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Polyphenols have been implicated in the virulence and oxidant resistance of Cryptococcus neoformans.
Although monomeric polyphenols did not protect against the prooxidant, plumbagin, polymeric dopamine-
melanin conferred resistance both to hypochlorite and to permanganate. The physiologic antioxidant capacity
conferred by melanin was found to be 21.3 x 10-15 mole-equivalents per cell, a value which approximates
oxidant production by stimulated macrophages.

Cryptococcus neoformans is one of several melanotic fungi
which cause infections of the central nervous system (3).
Melanin, although required for virulence (3, 12, 16), plays an
unknown role in invasive disease (19).

Antimicrobial oxidants are part of the inflammatory re-
sponse (1, 13, 18), yet the similarity of several leukocytic
oxidants to potentially toxic products of normal aerobic me-
tabolism has suggested that microbes might deploy metabolic
antioxidants as a defense against phagocytes. Moreover, the
demonstration of albinism in oxygen-sensitive cryptococcal
mutants implicated melanization in oxidant resistance (9).
Since biochemical investigation of these mutants revealed
reductions both in polyphenol uptake and in phenol oxidase
activity (9) and since polyphenols are reductants, it followed
that either intracellular monomeric catechol pools (2) or
finished polymeric melanin might protect against oxidants. In
order to distinguish between these two possibilities, the effects
of polyphenols upon resistance to oxidants was studied under
conditions that either promoted or did not promote melaniza-
tion.

Strain B-3502 (wild type) was obtained from K. J. Kwon-
Chung, strain 567 (Mel -) was obtained from I. Polacheck, and
strain 569 (Mel -), mutated at oxy2 (9), was obtained from
H. S. Emery. All strains were maintained on brain heart
infusion agar. For physiological experiments, a loopful of the
culture was inoculated into 10 ml of 2% glucose-2% yeast
extract broth, which was then agitated at 37°C until stationary
phase was reached. This culture (0.3 ml) was inoculated into
145 ml of asparagine broth (pH approximately 4.5) consisting
of (per liter) asparagine (1 g), magnesium sulfate heptahydrate
(0.5 g), potassium dihydrogen phosphate (3 g), glucose (3 g),
and thiamine (1 mg) contained in a 300-ml flask with a 12-mm
side arm. The medium was supplemented with dopamine
hydrochloride or other polyphenols as indicated, generally at 1
mM. Growth was monitored in 12-mm side arms at 700 nm;
melanization was monitored at 400 nm as the incremental
optical density (OD) with reference to a comparable culture
without dopamine. Cultures with melanization beyond an OD
of I were diluted 10-fold and measured against a similarly
diluted reference culture. Wet weight of the culture was
determined prior to each experiment. Cryptococcal melanin
was isolated from melanized cultures by exhaustive solvent
extraction and acid digestion (15). Catechols, tannins, and
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plumbagin were supplied by the Sigma Chemical Co., and
sodium hypochlorite was supplied by the Chlorox Co.

Susceptibility to plumbagin was determined in exponential-
phase (nonmelanized) cultures that were adjusted to an OD of
0.05 in 10 ml of broth and agitated at 37°C with or without
polyphenol. Various concentrations of plumbagin were added,
and overnight growth was scored. Susceptibility to extracellular
oxidants was determined in cultures grown to stationary phase
in dopamine (1 mM), washed twice with saline, suspended in
phosphate-buffered saline (pH 7.5) at an OD of 0.5, and
counted in a hemocytometer. The suspension (1 ml), along
with various amounts of oxidant and phosphate-buffered saline
(to 6 ml), was agitated at 37°C for 3 h. When permanganate
was used as the oxidant, residual permanganate was deter-
mined at 520 nm with reference to an identical suspension
without permanganate. Asparagine broth (5 ml) was added,
and growth was monitored for 24 h, after which each culture
was scored as viable or not viable. Statistical confidence was
estimated with Student's t test. In reconstruction experiments,
0.6 mg of purified melanin was added to each 6-ml incubation
mixture immediately prior to the addition of oxidant.
A potentially lethal intracellular superoxide flux was induced

in cultures grown in polyphenol for 2 or 24 h by subverting
aerobic metabolism by addition of plumbagin (7) (dihydroxy-
phenylalanine inhibited growth moderately at 1 mM and
totally at 10 mM, even without plumbagin). Cationic (dopam-
ine hydrochloride), anionic (caffeic acid), and zwitterionic
(L-dihydroxyphenylalanine) catechol species and neutral tan-
nins [(+)-catechin or hematoxylin] were tested at 1 mM, caffeic
acid, (+)-catechin, hematoxylin, dihydroxyphenylalanine, and
dopamine were tested at 1 and 10 mM, and dopamine was
tested at 1, 10, and 30 mM. Growth was inhibited at plumbagin
concentrations between 25 and 50 FM, and no polyphenol
protected against growth inhibition in these rapidly growing,
nonmelanized cultures. In contrast, melanin protected cultures
against oxidants. When the wild-type strain was cultured in
broth containing 1 mM dopamine hydrochloride, the culture
entered the stationary phase of growth after I day, whereas
melanization occurred only during the stationary phase, in-
creasing steadily for one week (Table 1). Wet weights of
cultures with added dopamine equalled wet weights of cultures
without added dopamine. In comparison to cultures grown
without dopamine, resistance to hypochlorite was demonstra-
ble after 3 days and peaked at fivefold to sixfold after 4 days,
corresponding closely to melanization. In contrast, albino
mutants did not produce melanin and did not acquire resis-
tance from prolonged growth in dopamine medium.
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TABLE 1. Melanization and hypochlorite resistance in C. nieojbrmanis

Minimal fungicidal hypochlorite conen
Strain Cultural Melanization (,uM) of culture grown ill: Resistance

(phenotype) age (days) (OD) Asparagine Asparagine broth factor
broth + dopamine

B-3502 (Mel+) 1 0.0 12 12 1.( NS`
B-3502 (Mel+) 2 0.7 30 39 1.3 NS
B-3502 (Mel') 3 1.3 32 79 2.5 <0.01
B-3502 (Mel') 4 1.6 21 118 5.6 <0.01
B-3502 (Mel') 6 2.2 25 118 4.7 <0.05
567 (Mel-) 4 0.1 39 39 1.( NS
569 (Mel-) 4 0.2 32 39 1.2 NS

" NS, difference not significant.

The protective capacity of melanin was quantitated. After
incubation of washed, melanized yeast (relative OD, 1.9) in
permanganate, residual permanganate concentrations were
compared with concentrations of pure potassium permanga-
nate in buffer (Fig. 1A). The melanized culture exhibited a
threefold-increased resistance to permanganate (minimal fun-
gicidal concentration, 0.200 mM versus 0.063 mM; P < 0.01).
The concentration-absorbance curve of the nonmelanized cul-
ture could almost be superimposed on the standard curve of
permanganate in buffer, indicating that the nonmelanized
culture contained little exposed reductant. In contrast, mela-
nized cultures neutralized substantial quantities of permanga-
nate, as reflected by downward and rightward displacements of
their plots. It follows, then, that most extracellular reducing
power resides in melanin. The minimal fungicidal concentra-
tion for a culture was located just to the right of the x intercept
for that culture and corresponded to the smallest concentra-
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FIG. 1. (A) Titration of the wild-type strain with permanganate.
, absorbance of permanganate in buffer; ---, ODs of non-

melanized yeast incubated in permanganate for 3 h; ...., OD of
melanized yeast treated in a similar manner. White and black arrows
indicate minimal fungicidal concentrations for nonmelanized and
melanized cells, respectively. The vertical plot represents the physio-
logic antioxidant capacity of melanin. (B) Titration of strain 567
(Mel ) with permanganate. *, ODs of suspensions of yeast grown in
unsupplemented broth and incubated in permanganate for 3 h; O,
ODs of suspensions of yeast grown in broth with 1 mM dopamine and
incubated in permanganate; 0, ODs of suspensions of yeast grown in
unsupplemented broth but incubated with melanin (0.1 mg/ml) and
permanganate. The white arrow indicates the minimal fungicidal
concentration for cells grown without dopamine; the cross-hatched
arrow indicates that concentration for cells grown with dopamine. The
black arrow represents that concentration for cells grown without
dopamine but incubated with melanin.

tion not able to be neutralized in 3 h. The physiologic
neutralizing capacity of melanin appears to be represented by
the distance between plots for the nonmelanized and mela-
nized cultures. By reference to the standard curve, the half-
reaction for the reduction of permanganate ion to manganese
dioxide, MnO4 - + 4H+ + 3e = MnO, + 2H,O, and the
number of cells in the suspension, the physiologic neutralizing
capacity of melanin in the wild-type strain was calculated as
21.3 x 10 -5 + 6.3 x 10- 15 mole-equivalents per cell (four
trials).
Exogenous melanin was used for a reconstruction experi-

ment in an albino. In this strain, the permanganate titration
plot for the dopamine culture coincided with that for the
culture without dopamine (Fig. IB), indicating that albino cells
could not make an extracellular reductant. The mutant also
lacked protection against the oxidant (only one dilution differ-
ence in the minimum fungicidal concentrations; not statisti-
cally significant), but exogenous melanin neutralized perman-
ganate and protected the cells. In quantitative terms, 0.6 mg of
purified melanin provided approximately twice as much pro-
tection as the melanin in a culture with an incremental optical
density of 1.9.
The nonionic oxidant, hydrogen peroxide, was tested against

melanized and nonmelanized washed cultures of the wild-type
strain. The average minimal fungicidal concentration for each
condition was 7.7 ± 4.0 mM (three trials), or approximately
100 times that for hypochlorite or permanganate. No protec-
tion was afforded by melanin.
These experiments demonstrate a protective antioxidant

function for melanin, which contains quinone-like and hydro-
quinone-like residues and has been observed to consume
superoxide and other oxidants (5, 6, 17). Circumstantial evi-
dence for an antioxidant role in pathogenesis is provided by the
recognition that hypochlorite is a major oxidative product of
inflammatory cells (18) and that invading C. neoformans
surrounds itself with melanin (11), which, at 4.4 feq per cell,
would be sufficient to neutralize a large proportion of the
cellular oxidant produced by stimulated human macrophages
(2 to 32 fmol per cell [4, 14]). Thus, the yeast might inactivate
and survive all but the largest fluxes of macrophage oxidants;
disease states in which macrophage activation fails are those
that are often complicated by cryptococcosis.

It was notable that melanin afforded no protection from
hydrogen peroxide, which is one of the most often measured
oxidative products of macrophages. Since extracellular (11)
melanin protected against the negatively charged oxidants,
hypochlorite and permanganate, but not against the uncharged
hydrogen peroxide, it is likely that hydrogen peroxide mole-
cules freely cross the cell membrane to attack intracellular
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targets, whereas electrically charged oxidants are excluded
from the cytoplasm and react primarily with melanin. More-
over, hydrogen peroxide reacts only very slowly with melanin
(10). Further perspective is provided by the finding that
hypochlorite is 100 times more fungicidal than hydrogen
peroxide (minimum fungicidal concentration, 80 p.M versus 8
mM). These considerations suggest that hypochlorite may be
the more important leukocytic oxidant in cryptococcosis. In-
deed, the ratio of hydrogen peroxide to hypochlorite in the
macrophage's secreted oxidants in inflammatory tissues has yet
to be defined. Certainly, cells of the monocyte-macrophage
lineage do contain various amounts of myeloperoxidase, the
enzyme which converts hydrogen peroxide to hypochlorite in
the presence of chloride (14). In summary, melanin appears to
protect the pathogen against the more effective leukocyte
oxidant.
An alternative hypothesis, in which catecholamines are

viewed as animal tannins, was tested. Since an antioxidant
function for plant polyphenols (tannins) has been proposed (2,
8), the possibility of a protective antioxidant function for
intracellular, monomeric catechols in Cryptococcus spp. was

examined; that predicted effect was not found.

This work was supported by the United States Department of
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