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ABSTRACT. The rise in antifungal resistance, observed as a result of
the increasing numbers of immunocompromised patients, has made the
discovery of new targets for drug therapy imperative. The description of
the Paracoccidioides brasiliensis transcriptome has allowed us to find
alternatives to refine current therapy against paracoccidioidomycosis.
We used comparative analysis of expressed sequence tags to find prom-
ising drug targets that have been addressed in other pathogens. We di-
vided the analysis into six different categories, based on the involvement
of the targeted mechanisms in the cell: i) cell wall construction, ii) plasma
membrane composition, iii) cellular machinery, iv) cellular metabolism,
v) signaling pathways, and vi) other essential processes. Through this
approach, it has been possible to infer strategies to develop alternative
drugs against this pathogen.
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INTRODUCTION

The incidence and severity of mycoses have grown to alarming levels worldwide. Pa-
tients with immune deficiency have contributed to this scenario since they are more sus-
ceptible to unconventional, more aggressive forms of classical mycoses, and they also tend
to harbor resistant varieties of the pathogens. Antifungal agents currently available for
treatment of systemic mycoses include four groups of drugs, namely Polyenes (amphoteri-
cin B), Fluoropyrimidines (flucytosines), Azoles (ketoconazole, fluconazole, itraconazole),
and Echinocandins (caspofungin and mycafungin). More recently, compounds from the
Allylamine group (terbinefine) have shown high synergy with drugs from the Azole group,
but even this drug association is unable to treat some fungal infections adequately. In
addition, antifungals cause serious side effects, such as nephrotoxicity. In this context, the
search for alternative therapies and the development of more specific antifungal drugs are
urgently needed (Georgopapadakou and Walsh, 1996; Wills et al., 2000; Kontoyiannis and Lewis,
2002).

Some strategies have been employed to develop antifungal drugs. One of them is the
classical method, in which screening is done in vitro with a great variety of compounds, either
extracted from plants and animals or synthesized in vitro (Wills et al., 2000). The refinement of
classical drugs or of administration methods is a promising alternative to optimize pharmacologi-
cal action at the site of infection or to increase specificity. More recently, nanotechnology has
been envisaged to administer safe and effective low dosages of drugs, diminishing side effects
and complications for the patients, such as amphotericin B (Fukui et al., 2003; Sobue and Sekiguchi,
2004).

In this era of genomic science, genome sequencing and bioinformatics drive the discov-
ery of new antifungal targets. We have made efforts to identify such targets, or at least candi-
dates, in Paracoccidioides brasiliensis, based on transcriptome analysis and on sites of action
of antimycotic drugs already described in the literature, either for P. brasiliensis or for other
fungal pathogens.

CELL WALL SYNTHESIS

The cell wall of human pathogenic fungi is in close contact with the host and serves as
a barrier against host defense mechanisms. Human cells are ineffective in degrading cell wall
polysaccharides of P. brasiliensis, as shown by ultrastructural studies of yeast cells ingested by
activated macrophages, which revealed empty cells with intact walls (Brummer et al., 1990).
The cell wall has an essential role in the pathobiology of P. brasiliensis, since it is directly linked
to the morphogenetic changes associated with the fungal life cycle. The cell wall remains to be
explored in detail as a target for antifungals (Selitrennikoff and Nakata, 2003). Genes involved
in cell wall metabolism in P. brasiliensis have been isolated, and many others were identified in
the transcriptome (Table 1). Some are differentially expressed, such as chitin synthases (Niño-
Vega et al., 2000), hydrophobins (Albuquerque et al., 2004), mannosyltransferase-Pbymnt (Costa
et al., 2002), and chitin deacetylase - cda (Felipe et al., 2005) and are candidates for drug
targets.
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Synthases

1,3-β-glucan synthase

In P. brasiliensis, 1,3-β-glucan synthase requires uridine diphosphate (UDP)-glucose
as the preferred nucleotide precursor to the in vitro synthesis of β-glucan (San-Blas, 1979).
Only one homolog to 1,3-β-glucan synthase, PbFKS1, has been cloned from this fungus (Pereira
et al., 2000). The presence of putative regulatory signals suggests flexible and possibly complex
control mechanisms for the expression of PbFKS1. Although the UDP-glucose-binding motif
was not found, domain analogs to cellulose synthase, proposed by Kelly et al. (1996), are pres-
ent in PbFKS1. Analyses suggest that PbFks1p is localized within the cytoplasmic membrane
and possesses a catalytic cytoplasmic domain between two transmembrane regions. PbFks1p
seems to assemble the phosphorylated glucan polymer and simultaneously extrude it out of the
membrane, since a phosphotransferase system-phosphoryl carrier protein component phospho-
rylation site motif has been found.

1,3-β-glucan synthase is regulated by the RHO GTPases, which is a multifunctional
regulator related to numerous proteins (Douglas, 2001). The role for Rho1p in the regulation of
1,3-β-glucan synthase has been described in pathogenic fungi, such as Candida albicans
(Kondoh et al., 1997), Aspergillus fumigatus (Beauvais et al., 2001) and Cryptococcus neo-
formans (Tanaka et al., 1999). Two RHO genes were identified in the transcriptome of P.
brasiliensis. RHO1 is a key regulator of 1,3-β-glucan synthase in budding and fission yeasts
and in C. albicans (Kondoh et al., 1997). In Schizosaccharomyces pombe, Rho2 GTPase
functions as a regulatory factor of 1,3-α-glucan synthase (Calonge et al., 2000).

Echinocandins disturb the membrane and cause a loss of the enzymatic activity of 1,3-
β-glucan synthase without any direct binding to the catalytic site, thus compromising the struc-
ture and osmolarity of the cell wall (Klepser, 2003). Three echinocandins are currently in clinical
development: caspofungin (Merck & Co., Inc., Rahway, NJ, USA), micafungin (Fujisawa Inc.,
Deerfield, IL, USA), and anidulafungin (formerly LY303366; Versicor Inc., Freemont, CA, USA).
The 1,3-β-glucan synthase inhibitors papulacandin B, micafungin and cilofungin are more active
against the mycelial form of P. brasiliensis (Dávila et al., 1986; Hanson and Stevens, 1989;
Nakai et al., 2003). A new generation of semi-synthetic candins is emerging (Tkacz and
DiDomenico, 2001) and natural-product screening by a series of new methods has also identi-
fied other 1,3-β-glucan synthase inhibitors (Onishi et al., 2000; Barrett, 2002).

1,3-α-glucan synthase

1,3-α-glucan synthase is proposed as a virulence factor in P. brasiliensis (San-Blas et
al., 1977), as well as in Blastomyces dermatitidis (Hogan and Klein, 1994) and Histoplasma
capsulatum (Klimpel and Goldman, 1988). We identified the 1,3-α-glucan synthase gene, Ags2,
in the yeast phase of the P. brasiliensis transcriptome. Few 1,3-α-glucan synthase genes have
been isolated to date. Aspergillus fumigatus mutants show a slight reduction in the growth rate
and in the concentration of cell wall 1,3-α-glucan synthase (Bernard and Latgé, 2001). To our
knowledge, no inhibitors of 1,3-α-glucan synthase have been identified. The search for these
inhibitors is very important since the yeast pathogenic phase presents 1,3-α-glucan as an almost
exclusive (95% of the cell wall) glucan polymer (Kanetsuna et al., 1972).
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Chitin synthase

Membrane-bound chitin synthase catalyses the polymerization of GlcNAc (N-acetyl-
β-D-glucosaminidase) from cytosolic UDP-GlcNAc into polysaccharide chains that are ex-
truded to the cell wall (Ruiz-Herrera, 1992; Gooday, 1995). Chitin synthesis in fungi is a complex
process (Horiuchi and Takagi, 1999), regulated by multigene families and involved in distinct
physiological processes (Cabib, 1991; Gaughran et al., 1994). Chitin synthases are inhibited by
nucleoside tri- and dipeptide molecules, polyoxins and nikkomycins, respectively. These inhibi-
tors, structurally analogous to UDP-GlcNAc, are transported by peptide permeases into the
cell, where they probably act by binding to the catalytic site of the chitin synthase. Transport
failure and low permeability of the inhibitors result in resistance (Ruiz-Herrera and San Blas,
2003; Gozalbo et al., 2004).

Although it is possible to express CHS genes in a heterologous host (Silverman et al.,
1988; Bulawa et al., 1986), these transmembrane proteins are not soluble recombinant mol-
ecules amenable to direct high-throughput screening. Studies of the molecular mechanism of
chitin polymerization (Ruiz-Herrera and San Blas, 2003) and crystallization (Ruiz-Herrera, 1992)
may reveal new drug targets in the future.

Five chitin synthases were identified by PCR amplification of conserved CHS gene
domains in P. brasiliensis. Despite the fact that yeast cells contain more chitin than do hyphae,
the levels of mRNAs for PbCHS1, PbCHS2, PbCHS4, and PbCHS5 are higher in the myce-
lium (Niño-Vega et al., 2000), suggesting that post-transcriptional regulation of CHS gene ex-
pression is important for morphogenesis. We have identified, by means of transcriptome analy-
sis, a new chitin synthase, CHS6, differentially expressed in the mycelium phase of P. brasili-
ensis.

Phosphoglucose isomerase, glutamine fructose-6-phosphate amidotransferase and glu-
cosamine-6-phosphate acetyltransferase are critical enzymes in the synthesis of cell wall pre-
cursors. Since low levels of these precursors result in cell wall abnormality, leading to fungal cell
death, these enzymes, also present in the P. brasiliensis transcriptome, are potential targets for
antifungal drugs (Selitrennikoff and Nakata, 2003).

Remodeling enzymes

Mannosyltransferase

Some proteins present in the cell wall are glycosylated on their serine or threonine
amino acids by the addition of mannose residues. Mannosyltransferases, Pmt1p and Mnt1p, are
important for cell wall structure, adhesion and virulence (Gozalbo et al., 2004). In addition PMT1
is required to dimorphism (Ernst and Prill, 2001). Another protein involved in the synthesis of N-
linked outer chain mannans is codified by the MNN9 gene. Disruption mutants for this gene
exhibit phenotypes with characteristic defects in cell wall biosynthesis and/or assembly (Wills et
al., 2000). Benanomicins and pradimicins bind selectively to the terminal D-mannosides of man-
nans in the cell wall and cell membrane of fungal cells in a calcium-dependent manner, resulting
in insoluble complexes (Gozalbo et al., 2004). The PMT1, MNN2, KTR1, KTR3, MNN9, and
PbYMNT1 genes identified in P. brasiliensis transcriptome are promising targets for future
antifungal therapy.



Therapeutic targets in P. brasiliensis 435

Genetics and Molecular Research 4 (2): 430-449 (2005) www.funpecrp.com.br

Cross-linking among cell wall components

Cell wall polymers are linked differentially to form the final architecture responsible for
different morphologies in fungi (Klis et al., 2001). Enzymes involved in the integration of 1,3-β-
glucans have been described. They are Gas1p, an endotransglycosylase that may be involved in
extending and rearranging 1,3-β-glucan chains (Popolo and Vai, 1999), Bgl2p, an endotransgly-
cosylase that introduces intrachain 1,6-β-linkages (Goldman et al., 1995), Crh1p (Rodrigues-
Peña et al., 2000) and the homolog to GPI-anchored 1,3-β-glucanosyltransferases Gel1p
(Beauvais and Latgé, 2001). Genes that encode these enzymes were identified in the P. brasi-
liensis transcriptome. Transglycosidases play an active role in cell wall synthesis and in fungal
morphogenesis (Beauvais and Latgé, 2001). Since enzymes responsible for the branching of
1,3-β-glucan or the linkage of chitin to 1,3-β-glucan are active in the periplasmic space and
involve essential biosynthetic steps, they present good candidates for drug development. To our
knowledge, no inhibitors of these enzymes have been identified.

Hydrolases

Hydrolytic enzymes have different roles in the morphogenetic events (Wessels, 1988).
In contrast to the other fungal β-1,3-endoglucanases reported in the literature, which are exo-
cellular, the first cell wall-associated fungal β-1,3-endoglucanase was identified in A. fumigatus
(Mouyna et al., 2002). In addition, several cell wall-associated and secreted chitinases have
been identified (Mellor et al., 1994; Hearn et al., 1998). Inhibition of chitinases by antibiotics,
such as allosamidin or demethylallosamidin, leads to the formation of clumps, as daughter cells
are unable to separate from mother cells during budding (Gozalbo et al., 2004). The chitinase
and β-1,3-endoglucanase genes were identified in the transcriptome of P. brasiliensis. Our
group has cloned and characterized PbNAG1, encoding an NAG, a glycosyl hydrolase family 20
protein (Santos et al., 2004). Another predicted NAG gene, PbNAG2, is currently under study.

PLASMA MEMBRANE COMPOSITION

The fungal plasma membrane is the most important target for antifungal drugs in cur-
rent therapy. It is based on the fact that the plasma membrane acts as the main interface
between the cell and the environment of all organisms. Disturbances in the environment are
perceived by the cell across transmembrane proteins, and a cascade of signals is started to
allow for adaptation. In this context, the transduction of signals will culminate in membrane
composition alterations to adapt to different situations (Georgopapadakou and Walsh, 1996;
Wills et al., 2000).

The cell has the ability to adapt to different levels of pressure, pH variation and me-
chanical stress. Ergosterol and sphingolipids are responsible for the shape and rigidity of the
plasma membrane. If some steps of their biosynthetic pathways are blocked, the intermediates
may accumulate inside the cell and promote an excessive stiffness in the membrane (Wills et al.,
2000; Theis and Stahl, 2004).

Pump-mediated efflux confers the cell with a way to exchange ions and nutrients,
granting optimal pH and energy reserves. Depletion in the mechanisms of pump efflux may
impair synthesis of important cellular components, including cell wall precursors (Luo et al.,
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1999; Theis and Stahl, 2004). Since some drugs can affect the integrity of the cell by forming
pores in the plasma membrane and promoting the leakage of crucial components, they consti-
tute natural candidate antimycotics.

Ergosterol

The ergosterol biosynthetic pathway is the best-explored target of current therapy. The
final product is ergosterol itself, which is the main exclusive fungal sterol, and it localizes to the
cytoplasmic membrane. Some enzymes participating in ergosterol biosynthesis are not present
in human cells.

Different classes of antifungal agents target components of ergosterol biosynthesis
(Georgopapadakou and Walsh, 1996; Wills et al., 2000; Odds et al., 2003; Onyewu et al., 2003).
The polyene antimycotic, amphotericin B, is an important antifungal agent that acts only against
ergosterol and not against mammalian cholesterol synthesis (Odds et al., 2003). Despite its
fungicidal effect, it has serious side effects, such as nephrotoxicity. With the advent of
nanotechnology, some formulations of this drug have been developed to overcome these undes-
ired reactions. This drug has a large spectrum of action and is indicated for treatment against
Candida spp and other pathogenic fungi, including P. brasiliensis (Wills et al., 2000; Odds et
al., 2003; Onyewu et al., 2003). Erg6 encodes an S-adenosylmethionine:∆24-methyltransferase
and its disruption in C. albicans and S. cerevisiae results in increased resistance to polyenes
and decreased ergosterol content (Young et al., 2003).

The azoles act in several steps of ergosterol biosynthesis by inhibiting enzymes in this
pathway, which varies among the different fungal species. The main target for this class of drug
is cytochrome P450 lanosterol 14-α-demethylase, which is encoded by Erg11 and also has an
iron protoporphyrin moiety at the active site, where the drug binds. Ketoconazole, itraconazole
and fluconazole have been used in antifungal therapy. They basically prevent the demethylation
of lanosterol, resulting in defective synthesis or in the depletion of ergosterol (Wills et al., 2000;
Smith and Edlind, 2002; Odds et al., 2003; Theis and Stahl, 2004). Paracoccidioides brasilien-
sis presents ERG6 and ERG11 in its transcriptome (Table 2). Although some enzymes of the
ergosterol pathway are not exclusively fungal, they can be exploited as potential targets for drug
development.

Sphingolipids

The sphingolipid pathway is considered a potential target for the development of new
antimycotics. Sphingolipids are involved in several intracellular responses, including heat shock-
induced stress, endocytosis, apoptosis, and signal transduction. They have important roles in the
maintenance of the plasma membrane of eukaryotic cells, and they are thus required for cellular
growth and viability (Luberto et al., 2001; Obeid et al., 2002; Thevissen et al., 2004). Although
sphingolipids are present in both mammalian and yeast membranes, some differences are found
between the respective synthetic pathways (Obeid et al., 2002).

The most abundant sphingolipid in the plasma membrane is inositol phosphoryl ceramide
(IPC), synthesized by IPC synthase; the corresponding gene IPC1 (also named AUR1) has also
been identified in the P. brasiliensis transcriptome. This enzyme transfers phosphorylinositol
from phosphatidylinositol to the 1-hydroxy group of phytoceramide to form IPC (Zhong et al.,
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2000; Wills et al., 2000). IPC1/AUR1 is absent from mammalian cells, although both mammals
and yeast use the same substrate to produce sphingomyelin and inositol phosphoryl ceramide,
respectively (Wills et al., 2000; Heung et al., 2004). In C. neoformans, Ipc1 is involved in the
production of melanin, a virulence factor and a component used to protect the fungus against the
immunological host response (Heung et al., 2004). Down-regulation of this gene causes a defi-
cient response at low pH, whereby, as can be inferred in an in vivo model, virulence is dimin-
ished (Luberto et al., 2001).

Some studies have demonstrated that IPC is essential for survival of some fungi. Sen-
sibility tests are being carried out with a variety of compounds to find inhibitors of IPC synthase.
One prominent compound is the Aureobasidin A, a cyclic nonadepsipeptide, extracted from
Aureobasidium pullulans (Zhong et al., 2000; Wills et al., 2000), which is active against C.
albicans, S. cerevisiae and C. neoformans at lower concentrations when compared to other
antifungals (Zhong et al., 2000). As IPC synthases are not present in human cells, the use of
IPC inhibitors as antifungal agents is a good possibility for the therapy of systemic mycoses in
humans. The Ipc1 gene has been found in the P. brasiliensis transcriptome (Table 2). Previous
studies in our laboratory have demonstrated that IPC1 is a promising target for drug deve-
lopment against P. brasiliensis.

Proton ATPases

Plasma membrane ATPase plays important roles in the maintenance of cell homeosta-
sis by regulation of pH through ionic exchange. This mechanism creates a membrane potential
and an electrochemical gradient that allows the uptake of ions and nutrients required for cellular
physiology. The proton pump mechanism enables the cell to tolerate different pH gradients (Luo
et al., 1999; Wills et al., 2000; Burghoorn et al., 2002; Lee et al., 2002; Wang and Chang, 2002;
Pizzirusso and Chang, 2004). Recently, studies have demonstrated that bafilomycin inhibits ATPase

PbAEST = Paracoccidioides brasilienses assembled expressed sequence tag.

Table 2. Drug targets in plasma membrane composition.

PbAEST Target Ortholog e-value Remarks Drug/inhibitor
accession
number

1959 ∆(24) Sterol T50969 4e-44 Ergosterol Polyene:
C-Methyltransferase biosynthesis Amphoterycin B
(ERG6)

1797 Cytochrome P450 EAK97836 6e-75 Ergosterol Azoles: Fluconazole,
lanosterol 14-α- biosynthesis Itraconazole,
demethylase (ERG11) Ketoconazole

200 Inositol phosphoryl AAD22750 1e-43 Sphingolipid Aureobasidin A
ceramide (IPC1)/ biosynthesis
Aureobasidin
resistance (AUR1)

120 Pump membrane P49380 1e-111 Plasma membrane Bafilomycin
ATPase (PMA1) ATPase Concanamycin
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activity with high specificity and potency. Bafilomycin and concanamycin, antibiotics with simi-
lar structures, have been used as potent anti-tumor agents. Experiments with mutations in dif-
ferent sites of ATPase protein in strains of Neurospora crassa caused this fungus to overcome
the toxic effects of concanamycin (Bowman and Bowman, 2002).

We identified the gene PMA1 in the P. brasiliensis transcriptome (Table 2); it is known
to encode the plasma membrane ATPase in other fungi, including S. cerevisiae. Although PMA1
is also present in the human transcriptome, several domains are exclusive to fungi, and gene
deletion has been demonstrated to be lethal for some of those microorganisms. ATPases are
promising targets for the development of antimycotics, and the differences between fungal and
mammalian proteins need to be further investigated (Georgopapadakou and Walsh, 1996; Wills
et al., 2000).

CELLULAR MACHINERY

Several components of cellular machinery were demonstrated in other fungi as poten-
tial drug targets, and promising inhibitors to them are being tested (Table 3). Topoisomerase 1
(Top1) and elongation factors belong to the nuclear machinery, where they are key components
in DNA-RNA-protein synthesis. Moreover, the heat shock protein Hsp90, which is required for
proper protein refolding upon thermal stress, and three different proteins involved in post-trans-
lational modifications, N-myristoyltransferase (NMT), farnesyltransferase (FTase) and
geranylgeranyltransferase (GGtase) I, were examined by our project.

Topoisomerase

Topoisomerases are enzymes that act on chromosome replication, transcription, recom-
bination, and segregation processes by controlling the topological state of DNA. Their classifi-
cation is related to how they cleave the DNA strand: TOP1 cleaves and rearranges one DNA
strand, while TOP2 can cleave both DNA strands (Stewart et al., 1998). Topoisomerase-spe-
cific inhibitors, for example camptothecin or its analog topothecan, stabilizes the complex topo-
isomerase-DNA, leading to DNA damage and cell death (D’Arpa and Liu, 1989). TOP1 has
been demonstrated to be essential and a virulence factor for some fungi, and its deletion in C.
albicans induces slow cellular growth and aberrant cell morphology (Fostel et al., 1992; Jiang et
al., 1997). The fungal TOP 1 gene has a considerable number of regions that are not present in
the human transcriptome (Stewart et al., 1996). Selective inhibition of fungal (C. albicans)
Top1p catalytic activity when compared to the human enzyme has already been observed using
the aminocatechol A-3253 (Fostel and Montgomery, 1995). We found the Top1 in the P. brasi-
liensis transcriptome, with identities of 90, 80 and 58% with A. nidulans (EAA66126.1), N.
crassa (XP_331510.1) and human (CAA18536.1), respectively, indicating that the differences
between human and fungal Top1p can be explored by drug design.

Elongation factors

Elongation factors required for protein synthesis are being focused on as potential drug
targets in fungi. Some sordarin derivatives, such as GM 222712 and GM 237354, have shown in
vitro activity against a wide range of pathogenic fungi, including Aspergillus spp, Candida spp,
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C. neoformans, and other filamentous fungi (Andriole, 2000; Wills et al., 2000). Sordarins act
by blocking the elongation cycle at the initial steps of translocation, prior to GTP hydrolysis, thus
preventing the formation of peptidyl-[(3)H] puromycin on polysomes in C. albicans. Elongation
factor 3 is a soluble form required for fungal translation machinery that is absent from other
organisms, including humans, and hence a very attractive target for antifungal therapy (Wills et
al., 2000). It was also identified in the P. brasiliensis transcriptome.

Hsp90

Hsps are highly conserved among different organisms. Hsp90 is a heat shock protein of
approximately 90 kDa that is required for the refolding or degradation of cellular proteins upon
heat shock, and it appears to be linked to the immune response against fungal pathogens
(Matthews et al., 1998). The P. brasiliensis Hsp90 is differentially expressed by the pathogenic
yeast phase (Felipe et al., 2005).

Geldanamycin is a benzoquinone ansamycin antibiotic produced by Streptomycetes that
binds with high specificity within the ADP/ATP binding pocket of Hsp90, thereby inhibiting its
function. Cells lacking hsp90 functions are severely compromised and cannot progress through
the cell cycle (Cardenas et al., 1998; Piper, 2001). Despite the high conservation of Hsp90

PbAEST = Paracoccidioides brasilienses assembled expressed sequence tag.

Table 3. Cellular machinery components as promising drug targets in Paracoccidioides brasiliensis.

Target PbAEST Ortholog Percentage Known inhibitor
accession number/ identity/
organism e-value

Topoisomerase I  4267 NP_014637.1 70.548% / Camptothecin
(Top1) Saccharomyces 3.4e-43

cerevisiae
Elongation factor 3 845 NP_013350.1 79.672% / Sordarins
(EF-3) Saccharomyces 3.7e-91

cerevisiae
Heat shock protein 1656 NP_013911.1 74.330% / Geldanamycin
90 (Hsp90) Saccharomyces 1.7e-123

cerevisiae
N-myristoyltransferase 668 NP_013296.1 50.388% / Myristic acid analogs
(Nmt1) Saccharomyces 8e-30

cerevisiae
FTase β-subunit 3641 NP_594251.1 40.288% / FPT inhibitors, FTI-275, FTase
(Ram1) Schizosaccharomyces 6.7e-16 inhibitors, α-hydroxyfarnesyl-

pombe phosphonic acid, L-744,382,
manumycin (Calbiochem®)

GGTase I β-subunit 5030 NP_594142.1 51.471% / GGTI-287, GGTI-297, GGTI-2133,
(Cdc43) Schizosaccharomyces 8.6e-11 GGTI-2147 (Calbiochem®)

pombe
Commom α-subunit 1926 NP_593518.1 40.722% /
of FTase and Schizosaccharomyces 5.7e-18
GGTaseI (Ram2) pombe
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between yeast and humans, and the evidence that geldanamycin is not toxic to wild-type yeast
strains (Cardenas et al., 1998), development of specific antifungal inhibitors of Hsp90 deserves
attention due to its role in P. brasiliensis dimorphism and pathogenesis.

N-myristoyltransferase

NMT catalyses the transfer of myristate from Co-enzyme A to the amino-terminal Gly
residue of a number of cellular proteins involved in signal transduction pathways (Nagarajan et
al., 1997). This process is observed only in eukaryotic cells. Genetic studies have shown that
NMT is essential for the viability of the several fungal pathogens that cause systemic infection
in immunosuppressed individuals (Lodge et al., 1994). Comparative analysis of the peptide sub-
strate specificities of human and yeast NMT revealed distinct differences in peptide recogni-
tion, despite the high degree of conservation in the acyl-Co-enzyme A substrate specificities
(Rocque et al., 1993). These differences in peptide recognition provide an opportunity to de-
velop species-specific enzyme inhibitors that act as antifungals. Moreover, myristic acid analogs
proposed as inhibitors of NMT were tested in vitro for activity against the budding yeasts S.
cerevisiae, C. albicans, C. neoformans, and the filamentous fungus Aspergillus niger (Parang
et al., 1996). In addition, in 1997, Nagarajan et al. described the development of a potent pep-
tidomimetic class-specific inhibitor for the C. albicans NMT. In the P. brasiliensis transcrip-
tome analysis we identified the gene Nmt1, which codifies glycylpeptide N-tetradecanoyltrans-
ferase, commonly known as NMT.

Prenyltransferases: farnesyltransferase and geranylgeranyltransferase

Prenylation is a post-translational protein modification process, in which there is an
addition of a prenyl group - farnesyl diphosphate or geranylgeranyl diphosphate, derived from
ergosterol biosynthesis, to the C-terminus of the protein, resulting in its correct localization to
cell membranes. This process is mediated by prenyltransferases (PTFs), such as FTase, and
GGTases I and II.

Prenylated proteins participate in a variety of cellular functions, such as control of cell
growth, differentiation, cytokinesis, membrane trafficking, and signal transduction. Proteins that
are prenylated include small GTP-binding proteins, lipopeptide pheromones, nuclear lamins, and
trimeric G-proteins (Schafer and Rine, 1992). Many of these GTPases also participate in cell
signaling pathways, which are likely to be involved in the pathogenesis of C. albicans and C.
neoformans (McGeady et al., 2002; Vallim et al., 2004).

All PTFs in yeasts and mammals consist of α- and β-subunits. The α-subunit is en-
coded by the RAM2 gene and is shared between FTase and GGTase I; the β-subunits of FTase
and GGTase I are encoded by RAM1 and CDC43, respectively. In the P. brasiliensis tran-
scriptome analysis, we identified all of these subunits, suggesting the ability of this pathogen to
use both PTFs in its morphogenesis, in contrast with C. neoformans, for which just the FTase
has been identified to date (Vallim et al., 2004).

Compounds that inhibit protein prenylation have been developed and studied, as poten-
tial agents to treat human malignancies, mainly due to the observation that activated Ras muta-
tions are associated with a significant number of human cancers. Initial trials indicated that
inhibiting prenylation could result in a reduction in the growth rate of some tumor lines (Kohl et
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al., 1995). More recently, these compounds were assayed in vitro in the opportunistic patho-
gens, C. albicans and C. neoformans, to assess the effect of blocking the prenylation process
as a way to avoid differentiation and pathogenesis (McGeady et al., 2002; Vallim et al., 2004).
The results are very promising, in that prenylation inhibitors blocked the serum-induced conver-
sion from the yeast to the filamentous form (this latter being closely related to pathogenesis) in
C. albicans and impaired hyphal differentiation in C. neoformans. Moreover, the poor similar-
ity between fungal and human PTFs makes them very attractive drug targets to be evaluated in
P. brasiliensis.

SIGNALING PATHWAYS

Pathogenic organisms have co-opted conserved signaling pathways to sense and re-
spond to the host harsh conditions and to activate the genes required for virulence and patho-
genesis. For this reason, many studies are focusing on signaling cascade components as pos-
sible targets for antifungal therapy. In our biological model, P. brasiliensis, several signaling
pathways have been described; nonetheless, only calcineurin and TOR will be discussed below.

Calcineurin

Calcineurin, a serine-threonine specific phosphatase, is conserved among eukaryotes,
and consists of a catalytic and a regulatory subunit, which play a crucial role to maintain the
perfect homeostasis of the cell under stress conditions. This protein is activated by calmodulin in
response to increases in intracellular calcium and is required to control cell survival under oxida-
tive stress, high temperature and membrane/cell wall perturbation. Fernandes et al., 2005, this
issue, pages 216-231, have identified all components of the calcineurin-signaling pathway in the
P. brasiliensis transcriptome. According to recent studies, its requirement for growth and viru-
lence-increasing properties in fungal pathogens, such as A. fumigatus, C. neoformans and C.
albicans (Odom et al., 1997), make it a potential drug target. Moreover, Odom et al., 1997
proposed calcineurin as the conserved target of two immunosuppressive drugs: cyclosporin A
(CsA) and tacrolimus (FK-506), which have been isolated from bacteria and fungi, respectively.
In spite of the difference in chemical structures - FK-506 is a macrolide, whereas CsA is a
cyclic peptide, they are both hydrophobic and thought to diffuse across the plasma membrane.
FK-506 and CsA form complexes with the immunophilins FKBP12 and cyclophilin A (CyPA),
respectively. Immunophilins are small, ubiquitous, cytosolic proteins that catalyze cis-trans prolyl
isomerization, which is required for protein folding. When FK-506 binds to FKBP12 and CsA
binds to CyPA, the inhibition of prolyl-isomerase activity is observed, as is the most exacerbated
effect: inhibition of calcineurin signaling through the binding of the drug-immunophilin com-
plexes to the regulatory subunit (Figure 1) (Cardenas et al., 1998). FK-506 and CsA analogs
have been described that are specific for fungal calcineurins and also do not cause immunosup-
pression (Odom et al., 1997).

TOR

TORs are phosphatidylinositol kinase-related proteins known as key regulators of cell
growth in response to nutritional and mitogenic signals and as targets for the immunosuppres-



A.C. Amaral et al. 442

Genetics and Molecular Research 4 (2): 430-449 (2005) www.funpecrp.com.br

sive and anti-cancerous drug rapamycin. Rapamycin or sirolimus bind to the immunophilin re-
ceptor, FKPB, and the complex rapamycin-Fkpb binds to the Tor protein, blocking signal trans-
duction and arresting cells in G1 (Figure 1) (Brown and Schreiber, 1996). Rapamycin also
blocks filamentation in a number of important human and plant pathogens, and its mechanism of
action is conserved among eukaryotes. A recent study performed by Steinbach et al. (2004)
reports in vitro and in vivo rapamycin activity against A. fumigatus, C. albicans, C. neofor-
mans, and S. cerevisiae (Singh and Heitman, 2004). The rapamycin target TOR protein was
found in the P. brasiliensis transcriptome, as well as the downstream components of this path-
way (Fernandes et al., 2005, this issue, pages 216-231). The antimicrobial properties of less
immunosuppressive analogs of rapamycin hold promise for the development of an effective
antifungal therapy (Dickman et al., 2000).

Figure 1. Mechanisms of action of tacrolimus (FK-506), cyclosporin A (CyPA) and rapamycin (Rap). FK-506 and CyPA
bind to the immunophilins FKBP12 and cyclophilin A (CsA), respectively. The formed complexes bind to the calcineurin
regulatory subunit (CnaB), thus inhibiting the transduction of signals in response to stress conditions. Likewise, Rap also
binds to the immunophilin FKBP12, and the complex FKBP12-Rap binds to Tor protein through the FRB domain
(FKBP12-rapamycin-binding domain), resulting in the blockage of cell cycle progression and consequent impairment of
cell growth and proliferation (Adapted from Cardenas et al., 1998).
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CELL METABOLISM

Glyoxylate cycle

The glyoxylate cycle is an alternative pathway that helps fungi to obtain energy. Two
key enzymes participate in it: isocitrate lyase (Icl1) and malate synthase (Mls1). They are



Therapeutic targets in P. brasiliensis 443

Genetics and Molecular Research 4 (2): 430-449 (2005) www.funpecrp.com.br

activated when fungus cells are phagocytosed by the macrophage, which appears to be a glu-
cose-limiting environment. The resultant fungal response is an up-regulation of enzymes that
use poor carbon sources, including lipids, to synthesize cell wall precursors (Selitrennikoff and
Nakata, 2003). These lipids are metabolized into two-carbon units that are brought into the
tricarboxylic acid cycle via acetyl-Co-enzyme A. ICL1 cleaves isocitrate, producing glyoxylate
and succinate, while MLS1 catalyses the reaction of glyoxylate with acetyl-Co-enzyme A to
produce malate. These two reactions in succession bypass the two oxidative decarboxylase
steps of the citric cycle (Clemons and Stevens, 2001; Selitrennikoff and Nakata, 2003). Several
reports show the importance of the glyoxylate cycle for fungal pathogenicity (Honer et al.,
1999; Lorenz and Fink, 2002). Both genes were found in the P. brasiliensis transcriptome
(Table 4). These enzymes are not present in human cells and should be assessed for drug design
(Lorenz and Fink, 2002; Selitrennikoff and Nakata, 2003).

PbAEST = Paracoccidioides brasilienses assembled expressed sequence tag.

Table 4. Potential drug targets from cellular metabolism.

Target PbAEST Ortholog Percentage e-value Remarks
accession number/ identity
organism

Isocitrate lyase 1688 NP_010987.1 58.929% 8.1e-73 Required by
(ICL1) Saccharomyces glyoxylate cycle, up-regulated

cerevisiae in P. brasiliensis yeast cells
Malate synthase 829 NP_014282.1 67.292% 4.3e-93 Required by glyoxylate cycle
(MLS1) Saccharomyces

cerevisiae
Urease 2456 NP_594813.1 81.407% 1.5e-61 Involved in sporulation and

Schizosaccharomyces pathogenesis
pombe

Urate oxidase 4129 NP_588354.1 41.315% 1.8e-27 Involved in sporulation and
Schizosaccharomyces pathogenesis
pombe

Urease

Urease is a metalloenzyme that catalyses the hydrolysis of urea to ammonia and car-
bamate. Under physiological conditions, this reaction results in an increase of pH. Many patho-
genic fungi have urease activity, among which are C. nerformans, Coccidioides immitis, H.
capsulatum, P. brasiliensis (Table 4), Sporothrix sckenchii, and some species of Trichos-
poron and Aspergillus. The first urease gene cloned from a human pathogenic fungus was that
of C. immitis (Yu et al., 1997). In this fungus, the urease gene plays a role in sporulation,
pathogenesis and virulence (Cole, 1997). Urease is hypothesized to contribute to alkalinity of the
microenvironment in which the fungus grows, mainly due to the release of ammonia and ammo-
nium ions. However, it is evident that C. immitis urease activity is not responsible for the total
amount of ammonia secreted during in vitro growth of the pathogen (Mirbod et al., 2002).
Being a virulence factor in pathogens, including fungi and bacteria, and absent in humans, ure-
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ase is an important enzyme involved in the colonization of the host, and it may serve as a
potential drug target.

Urate oxidase (uricase)

Urate oxidase or uricase is an enzyme of the purine degradation pathway that was
found in the P. brasiliensis transcriptome (Table 4). It is responsible for the conversion of uric
acid into allantoin and hydrogen peroxide (Nahm and Marzluf, 1987). Functional uricase is
absent in higher primates, which excrete uric acid as the end product of purine degradation
(Elion et al., 1968; Friedman et al., 1985). Since uricase is a powerful scavenger of free radicals,
it plays an important role in protecting pathogens during macrophage ingestion (Ames et al.,
1981; Whiteman and Halliwell, 1996), and therefore its blockage may lead to their impaired
growth.

ESSENTIAL GENES

Roemer et al. (2003) developed a very efficient strategy to identify essential genes in
the human pathogen C. albicans. The technique called GRACETM (gene replacement and
conditional expression) is based on deletion of the first allele (C. albicans is a diploid organism)
by PCR-generated cassettes containing a selectable marker, and a tetracycline-repressed pro-
moter linked to a second selectable marker replaces the second allele. By this approach, Roemer
et al., 2003 studied 1152 genes, but only 61% (567) were confirmed experimentally to be essen-
tial in C. albicans. Most of the genes are required for cellular processes such as cell growth
and division, as well as DNA synthesis. The main goal of the present study is that by this
technique it is possible to identify and validate the target in vitro and in vivo, in C. albicans, an
opportunist diploid pathogen with no obvious sexual cycle, which impairs classic genetic analy-
sis. Based on the similarities with our biological model of interest, P. brasiliensis, the GRACETM

strategy is a very promising way to screen for essential genes and further develop novel thera-
pies against paracoccidioidomycosis. In our analysis, we have decided to search for the C.
albicans essential genes in the P. brasiliensis transcriptome; we identified 15 genes, such as
alg7 (UDP-N-acetylglucosamine-1-phosphate transferase) and sec14 (phosphatidylinositol/
phosphatidylcholine transferase). Though they are present in P. brasiliensis, further studies
such as knockout or GRACE experiments, may confirm their true importance in this organism.

CONCLUDING REMARKS

We have explored different possible targets for the development of alternative drug
therapies against P. brasiliensis. Some of the potential targets discussed here, which are fun-
gus-specific and have been dissected as promising targets for the majority of fungal pathogens,
were identified in our P. brasiliensis transcriptome analyses. Targets present in both host and
pathogen should not be discarded due to the possibility to explore their differences, as is the case
for Top1. Since current therapy is aimed at targets related to plasma membrane biosynthesis of
both fungi and mammals, the respective drugs appear to be specific for the fungal enzymes.
Bearing this in mind, the refinement of current antifungals is a great option to develop new
specific therapies. One source of potential targets that was recently proposed by Roemer et al.
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(2003) is the identification of essential genes.
Our comparative study was made possible by the P. brasiliensis transcriptome-se-

quencing project, which has enabled us to compare and validate targets described in other
pathogenic organisms with the expressed sequence tags found in our database. Together with
the great advances in understanding fungal pathogenesis, the development of methods for screen-
ing in combinatorial chemistry libraries and improved molecular modeling computational pro-
grams, the molecular revolution holds new promises and perspectives in the newly born field of
antifungal design.
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