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Abstract

Melanin is a unique pigment with myriad functions that is found in all biological kingdoms. It is
multifunctional, providing defense against environmental stresses such as ultraviolet (UV) light,
oxidizing agents and ionizing radiation. Melanin contributes to the ability of fungi to survive in
harsh environments. In addition, it plays a role in fungal pathogenesis. Melanin is an amorphous
polymer that is produced by one of two synthetic pathways. Fungi may synthesize melanin from
endogenous substrate via a 1,8-dihydroxynaphthalene (DHN) intermediate. Alternatively, some
fungi produce melanin from .-3,4-dihydroxyphenylalanine (.-dopa). The detailed chemical
structure of melanin is not known. However, microscopic studies show that it has an overall
granular structure. In fungi, melanin granules are localized to the cell wall where they are likely
cross-linked to polysaccharides. Recent studies suggest the fungal melanin may be synthesized in
internal vesicles akin to mammalian melanosomes and transported to the cell wall. Potential
applications of melanin take advantage of melanin's radioprotective properties and propensity to
bind to a variety of substances.
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Introduction

Many fungal species produce melanin, a biologically important pigment. Melanin is found
throughout nature, often providing a protective role such as from ultraviolet radiation.
Despite its importance and ubiquity, there are many fundamental questions unanswered
regarding the pigment such as the details of its chemical structure. This is due to the fact that
melanin is insoluble and, therefore, cannot be studied by standard biochemical techniques.
Melanin production by fungi contributes to the virulence of pathogens of humans as well as
those of food crops. The pigment enhances fungal resistance to environmental damage as
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well. For example, radiation-resistant melanized fungi can survive harsh climates including
Antarctica and contaminated nuclear reactors (Rosa et al. 2010; Zhdanova et al. 2000).
Melanized fungi have even been found to survive in dishwashers where they must withstand
heat and detergents (Zalar et al. 2011).

A major reason for studying fungal melanin is the pigment's contribution to virulence. A
retrospective study of 18 cases of fungal infections of the CNS at a Texas hospital reveals
that the majority of the fungi were dematiaceous, or melanotic, fungi (Raparia et al. 2010).
Studies with animal models demonstrate that melanin is a virulence factor in several fungal
pathogens. In Cryptococcus neoformans, the genes required for melanization contribute to
host death (Salas et al. 1996) and dissemination from the lungs to other organs (Noverr et al.
2004). In Cryptococcus gattii, a related organism and causative agent of the current
cryptococcosis outbreak in VVancouver, analysis of more virulent and less virulent strains
shows that the more virulent strains have greater expression of melanin synthesis genes and
produce more melanin (Ngamskulrungroj et al. 2011). Similarly, in Paracoccidioides
brasiliensis, experimental infections with melanized cells result in higher fungal burdens in
animals compared to nonmelanized cells (Silva et al. 2009). In addition, infection increases
the expression of melanin synthesis genes in this fungus (Bailao et al. 2006). Lastly, in a
sporotrichosis model, melanized fungi show greater dissemination in a mouse footpad model
compared to mutants unable to make melanin (Madrid et al. 2010).

Fungal melanin can influence the immune response of the host. For example, melanin
interferes with the normal function of phagocytic cells. Melanized Fonsecaea pedrosoi cells
reduce the oxidative burst capacity of macrophages (Cunha et al. 2010), nitrite production
(Bocca et al. 2006) and phagocytosis of the fungi (Cunha et al. 2005). Inhibition of
phagocytosis has also been observed for melanized C. neoformans (Wang et al. 1995) and P.
brasiliensis (da Silva et al. 2006). In Aspergillus fumigatus, melanin inhibits apoptosis in
macrophages that have phagocytosed melanized conidia (Volling et al. 2011). Melanin can
modulate immune function in other ways. In experimental mouse infections, cryptococcal
melanin alters cytokine levels in response to infection (Mednick et al. 2005) and activates
the complement system (Rosas et al. 2002). Conversely, A. fumigatus melanin inhibits
cytokine production in the host, possibly by blocking pathogen-associated molecular pattern
(PAMP) recognition by the immune system (Chai et al. 2010).

Melanin is critical to host invasion in plant pathogens as well. Fungi produce appressoria,
structures that penetrate plant tissue, allowing the organisms to invade the host. Melanin in
the cell wall of these structures provides mechanical strength to the appressoria that aids in
tissue penetration. For example, in coffee berry disease caused by Colletotrichum kahawae,
inhibition of melanization decreases the turgor pressure of the appressoria and consequently,
the virulence of the fungus (Chen et al. 2004). Melanized appressoria have been shown to be
important in the virulence of other plant pathogens including the rice blast fungus,
Magnaporthe grisea (Howard and Valent 1996) and Black spot disease of roses
(Diplocarpon rosae) (Gachomo et al. 2010).

This review will address the structure and synthesis of fungal melanin. Melanins are a group
of related pigments that share physical and chemical traits. They are generally black or
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brown in color, although other colors exist. Melanins are resistant to chemical degradation
by acids and insoluble in most substances. They can only be broken down by oxidation and
dissolve only in alkaline solvents. Melanins are both negatively charged and hydrophobic
(Nosanchuk and Casadevall 2003b). They contain unpaired electrons that can be detected by
electron paramagnetic resonance (EPR) as a stable free radical signal (Enochs et al. 1993).
Melanins are polymers of phenolic compounds. In some instances, the polymer subunits
have been discovered; however, the exact arrangement of these subunits in the polymer
remains unknown (Wakamatsu and Ito 2002).

Melanin biosynthesis

Two pathways of melanin synthesis are found in fungi. Many fungi synthesize melanin via
the DHN pathway. In this pathway, the precursor molecule, acetyl coA or malonyl coA, is
produced endogenously. The first step, formation of 1,3,6, 8-tetrahydroxynaphthalene
(1,3,6,8-THN), is catalyzed by a polyketide synthase (PKS). After 1,3,6,8-THN production,
a series of reduction and dehydration reactions produce the intermediates scytalone, 1,3,8-
trihydroxynaphthalene, vermelone, and finally 1,8-dihydroxynaphthalene (DHN).
Polymerization of DHN leads to formation of melanin (Butler and Day 1998a; Langfelder et
al. 2003).

Polyketide synthases belong to a large enzyme family with diverse roles in production of
secondary metabolites such as pigments, toxins, antibiotics and signaling molecules. These
multidomain enzymes join simple subunits into long chains or cyclic compounds (Schumann
and Hertweck 2006). PKS genes in fungi are frequently found in gene clusters, in which the
genes encoding the various enzymes needed for the biosynthesis of a product are nearby
each other on the chromosome. Phylogenetic analysis of PKS genes in ascomycetes reveals
that the genes are widely distributed among the subphylum Pezizomycotina, but not in early
branching ascomycetes such as Saccharomyces cerevisiae (Kroken et al. 2003).

Melanin biosynthesis gene clusters have been characterized in several fungi. In A. fumigatus,
the cluster consists of six genes and spans 19 kb pairs of DNA. The genes in the cluster
include albl, the PKS gene, arpl, the scytalone reductase, arp2, the hydroxynaphthalene
reductase, abr1, a multicopper oxidase, abr2, a putative laccase, and aygl, a gene with
unknown function (Tsai et al. 1999). Similarly, in Penicillium marneffei, the melanin
biosynthesis gene cluster spans 25.3 kb pairs and contains a PKS gene, modifying enzymes
and hypothetical proteins (Woo et al. 2010).

A few fungi synthesize melanin via .-3,4-dihyroxyphenylalanine (.-dopa), in a pathway that
resembles mammalian melanin biosynthesis. There are two possible starting molecules in
this second pathway, -dopa or tyrosine. If .-dopa is the precursor molecule, it is oxidized to
dopaquinone by laccase. If tyrosine is the precursor, it is first converted to .-dopa and then
dopaquinone. The same enzyme, tyrosinase, carries out both steps. Dopaquinone is a highly
reactive molecule. Intramolecular nucleophilic addition by the amino group produces
cyclodopa. Cyclodopa is then oxidized to form dopachrome. Tautomerization of
dopachrome forms dihydroxyindoles that polymerize into melanin (Land et al. 2004;
Langfelder et al. 2003; Riley 1997). It is noteworthy that in both melanin pathways are
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found many fungi such as Sporothrix schenckii (Almeida-Paes et al. 2009), while others
such as C. neoformans rely exclusively on the .-dopa pathway.

The fact that C. neoformans makes melanin only by the .-dopa pathway combined with an
absolute dependence on exogenous substrate for melanin synthesis has made this organism
an important system for studying fungal melanization, for these characteristics allow
considerable control on the type of melanin made. The C. neoformans genome encodes two
laccase genes, LAC1 and LAC2, with LACL1 being the main producer of melanin (Pukkila-
Worley et al. 2005). The exact role of the LAC2 gene remains to be determined.
Interestingly, there are differences in the cellular location of the two laccases. Laccase
encoded by LAC1 is localized to the cell wall (Zhu et al. 2001). In contrast, a LAC2-GFP
fusion protein is primarily cytoplasmic (Missall et al. 2005). In addition, gene expression
analysis shows some differences in the regulation of the LAC1 and LAC2 genes (Missall et
al. 2005).

-Dopa is one of several melanin substrates identified in C. neoformans. Other
catecholamines can serve as substrates such as dopamine and norepinephrine as well as o-
dopa (Eisenman et al. 2007). The substrate list continues to grow, indicating that the fungus
may use a wide array of substrates, maximizing its ability to produce melanin. Plant-derived
substances including flavonoids (Fowler et al. 2011) and caffeic acid (Vidotto et al. 2004)
are among the list, as is bacterially-derived homogentisic acid (Frases et al. 2007). Coculture
of C. neoformans with the bacteria Klebsiella aerogenes results in melanin production by
the fungus. In this interaction, dopamine is produced by the bacteria and released into a
medium and subsequently used by C. neoformans as a melanin substrate (Frases et al. 2006).
Despite the fact that pigments are produced from many different substrates, it is important to
note that not all of the pigments produced are the same. Different properties are observed for
melanins derived from different substrates. Comparison of the catecholamines -dopa,
methyldopa, epinephrine and norepinephrine shows differences in term of color, yield and
thickness of the cell wall melanin layer. Additionally, the pigments vary in the strength of
the stable free radical signal detectable by EPR. In fact, such a signal is absent from
epinephrine-derived pigment, implying the lack of a key criteria in defining a melanin
(Garcia-Rivera et al. 2005).

Figure 1 summarizes the key steps in melanin synthesis of each pathway. The pathways are
similar in that phenolic and/or indolic precursors are polymerized into melanin. However,
each step in the DHN pathway is catalyzed enzymatically, while the -dopa pathway is
believed to occur spontaneously after the initial oxidation by laccase. Additionally, melanin
produced by DHN pathway contains carbon and oxygen only, while the .-dopa pathway
melanins also contain nitrogen. Melanin synthesized via the .-dopa pathway is referred to as
eumelanin. This pathway may also incorporate sulfur atoms to produce pheomelanins, which
are red or yellow in color (Ito and Wakamatsu 2003). For a further discussion of the steps in
melanin synthesis, see the review by Land et al (2004). We note that the final step leads to
the word ‘melanin’ which is written out because the structure of melanin is unsolved.
Current models of melanin structure envision a structure with graphitic planar sheets of
covalently linked aromatic molecules (Clancy and Simon 2001; Diaz et al. 2005; Meng and
Kaxiras 2008). Even with some insight into the structure we emphasize that the molecular
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structure could be locally variable such that the pigment has an amorphous and
noncrystalline structure. Furthermore, we note that the structure of melanin is beyond our
current technological horizon as the available analytical methods are insufficient to yield a
structural solution.

Copper is important for the production of melanin by both the DHN and .-dopa pathways. In
Gaeumannomyces graminis, addition of copper to the medium results in dark cultures and
the cells have a layer of melanin in the cell wall visible by TEM (Caesar-Tonthat et al.
1995). Similarly, variation in copper levels among commercial fungal media (potato
dextrose agar) correspond to variable pigmentation in multiple fungal species including
Trichoderma harzianum, Stachybotrys atra, Fusarium culmorum, and Cladosporium
herbarum (Griffith et al. 2007). Molecular studies also highlight the importance of copper in
melanization. Mutant screens for albino mutants have uncovered several genes involved in
copper homeostasis in C. neoformans including a CLC-type chloride channel gene (Zhu and
Williamson 2003) and the copper transporters CCC2 and ATX1 (Walton et al. 2005).
Similarly, deletion of the copper-transporting ATPase, BcCCC2 in Botrytis cinerea reduces
melanization and formation of sclerotia (Saitoh et al. 2010b). In these examples, the albino
phenotype can be rescued by addition of excess copper to the growth media. The importance
of copper to melanin production is likely to be due to its requirement as a cofactor for
melanin biosynthesis enzymes. Lac-cases that catalyze .-dopa melanin production are
copper-dependent (Williamson 1997). In addition, multi-copper oxidases and laccases have
been identified in PKS gene clusters of A. fumigatus (Tsai et al. 1999), Aspergillus niger
(Jorgensen et al. 2011), and Cochliobolus heterostrophus (Saitoh et al. 2010a). The function
of these copper-dependent enzymes in DHN melanin synthesis is hypothesized to be in
polymerization of the DHN subunits into melanin. Additional roles for copper are suggested.
For example, copper has been shown to also stimulate laccase gene expression in C.
neoformans (Jiang et al. 2009; Zhu and Williamson 2003).

Melanin in the fungal cell wall

Melanin is associated with the cell wall of fungi. The cell wall is a multilayered structure
that provides cell shape and protection from osmotic stress. It is important in virulence
through direct interaction with the host. The cell wall is primarily composed of branched
fibrillar polysaccharides including p-linked glucan, chitin, mannan and galactofuran, which
are found in variable amounts depending on the fungal species. In addition, proteins are also
present either covalently linked or more loosely associated secreted proteins (Latge 2007;
Latge et al. 2005; Ruiz-Herrera et al. 2006). Melanin can be found in the inner or outer
layers of the cell wall depending on the fungal species. For example, in C. neoformans,
melanin is found in the innermost layer of the cell wall, near the plasma membrane
(Nosanchuk and Casadevall 2003a). In contrast, in Candida albicans, melanin is found on
the outer layer and in the plant pathogen G. graminis, it is in the middle of the cell wall
(Caesar-Tonthat et al. 1995; Walker et al. 2010). Recent studies explore the association of
melanin with cell wall components as well as the overall architecture of cell wall melanin.

Since melanin is insoluble, many traditional biochemical techniques are unsuitable for
studying the pigment. Progress on melanin structure has been made with the use of solid
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state NMR. When purified melanin shells (called melanin “ghosts”) from C. neoformans are
cultured in the presence of various 13C labeled precursors and analyzed by this technique,
the data show that melanin is covalently cross-linked with polysaccharide components of the
cell wall, especially those containing mannose. These results indicate that melanin may not
be a discrete layer of the cell wall but rather an integrated component (Zhong et al. 2008).

Melanin has a significant impact on the overall structure and architecture of the cell wall.
Comparison of melanized wild type or albino mutant conidia of A. fumigatus reveals drastic
differences between melanized and nonmelanized cell surfaces. A combination of SEM and
TEM shows the albino mutants lack a thick and rough outer layer of the cell wall. Further
analysis reveals that the presence of melanin in the cell wall increased both the negative
charge (Zeta potential) and hydrophobicity of the cells (Pihet et al. 2009).

Melanin also impacts the overall porosity of the cell wall. Jacobson and Ikeda employ a
biochemical approach to study porosity. By using SDS-boiled cell walls of C. neoformans to
make a “size exclusion column” and comparing the elution of dextran from columns made
of melanized versus nonmelanized cells walls, they show that melanization substantially
reduces the pore sizes found in the cell wall (Jacobson and Ikeda 2005). In an independent
study, NMR cryoporometry is used to compare pore sizes in C. neoformans melanin ghosts.
Melanin ghosts prepared from older cultures have smaller pores, indicating that
melanization is associated with a decrease in porosity. The reduction in pore size combined
with the absorption properties of melanin are suggested as a mechanism for the acquired
drug resistance of melanized cells to polyenes and echinocandins (Eisenman et al. 2005).

Numerous microscopy studies on the overall architecture of the melanin polymer in fungi
reveal that melanin forms granular particles in the cell wall. Surface imaging of C.
neoformans melanin ghosts by SEM and AFM shows that the melanin is composed of
irregular granules 50-80 nm in diameter (Eisenman et al. 2005). Strikingly similar granules
cover the surface of melanized F. pedrosoi sclerotic cells, often in groups or patches
(Franzen et al. 2006). Granular particles are also observed in the salt-tolerant black yeast,
Hortaea werneckii (Kogej et al. 2007) and melanin isolated from spores of the mushroom
Agaricus bisporum (Hegnauer et al. 1985). TEM cross-sectional images of the C.
neoformans melanin ghosts further reveal multiple layers of melanin. The width of each
layer corresponds to the diameter of the granules, suggesting that melanin in the cell wall of
C. neoformans is composed of multiple layers of these particles (Eisenman et al. 2005). The
organization of the melanin layer in spherical particles of approximately similar size raises
the conundrum of how a polymerization reaction produces such relatively homogenous
particles, a problem that can be resolved by positing that melanization occurs in vesicles (see
below).

The observation that melanin in the fungal cell wall consists of small granules rather than a
solid layer suggests the presence and need of a “scaffold” to keep the melanin in place.
Cross-linking of melanin to cell wall components is a possible mechanism. Indeed,
published reports suggest that chitin may be the scaffold for melanin in fungal cells walls.
Chitin is a polymer of (1,4)-linked N-acetylglucosamine subunits joined in antiparallel
chains hydrogen bonding to produce strong microfibrils. Chitin cross-links to other cell wall
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polysaccharides and proteins and may form up to 40% of the fungal cell wall. Chitin is
synthesized by chitin synthase (CHS) which uses UDP-N-acetylglucosamine as a substrate
to add residues to the growing chitin chain. Many fungi have multiple CHS genes, with
different roles in growth and budding (Munro and Gow 2001).

In Wangiella dermatitidis and C. neoformans, mutation of genes involved in chitin synthesis
has a dramatic effect on the melanin phenotypes. Deletion of the WACHS4 gene results in
the release of dark pigment in culture supernatants and agar surrounding W. dermatitidis
cells (Wang et al. 1999). Similarly, melanin “halos” around C. neoformans growth in agar
and darkening of culture supernatants occurs when chitin-related genes are disrupted
including chitin synthases, chitin regulatory genes and chitin deacetylases (Baker et al.
2007; Banks et al. 2005; Walton et al. 2005). Biochemical data suggests a direct interaction
between chitin and fungal melanin. Melanized cell walls of Aspergillus nidulans do not
release chitin when subjected to enzymatic lysis in contrast to nonmelanized cells.
Additionally, solubilized melanin inhibits chitinase activity by binding directly to chitin
(Bull 1970).

Chitin is important for melanin synthesis by C. albicans. This yeast previously was not
known to produce melanin. Although it doesn't produce dark colonies, melanin-like particles
are found associated with C. albicanswhen it is cultured with .-dopa (Morris-Jones et al.
2005). Addition of N-acetylglucosamine to cultures incubated with .-dopa increases melanin
production as measured by OD31g. Conversely, C. albicans chitin synthase mutants do not
produce detectable melanin. TEM analysis of the mutants show melanin granules
accumulate inside the cells (Walker et al. 2010). Hence, in contrast to W. dermatitidisand C.
neoformans, in which chitin mutants secrete melanin, the C. albicans mutants instead fail to
secrete melanin to the cell wall.

Fungal “melanosomes”

In mammalian cells, melanin is synthesized by specialized cells known as melanocytes.
Melanin biosynthesis occurs in melanosomes, lysosome-related organelles. In this manner,
the cells are protected from melanin and its intermediates, which are highly reactive and
have a tendency to bind different substances. Melanosome formation goes through several
morphological stages. In the early stages, a striated scaffold can be seen. Melanin is
gradually deposited, creating the appearance of dark stripes in the melanosome. Eventually,
dark, electron dense elliptical melanosomes form and are secreted to nearby keratinocytes
where they have a protective role against ultraviolet radiation (Raposo and Marks 2002;
Tolleson 2005).

Recent evidence supports the hypothesis that fungal melanosomes exist. Putative fungal
melanosomes are best characterized in F. pedrosoi, the causative agent of
chromaoblastomycosis. TEM images of F. pedrosoi cells show internal organelles with
fibrillar matrices that resemble mammalian melanosomes. These structures can be
stimulated by treatment with bovine fetal serum, resulting in a gradual darkening of the
melanosomes followed by fusion with the plasma membrane. The melanosomes are
ultimately found in concentric rings in the cell wall (Franzen et al. 2008; Franzen et al.
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1999). In contrast, treatment with the melanization inhibitor tricyclazole abolishes the
electron-dense organelles (Franzen et al. 2006). Internal “melanosomes” are also observed in
C. albicans (Walker et al. 2010), Cladosporium carrionii and Hormoconis resinae (San-Blas
et al. 1996).

Studies in C. neoformans suggest that melanin may also be synthesized in vesicles in this
fungus. Laccase activity is associated with extracellular vesicles secreted from C.
neoformans (Rodrigues et al. 2008). When (-dopa is added to these vesicles, they melanize
and increase in diameter. Interestingly, radiolabeled .-dopa associates with the vesicles,
irrespective of laccase, suggesting that the lipid surface itself may be conducive to the
formation of melanin. In addition, purified melanin from C. neoformans binds the lipophilic
probe, Dil, suggesting there is lipid associated with the melanin (Eisenman et al. 2009).
Knockdown of the secretory system of C. neoformans via RNAI of the SEC6 gene inhibits
formation of melanin. Furthermore, laccase is improperly localized in these cells. It is found
in intracellular vesicles, instead of the cell wall or culture supernatant (Panepinto et al.
2009). Together, these data strongly support the hypothesis that melanization in C.
neoformans is vesicle-associated. Moreover, synthesis of fungal melanin in melanosomes or
vesicles would shield the cell from the cytotoxic compounds produced during melanin
polymerization and also account for the dimensions of the granular melanin particles
described above. Figure 2 depicts a model of melanization in C. neoformans incorporating
the results of these studies.

Melanin degradation

Melanin degradation is an area about which very little is known. However, understanding
how melanin degradation occurs has practical relevance since melanin contributes to fungal
virulence (for further discussion see Butler et al. (2005)). Melanin degradation has potential
applications for human health. For instance, it may lead to improvements in melanoma
treatment by breaking down melanin so tumors are responsive to radiation treatment.
Melanin degradation is also an area of interest to the cosmetics industry for hair or skin
bleaching purposes.

Experiments showing degradation of melanin by fungi are performed by growing the fungus
on medium containing melanin. If degradation occurs, lightening or “bleaching” of the
medium by the growing fungus can be observed. Phanerochaete chrysosporium and other
white rot fungi can bleach melanin. These wood-decaying fungi contain lignin-degrading
enzymes (peroxidases and laccases) that may also degrade melanin (Butler and Day 1998b).
Other white rot fungal species including Bjerkandera adusta, Trametes versicolor and
Trametes hirsute can degrade melanin produced by blue stain fungi, organisms that are
responsible for discoloring wood (Ratto et al. 2001).

Melanin-bleaching enzymes are found in culture filtrates from some fungi such as
Soorotrichum pruinosum (Mohorcic et al. 2007). For example, a partially purified lignin
peroxidase from P. chrysosporium can degrade the synthetic substrate 2,2-azino-bis [3-
ethylbenzthiazoline-6-sulfonic acid] (ABTS) in a hydrogen peroxide-dependent reaction
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(Woo et al. 2004). Similarly, a peroxidase capable of bleaching human hair melanin is found
in Ceriporiopsis culture supernatants (Nagasaki et al. 2008).

Applied significance of fungal melanization

Melanin's unique properties suggest potential environmental and medical applications. An
intriguing property of melanin is that it can shield organisms from ionizing radiation. Since
melanin has a stable free radical population, it is thought that the radioprotective properties
are due to scavenging of free radicals generated by radiation. Recent evidence suggests
another mechanism of radioprotection, whereby damaging Compton recoil electrons are
blocked and the energy dissipated in the melanin polymer (Schweitzer et al. 2009).
Melanized fungi have been isolated from radioactively contaminated soils at the Nevada
Test Site and areas around the damaged Chernobyl nuclear reactors. The ability of
melanized fungi to survive in the presence of high levels of radiation, together with the large
hyphal surface area of fungi in soils, has led to the suggestion that these organisms could be
used for absorption and decontamination (Dighton et al. 2008). This hypothesis is supported
by the discovery that melanized fungi not only survive high radiation levels but also have
enhanced growth upon exposure. Experimental evidence suggests that fungal melanin can
convert the energy of radiation to metabolically useful reducing power (Dadachova et al.
2007). Additional support for this notion comes from the observation that irradiation of a
melanin electrode with gamma rays resulted in the formation of an electric current, thus
indicating the potential for this interaction to result in energy transduction (Turick et al.
2011).

Medical treatments using radiation such as external beam radiation therapy for cancer
patients or radioimmunotherapy can damage bone marrow resulting in debilitating side
effects. In experimental mouse models, melanin can successfully shield bone marrow from
such side effects. Melanin coated nanoparticles injected into mice lodge in the bone marrow.
Treated mice have higher white blood cell and platelet counts compared to control mice
after radiation treatment. Furthermore, the melanin-coated nanoparticles do not interfere
with tumor treatment in these animals (Schweitzer et al. 2010). Thus, melanin's
radioprotective effects have potential use in medicine.

Melanin is both hydrophobic and negatively charged, giving it the ability to bind to a broad
spectrum of substances. Based on this, melanized fungi are proposed to be good candidates
in bioremediation, since the organisms can potentially bind many toxic substances. This has
been tested in laboratory and field experiments. A. niger can bind to sepia ink in water,
thereby decolorizing it (Lamia and Neji 2010). Lichens isolated from an abandoned mine
containing high levels of toxic heavy metals have uranium, iron and copper associated with
melanized tissues of the lichen (Purvis et al. 2004). Similarly, in situ experiments with
bacterial pyomelanin show uranium binding in contaminated soils (Turick et al. 2008).
Together, these data demonstrate the potential of fungal melanin to bind to toxins in
contaminated sites.

Melanin's binding capacity presents a problem in treatment of fungal infection (Nosanchuk
and Casadevall 2006). Studies indicate that the melanized fungi are more resistant to
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antifungal therapy compared to non-melanized. When the PKSL gene of W. dermatitidis is
knocked out, cells do not produce melanin. In addition, they are more susceptible to
voriconazole and amphotericin B (Paolo et al. 2006). Similarly, melanized cells of
Histoplasma capsulatumand C. neoformans are more resistant to killing by caspofungin and
amphotericin B (van Duin et al. 2002). Melanization can also enhance the drug resistance of
C. neoformans growing in a biofilm (Martinez and Casadevall 2006).

The increased drug resistance of melanized fungi can be attributed to binding of the drugs to
melanin. Addition of melanin to the medium of Madura mycetomatis, the causative agent of
eumycetoma, increases the MICs of itraconazole and ketoconazole dramatically, suggesting
that melanin blocks the drug (van de Sande et al. 2007). In other fungi, this phenomenon is
observed with polyenes and echinocandins but not azoles. Incubation of such antifungals
with melanin particles decreases activity against C. neoformans and H. capsulatum.
Elemental analysis of the incubated melanins shows alteration in the melanin likely due to
drug binding (van Duin et al. 2002). Melanin can extract amphotericin B, reducing the final
concentration of drug in solution (lkeda et al. 2003).

A question raised by these studies is whether inhibition of melanization would increase
efficacy of antifungal drugs. Tentative evidence for this comes from the observation that
administration of the melanization inhibitor glyphosate to mice infected with C. neoformans
is sufficient to promote considerable clearance of infection (Nosanchuk et al. 2001). There
are currently a limited number of drugs effective against fungal infections. Therefore, there
is urgent need for improvements in antifungal therapy. Along similar lines, studies suggest
that melanization should be considered when testing drug efficacy in vitro. In MIC assays,
C. neoformans and H. capsulatum show susceptibility to the anti-fungal drug caspofungin.
However, the drug is not effective in vivo. An explanation for this discrepancy is that
melanization of the fungus in vivo inhibits drug activity (van Duin et al. 2002).

Conclusions

Despite the difficulties inherent in the study of melanin, it is clear that considerable progress
has been made in recent years in understanding the synthesis, cell wall assembly, function
and degradation of fungal melanins. Given the protean functions associated with melanin, it
is likely that this pigment must possess tremendous structural complexity. The association of
melanin with fungal virulence finds an echo in the difficulty in treatment of melanotic
tumors such as melanoma, thus speaking to the protective properties conferred upon cells by
this enigmatic pigment. Melanin research remains an area full of opportunities that remains
of the great frontiers of biology.
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Comparison of DNH (top) and .-dopa (bottom) melanin synthesis pathways. In the DHN

pathway, the precursor, malonyl CoA or acetyl CoA, is a substrate of polyketide synthase.
Several enzymatic steps are required to produce DHN, the subunit of the melanin polymer.
In the .-dopa pathway, the precursor, tyrosine or .-dopa, is a substrate of tyrosinase or
laccase. Several enzymatic steps are required to produce dihydroxyindole, the subunit of the
melanin polymer
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Fig. 2. Model depicting melanin formation in C. neoformans. L accase containing vesiclesare
synthesized intracellularly and transported to the cell wall. Here, they interact with melanization
substrate such as.-dopa to produce melanin granules. Cell wall polysaccharides such as chitin
serve as a scaffold to which the melanin granules are cross-linked
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