after transferring the
cells from rich media to minimal media, it is possible that the
linear structures of melanin are fragments of cell-wall layers
that detached during cell division events, or during the process
of capsule growth. Alternatively, it is possible that they are
released melanin particles that are undergoing some form of
extracellular self-assembly.

In summary, melanin on the cell wall of C. neoformans
reduces Uvitex fluorescence. This finding has the potential
for development as a method for quantifying melanin in
melanized cells based in the absence of fluorescence as a
quantitative measure of melanin content. The observation
that Uvitex could interfere with melanin deposition on the
cell wall allowed us to characterize these elusive particles
released into the culture supernatant, a mixture of pig-
mented particles. Overall, the results are consistent and sup-
portive of current models of cell-wall melanization whereby
melanin is attached to chitin, chitosan and glucans in the
cell wall.
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