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Abstract

Cryptococcus neoformans produces pigments in vitro in the presence of exogenous substrate. We characterized acid-resistant particles
isolated from pigmented cells grown in L-dopa, methyl-dopa, (—)-epinephrine or (—)-norepinephrine. The goals of this study were to
determine whether pigments made from each of these substrates were melanins and the consequences of pigmentation on related cell
characteristics. The greatest yield of acid-resistant particles occurred with methyl-dopa followed by L-dopa. Electron microscopy indi-
cated that L-dopa and methyl-dopa produced particles with thicker shells. The mAb 6D2 reacted with all particles, but a lower reactivity
was observed with epinephrine-derived particles. ESR analysis revealed that epinephrine-derived particles failed to produce a stable free
radical signal typical of melanins. Growth of C. neoformans in different substrates affected cell and capsule size but not capsule induction.
Hence, the type of pigment produced by C. neoformans is dependent on the substrate and not all pigments meet the criteria for melanins.

00 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Melanins are complex biopolymers to which a wide
range of biological functions have been attributed includ-
ing camouflage, radical scavenging, photo and radiosensiti-
zation, energy transduction, and protection against sunlight
(Hill, 1992). Melanin synthesis is associated with virulence
in several microbes (Brush and Money, 1999; Jacobson,
2000; Money etal., 1998; Nosanchuk and Casadevall,
2003b). One such organism is the pathogenic fungus, Cryp-
tococcus neoformans. Despite the fact that melanins are
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widely distributed in nature, the structures of these amor-
phous pigments are poorly understood. However, there is a
general consensus that they are insoluble, hydrophobic, and
negatively charged polymers of large molecular weight
(Casadevall et al., 2000).

Melanins are classified into two broad categories depend-
ing on their chemical composition: eumelanins and pheomela-
nins (Prota, 1988). Eumelanins are dark-brown to black
pigments with 6-9% nitrogen and 0-1% sulfur, composed of
5,6-dihydroxyindole (DHI)* and 5,6-dihydroxyindole-2-car-

2 Abbreviations used: DHI, 5,6-dihydroxyindole; DHICA, 5,6-dihydroxyin-
dole-2-carboxylic acid; ESR, electron spin resonance; L-dopa, 1-3,4-dihyroxy-
phenyl-alanine; methyl-dopa,—)-3-(3,4-dihydroxyphenyl-2-methyl)-L-alanine;
PDCA, pyrrole-2,3-dicarboxylic acid; PTCA, pyrrole-2,3,5-tricarboxylic acid;
TDCA, 1,3-thiazole-4,5-dicarboxylic acid; TEM, transmission electron mi-
croscopy; TTCA, 1,3-thiazole-2.,4,5-tricarboxylic acid.
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boxylic acid (DHICA) monomer units (Ito and Fujita, 1985;
Wakamatsu and Ito, 2002). In contrast, pheomelanins are red-
dish-brown pigments with 8-11% nitrogen and 9-12% sulfur,
composed of benzothiazine monomer units (Ito and Fujita,
1985; Wakamatsu and Ito, 2002). Acidic permanganate oxi-
dation yields pyrrole-2,3,5-tricarboxylic acid (PTCA) from
DHICA-derived structures, pyrrole-2,3-dicarboxylic acid
(PDCA) from DHI subunits, and 1,3-thiazole-4,5-dicarbox-
ylic acid (TDCA) and 1,3-thiazole-2,4,5-tricarboxylic acid
(TTCA) from benzothiazole subunits (Ito and Fujita, 1985;
Wakamatsu and Ito, 2002). Hence, the presence of PTCA and
PDCA in oxidation products indicates eumelanin and the
presence of TDCA and TTCA indicates pheomelanin.

Cryptococcus neoformans produces pigments in vitro in
the presence of exogenous substrate, including several cate-
cholamines. The pigment produced with L-dopa substrate
has been shown to be a melanin (Wang et al., 1995). Mela-
nin is also produced in vivo (Nosanchuk et al., 2000; Rosas
et al., 2000a). This is relevant during infection since melan-
ized cells are more resistant to several types of stress (Gar-
cia-Rivera and Casadevall, 2001; Wang and Casadevall,
1994a,b). Although the dark pigments produced in vitro are
often assumed to be melanin-like, this has not been for-
mally proven. In C. neoformans, melanin is deposited in the
cell wall (Nosanchuk and Casadevall, 2003a). When pig-
mented cells are subjected to stepwise treatment with fungal
cell wall digesting enzymes, denaturants, proteinase, chloro-
form extraction, and boiling with hydrochloric acid (Rosas
et al., 2000b), the net result is the recovery of “ghosts”.
These are hollow shells with proportions similar to cells
that are amenable to biophysical analysis (Wang et al.,
1995).

Catecholamine-derived melanins are known as dopa-
melanins (Polacheck et al., 1982). Dopa-melanins, such as
those in C. neoformans, are produced by the oxidative poly-
merization of dihydroxyphenols and/or indolic compounds,
a process facilitated by phenoloxidases, specifically lac-
cases. Laccases catalyze the removal of a hydrogen atom
from phenolic hydroxyl or aromatic amino groups to form
free radicals and amino radicals, which can then autopoly-
merize to melanins (Leonowicz et al., 2001). The associa-
tion of melanin with other cell components makes its
isolation difficult (Casadevall et al., 2000). Synthetic mela-
nin, prepared enzymatically or chemically from r-dopa
contains more carboxyl functions than natural melanins
(Knorle etal, 1998), suggesting chemical differences
between synthetic and natural melanins. Heterogeneity,
insolubility, and the likely presence of non-tyrosine or
L-dopa derived compounds originating from the cell wall
have severely limited the analysis of melanins and
prompted the search for alternative approaches to study
this pigment.

Recently, the dependence of C. neoformans melanization
on exogenous substrate was exploited to study the molecu-
lar structure of fungal melanins by generating biosyntheti-
cally labeled ['3C] melanin suitable for study with solid-
state NMR techniques (Tian et al., 2003). The success of

that approach suggested the need for detailed analysis of
melanin ghosts generated with various precursors. In this
paper, we investigate the efficiency of pigment synthesis
with four commercially available substrates and report on
the physical properties of the ghosts recovered.

Since melanin is found in the cell wall of C. neoformans,
we analyzed the effect of the various substrates on related
growth characteristics and melanin formation. C. neofor-
mans produces a polysaccharide capsule located outside the
cell wall that is composed mainly of glucuronoxylomannan
(McFadden and Casadevall, 2001). The polysaccharide
confers some of the fungi’s most peculiar characteristics
(Buchanan and Murphy, 1998; Vecchiarelli et al., 1994).
The polysaccharide capsule can manifest great variations in
size, which could affect pathogenesis (Zaragoza and Casa-
devall, 2004). Thus, the effects of melanin substrate on cell
and capsule were measured.

2. Materials and methods
2.1. Strains

Cryptococcus neoformans serotype D strain 24067 and
C. neoformans serotype A strain H99 were obtained from
the American Type Culture Collection (ATCC 208821)
(Perfect et al., 1993). C. neoformans serotype D strain
Cap67, containing a mutation in the CAP59 gene, was
generously provided by J. Kwon-Chung (Laboratory of
Clinical Infectious Diseases, National Institute of
Allergy and Infectious Diseases, National Institutes of
Health, Bethesda, MD, USA) (Chang and Kwon-Chung,
1994).

2.2. Preparation of “ghosts” and yields

Cryptococcus neoformans strain 24067 was grown in
chemically defined medium (15.0mM glucose, 10.0 mM
MgSO,, 29.4mM K,HPO,, 13.0mM glycine, and 3.0 mM
thiamine, pH 5.5) with 1.0 mM of either 1-3,4-Dihyroxy-
phenyl-alanine (L-dopa) (Sigma), (—)-3-(3,4-dihydroxy-
phenyl-2-methyl)-L-alanine (methyl-dopa) (Sigma), (—)-
Epinephrine (Sigma) or (—)-Norepinephrine (Sigma) for
21 days at 30 °C in a rotatory shaker at 150 rpm. Melanin
particles were isolated as described (Rosas et al., 2000b).
Briefly, cells were incubated with lysing enzymes (Sigma)
overnight at 30 °C, then treated with 4 M guanidine thyo-
cyanate, I mgmL~! proteinase K (Sigma), extracted with
chloroform, and boiled for 1 h with 6 M HCI. The result-
ing particles or “ghosts” were dialyzed against water for
10 days. Ghosts were weighed after lyophilization to
determine yield.

2.3. Immunofluorescence
Melanin particles (10°) were fixed to poly-lysine treated

slides and blocked with Superblock PBS (Pierce) over-
night at 4°C. The slides were then incubated with
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10 ugmL~" of mAb 6D2 (ux) for 2h at 37°C. MAb 6D2 is
a melanin-binding antibody generated using C. neofor-
mans L-dopa derived melanin ghosts (Rosas et al., 2000a).
MADb 6D2 binding was then detected with a goat anti-
mouse IgM conjugated to fluorescein isothiocyanate
(FITC) (1:1000). The slide was sealed with a solution of n-
propyl gallate in PBS-glycerol to preserve the immunoflu-
orescence signal (1:1). The mAb 5C11 to mycobacterial
polysaccharide was used as an isotype matched negative
control (Glatman-Freedman et al., 1996). Pictures were
taken with an Olympus AX70 microscope equipped with
a FITC filter and the figures prepared with Photoshop 7.0
(Adobe Systems).

2.4. Zeta potential and electron spin resonance spectroscopy

The C. neoformans encapsulated strain 24067 and the
acapsular strain Cap67 were grown in minimal medium
with the respective pigment substrate for 10 days. Cells
from C. neoformans 24067 were measured to determine cell
size, capsule percentage, and capsule thickness. Also, the
zeta potentials of 24067 and Cap67 strains grown under the
different conditions were measured with a Zeta Potential
Plus machine (Brookhaven Instruments). The zeta poten-
tial, or surface charge, of the particles is determined by
applying an electric field to the particles in suspension, and
determining the direction and velocity of the particle move-
ment by measuring light scattering of a laser beam passed
through the sample. Samples were prepared at concentra-
tion of 107 cells or melanin ghosts per milliliter in 1 mM
KCl. Each reading represents the average of twenty mea-
surements. Also, melanin ghosts were examined for the
presence of free radicals by using electron spin resonance
(ESR), as previously described, except with a Gunn diode
as the microwave source (Enochs et al., 1993; Wang et al.,
1995).

2.5. Oxidation of melanins and HPLC of oxidized melanins

The ghosts produced by growing C. neoformans cells in
the presence of various pigment precursors underwent
acidic permanganate oxidation using the procedure
described by Ito and Fujita (1985). Pyrrole-2,3,5-tricarbox-
ylic acid (PTCA), pyrrole-2,3-dicarboxylic acid (PDCA),
1,3-thiazole-2,4,5-tricarboxylic acid (TTCA), and 1,3-thia-
zole-4,5-dicarboxylic acid (TDCA) were used as standard
compounds (gift from Dr. K. Wakamatsu of Fujita Health
University of the Health Sciences, Toyoake, Japan). The
oxidation products were analyzed by HPLC using a Shi-
madzu LC-600 liquid chromatograph, Hamilton PRP-1 C g
column (250 x 4.1 mm dimensions, 7 um particle size), and
Shimadzu SPD-6AV UV detector. The mobile phase was
0.1% v/v trifluoroacetic acid in water (solvent A) and 0.1%
v/v trifluoroacetic acid in acetonitrile (solvent B). At
1.0mL min~", the elution gradient was (min, %B): 0, 0; 1, 0;
12, 25; 14, 25; and 16, 0. The UV detector was set at a
255nm absorbance.

2.6. Transmission electron microscopy

Ghosts were fixed in 2% v/v glutaraldehyde in 0.1 M
cacodylate at room temperature for 2h, followed by
overnight incubation in 4% v/v formaldehyde, 1% v/v glu-
taraldehyde, and 0.1% v/v PBS. The samples were sub-
jected to 90min post-fixation in 2% w/v osmium
tetroxide, serially dehydrated in ethanol, and embedded
in Spurrs epoxy resin. Sections (70-80 nm) were cut on a
Reichert Ultracut UCT and stained with 0.5% w/v uranyl
acetate and 0.5% w/v lead citrate. Samples were viewed in
a JEOL 1200EX transmission electron microscope at
80kV. At least 30 ghosts were measured for r-dopa,
methyl-dopa, and norepinephrine. Four epinephrine
ghosts were measured.

2.7. Induction of capsule growth in melanized cells

Cells from H99 and 24067 strains were melanized in the
presence of L-dopa, epinephrine, norepinephrine, and
methyl-dopa as indicated above for 11 days. Capsule
growth was then induced in 50mM Mops, pH 7.3, contain-
ing 10% v/v Sabouraud medium as described (Zaragoza
and Casadevall, 2004). After overnight induction, the cells
were suspended in India ink, and pictures were taken with
an Olympus AX70 microscope. The images were analyzed
in Photoshop 7.0 (Adobe Systems). To calculate the capsule
size, the diameters of the whole cell (D,,.) and the cell body
(D,,) were measured. The percentage of capsule in the
whole cell was determined as follows: [(D,,.— D) x 100/
D, (Zaragoza et al., 2003). Between 40 and 70, cells were
measured.

2.8. Statistical analysis

Cell size and zeta potential result measurements were
analyzed by Kruskal-Wallis statistic using Prism version 4
(GraphPad Software). Capsule induction results were com-
pared by ¢ test.

3. Results

3.1. Different melanization substrates are not equally
incorporated into pigments

We first analyzed the color of the pigment produced
from each substrate. Cap67 cells, lacking the polysaccha-
ride capsule, grown in methyl-dopa or L-dopa were black,
whereas cells grown in norepinephrine and epinephrine
were dark and light brown, respectively (Fig. 1). Similar
results were observed in cultures of the encapsulated strain
24067 (data not shown). Culture supernatants were light
brown for L-dopa and methyl-dopa, dark brown for norepi-
nephrine, and red for epinephrine (Fig. 1). When viewed
under light microscope, particles derived from epinephrine
had a transparent appearance whereas the other particles
were brown and opaque (Fig. 2).
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Fig. 1. Cryptococcus neoformans strain Cap67 was grown in minimal medium with different substrates. Cells and culture supernatants were separated by
centrifugation. Cell suspensions were placed in tubes and photographed (upper panels). The culture supernatants were placed in separate tubes and photo-

graphed (bottom panels).

A

B

D

Fig. 2. Acid-resistant particles isolated from C. neoformans strain 24067 grown in minimal medium with (A) L-dopa, (B) methyl-dopa, (C) epinephrine, and
(D) norepinephrine as seen by light microscopy. Original magnification, 100x scale bar, 5 pm.

Since the color analysis suggested differences in the pro-
duction of melanin from each substrate, we subjected the
products to further analysis. We tested the efficiency of
incorporation into pigment by each of the substrates by
measuring the weight of the recovered acid-resistant pig-
ment, which we tentatively assumed, was a melanin-like
substance based on insolubility, acid resistance and color.
Since the molecular weight of polymerized melanin is
unknown, we expressed synthetic yields of this pigment on
a mass percentage basis relative to the mass of the precur-
sor. The amount of particulate material recovered from
cells varied with the substrate used. A yield of 60.7% was

obtained for methyl-dopa, 46.6% for L-dopa, 26.5% for nor-
epinephrine, and 1.8% for epinephrine (Table 1). The differ-
ences in yield were not the result of growth differences in
the various substrates since growth rates were similar in all
media as determined by colony forming units (data not
shown).

Particles made from the different substrates were sec-
tioned and viewed by transmission electron microscopy
(Fig. 3). As observed previously for r-dopa generated
ghosts, the particles recovered from r-dopa, methyl-dopa,
and norepinephrine pigmented cells had a multi-layered
structure (Eisenman et al., 2005). However, the microscopic
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Fig. 3. Transmission electron micrographs of representative acid-resistant particles derived from (A) L-dopa, (B) methyl-dopa, (C) norepinephrine or (D)

epinephrine, scale bars, 1 um, and (E) chemical structure of each substrate.

analysis also revealed structural differences in the particles.
Ghost particles derived from r-dopa or methyl-dopa had
dimensions similar to their progenitor cells. However,
ghosts derived from norepinephrine appeared fragmentary
and often had large spaces, possibly indicating that they are
less able to withstand the TEM sample preparation. Very
few epinephrine-derived ghosts were detected by TEM and
they appeared smoother compared to the texture of parti-
cles made from other substrates. The thickness of the ghost
shell was measured for each substrate and the average
thickness was determined (Table 1). L.-Dopa-derived mela-
nin ghosts had significantly thicker shells than other
substrates (P <0.05). Methyl-dopa-derived particles exhib-
ited an intermediate thickness, significantly different from
L-dopa and norepinephrine (P<0.05). Norepinephrine-
derived particles were significantly thinner than both L-dopa
and methyl-dopa ghosts (P <0.05). The average thickness of
the epinephrine ghosts was similar to that of norepineph-
rine.

All the particles generated from L-dopa-, norepineph-
rine-, and methyl-dopa-pigmented cells bound the melanin
binding mAb 6D2, unlike most particles derived from epi-
nephrine (Fig. 4). No fluorescence was observed with the
isotype matched negative IgM negative control mAb
5CI11.

3.2. Pigments produced from different substrates have
different biochemical properties

A pigment can be defined as melanin based on ESR
spectral characteristics (Enochs et al., 1993). Since only the
L-dopa derived pigment has been shown to be a melanin, we
evaluated the particles derived from each of the different
substrates by ESR. The acid resistant particles derived form
L-dopa, methyl-dopa, and norepinephrine produced a sig-
nal indicative of a stable free-radical population (Fig. 5). In
contrast, the particles derived from cells grown in epineph-
rine did not have a signal characteristic of a stable free rad-
ical population, such as that found in melanins. On the
basis of the spectroscopic findings, we identify the particles
from L-dopa, methyl-dopa, and norepinephrine as melanin-
like ghosts.

Particles from pigmented cells generated with the var-
ious substrates were oxidized with acidic permanganate
and the amount of PTCA, PDCA, TTCA, and TDCA
was determined by HPLC. Chromatograms of PDCA,
TDCA, TTCA, and PTCA standards yielded peaks at
5.1, 6.1, 7.1, and 11.0min, respectively (results not
shown). The chromatograms of oxidized particles gener-
ated from cells grown with L-dopa, methyl-dopa, and
norepinephrine ghosts revealed only a PTCA peak at

Table 1

Generation of melanin using different catecholamines as substrate

Substrates 1.0mM (g) Particle amount (g) % of yield Thickness of “ghost” shell (nm)*
L-Dopa 0.1973 0.092 46.6 281+ 109

Methyl-dopa 0.2382 0.1447 60.7 169 + 68

Epinephrine 0.1832 0.00334 1.8 101+ 57

Norepinephrine 0.1692 0.0448 26.5 110+ 6.9

* Values are mean thicknesses 4= SD.
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Fig. 4. Immunoreactivity of acid-resistant particles isolated from C. neoformans strain 24067 grown in minimal medium with (A) L-dopa, (B) methyl-dopa,
(C) epinephrine, and (D) norepinephrine with mAb 6D2 as seen by immunofluorescence.

11.0 (Figs. 6B-D). The absence of TDCA/TTCA content
in these melanins is consistent with very low levels of
aminohydroxyphenylalanine in C. neoformans, which is
a specific indicator of cysteinyl-dopa (Liu et al., 1999).
The chromatogram of particles generated from pig-
mented cells grown with epinephrine revealed a very
small peak at 11.0 min which can be assigned to PTCA
and no detectable TDCA or TTCA (Fig.6E). The
absence of pheomelanin-related peaks in the oxidation
products of particles from cells grown with epinephrine
indicates that the brown color is not due to presence of
pheomelanin.

Zeta potential reflects the charge of particles and is an
important characteristic dispersion of particles in suspen-
sion. The zeta potentials of C. neoformans 24067
(—39.62mV) and CAP67 (—14.53 mV) grown in norepi-
nephrine were significantly more negative than L-dopa,
methyl-dopa and epinephrine (P <0.001) (Table 2). The
polysaccharide capsule was responsible for the majority
of the negative charge associated with strain 24067.
Epinephrine-derived particles had significantly less
negative zeta potential than those derived from the other
substrates.

3.3. Effect of melanization substrate on cell growth
characteristics

The effects of the different substrates on cell size were
determined (Table 3). Since the polysaccharide capsule con-
tributes substantially to total cell size, we measured the
diameter of both the yeast cell size and the total cell size
under conditions that do not induce large capsules. Cells
grown in L-dopa were significantly larger with relatively
thinner capsules compared to cells grown with other sub-
strates. In addition, cells grown in norepinephrine had sig-
nificantly smaller radii than the other cells due to reduced
capsule thickness.

Since melanin ghosts are rigid, and there is evidence
that some components of the capsule are synthesized in the
cytoplasm and are transported to the extracellular space
(Garcia-Rivera et al., 2004), we investigated whether mel-
anization interfered with capsule growth and induction. It
has been reported that capsule growth is an heterogeneous
phenomenon (Feldmesser et al, 2001; Zaragoza et al.,
2003). For this reason, we used two different strains for this
experiment, H99 and 24067. H99 and 24067 yeast strains
were grown in minimal medium supplemented with
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Fig. 5. Electron spin resonance spectra acid-resistant particles isolated
from C. neoformans strain 24067 grown in minimal medium with (A) L-
dopa, (B) methyl-dopa, (C) epinephrine, and (D) norepinephrine. Note
that the epinephrine spectrum (C) was recorded at maximum gain in an
effort to identify a signal and hence has more background noise than with
the others.

L-dopa, epinephrine, norepinephrine, or methyl-dopa for
11 days. In contrast to the above experiments, cells were
melanized for a shorter time to avoid negative results due
to loss of viability or metabolic activity required for cap-
sule growth. Capsule measurements were made and com-
pared to non-pigmented controls. After pigmentation of
the cells, we observed different relative capsule sizes
according to the melanization substrate and C. neoformans
strains used. In strain H99, non-pigmented cells had larger
capsules than pigmented cells (P <0.01 for all substrates
when compared to minimal medium). In contrast, in
24067, cells pigmented in the presence of norepinephine,
methyl-dopa or r-dopa had larger capsules than cells
grown in minimal medium (P <0.01 when these substrates
were compared to minimal medium). However, when pig-
mented and non-pigmented cells were placed in capsule
inducing medium (Zaragoza and Casadevall, 2004), both
types of cells (pigmented and non-pigmented) induced cap-
sule growth (Fig. 7). For strain H99, no significant differ-
ences were found when capsules were induced in cells
grown in L-dopa or norepinephrine when compared to

minimal medium (P> 0.05 compared to minimal medium).
Slight, but significant differences were observed for epi-
nephrine and methyl-dopa compared to minimal medium
(P<0.01 for epinephrine and methyl-dopa compared to
minimal medium). For strain 24067, no significant differ-
ences were found when capsules were induced in cells
grown in the various substrates when compared to
minimal medium (P> 0.05 for all substrates compared to
minimal medium). Overall, these data indicate that
pigmentation does not interfere with capsule induction.

4. Discussion

In this study, we analyzed the effect of substrate on pig-
ment production by C. neoformans as well as on general
growth characteristics of the organism. A goal of this study
was to determine whether the pigments made with sub-
strates other than L-dopa are melanin-like. The color of the
ghosts pellet (data not shown), cells suspended in PBS, and
the cell supernatant varied depending on the substrate used
for pigment production (Fig. 1). .-Dopa and methyl-dopa
produced black cells and ghosts, whereas epinephrine and
norepinephrine produced lighter pigmentation with brown
cells and ghosts. Culture supernatants from medium con-
taining epinephrine and norepinephrine substrate were
heavily colored, consistent with the accumulation of soluble
pigments. Differences in ghost color reflect differences in
light wavelength absorption that imply differences in
molecular structure. This can be attributed to the particular
way the substrates are polymerized to form pigments and
the displacement of electrons in the phenol groups. o-
Diphenols with hydroxyl groups in the 2,3- or 3,4-position
produce cell associated pigments whereas p-diphenols (1,4-
or 2,5-hydroxyl groups) produce large amounts of soluble
pigments (Chaskes and Tyndall, 1975). In this regard, L-
dopa and methyl-dopa are 3,4-diphenols, whereas epineph-
rine and norepinephrine are 2,3-diphenols. However, we
observed differences in polymerization of these substrates
into yeast-associated particles.

The highest yields of pigmented cell-like particles
(ghosts) on a weight basis were observed with methyl-
dopa, followed by L-dopa which form cell-wall-associated
pigments. For epinephrine and norepinephrine, the yields
were 26 and 1%, respectively, consistent with diffusion of
certain products into the culture supernatants. On the
basis of acid resistance, insolubility, pigmentation, and ori-
gin from phenolic precursors, we tentatively concluded
that these particles were melanin ghosts that were derived
from melanized cells. The melanin layer was thinner for
epinephrine and norepinephrine ghosts compared to
methyl-dopa and L-dopa. One explanation for these find-
ings is that for epinephrine most of the substrate is
oxidized or autopolymerized in the supernatant. Alterna-
tively, oxidized products may fail to polymerize in the cell
wall. Another factor that could have contributed to poly-
merization of these substrates in the supernatant is
secreted laccase (Garcia-Rivera et al.,, 2004). In this regard,
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Fig. 6. HPLC of permanganate-oxidized pigmented acid resistant particles. (A) Background solution, (B) dopa, (C) methyl-dopa, (D) norepinephrine, and
(E) epinephrine. The oxidation products were analyzed by HPLC using a C,5 column. The mobile phase was 0.1% v/v trifluoroacetic acid in water (solvent
A) and 0.1% v/v trifluoroacetic acid in acetonitrile (solvent B). At 1.0 mL/min, the elution gradient was (min, %B): 0, 0; 1, 0; 12, 25; 14, 25; and 16, 0. The

UV detector was set at a 255 nm absorbance.

laccase has higher activity in catalyzing the oxidation of
epinephrine and norepinephrine than with L-dopa and
methyl-dopa (Polacheck et al., 1982).

Table 2

Zeta Potential measurement C. neoformans 24067 and CAP67 grown in
different catecholamines as substrates

Medium conditions Zeta potential (mV)

24067 CAP67 “Ghost” particles
Minimal medium —3221+1693 —6.14+494 N/A
L-Dopa —31.64+8.17 —6.73+555 —26.97+9.08
Methyl-dopa —3095+823 —6.90+5.05 —29.80 £+ 3.08
Epinephrine —2932+10.73 —6.96 £ 541 —19.02 4 13.92***
Norepinephrine —39.62+3.71* —14.53+£6.06"™ —35.87+6.56

Values are means £+ SD. N/A, not applicable.

* P<0.001 significantly higher compared to L-dopa, methyl-dopa and
epinephrine.
** P<0.001 significantly higher compared to minimal medium and
P <0.01 compared to L-dopa, methyl-dopa and epinephrine.
% P <0.001 significantly lower value compared to methyl-dopa and nor-
epinephrine and P < 0.05 compared to L-dopa.

The zeta potential of melanized cells generated with the
various substrates was measured to gain insight into the
effects of different substrates on cell charge. A prior study
using a different instrument had documented that melan-
ization with r-dopa resulted in an increase in the zeta
potential of C. neoformans cells (Nosanchuk and Casadev-
all, 1997). Since capsule makes a dominant contribution to
the large zeta potential of C. neoformans, we measured the
effect of different substrates on the charge of acapsular cells.
As expected, all cells were negatively charged and signifi-
cant increases in the charge of melanized cells relative to
non-melanized cells were observed only for cells grown
with L-dopa and methyl-dopa. This is consistent with the
results that these substrates are more efficiently incorpo-
rated into melanin.

Consistent with the findings of our prior study, most of
the large negative charge of the encapsulated cryptococcal
cells was generated primarily by the polysaccharide capsule,
with melanin making a relatively small contribution to the
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Table 3

Measurements of cell size, cell body, percentage of capsule, and capsule thickness from C. neoformans cells grown in different catecholamines as substrates
Medium conditions Cell body radius (um) Radius of cells with capsule (um) % of capsule Capsule thickness (im)
Minimal medium 3.524+0.58 893+ 191 59.8£5.6 541£1.51

L-Dopa 4.37+£0.69* 9.08 +1.28 51.5+7.1% 471+£1.08
Methyl-dopa 3.77+£0.59 9.47+1.58 59.6 6.5 570 +1.39
Epinephrine 3.69 + 0.60 8.51+1.31 562465 482+£1.12
Norepinephrine 343+£0.57 7.60 £+ 0.83** 549 +5.7 4.18+0.621

Values are means & SD.

* P<0.001 cell body radius is bigger when compared to the other conditions.

** P <0.001 radius of cells including capsule is smaller when compared to the other conditions.
** P <0.001 percent of capsule is smaller when compared with minimal medium, methyl-dopa and epinephrine.
P <0.001 capsule thickness in smaller when compared to minimal medium, methyl-dopa and epinephrine and P < 0.01 compared to L-dopa.

total charge of the encapsulated cells. The zeta potential
values measured in this study were significantly more nega-
tive than measured in our previous study using a different
instrument. For example, our prior study reported that the
charge of melanized and non-melanized strain 24067 cells
were —27.5 and —254mV, respectively (Nosanchuk and
Casadevall, 1997). In contrast, the zeta potentials measured
in this study for these cells were —32.2 and —31.6mV,
respectively. The differences likely represent different exper-
imental conditions as well as variations in cell populations
and/or the use of a different instrument and were performed
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Fig. 7. Cells from (A) 24067 and (B) H99 strains were grown in minimal
medium in the absence or presence of L-dopa, epinephrine, methyl-dopa,
and norepinephrine for 11 days at 30 °C. Then, the cells were placed in
capsule growth inducing medium as described in Materials and methods,
and capsule size was measured before (open bars) and after (close bars)
capsule size induction. At least 50 cells were measured in each case, and
the mean value and standard deviation are shown. Statistical differences
were calculated by 7 test.

with a lower concentration of yeast cells and in 10mM
NaCl rather than ImM KCI. For example, the capsule
thickness previously reported for nonmelanized and melan-
ized cells was smaller than what we observed (Nosanchuk
and Casadevall, 1997). Despite this variation in the magni-
tude of the particle zeta potential, the results are consistent
in the sense that both measured a significantly higher nega-
tive charge for encapsulated cells and the finding that mel-
anization affected zeta potential.

Reactivity of the mAb 6D2 was observed with each of the
ghosts derived from the various substrates. Nonetheless, sig-
nificantly lower reactivity was observed with epinephrine
derived particles, which suggest that the epitope recognized by
mADb 6D2 is reduced. Also, ghosts isolated from epinephrine
had a different appearance compared to the other substrates
when viewed by light or electron microscopy. The differences
in properties of epinephrine ghosts are more pronounced
when the ESR results are considered. Out of the four sub-
strates, only epinephrine lacked a spectrum characteristic of
melanin. Furthermore, the absence of both eumelanin and
pheomelanin oxidation products in the chromatogram of epi-
nephrine ghosts combined with lack of ESR signal points to
the conclusion that epinephrine is not sufficient for the pro-
duction of melanin. This result is relevant to assays for laccase
activity based on epinephrine oxidation (Rhodes, 1986). Fur-
thermore, it suggests that epinephrine is not an ideal substrate
for studies of C. neoformans melanization and implies the
need for caution, when concluding that dark pigments in
C. neoformans are melanins.

Measurements of cells grown under different substrate
conditions revealed that cell and capsule size could be
affected by the substrates used for melanization. Although
the mechanisms responsible for substrate effects on cell and
capsule size were not elucidated, we hypothesize that chem-
ical differences in the melanin deposited in the cell wall
could impose certain physical constrains that translate into
cell body and capsule size differences. Given that capsule
components are synthesized in the cytoplasm and must be
exported through the cell wall, one might expect that
melanization and the type of melanin could affect both cell
size and capsule size.

This study provides the basis for further characterization
of melanin particles. It is conceivable to generate melanin
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ghosts with properties of different substrates by growing the
strain in culture with two or more substrates. Such
approaches may contribute to understanding the structure of
melanin produced by C. neoformans in vivo, where the sub-
strate(s) for melanization are not known. Presumably, multi-
ple catecholamines are present in tissues that can be used as
substrates for melanization. These studies will be relevant to
understanding the pathogenesis of C. neoformans.
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