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Serious fungal infections, caused mostly by opportunistic
species, are increasingly common in immunocompromised and
other vulnerable patients. The use of antifungal drugs, primarily
azoles and polyenes, has increased in parallel. Yet, established
agents do not satisfy the medical need completely: azoles are
fungistatic and vulnerable to resistance, whereas polyenes cause
serious host toxicity. Drugs in clinical development include
echinocandins, pneumocandins, and improved azoles. Promising
novel agents in preclinical development include several inhibitors
of fungal protein, lipid and cell wall syntheses. Recent advances
in fungal genomics, combinatorial chemistry, and high-throughput
screening may accelerate the antifungal discovery process.
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Abbreviations
ABC ATP-binding cassette
CoA coenzyme A
EF elongation factor
5-FC 5-fluorocytosine
5-FU 5-fluorouracil
GlcNAc N-acetylglucosamine
GPI glycosyl phosphatidylinositol
IPC inositolphosphorylceramide
MF major facilitator
NMT N-myristoyltransferase
PMN polymorphonuclear leukocyte

Introduction
Fungal infections in humans range from the superficial and
common, such as dermatophytoses and onychomycoses, to
deeply invasive and disseminated, such as candidiasis and
aspergillosis. In the past 20 years, the frequency of systemic
fungal infections has increased dramatically along with the
number of invasive, mostly opportunistic, species [1]. The
main factor for the increase is the proliferation of severely
immunocompromised patients either with AIDS, undergo-
ing cancer chemotherapy, or immunosuppressive therapy
for organ transplantation [2–4]. Additional factors include
treatment with broad-spectrum antibacterial drugs or glu-
cocorticosteroids; invasive procedures such as surgery,
in-dwelling catheters or prosthetic devices; and parenteral
nutrition or dialysis.

The major pathogen has been Candida albicans, normally a
commensal of the oral cavity and gastrointestinal tract of
humans. Non-albicans Candida species (e.g. C. glabrata,
C. tropicalis, C. krusei), however, are also found with

increasing frequency [5], as is Aspergillus (e.g. A. niger,
A. flavus), Histoplasma capsulatum and Cryptococcus neofor-
mans. Emerging opportunistic pathogens include Fusarium
and Trichosporon (both significant in neutropenic patients
and commonly associated with disseminated infection),
Rhizopus, Mucor, dematiaceous fungi, and others. Fungal
infections are important causes of morbidity and mortality
in hospitalized patients: candidiasis is the fourth most
common blood culture isolate in US hospitals [6], pul-
monary aspergillosis is the leading cause of death in bone
marrow transplant recipients [7], and Pneumocystis carinii
(formerly thought to be a protozoal parasite) pneumonia is
the leading cause of death in AIDS patients in North
America and Europe [8].

The increase in life-threatening fungal infections has
brought about an increased use of antifungal drugs and a
pressing need for new, broad-spectrum, fungicidal agents
that can be used empirically in immunocompromised
patients [9,10]. Empirical treatment of suspected fungal
infections is necessitated by problems in diagnosis and
susceptibility testing and may be more common than
treatment of confirmed infections. None of the existing
systemic antifungals satisfies the medical need complete-
ly; there are weaknesses in spectrum, potency, safety, and
pharmacokinetic properties. Some of the weaknesses are
addressed by antifungal agents recently introduced or in
development. This review discusses the mechanisms of
action and resistance of established and new antifungal
agents, highlighting areas of recent growth.

Established agents
There are four classes of systemic antifungal compounds
currently in clinical use: the polyene antibiotics, the azole
derivatives, the allylamines/thiocarbamates, and the fluo-
ropyrimidines. The first three classes target ergosterol, the
major sterol in the fungal plasma membrane. They are thus
ineffective against P. carinii, which has cholesterol instead of
ergosterol, possibly acquired from its mammalian host [11].

Although selective towards ergosterol, systemic antifun-
gals nevertheless also affect the function (polyenes) or
biosynthesis (azoles, allylamines) of mammalian sterols,
and thereby the host’s immune response [12]. For exam-
ple, amphotericin (a polyene) increases the aggregation,
adherence and fungicidal activity of polymorphonuclear
leukocytes (PMNs) [13]; allylamines slightly increase the
fungicidal activity of PMNs [14]; whereas azoles inhibit
chemotaxis and superoxide production of PMNs [15].

Polyenes
The polyene antibiotics, discovered in the late 1950s, are
produced by Streptomyces species. They are fungicidal and
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have the broadest activity spectrum of any clinically useful
antifungal. They complex with ergosterol in the fungal
plasma membrane and thereby compromise its barrier
function. In addition, they cause oxidative damage which
may contribute to their fungicidal action [3,16]. The only
systemic polyene in clinical use is amphotericin B. It has a
higher affinity for ergosterol than the mammalian counter-
part, cholesterol, and is thus less toxic to mammalian cells.
In patients, however, it has acute and chronic side effects,
notably nephrotoxicity. The side effects are significantly
reduced when amphotericin B is used in costly lipid for-
mulations, such as liposomes (Ambisome), lipid complexes

(Abelcet), and colloidal dispersions (Amphocil/
Amphotech) [17,18]. Interestingly, phospholipases, viru-
lent factors of C. albicans [19], have been suggested to
release amphotericin B from Abelcet in vivo, thereby tar-
geting it to the site of infection [20]. A fourth formulation,
polyethylene glycol-phospholipid liposomes (PEG-AmB),
where the PEG moiety increases the circulation of intact
liposomes and thereby decreases toxicity, is in preclinical
development [21].

Fungal resistance to polyenes is associated with altered
membrane lipids, particularly sterols [22,23•]. Other
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Figure 1

The biosynthesis of the fungal sterol
ergosterol and the sites of inhibition for some
antifungal agents.
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resistance mechanisms may involve altered phospho-
lipids and increased catalase activity with decreased
susceptibility to oxidative damage [24]. Intrinsic clinical
resistance to amphotericin B is still rare in Candida
species other than C. lusitaniae, but is common in emerg-
ing pathogens, such as Fusarium and Trichosporon species
[25,26]. Secondary clinical resistance, following ampho-
tericin B treatment, has been reported for both Candida
and Cryptococcus species but is uncommon. 

Azoles
The azole antifungals, discovered in the late 1960s, are
totally synthetic and are the most rapidly expanding group
of antifungal agents [27,28]. They are classified as imida-
zoles or triazoles, on the basis of whether they have two or
three nitrogens in the 5-membered azole ring. Two of the
three systemic azoles in clinical use, and almost all azoles
in development, are triazoles. Systemic azoles have
fungistatic, broad-spectrum activity that includes most
yeasts and filamentous fungi and some emerging
pathogens such as Trichosporon species.

Azoles act on ergosterol biosynthesis at the C-14 demethy-
lation stage, a three-step, oxidative reaction catalyzed by
the cytochrome P-450 enzyme 14α-sterol demethylase (P-
450DM) (Figure 1). The resulting ergosterol depletion and
accumulation of lanosterol and other 14-methylated sterols
interferes with the ‘bulk’ functions of ergosterol as a mem-
brane component: it disrupts the structure of the plasma
membrane, making it more vulnerable to further damage,
and alters the activity of several membrane-bound
enzymes, such as those associated with nutrient transport
and chitin synthesis [16,29,30]. Severe ergosterol depletion
(>99%) may additionally interfere with the hormone-like
(‘sparking’) functions of ergosterol, affecting cell growth
and proliferation [31]. By inhibiting P-450DM, azoles may,
in addition, sensitize fungal cells to oxidative metabolites
produced by phagocytes [32]. Although systemic azoles are
generally free of serious host toxicity, they may produce
endocrine side effects, such as decrease in testosterone and
glucocorticoids, stemming from their ability to interact
with mammalian cytochrome P-450.

Resistance to azoles, particularly fluconazole, is emerg-
ing in C. albicans after long-term suppressive therapy for
oropharyngeal candidiasis in HIV-infected patients [33].
Resistance to fluconazole has also been reported in other
Candida species, particularly C. glabrata and C. krusei and
C. neoformans [34,35]. This resistance is due to decreased
membrane permeability resulting from changes in mem-
brane sterols, active efflux, altered or overproduced
P-450DM, and compensatory mutations in ∆5,6 desaturase
[36,37••,38,39••]. Suppressor mutations in ∆5,6 desat-
urase also occur after sterol 14α-sterol demethylase gene
disruption [40], suggesting that accumulation of 14-
methyl-3,6-diol, rather than accumulation of
14-methylated sterols in general or ergosterol depletion,
is the cause of growth inhibition. Transport-associated

resistance is associated with increased efflux. There are
two types of efflux pumps in yeast, ATP-binding cas-
sette (ABC) transporters and major facilitators (MFs).
Thirty ABC transporter genes and 28 MF genes have
been identified in S. cerevisiae, following the recent
sequencing of its genome [41,42,43••]. A comparable
number has been described for C. albicans. Of the ABC
transporters, azole resistance has been correlated with
CDR in C. albicans [44–46]. In a very recent report, CDR
expression was shown to be induced by azoles [47•]. Of
the MFs, azole resistance has been correlated with over-
expression of the MDR1 (also known as BenR) gene and
found to be specific for fluconazole [48].

Allylamines and thiocarbamates
This class of compounds, discovered in the 1970s, are also
totally synthetic. The only systemic allylamine antifungal
in clinical use is terbinafine [49]. It is a reversible, non-
competitive inhibitor of squalene epoxidase [50], an
enzyme which, together with (2,3)-oxidosqualene cyclase,
is responsible for the cyclization of squalene to lanosterol
(Figure 1). The resulting ergosterol depletion and squa-
lene accumulation affect membrane structure and
function, such as nutrient uptake [51].

Pharmacokinetics limit the clinical efficacy of terbinafine
(and other compounds of this class) to skin and nail infec-
tions, despite broad-spectrum, in vitro activity. Resistance
has not been reported for human pathogens but has been
described in the corn pathogen Ustilago maydis [52], where
it involves decreased affinity for the target enzyme and
decreased drug accumulation in the fungal cell.

5-Fluorocytosine
The fluoropyrimidine 5-fluorocytosine (5-FC), though
fungicidal, has a limited activity spectrum. It is mainly used
in combination with amphotericin B in cryptococcal menin-
gitis and in cases of disseminated candidiasis [53]. It is also
used as a single agent for the treatment of chromoblastomy-
cosis and mycoses in the urinary tract where 5-FC achieves
concentrations up to 100-fold higher than in the serum [54].

5-FC is taken up into fungal cells by a cytosine permease,
deaminated to 5-fluorouracil (5-FU), converted to the
nucleoside triphosphate, and incorporated into RNA
where it causes miscoding [55]. In addition, 5-FU is con-
verted to deoxynucleoside, which inhibits thymidylate
synthase and thereby DNA biosynthesis. 5-FC is rela-
tively nontoxic to mammalian cells due to the absence or
very low activity of cytosine deaminase; 5-FU, on the
other hand, is a potent and widely used anticancer agent.
In the US a parenteral formulation of 5-FC has been asso-
ciated with host toxicity, stemming from its conversion to
5-FU by intestinal bacteria. Toxicity is exacerbated by
amphotericin B-induced renal insufficiency [54].

Primary resistance to 5-FC is usually due to impaired cyto-
sine deaminase [16,55]. Secondary resistance, common
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when 5-FC is used alone, results from mutations in any of
the enzymes necessary for 5-FC action, particularly uracil
phosphoribosyltransferase [16]. The frequency of 5-FC
resistance is highest in Aspergillus species, followed by
C. neoformans and Candida species [16].

Novel agents 
Novel antifungal agents have originated from random or tar-
get-based screening of natural products and synthetic
compounds followed by lead optimization. The process has
picked up considerable speed with the introduction of high-
throughput screening, combinatorial chemistry, and fungal
genomics. The latter is particularly valuable for target valida-
tion and characterization, including differentiation from the
mammalian counterpart. Rational design has been limited to
very few, well characterized targets and mechanistically
understood reactions, mainly in ergosterol synthesis.

Echinocandins, pneumocandins and papulacandins 
Echinocandins, the related pneumocandins, and papula-
candins are natural products discovered in the 1970s.
Echinocandins are fatty acid derivatives of cyclic hexa-
peptides, whereas papulacandins are fatty acid derivatives
of the disaccharide β-(1,4)-galactosylglucose [56]. Both
classes inhibit β-(1,3)-glucan synthesis noncompetitively,
with Kis of 0.2–2 µM, though they may bind to different
sites on glucan synthase since some yeast strains resistant
to the echinocandins remain susceptible to papulacandins
[57]. Glucans are glucose homopolymers of β-(1,3)-linked
residues with occasional sidechains involving β-(1,6)-link-
ages and are major components of the fungal cell wall [56].
Polymerization is catalyzed by β-(1,3)-glucan synthase
which has at least two functional components: a catalytic
component that acts on the UDP-glucose substrate, and a
regulatory 21 kDa GTP-binding protein (Rho1p) that is
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Figure 2

Sphingolipid synthesis and sites of inhibitor
action. The early biosynthetic steps of this
pathway are the same in mammalian and
fungal cells. Inhibitors of these early
biosynthetic steps have both broad-spectrum
antifungal activity and host toxicity. MIPC,
mannose-IPC; M(IP)2C, mannose-
inositolphosphoryl-IPC.
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activated by cell wall defects [58] and may link glucan
synthesis to the cell cycle via a phosphorylation/
dephosphorylation relay system [59–65]. There are two
glucan synthase systems in S. cerevisiae, and most likely in
pathogenic fungi [66,67].

Papulacandins are no longer being pursued as antifun-
gals, because their in vitro activity is limited to Candida
species and, most importantly, does not translate to in
vivo activity [56,68–70]. Echinocandins, on the other
hand, have fungicidal activity both in vitro and in animal
models. Two water-soluble semisynthetic derivatives of
echinocandin B (LY-303366) and pneumocandin B0 (L-
743872) have promising in vitro and in vivo activity
against Candida species, Aspergillus species and P. carinii,
though not C. neoformans or Trichosporon [71–73,74•].
They are currently in late clinical development.
Interestingly, very recent studies with a photoaffinity
analog of LY303366 labeled a protein other than glucan
synthase [75•]. Recently, echinocandin-type compounds,
the cyclopeptamines, have been produced by combinato-
rial chemistry [76–78].

Polyoxins and nikkomycins
Polyoxins and the related nikkomycins are nucleoside-
peptide antibiotics produced by Streptomycetes and
discovered in the 1960s and 1970s. They inhibit chitin syn-
thesis competitively, acting as analogs of the substrate
UDP–N-acetylglucosamine, with Kis of 0.1–1 µM [79••].
Chitin is a linear homopolymer of β-(1,4)-linked N-acetyl-
glucosamine (GlcNAc) and is a major component of the
fungal cell wall. Unlike bacterial cell wall synthesis —
where polymerization of cell wall units occurs on the outer
surface of the plasma membrane and is catalyzed by mul-
tiple, individually essential transpeptidases — GlcNAc
polymerization occurs on the cytoplasmic surface of the
plasma membrane and is catalyzed by multiple, partially
redundant, chitin synthases. In C. albicans and the non-
pathogenic but extensively studied Saccharomyces cerevisiae,
there are three chitin synthases (Chs) [80]. The major in
vitro activity, Chs2 in C. albicans (Chs1 in S. cerevisiae), is a
nonessential, repair enzyme in vivo. Of the other two activ-
ities, Chs1 in C. albicans (Chs2 in S. cerevisiae) is involved
in septum formation, while Chs3 is involved in cell wall
maturation and bud ring formation. 

Different isozymes of chitin synthase may be inhibited to
different degrees by inhibitors. For example, in S. cerevisi-
ae, Chs1 and Chs3 are more sensitive than Chs2 to
nikkomycin derivatives [81,82]. This may have
chemotherapeutic implications, especially in view of the
functional redundancy of the enzymes. Thus, the aromat-
ic natural product xanthofulvin, which selectively inhibits
Chs2 of S. cerevisiae at micromolar concentrations, has
apparently no significant antifungal activity [P1]. On the
other hand, Chs3 might be a good chemotherapeutic target
since Chs3-deficient mutants of C. albicans are less virulent
than the parent strain in mice [83]. 

Polyoxins and nikkomycins have modest activity against
human pathogens due to transport limitations; they are
taken up by a dipeptide permease and thus peptides in
body fluids antagonize their uptake. Nikkomycin Z is the
only compound of that class which has shown some activity
in animal models as a single agent and synergy with glucan
and ergosterol synthesis inhibitors [79••]. Nikkomycin Z
progressed to clinical development, but stalled in Phase I
last year (R Hector, personal communication).

Pradimicins and benanomycins
Pradimicins and the related benanomycins are benzonaph-
thacene quinones conjugated with a D-amino acid and a
disaccharide sidechain [84,85]. They are produced by
Actinomadura species and were discovered in the 1980s.
Their mechanism of antifungal action involves calcium-
dependent complexing of their free carboxyl group with
the saccharide portion of cell-surface mannoproteins fol-
lowed by disruption of the plasma membrane and leakage
of intracellular potassium [86].

Pradimicins are active in animal models of cryptococcosis,
candidiasis and aspergillosis with potencies intermediate
of that of ketoconazole and amphotericin B [84]. Water-
soluble pradimicin derivatives such as BMS 181184 have
been synthesized, but their development was halted
because of animal toxicity findings [87].

Ergosterol synthesis inhibitors
Ergosterol synthesis has been an attractive area for rational
drug design. Fungal sterols are structurally distinct from
their mammalian counterparts and there is extensive
knowledge of their biosynthesis [88,89]. Three azoles,
voriconazole (UK-109,496), SCH 56592 and BMS 20714
(ER 30346) are in clinical development [90]. Apart from
14α-sterol demethylase (P-450DM) and squalene epoxi-
dase, targets actively pursued in the post-squalene
synthesis segment are oxidosqualene cyclase and C-24
methyltransferase [91–93] (Figure 1). The latter has no
mammalian counterpart (cholesterol is not methylated at C-
24) and thus is a particularly attractive target. Interestingly,
inhibitors of ∆24 methyltransferase (such as 22, 26 azasterol)
are also active against P carinii [93], because, although the
organism imports sterols from the infected host, it still
needs to methylate them to produce 24-alkyl sterols. With
both oxidosqualene cyclase and ∆24 methyltransferase,
research has focused on designing high energy intermedi-
ates or transition state analogs [88]. Inhibitors of the
post-squalene steps need not be selective, unless they
cause accumulation of compounds toxic to mammalian
cells, because mammalian cells can take up dietary choles-
terol via the low density lipoprotein (LDL) pathway
whereas fungi have no uptake system for exogenous sterols.

Targets in the pre-squalene segment of the ergosterol path-
way are less attractive, not so much because the reactions are
the same in fungi and mammalian cells (as are the targets for
the clinically useful allylamines and azoles), but because
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inhibitors may affect the synthesis of other essential ter-
penoids in mammalian cells. Nevertheless, inhibitors of
hydroxymethylglutaryl coenzyme A (CoA) and mevalonic
acid synthesis are potential or commercial cholesterol-lower-
ing agents, suggesting that enzymes at the branch-points of
the sterol pathway may have different affinities for sub-
strates, sparing critical but quantitative minor pathways
during depletion of key intermediates. Inhibitors of squalene
synthase, the squalestatins/zaragosic acids, have also been
reported [94,95], though none has promising antifungal activ-
ity, probably due to membrane permeability constraints.

Protein synthesis inhibitors
Both fungal and mammalian cells require two soluble pro-
tein factors, elongation factor 1 (EF-1) and 2 (EF-2) for the
polypeptide chain elongation reactions of protein synthe-
sis. Fungi, however, require an additional factor,
elongation factor 3 (EF-3) that is absent from mammalian
cells [96]. This 120–125 kDa protein, initially discovered
in S. cerevisiae over 20 years ago, is present in most fungi,
including C. albicans and P. carinii [97,98], and is essential
for cell viability since disruption of its gene is lethal to the
organism [99]. EF-3 contains two ABC domains, has
ATPase activity, and is specifically required by the yeast
40S ribosomal subunit. Though the exact function of EF-
3 in the elongation cycle is unclear, it stimulates the
function of EF-1α in binding aminoacyl-tRNA to the ribo-
some, plays a role in translational accuracy and mediates
release of deacylated tRNA from the ribosome E site when
the A site is occupied [100]. Very recently, a homolog of
EF-3, EF-3B, was identified in the S. cerevisiae genome
database, but apparently is not expressed during growth
and thus can not rescue deletion mutants of EF-3 [101•].
So far, structures of EF-3 inhibitors have not been report-
ed. Surprisingly, a selective inhibitor of EF-2, GM 237354,
was reported recently [102–106]. It is a synthetic tetrahy-
drofuran derivative belonging to the sordarin family of
natural products and has both in vitro and in vivo activity
against susceptible fungi (Candida species, Cryptococcus,
Coccidioides immitis and H. capsulatum) and is well tolerated
in laboratory animals. A related compound, GR135402, was
also reported to inhibit protein synthesis [107].

Fungi synthesize a small number of N-myristoylated pro-
teins, the most prominent being the 20 kDa
ADP-ribosylation factors (Arfs). Myristoylation involves the
co-translational transfer of myristate, a 14-carbon saturated
fatty acid, from CoA to the amino-terminal glycine of pro-
teins [108]. The reaction is essential in C. neoformans,
C. albicans and other fungi [109–111], and is catalyzed by
myristoyl-CoA:protein N-myristoyltransferase (NMT) that
has different peptide substrate specificity from its mam-
malian counterpart [112–114]. A crystal structure of the
enzyme has recently been published [115••]. Selective
inhibitors of fungal NMT, some having antifungal activity,
have been synthesized [116,117•]. Another target in the
post-translational modification of proteins is the enzyme
that transfers glycosyl phosphatidylinositol (GPI)-manno-

proteins from their GPI membrane anchors to β-(1,3)-glucan
[118,119•]. This reaction differs somewhat from its mam-
malian counterpart and may thus be an attractive target.

Sphingolipid synthesis inhibitors
Several inhibitors of fungal sphingolipid synthesis
(Figure 2), all natural products and most of them toxic to
mammalian cells, have been reported in the past ten years.
Sphingolipids are essential components of the cytoplasmic
membrane in both mammalian and fungal cells but differ
in their structure and biosynthesis [120]. 

The early biosynthetic steps that lead to ceramide (phytoce-
ramide in fungi) are shared in mammalian and fungal cells
and inhibitors of these biosynthetics steps (such as the
sphingofungins, fumonisins and australifungins) have both
broad-spectrum antifungal activity and host toxicity
[121,122]. Steps subsequent to ceramide formation are
unique to fungi and involve the sequential addition of phos-
phorylated sugars to form inositolphosphorylceramide (IPC),
mannose-IPC (MIPC) and mannose-inositolphosphoryl-IPC
(M(IP)2C). The first addition of inositol phosphate, cat-
alyzed by IPC synthase, is inhibited by nanomolar
concentrations of aureobasidins, cyclic depsipeptides pro-
duced by the black yeast Aureobasidium pullulans R106
[123••,124,125]. Aureobasidin itself has fungicidal, moder-
ate-spectrum activity, which includes C. albicans,
C. neoformans and some Aspergillus species, is orally active in
a murine infection model of candidiasis and has low animal
toxicity. Inhibition of IPC synthase causes both sphingolipid
depletion and ceramide accumulation, the latter being prob-
ably responsible for the fungicidal effect. Other nanomolar
inhibitors of IPC synthase from natural products are the lipid
khafrefungin and the macrolide galbonolide/rustmicin
[126,127,128•].

Emerging targets
Microtubules are dynamic polymers of α- and β-tubulin
dimers whose aggregation/ disaggregation plays a key role
in cell morphology and growth. Microtubule aggregation is
inhibited by griseofulvin, the agricultural fungicide beno-
myl, and the anticancer drugs vincristine and vinblastine;
disaggregation is inhibited by taxol [129]. This is an area of
intense research for anticancer agents that has the poten-
tial of spilling over to antifungal research.

Topoisomerases I and II control the topological state of
DNA so that it can undergo replication, transcription,
repair, and chromosomal segregation. They act by intro-
ducing transient, enzyme-bridged DNA breaks (single
strand breaks for type I and double strand breaks for
type II) that allow the passing of DNA strands. The enor-
mous success of topoisomerase inhibitors in antibacterial
and anticancer chemotherapy has underscored the potential
of fungal topoisomerases as drug targets. Recent evidence
suggests that fungal topoisomerase I and II can be inhibit-
ed selectively [130–132], the latter by cationic aromatic
compounds that bind to the minor groove of DNA.
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The success of trimethoprim/sulfomethoxazole in treat-
ing P. carinii pneumonia has validated their sites of action
in the folate pathway as drug targets for this organism
[133], though not for other fungi. More recently, phos-
phoribosylaminoimidazole carboxylase, an enzyme of the
purine pathway, has been suggested as a target for C. neo-
formans, due to the low levels of free adenine in the
cerebrospinal fluid [134]. Dehydroorotate dehydrogenase
(DHO-DH), an enzyme of the pyrimidine pathway, has
been explored for over a decade as a target both in infec-
tious diseases and cancer chemotherapy [135,136]. A
series of 4-phenoxy-quinoline agricultural fungicides tar-
get this enzyme in mitochondria. 

The discovery of the amino acid analog cispentacin, an
antifungal with excellent in vivo activity and multiple
cellular targets [137–139], raised the possibility of inter-
fering with amino acid synthesis. Other amino acid
analogs with antifungal activity are RI-331, which
inhibits homoserine dehydrogenase [140], a particularly
attractive target since it is absent in mammalian cells,
and azoxybacillin, which inhibits the biosynthesis of sul-
fur-containing amino acids [141].

Ornithine decarboxylase (ODC), the rate-limiting enzyme
in polyamine synthesis [142] and the target for suicide sub-
strate analogs such as eflornithine, may also be an
antifungal target. P. carinii ODC is far less sensitive to
DFMO than the mammalian enzyme, suggesting differ-
ences in the active sites, though the available information
is not yet sufficient for rational drug design. An inhibitor of
S-adenosylmethionine decarboxylase recently showed
promising activity against P. carinii in vivo [143].

Proton ATPases and efflux pumps
The plasma membrane H+-ATPase is an integral, abundant
membrane protein involved in the maintenance of electro-
chemical proton gradients and the regulation of
intracellular pH. Plasma membrane H+-ATPases are known
in sufficient molecular detail to be targets for rational drug
design, provided there are exploitable differences between
the fungal and mammalian enzymes. The vesicular H+-
ATPase (V-ATPase) is inhibited specifically by folimycin,
an antifungal agent structurally related to bafilomycins
[144]. These compounds block acidification of intracellular
organelles and thereby affect intracelllular protein traffick-
ing and translocation to the cell surface. As with the plasma
membrane ATPase, the selectivity between fungal and
mammalian enzymes is presently unclear.

Proteins with pump function have been reported in
Candida species [145,146,147••] and may be responsible
for the observed broad resistance of these organisms to
azoles and perhaps to other antifungal agents. Although
they are functionally similar to multidrug resistance pro-
teins reported in bacteria, parasites, and mammalian cells,
their encoding genes may be different from the multiple-
drug resistance (MDR) genes of the P-glycoprotein family.

The lack of structural similarity to mammalian P-glycopro-
teins may be exploited in designing specific inhibitors of
the fungal efflux pumps. Recent studies have shown that
deletion of a multidrug resistance gene in C. albicans
results in a marked attenuation of virulence of the organ-
ism, suggesting the possibility of simultaneously
potentiating antifungal activity and attenuating virulence.

Conclusions
The recent surge in the use of antifungals, particularly
azoles, is selecting resistant strains of susceptible species
and is shifting the population of fungal pathogens toward
species that are intrinsically resistant, such as non-albicans
Candida species, C. krusei and C. glabrata. Since the vast
majority of life-threatening mycoses occur in immunocom-
promised patients, the importance of broad-spectrum,
fungicidal agents of acceptable toxicity can not be overem-
phasized. The continued broad use of amphotericin B,
despite the advent of less toxic agents, underscores the
critical need for potent, fungicidal agents.

One class of selective fungicidal agents, the echinocandins
and pneumocandins, is currently in clinical development.
Other leads with selective fungal toxicity have emerged,
mainly from natural product screening (aureobasidin A,
sordaricins, cispentacin) though as yet none is in clinical
development. New technologies are accelerating the dis-
covery process: genomics, combinatorial chemistry,
high-throughput screening. As technologies mature, their
track record points to their limitations. Genomics, although
useful in discovering essential genes and spotting motifs
(isozymes, homologs), has been less useful in defining
functions; the gene-to-screen road can be a tremendous
challenge, as the example of IPC synthase has shown.
Combinatorial chemistry, while useful in lead optimization
(cyclopeptamines), maybe less useful in lead discovery.
High-throughput screening presupposes a robust assay
(relatively stable reagents, linear kinetics), which is not
always possible. Good quality compound libraries are, of
course, essential for lead discovery. As are creative assays
(biochemical and whole cell) and a ‘prepared mind’. An
example of the latter is the recent report on the mecha-
nism of action of galbonolide/rustmicin [128•].
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