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Cryptococcus neoformans is an opportunistic pathogenic fungus infecting 6 to 10% of patients with AIDS as well as other
immune-suppressed individuals (33). The abilities to form a
capsule (7) and to grow at 37°C (23) are two well-recognized
virulence factors of C. neoformans. CNLAC1, the structural
gene of laccase of C. neoformans, has also been associated with
the virulence of the organism in a mouse model (36, 43).
Laccase oxidizes exogenous catecholamine substrates to produce melanin in vitro, which has been proposed to protect the
fungus by virtue of its antioxidant properties (41, 42). However, we have recently observed that laccase-derived catecholamine oxidation products were produced in mouse brains infected with C. neoformans without the production of melanin
products (27). This suggests that laccase-derived products, or
even laccase itself, may have an important role in the pathogenesis of C. neoformans infection.
Reactive oxygen and nitrogen intermediates are important
mediators of the activity of macrophages and neutrophils
against a variety of microorganisms, including C. neoformans
(2, 15, 16, 28, 30, 40). Iron catalyzes the generation of hydroxyl
radicals from oxidant precursors, such as superoxide anion
(O2䡠⫺) and hydrogen peroxide (H2O2) (35). This property has
been shown to be an important bactericidal factor against
Listeria monocytogenes, Staphylococcus aureus, and Pseudomonas aeruginosa (1, 4, 6, 18). Iron-loaded macrophages have an
enhanced ability to kill or prevent replication of Brucella abortus, most likely by enhancing hydroxyl radical formation, and

this effect is augmented by gamma interferon (22). The importance of hydroxyl radicals in the anticryptococcal activity of human neutrophils is supported by evidence that the susceptibility of
Cryptococcus is decreased by addition of hydroxyl radical scavengers but markedly increased in the presence of iron (8). In addition, the anticryptococcal activity of nitric oxide (NO), produced
by activated murine macrophages and human astrocytes (2, 15,
24, 26, 39), may also involve hydroxyl radicals. Recently, FariasEisner and colleagues reported that the cytotoxicity of NO to a
human ovarian tumor cell line is mediated through the interaction
of NO with H2O2 to produce hydroxyl radicals with iron as a
catalyst by using a SIN-1 system as an NO donor (11). The toxicity
of NO was increased by H2O2 but not by O2䡠⫺, and NO and H2O2
toxicity was markedly increased by catalytic quantities of Fe(III).
Therefore, production of highly toxic hydroxyl radicals catalyzed
by iron from both reactive oxygen and nitrogen intermediates
appears to be important for antimicrobial and antitumor activities
of phagocytic cells.
In the present study, we investigated the effect of laccase on
mouse alveolar macrophage (AM)-mediated fungal killing by
using congenic laccase-positive (2E-TUC) and laccase-deficient (2E-TU) strains. The use of congenic strains enabled us
to compare the effect of laccase on cryptococcal killing by AMs
in the absence of melanin. We propose that the enzyme laccase, by virtue of a newly described iron oxidase activity, may
help protect C. neoformans from AM-mediated killing by
maintaining macrophage iron stores in an inert, oxidized form,
thereby limiting formation of hydroxyl radicals.
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MATERIALS AND METHODS
Reagents. All chemicals were from Sigma (St. Louis, Mo.) unless otherwise
indicated. Diff Quick stain was from Dade International Inc., Aguada, Puerto
Rico; RPMI 1640, Hanks balanced salt solution, L-glutamine, and penicillin-
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While laccase of Cryptococcus neoformans is implicated in the virulence of the organism, our recent studies
showing absence of melanin in the infected mouse brain has led us to a search for alternative roles for laccase
in cryptococcosis. We investigated the role of laccase in protection of C. neoformans against murine alveolar
macrophage (AM)-mediated antifungal activity by using a pair of congenic laccase-positive (2E-TUC) and
laccase-deficient (2E-TU) strains. The laccase-positive cells with laccase derepression were more resistant to
the antifungal activity of AM than a laccase-deficient strain ([28.9 ⴞ 1.2]% versus [40.2 ⴞ 2.6]% killing).
Addition of L-dopa to Cryptococcus to produce melanin in a laccase-positive strain resulted in a slight increase
in protection of C. neoformans from the antifungal activity of macrophages ([25.4 ⴞ 3.4]% versus [28.9 ⴞ 1.2]%
killing). Recombinant cryptococcal laccase exhibited iron oxidase activity in converting Fe(II) to Fe(III).
Moreover, recombinant laccase inhibited killing of C. neoformans by hydroxyl radicals catalyzed by iron in a
cell-free system. Addition of the hydroxyl radical scavenger mannitol or dimethyl sulfoxide to AMs prior to the
introduction of cryptococcal cells decreased killing of both strains and reduced the difference in susceptibility
between the laccase-positive and laccase-deficient strains. Furthermore, laccase-mediated protection from AM
killing was inhibited by the addition of Fe(II), presumably by overcoming the effects of the iron oxidase activity
of cryptococcal laccase. These results suggest that the iron oxidase activity of laccase may protect C. neoformans
from macrophages by oxidation of phagosomal iron to Fe(III) with a resultant decrease in hydroxyl radical
formation.

VOL. 67, 1999

6035

FIG. 1. Effect of laccase on antifungal activity of AMs. A macrophage-mediated fungicidal-activity assay was performed as described in Materials and
Methods. The congenic laccase-positive (lacc⫹; 2E-TUC) and laccase-deficient
(lacc⫺; 2E-TU) strains were grown in the presence (⫹) or absence (⫺) of L-dopa
as described. Each bar represents the mean value ⫾ SE of five separate experiments.

1 ml of 5 mM SIN-1 chloride in the presence of SOD (200 U/ml) and/or catalase
(400 U/ml) for 24 h at 30°C. Ferric chloride (600 M) was added as indicated
below to catalyze SIN-1-mediated hydroxyl radical production. The cells were
subsequently diluted and plated on Sabouraud agar plates. The CFU were
counted after incubation for 48 h at 30°C. To study the effect of laccase on
SIN-1-mediated Cryptococcus killing, 10,000 U of purified recombinant laccase
was added. In a separate experiment, Cryptococcus cells were incubated with
saline or 600 M ferric chloride for 24 h at 30°C. Iron had no effect on the growth
of Cryptococcus cells, as shown by a comparison of the number of CFU to that
in the presence of saline.
Statistics. All experiments were repeated at least twice, and each value was
measured in duplicate. The results are expressed as means ⫾ SEs. Student’s t test
was used to determine significance (P ⬍ 0.05) by comparing values from two
different groups.

RESULTS
Protection by laccase from AM-mediated killing. To determine the significance of laccase in cryptococcosis, we studied
the effect of the enzyme on fungicidal activity of mouse AMs.
Laccase expression in C. neoformans was derepressed after the
organism was cultured on asparagine salt agar without glucose
at 30°C for 24 h. laccase-positive cells (2E-TUC) grown under
conditions of laccase derepression but without L-dopa substrate were more resistant to the antifungal activity of alveolar
macrophages than those of the laccase-deficient 2E-TU strain
([28.9 ⫾ 1.2]% killed versus [40.2 ⫾ 2.6]%; P ⫽ 0.0037 [Fig.
1]). The lack of suitable catecholamine substrates in the macrophage culture medium and the lack of visible pigmentation
during the incubation time make it highly unlikely that significant melanin could have been formed. Addition of Ldopa to the induction medium to form melanin-like pigment
on cryptococcal cell walls resulted in an increase in the
resistance of the laccase-positive strain ([25.4 ⫾ 3.4]%
killed) which was not significantly different (P ⬎ 0.05) from
macrophage-mediated killing of C. neoformans without Ldopa. Thus, laccase contributes significant protection
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streptomycin were from Life Technologies, Grand Island, N.Y.; heparin was
from Elkins Sinn Inc., Cherry Hill, N.Y.; defined fetal bovine serum was from
HyClone, Logan, Utah; and SIN-1 chloride [1,2,3,-oxadiazolium 5-amino-3-(4morpholinyl)-chloride] was from Cayman Chemical, Ann Arbor, Mich.
Mice. Female mice (NIH-Swiss) 7 to 8 weeks old were obtained from Harlan
Industries, Indianapolis, Indiana. The animals were housed in microisolator
cages and kept at the Biological Resources Laboratory of the University of
Illinois at Chicago.
Preparation of C. neoformans. A pair of congenic strains, 2E-TUC (laccase-positive) and 2E-TU (laccase-deficient), were grown on Sabouraud dextrose agar for
48 h at 30°C. Laccase expression was derepressed by growing fungal cells on asparagine agar (1 g of asparagine, 0.25 g of MgSO4, 3 g of sodium phosphate, 10 g of agar
per liter, pH 6.5) without glucose for 24 h. These conditions have been used previously to detect laccase activity by whole-cell assay (44). L-Dopa (100 mg/liter) was
added to the asparagine agar to confirm laccase expression or when melanin production was desired in the laccase-positive strain. Laccase-deficient cells were grown
under identical conditions when they were used in the study.
Preparation of mouse AMs. AMs were obtained as previously described (25).
Briefly, after incising the skin, the trachea was isolated and a 20-gauge catheter
was inserted. One milliliter of warm Hanks balanced salt solution with 10 U of
heparin/ml and 50 U of penicillin-streptomycin/ml was injected into the lung
through the catheter, and macrophages were collected. The lavage was repeated
five times, which yielded 2 ⫻ 105 to 5 ⫻ 105 cells from each mouse. The cells were
cultured in RPMI 1640 with 10% fetal calf serum, 1% L-glutamine, and 100 U of
penicillin-streptomycin/ml at 37°C, 5% CO2, and 95% O2 for 2 h. Nonadherent
cells were removed by washing the culture with warm medium.
AM killing of C. neoformans. Fungicidal assays of AMs were performed in
96-half-well microtiter plates (Corning, Corning, N.Y.) by a modified method
(25). Briefly, 104 opsonized C. neoformans cells (with 10% pooled mouse serum)
grown on asparagine agar with or without L-dopa were added to adherent AMs
at an effector-to-target ratio of 20:1 for 24 h. The AMs were subsequently lysed
by 0.1% Triton X-100, and the C. neoformans cells were plated on Sabouraud
agar by serial dilution. CFU were counted after incubation at 30°C for 48 h.
Equivalent amounts of Cryptococcus cells grown in the culture medium without
macrophages for 24 h were treated identically with Triton X-100, and CFU were
recorded as a control. Mannitol (50 mM), dimethyl sulfoxide (DMSO; 200 mM),
superoxide dismutase (SOD; 15 and 100 g/ml as indicated below), or 100 M
Fe(II) was added to macrophage cultures 2 h before addition of C. neoformans.
The results were expressed as the percentage of C. neoformans killed [1 ⫺ (CFU
obtained in the presence of macrophages/CFU of the same strain in the absence
of macrophages) ⫻ 100]. The growth rates of the two cryptococcal strains in
tissue culture medium with or without oxidant inhibitors after incubation under
laccase-derepressing conditions were equivalent (ratios of CFU at 24 h/CFU of
initial inoculum [0 h], 1.50 ⫾ 0.21 [2E-TUC] and 1.47 ⫾ 0.21 [2E-TU]), and the
number of CFU obtained was not affected by Triton exposure. The laccase
activities of Cryptococcus cells before and after incubation in macrophage culture
medium after growth under laccase-derepressing conditions were measured by a
previously described method (45). The laccase activities of 2E-TUC remained
similar before and after incubation in macrophage culture medium for 24 h at
37°C and 5% CO2 (A415 ⫽ 0.823/5 ⫻ 107 cells and 0.817/5 ⫻ 107 cells,
respectively). In separate experiments, incubation of macrophages with 100
M ferrous ammonium sulfate had no impact on viability as determined by
trypan blue staining.
Phagocytosis of C. neoformans. Macrophage-pathogen association was determined as described previously (25). Briefly, 4 ⫻ 105 AMs were grown in 9-mmdiameter chamber slides at 37°C, 5% CO2, and 95% O2 for 2 h. Opsonized C.
neoformans cells grown with or without L-dopa substrate for melanin biosynthesis
were then added to the AMs at an effector-to-target ratio of 1:20. After 2 h of
incubation at 37°C and 5% CO2, nonattached C. neoformans cells were removed
by washing the cell culture with phosphate-buffered saline. The slides were
stained with Diff Quick stain, and phagocytosis was assessed by counting 100
macrophages. The number of AMs attached to or ingesting C. neoformans
cells was recorded. Five randomly selected fields were counted. The phagocytosis index was expressed as the mean percentage of AMs attaching to or
ingesting one or more organisms per 100 AMs ⫾ standard error (SE) as
defined previously (25, 42).
Iron oxidase activity of recombinant laccase. Recombinant laccase was expressed in Pichia pastoris and purified by DEAE-Sephacel chromatography to a
single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) as described previously (44). Enzyme activity was measured by using
epinephrine substrate as described previously (43). Laccase-catalyzed Fe(II)
oxidation was measured by addition of purified recombinant laccase (10,000 U)
to 200 l of buffer containing 0.1 M sodium acetate, pH 5, and 100 M
sodium citrate containing 100 M ferrous ammonium sulfate (37). The reaction was quenched by the addition of 50 l of ferrozine (15 mM) at 3-min
intervals. The Fe(II) remaining in the solution was quantified by measuring
absorbance at 570 nm. In order to control for possible minor contaminants
not observed on SDS-PAGE, equivalent amounts of purified supernatant of
untransformed P. pastoris (GS115) was used as a negative control.
SIN-1-mediated killing of C. neoformans. The fungicidal activity of oxidants
generated by SIN-1 chloride was determined by a previously described method
(11). Cryptococcus cells (106) resuspended in iron-free saline were incubated with

LACCASE PROTECTS C. NEOFORMANS

6036

LIU ET AL.

against macrophage-mediated killing of C. neoformans even
in the absence of L-dopa substrate for melanin biosynthesis
during the laccase derepression period.
Effect of laccase on phagocytosis of C. neoformans by AMs.
In view of the significant protection of C. neoformans by laccase from the fungicidal activity of lung macrophages, we examined whether laccase had an effect on cryptococcus-macrophage interactions. While melanin produced by C. neoformans

in the presence of L-dopa inhibited phagocytosis by AMs
([10.0 ⫾ 2.0]% with the laccase-positive strain versus [19.4 ⫾
0.4]% with the laccase-deficient strain), the phagocytosis indices of the two strains were similar in the absence of L-dopa
substrate ([17.0 ⫾ 1.0]% versus [18.2 ⫾ 1.3]%) (Fig. 2). This is
an expected result, since the presence of a small amount of cell
wall laccase within an encapsulated strain would not be expected to alter surface properties, in contrast to the charge
alterations described for melanin (42).
Iron oxidase activity of recombinant laccase. In order to
investigate mechanisms for laccase protection in the absence of
melanin, alternative enzyme activities were examined. We recently observed that laccase exhibits homology in its copperbinding regions to another copper enzyme, the iron transporter
Fet3p, which has been shown to have iron oxidase activity (37).
We tested recombinant cryptococcal laccase expressed in P.
pastoris purified to homogeneity (44) and found that recombinant laccase possessed potent iron oxidase activity as well.
Laccase-catalyzed Fe(II) oxidation was measured by the addition of purified recombinant laccase to a reaction mixture
containing ferrous ammonium sulfate in metal-free buffer. To
control for the presence of possible contaminating enzyme
activity not detectable by SDS-PAGE, a supernatant of untransformed P. pastoris (GS115) purified in an identical fashion
was used as a negative control. As shown in Fig. 3, the content
of Fe(II) remained constant during 30 min of incubation with
GS115, whereas the Fe(II) concentration decreased dramatically with 10,000 U of recombinant laccase.
Effect of iron and recombinant laccase on killing of laccasedeficient strain by SIN-1 oxidants. Since redox-active iron
catalyzes the generation of hydroxyl radicals, we investigated
the effect of hydroxyl radicals on killing mediated by cell-free
oxidants generated from SIN-1 chloride. As shown in scheme
1 below, SIN-1 decomposes in a predictable manner to produce NO and O2䡠⫺ in equimolar quantities. Addition of SOD
converts O2䡠⫺ to H2O2 plus O2. NO reduces Fe(III) to Fe(II),
which reacts with H2O2 to produce highly cytotoxic hydroxyl
radicals. The formation of hydroxyl radicals is accompanied by

FIG. 3. Iron oxidase activity of recombinant laccase. Iron oxidase activity was measured as described in Materials and Methods. A purified supernatant from
untransformed P. pastoris (GS115) was used as a negative control. The error bars indicate SE. OD570, optical density at 570 nm.
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FIG. 2. Effect of laccase on phagocytosis of C. neoformans by AMs. Macrophages (4 ⫻ 105) were incubated with 8 ⫻ 106 opsonized 2E-TUC or 2E-TU cells
grown with (⫹) or without (⫺) L-dopa substrate for melanin biosynthesis for 2 h
at 37°C and 5% CO2. Phagocytosis index ⫽ {[number of AMs attaching to or
ingesting one or more organisms/100 AMs] ⫻ 100} ⫾ SE (n ⫽ 2).
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the oxidation of Fe(II) back to Fe(III). The addition of catalase instead of iron reduces H2O2 to nontoxic H2O. NO in the
overall reaction is converted to NO2⫺ and NO3⫺.
SOD
Fe⫹2
SIN-1 3 NO ⫹ O2䡠⫺ O
¡ NO ⫹ H2O2 O
¡ 䡠OH ⫹ NO2⫺ ⫹ H⫹
CAT
O
¡ H2O ⫹ NO2⫺ ⫹ NO3⫺

(1)

As shown in Fig. 4, 5 mM SIN-1 chloride was more toxic to
2E-TU than iron-free saline. The addition of SOD enhanced
SIN-1 fungicidal activity from (30 ⫾ 1.4)% to (39 ⫾ 1.4)% (P ⫽
0.02). The addition of ferric chloride, which catalyzes the formation of hydroxyl radicals, dramatically increased killing, to nearly
100%. This in vitro experiment shows that hydroxyl radicals are
highly toxic to C. neoformans. The addition of catalase reduced
SIN-1-mediated killing with or without Fe augmentation by reducing the availability of hydrogen peroxide substrate (P ⫽ 0.01
with SIN plus SOD plus Fe plus catalase and P ⫽ 0.03 with SIN
plus SOD plus catalase compared to killing in the presence of SIN
plus SOD). Killing was further reduced by 10,000 U of recombinant laccase (P ⫽ 0.005 compared to killing in the presence of
SIN plus SOD plus Fe plus catalase).
Roles of iron and hydroxyl radical formation in AM-mediated killing. To determine the significance of hydroxyl radicals
in macrophage-mediated cryptococcal killing, the susceptibilities of the laccase-positive 2E-TUC and the laccase-deficient
2E-TU strains to AMs were compared in the presence or
absence of hydroxyl radical scavengers. Macrophage killing of
both strains was inhibited by the hydroxyl radical scavengers
mannitol and DMSO. The AM-mediated activity against 2ETUC was decreased from (29.9 ⫾ 0.9)% to (22.2 ⫾ 3.5)%, and
that against 2E-TU was decreased from (42.2 ⫾ 2.5)% to
(29.6 ⫾ 4.5)% in the presence of mannitol (Fig. 5). In a separate experiment, the hydroxyl radical scavenger DMSO was
tested. The results showed that DMSO reduced killing by

FIG. 5. Effect of oxidant inhibitors and iron on macrophage-mediated cryptococcal killing. A macrophage-killing assay was performed in the presence of 15
g of SOD/ml, 50 mM mannitol, or 100 M Fe(II). Each bar represents the
mean value ⫾ SE of two experiments, each performed in duplicate.

(7.8 ⫾ 0.4)% for 2E-TUC and by (17.7 ⫾ 1)% for 2E-TU. In
both cases, not only did the hydroxyl radical scavengers decrease killing by AMs, but the apparent protective effect of
laccase in the 2E-TUC strain was reduced (P ⫽ 0.1 in the
presence of mannitol; P ⫽ 0.5 in the presence of DMSO). This
suggests that hydroxyl radicals are important in AM-mediated
killing of C. neoformans and that laccase, mannitol, and DMSO
have a common target—reduction of hydroxyl radical concentration. Low concentrations of SOD (15 g/ml), which catalyzes production of H2O2 from O2䡠⫺, did not significantly increase AM killing of either strain (2E-TUC, P ⬎ 0.5; 2E-TU,
P ⬎ 0.1) (Fig. 5). However, at higher concentrations (100
g/ml) in a separate experiment (not shown), SOD increased
killing of 2E-TUC from 11% to 25.3% and that of 2E-TU from
18% to 38.4%. Notable was the apparent continued protection
of laccase in 2E-TUC relative to that of 2E-TU in the presence
of high concentrations of SOD. The increase in killing by SOD
at first appears unexpected, as hydrogen peroxide has been
shown to be poorly fungicidal (9, 19). However, if hydroxyl
radical formation potentiates AM-mediated killing, conversion
of superoxide to hydrogen peroxide by SOD would be expected
to increase killing, since hydrogen peroxide is a more potent
reagent than superoxide in Fe-mediated hydroxyl radical formation (35).
To further confirm the role of laccase in AM-derived hydroxyl radical production, killing assays were performed in the
presence of 100 M Fe(NH4)2(SO4)2 to determine if exogenous Fe(II) overwhelms the protective effect of laccase against
AM-mediated killing. As shown in Fig. 5, exogenous Fe(II)
increased AM killing of both laccase-positive and laccase-deficient strains. In addition, the enhancement was more pronounced in the laccase-positive strain (an increase from
[29.9 ⫾ 0.9]% to [57.6 ⫾ 0.6]%; P ⫽ 0.002) than in the laccasedeficient strain (from [42.2 ⫾ 2.5]% to [51.2 ⫾ 0.3]%; P ⫽
0.03). These results indicate that Fe(II) potentiates killing of
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FIG. 4. Effect of SOD, catalase (CAT), iron, and recombinant laccase on
SIN-1-mediated killing of 2E-TU. Each bar represents the mean percentage
killed of 106 C. neoformans cells incubated at 30°C for 24 h with 5 mM SIN-1
under the conditions specified. All values represent the mean ⫾ SE of at least
two experiments, each performed in duplicate.
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Cryptococcus and that Fe(II) abolishes the protective effect of
laccase, presumably by overcoming the oxidation of Fe(II) to
Fe(III) by cryptococcal laccase, thus restoring the ability of
macrophages to produce cytotoxic hydroxyl radicals.
DISCUSSION
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Melanin formation in vitro by C. neoformans has been associated with the virulence of the organism since its description
by Staib in 1962 (38). Furthermore, products derived from
brain catecholamines such as melanin have been implicated in
explaining the neurotrophism of this organism (34) and have
prompted extensive studies on the immunobiology of cryptococcal melanin (43). For example, Wang and colleagues suggested from their in vitro work that melanin inhibits both
phagocytosis and fungistasis of neutrophils and macrophages
by altering the cell surface charge and scavenging oxidant radicals (41, 42). Recently, however, it has been found that while
laccase-derived catecholamine oxidation products were produced in mouse brains infected with laccase-positive strains of
C. neoformans, there was no evidence of polymerized melanin
(27). These catecholamine oxidation products have also been
detected by phage-displayed peptides that cross-react with
melanin pigments (31). Since genetic knockout experiments
clearly implicate laccase in virulence (36), we sought to discover if the laccase enzyme activity also contributed to the
virulence of the pathogen.
We investigated the role of laccase in the antifungal activity
of murine AMs by using two congenic cryptococcal strains,
2E-TUC (laccase-positive) and 2E-TU (laccase-deficient), that
had been shown previously to exhibit laccase-dependent differences in virulence (36). The presence of a stable mating type
in C. neoformans allows backcrossing of genetically engineered
strains to produce congenic sets such as 2E-TUC and 2E-TU.
Backcrossing removes extraneous genetic defects introduced
during molecular biological manipulations, thus making the
strains genetically and phenotypically identical except for the
gene of interest. Using these strains, we found that laccase
protected C. neoformans from macrophage-mediated killing.
Addition of exogenous catecholamines to form melanin in
these strains resulted in a small amount of additional protection that was not statistically significant. These results do not
conflict with previous immunologic evaluations of cryptococcal
melanin because those studies which implicated melanin alone
in laccase-dependent protection did not assess macrophagemediated killing of C. neoformans in the presence of laccase
but without melanin (41, 42).
Since the laccase enzyme was shown to confer protection
against AM-mediated killing without the addition of exogenous substrates of melanin, alternative enzyme activities were
investigated. Fungal laccases, such as that from C. neoformans,
belong to the family of blue multicopper oxidase proteins that
includes ascorbate oxidase and ceruloplasmin (29). Recently,
the iron transporter Fet3 from Saccharomyces cerevisiae has
been shown to be a member of this family by sequence homology and to exhibit a potent iron oxidase activity previously
described for ceruloplasmin (37). The Fet3 protein oxidizes
iron from Fe(II) to Fe(III) during transport across the plasma
membrane. In the present study we found that cryptococcal
laccase shares iron oxidase activity with the Fet3 protein and
ceruloplasmin. It is the first report of iron oxidase activity in a
laccase from any source. The presence of an iron oxidase in C.
neoformans may at first seem unexpected, since it is the reduced form of iron that is taken up by the organism during
growth (20). Indeed, iron reductase activity has been found in
C. neoformans during log-phase growth (32), presumably re-

quired to convert environmental Fe(III) to the reduced Fe(II)
form prior to transport by a Fet3-like protein. During this time
of increased iron requirement, laccase expression is strongly
inhibited by both glucose (43) and a cell-cycle E2F-like transcription regulator (45). However, laccase is transcribed in
vitro during stationary phase (43), presumably when iron requirements are reduced. During infection in rabbit brains laccase is also transcribed, emphasizing the importance of laccase
activity in virulence, despite the possible negative effects on
fungal iron uptake (36). The finding of the iron oxidase activity
of laccase suggests a protective mechanism for this enzyme
which may be independent of host catecholamines that have
been classically associated with laccase-dependent virulence
(34). A role for laccase iron oxidase activity may be especially
important in tissues such as the lung, where the concentration
of catecholamine substrates is approximately 10-fold lower
than that within dopaminergic pathways of the brain (21).
In the present studies, the chemical species SIN-1 was used
as a generator of the cytotoxic metabolites NO, O2⫺, and H2O2
in order to assess the laccase protection of C. neoformans by its
iron oxidase activity. SIN-1 demonstrated a moderate amount
of killing of C. neoformans, as described previously for a human ovarian cell line (11). The importance of hydroxyl radicals
in cryptococcal killing was demonstrated by a dramatic increase in killing after the addition of catalytic amounts of
Fe(III) to SIN-1 and SOD. These data corroborate a previous
report by Chaturvedi et al. (8), which implicated hydroxyl radicals in neutrophil-mediated killing of this organism. Protection against hydroxyl radical-mediated killing was demonstrated in this study by catalase, which is also produced by C.
neoformans (12). The protective effect of catalase was augmented by further addition of recombinant laccase. Hydroxyl
radicals may be produced either by the interaction of O2䡠⫺ with
H2O2 according to the Haber-Weiss reaction or through the
interaction of NO and H2O2 (11), both of which are catalyzed
by iron. Reduction of H2O2 by catalase thus decreases hydroxyl
radical production. In addition, since Fe(II) is required to
catalyze the formation of hydroxyl radicals (scheme 1), the iron
oxidase activity of laccase may compete with reductants such as
NO and subsequently limit hydroxyl radical formation.
Hydroxyl radicals appear to be important in macrophage-mediated killing of C. neoformans, since the hydroxyl radical scavengers DMSO and mannitol reduce killing by lung macrophages
and the addition of exogenous iron increases it. These data are
similar to those showing hydroxyl radical-dependent killing of C.
neoformans by neutrophils (8) and are the first to show the importance of this species in macrophage cryptococcal killing. Reduced quantities of hydroxyl radicals produced by macrophages
generally preclude direct measurement of this species by techniques such as those involving electron paramagnetic resonance
(EPR)-active spin labels used for quantifying oxygen radicals in
neutrophils (5, 6). In addition, since EPR-active spin labels require hydroxyl radical scavengers such as DMSO to identify and
confirm radical-dependent signals, the use of these compounds
may not strengthen the present data, which include the reduction
of killing effect by the same hydroxyl radical scavengers (35). In an
earlier study, Levitz and Dibenedetto (25) did not find a significant oxidative burst in cryptococcal killing by AMs, but it is important to recognize that they used a shorter incubation time (2 h)
than the 24 h used in our studies. Oxidative mechanisms of cryptococcal killing by macrophages may thus be a relatively late
phenomenon, with nonoxidative mechanisms predominating
early. Nonoxidative mechanisms may involve fungicidal compounds, such as microbicidal proteins (17), defensins (14), or
lysosomal enzymes (13).
Taken together, the data support a proposed mechanism for
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cryptococcal laccase protection against the antifungal activity
of AMs which is mediated by the enzyme’s iron oxidase activity. According to this scheme, Fe(III) is reduced to Fe(II) in
the phagosome by reductants, which may include NO in murine macrophages (2, 15), microglia cells (3), human astrocytes
(24), and macrophages within cryptococcal granulomas (10) or
other reductants, such as ascorbate or reduced glutathione, in
other human macrophages (26). Fe(II) then reduces H2O2 to
hydroxyl radicals with conversion of iron back to Fe(III). Cryptococcal laccase-iron oxidase activity may thus protect the fungus in concert with laccase products and other identified virulence factors by maintaining Fe in an oxidized form, thereby
decreasing production of antifungal hydroxyl radicals.
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