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Abstract
In recent years, incidences of invasive fungal infections have greatly increased, especially in immunosuppressed patients, but
most today's antifungal drugs are not completely effective due to the development of drug resistance, as well as potential
toxicity and adverse effects. Consequently, it is imperative to search for novel antifungal agents to combat fungal infections.
This review will discuss the advances in the traditional antifungal therapy, and present an overview of novel strategies for the
treatment of fungal infections. The papers presented here highlight new targets that could be exploited for development of
new antifungal agents.

Introduction

Fungal infections are responsible for over one million
human deaths per annum, which is a significant worldwide
health problem [1]. In recent decades, the number of
opportunistic fungal infections had greatly increased in
immunosuppressed patients and those admitted in intensive
care units [2–4]. These infections range from non-life-
threatening mucocutaneous illnesses to invasive infections
involved in virtually any organ [5]. The fungal genera most
often associated with the invasive fungal infections,
including species of Aspergillus, Candida, and Crypto-
coccus [5, 6]. Of the Candida species isolated from humans,
Candida albicans is the most commonly encountered
human fungal pathogen [7]. Systemic candidiasis, caused
by C. albicans, had become one of the main causes of death
in deep fungal infection patients [3]. However, infections
caused by Aspergillus fumigatus and Cryptococcus neo-
formans were also common [8].

Only few classes of antifungals, such as polyenes, azoles,
echinocandins, allylamines, and flucytosine were available
for the treatment of fungal infections [8, 9]. Unfortunately,
these antifungals had various drawbacks in terms of

toxicity, spectrum of activity, safety, and pharmacokinetic
properties [10]. Besides, with the long-term and large-scale
application of these antifungal agents, there had been a
notable increase in drug resistance [3]. Consequently, it was
critical to search for new antifungal drugs, and devise
innovative strategies to combat fungal infections.

The papers presented here the advances in the traditional
antifungal therapy and highlighted new targets that could be
exploited for development of new antifungal agents. These
new targets, which included homoserine transacetylase,
methionine synthase, ATP sulfurylase, transcription factor
protein (MET4), homocysteine synthase, aspartate kinase,
homoserine dehydrogenase, homoserine kinase, threonine
synthase, acetolactate synthase, ROS production, biofilm
formation, sulfite transporter, phosphopantetheinyl trans-
ferase, mitochondrial phosphate carrier, and bromodomain
(BD), show great promise as antifungal targets.

Traditional antifungal agents

Currently available antifungal agents are mainly divided
into six categories: azoles, allylamines/thiocarbamates,
morpholines, polyenes, pyrimidine analogs, and echino-
candins [10]. These antifungal agents usually targeted
ergosterol biosynthesis pathway, fungal cell wall, or fungal
DNA/RNA.

Azoles are the most widely used class of antifungal drugs
(Fig. 1) [11, 12]. Azoles exerted antifungal effect by inhi-
bition of cytochrome P450-dependent 14α-lanosterol
demethylase (Cyp51) encoded by the ERG11 gene that
converted lanosterol to ergosterol [10, 13]. Moreover, flu-
conazole (FLC, 1) and itraconazole (2) also resulted in the
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accumulation of obtusifolione in the ergosterol biosynthetic
pathway, mainly due to the inhibition of NADPH-
dependent 3-ketosteroid reductase (ERG 27), which cata-
lyzed the reduction of the 3-ketosteroid obtusifolione to
obtusifoliol in C. neoformans [11, 14]. The increased use of
azoles had led to an increase in drug resistance, limiting
their effectiveness [15]. However, the development of new
azoles agents was still an active area in current antifungal
drug research. Isavuconazole (4) was approved in 2015 for
treatment of invasive aspergillosis and mucormycosis [16].
Isavuconazole possessed a broad range of antifungal
activity and good water solubility and displayed improved
safety and tolerability comparing with voriconazole [17].
Another new azoles albaconazole (3) under clinical eva-
luations, showed potent activities against clinically resistant
fungal strains [16].

Allylamines (e.g., terbinafine, 5) and thiocarbamates
(e.g., tolnaftate, 6) inhibited the squalene epoxidase enco-
ded by the ERG1 gene that converted squalene to 2,3-
squalene epoxide [10, 14]. Morpholines (e.g., amorolfine, 7)
exerted antifungal effect by inhibition Δ8-Δ7 isomerase
(ERG2) and the Δ14-reductase (ERG24) involved in ergos-
terol biosynthesis [10, 18]. However, all of these drugs have
been mostly used for the control of dermatophyte fungal
infections [10, 14, 18].

Polyenes (Fig. 2) are actinomycetes-derived unsaturated
macrolactones that complex with ergosterol and disrupt the
fungal plasma membrane, which result in increase of
membrane permeability, the leakage of vital cytoplasmic
components, and ultimately death of the fungal cell [14, 19].
Amphotericin B (AMB, 8), natamycin (9), and nystatin (10)
were the only three polyenes in clinical use [10]. However,
one of the primary drawbacks of polyenes was their

significant toxicity [12]. Although nephrotoxicity could be
reduced with the use of lipid formulations of AMB, it still
occurred, especially with higher doses or prolonged
administration [13, 20]. Subsequently, researchers dis-
covered the novel polyene compound SPK-843 (11). SPK-
843 showed less renal toxicity than both AMB or liposomal
AMB and also better activity than micafungin in vivo [21].
Unfortunately, SPK-843 had not been in clinical trials for
many years (phase III clinical study, efficacy, safety, and
pharmacokinetics of SPK-843 in the treatment of crypto-
coccosis or aspergillosis infections in 2011: Drugbank).

Pyrimidine analogs, 5-fluorocytosine (5-FC) and 5-
fluorouracil (5-FU), were the synthetic structural analogs
of nucleotide cytosine [14]. 5-FC worked as an antifungal
agent through conversion to 5-FU within target cells. 5-FU
incorporated into RNA resulting in disruption of protein
synthesis, and also inhibited DNA synthesis and the nuclear
division through effect on thymidylate synthase [10, 18, 19].
5-FC exhibited activity against some strains of Candida and
Cryptococcus. However, the most filamentous fungi lacked
thymidylate synthase leading to their very narrow antifungal
spectrum activity [10].

Echinocandins, including micafungin (12), caspofungin
(13), and anidulafungin (14), were comparatively recently
discovered as antifungal drugs (Fig. 3) [14]. They were
semi-synthetic amphiphilic lipopeptides composed of a
cyclic hexapeptide core with different lipid side chains
[5, 12, 18]. Echinocandins inhibited the catalytic subunit of
1,3-β-D-glucan synthase (GS), which was responsible for
synthesis of 1,3-β-D-glucan, an important component of the
fungal cell wall [22]. However, one limitation of the clini-
cally available echinocandins was the need for daily intra-
venous administration, which was problematic for

Fig. 1 Structures of antifungal
reagents target ergosterol
biosynthesis pathway
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prolonged therapy [13, 20]. Recently, several new GS
inhibitors had been discovered through high-throughput
screening of compound libraries from natural products or
synthetic molecules, such as pyridazinone (15), enfuma-
fungin (16), and piperazine propanol (17) [16].

Several new antifungals are currently in development
(Fig. 4). These agents were similar to clinically available
antifungal drugs in terms of their mechanisms of action,
but were more advantageous than the current drugs, both
in terms of overcoming antifungal resistance and
avoiding adverse effects [20]. Encouragingly, some of
these agents might soon be available for clinical use.
These compounds mainly included the following cate-
gories: (i) VT-1129 (18), VT-1161 (19), and VT-1598
(21) (fungal-specific inhibitors of Cyp51), which were
more specific inhibition of fungal Cyp51 comparing
with mammalian CYP450 enzymes [23–25]; (ii)
AX001 (20, inhibition of fungal glycosylphosphatidy-
linositol biosynthesis), prevented the maturation of
glycosylphosphatidylinositol-anchored proteins by inhi-
biting inositol acyltransferase [13, 20]; (iii) SCY-078
(22) and CD101 (23) (inhibition of glucan synthase),
among, CD101 had a longer half-life ( > 80 h) and SCY-
078 allowed for oral administration due to good
absorption from the gastrointestinal tract [26–28]; (iv)
F901318 (24, inhibition of fungal pyrimidine biosynth-
esis), its activity against A. fumigatus dihydroorotate
dehydrogenase was significantly more potent compared
with that of the human [29]; (v) T-2307 (25, inducing
collapse of fungal mitochondrial membrane potential), it

was preferentially taken up by fungal cells compared
with mammalian cells [20, 30].

Metabolic targets in the fungal aspartate pathway

The fungal aspartate pathway is required for the biosynth-
esis of threonine, isoleucine, and methionine (Fig. 5).
Pathway is a good target for novel antifungal agents, since
elements of this pathway are essential for fungal viability
and is not found in mammals [31–34]. Among them,
homoserine transacetylase (MET2), ATP sulfurylase
(MET3), transcription factor protein (MET4), methionine
synthase (MET6), homocysteine synthase (MET15), aspar-
tate kinase (HOM3), homoserine dehydrogenase (HOM6),
homoserine kinase (THR1), threonine synthase (THR4), and
acetolactate synthase (ILV2) showed great promise as anti-
fungal targets. Several inhibitors of MET2, MET4, MET15,
HOM3, HOM6, THR4, and ILV2 had been discovered till
now (Fig. 6).

Homoserine transacetylase (HTA), encoded by theMET2
gene, catalyzed the transfer of an acetyl group from acetyl-
CoA to the hydroxyl group of homoserine. This was a
committed step in the biosynthesis of methionine from
aspartic acid in many fungi [35–37]. Genetic studies in
yeast had shown that deletion of the gene that encodes for
HTA was lethal in minimal medium [37]. Recent studies
showed that met2 mutant was also found to be a methionine
auxotroph in Candida guilliermondii and C. neoformans
[36, 38]. Moreover, met2 mutant of C. neoformans had been
found to be avirulent in the mice model. Fortunately, the

Fig. 2 Structures of polyenes
antifungal reagents
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first HTA inhibitor CTCQC (6-carbamoyl-3a,4,5,9b-tetra-
hydro-3H-cyclopenta[c]quinoline-4-carboxylic acid, 26)
had been identified [36]. These studies suggested that HTA
was a viable drug target in antifungal research.

MET3 encoded ATP sulfurylase, which converted sulfate
to adenylyl sulfate in the inorganic sulfur assimilation [32, 35].
Data in a recent study showed that ATP sulfurylase was
essential for the utilization of sulfamate as a sulfur source in
the yeast Komagataella pastoris [39]. In C. neoformans, the
sulfate-assimilation arm of the methionine biosynthetic
pathway was critical for virulence and survival in vivo, and
also played an important role in vitro even in the presence
of abundant exogenous methionine [32, 33]. Melanin could
protect the pathogen against the harsh host environment
[31]. Melanin formation was considered as an important
virulence factor in C. neoformans [33]. In vitro, the
C. neoformans met3 mutant had a substantial defect in
melanin formation, and significantly reduced growth rate. In
addition, the met3 mutant showed avirulent and weak sur-
vivability in the murine inhalation infection model [31, 32].
These studies suggested that MET3 was a promising target
for antifungal agents.

Yeast sulfur metabolism was transcriptionally regulated
by the activator MET4 [40, 41]. The transcriptional acti-
vation of MET2, MET3, MET5, MET10, MET14, MET25
(alternate names: MET15, MET17), and MET16 genes did

not occur in met4 mutants [35]. Azoxybacilin (27), pro-
duced by Bacillus cereus, had a broad spectrum of anti-
fungal activity in methionine-free medium. These studies
showed that azoxybacilin inhibited the transcription reg-
ulation of the MET4 gene, which in turn repressed the
mRNA syntheses of those genes involved in sulfate
assimilation [42]. Azoxybacilin as a gene regulation inhi-
bitor provided a new way of inhibiting fungal cells. Glu-
tathione (GSH) was an important molecule in the protection
of yeast cells against damage induced by oxidative stress
[43]. It was recently reported that MET4 was also involved
in regulation of GSH biosynthesis in the methylotrophic
yeast Ogataea (Hansenula) polymorpha [44]. Thus, MET4
was integral to the maintenance of cellular GSH con-
centrations [43]. As the inorganic sulfur assimilatory path-
way was absent in humans, it could be an attractive target
for drug designing [31].

MET6 encoded methionine synthase which converted
homocysteine to methionine in fungi. The MET6 encoded
protein of fungi was a cobalamine (vitamin B12)-indepen-
dent protein, differing from the human methionine synthase,
which was cobalamin-dependent [31, 33]. In C. neofor-
mans, the met6 mutant was a methionine auxotroph, and
had been found to be avirulent in the mice inhalation
infection model. Moreover, relative to wild-type strains, the
met6 mutant grew very slowly and lost viability upon

Fig. 3 Structures of 1,3-β-D-
glucan synthase (GS) inhibitors
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methionine starvation. Capsule production was an important
virulence factor, and prevented phagocytosis of C. neofor-
mans by macrophages and neutrophils. However, the met6
mutation resulted in substantially reducing capsule forma-
tion. In addition, the deletion of MET6 gene led to toxic
accumulation of homocysteine, which consequently resul-
ted in the inhibition of ergosterol biosynthesis [33]. These
results suggested that MET6 was an attractive target for
antifungal agents.

Homoserine dehydrogenase, encoded by HOM6 gene in
Saccharomyces cerevisiae, catalyzed the conversion of
aspartate β-semialdehyde to homoserine. It was required for
the biosynthesis of threonine, isoleucine, and methionine
[45]. The deletion of HOM6 led to toxic accumulation of
aspartate β-semialdehyde, which consequently resulted in
the inhibition of fungal cell growth [45, 46]. Recent studies
had also reported that the deletion of C. albicans HOM6
caused translational arrest in cells grown under amino acid
starvation conditions and also led to decline of adhesive
capacity of C. albicans [47]. The targeting homoserine
dehydrogenase antifungal compound, (s)−2-amino-5-
hydroxy-4-oxopentanoic acid (HON; RI-331, 28), which
was isolated from Streptomyces species, had been shown to
be effective against C. albicans, C. neoformans, and Cla-
dosporium fulvus [48]. Given that there was no HOM6

homolog in mammalian cells, HOM6 could be an excellent
target for novel antifungal agents.

The last committed step, the incorporation of sulfide into
a carbon chain, was catalyzed by homocysteine synthase
(O-acetylhomoserine sulfhydrylase, encoded by MET15) in
the inorganic sulfur assimilatory pathway [35]. Met15-
deficiency in S. cerevisiae led to a nutritional requirement
for methionine, cysteine, or homocysteine [49]. In C. albi-
cans, the deletion ofMET15 led to a severe defect of growth
on sulfate [31]. The natural product azoxybacilin (27) had
been shown to target homocysteine synthase and inhibited
the growth of fungi [34]. These studies suggested that
MET15 was a potential target for antifungal agents.

Yeast synthesizes threonine from aspartate via five
enzymatic reactions steps (Fig. 5) [50]. The first step in this
process was activation of aspartate by phosphorylation
catalyzed by aspartate kinase (encoded by HOM3) [34].
Previous studies demonstrated that S. cerevisiae hom3
mutant was unable to survive in vivo and C. neoformans
hom3 mutant was lethal [51]. From screening a 1000-
compounds diversity library, Bareich et al. identified a
novel class of 7-chloro-4([1,3,4]thiadiazol−2-ylsulfanyl)-
quinoline HOM3 inhibitor (compounds 29, 30, 31, and 32),
which had the potential to act as leads in the development of
new antifungal agents [34].

Fig. 4 Current antifungals in
clinical trials. The chemical
structures of VT-1129 (18,
fungal-specific inhibitors of
Cyp51), VT-1161 (19, fungal-
specific inhibitors of Cyp51),
AX001 (20, inhibition of fungal
glycosylphosphatidylinositol
biosynthesis), VT-1598
(21, fungal-specific inhibitors of
Cyp51), SCY-078
(22, inhibition of glucan
synthase), CD101 (23, inhibition
of glucan synthase), F901318
(24, inhibition of fungal
pyrimidine biosynthesis), and T-
2307 (25, inducing collapse of
fungal mitochondrial membrane
potential) are shown
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Homoserine was converted to threonine by the sequential
actions of homoserine kinase (encoded by THR1) and
threonine synthase (encoded by THR4) [51]. THR1 and
THR4 had been verified to be essential for growth in
C. neoformans [52]. In S. cerevisiae, thr1 and thr4 mutants
were severely depleted after 4 h in vivo. Similarly,
C. albicans thr1 mutants were significantly attenuated in
virulence. In addition, S. cerevisiae thr1 and thr4 mutants as
well as C. albicans thr1 mutants were extremely serum
sensitive. Further studies had shown that low serum threo-
nine concentrations and the accumulation of the biosyn-
thetic intermediate homoserine were key to the rapid death
of thr1 and thr4 mutants [51]. Since homoserine kinase and
threonine synthase were absent in mammals, they are
potential targets for the development of novel antifungal

agents. Until now, several threonine synthase inhibitors
(rhizocticins, 33) had been discovered [53, 54].

Isoleucine and valine biosynthesis were parallel path-
ways catalyzed by the same enzymes (Fig. 5) [55]. The
isoleucine and valine biosynthetic enzyme acetolactate
synthase (encoded by ILV2) catalyzed the conversion of α-
ketobutyrate/pyruvate to α-aceto-α-hydroxybutyrate/α-
acetolactate. Some studies suggested that S. cerevisiae and
C. neoformans ilv2 mutants rapidly lost viability during
isoleucine and valine starvation, and did not survive in vivo
and/or was avirulent. In addition, the C. albicans ilv2
mutant was significantly attenuated in virulence, and
underwent a dramatic decline in viability upon isoleucine
and/or valine starvation [56–58]. Remarkably, several
acetolactate synthase inhibitors (compounds 34, 35, 36, 37,

Fig. 5 Ergosterol, methionine, threonine, isoleucine, and valine bio-
synthetic pathways. a Ergosterol biosynthetic pathway [3].
b Methionine and threonine biosynthetic pathways [31, 35, 38].
c Isoleucine and valine biosynthetic pathways [56]. Only selected
substrates or products are shown. Genes that encode enzymes in the
pathway are expressed in italics. CoA coenzyme A, MET3 ATP sul-
furylase, MET14 adenylyl sulfate kinase, MET16 phosphoadenylyl
sulfate reductase, MET5 sulfite reductase-β subunit, MET10 sulfite
reductase-α subunit, MET2 homoserine transacetylase, MET15 (=
MET17; MET25), homocysteine synthase (O-acetylhomoserine sulf-
hydrylase); MET6 methionine synthase, HOM3 aspartate kinase,

HOM2 aspartic semi-aldehyde dehydrogenase, HOM6 homoserine
dehydrogenase, APS adenylyl sulfate, PAPS phosphoadenylyl sulfate,
STR2 cystathionine-γ-synthase, STR3 cystathionine-β-lyase, STR4
cystathionine-β-synthase, STR1 cystathionine-γ-lyase, SAM1/SAM2
S-adenosylmethionine synthase, SUL1/SUL2 sulfate transporter, SAH1
S-adenosylhomocysteine hydrolase, THR1 homoserine kinase, THR4
threonine synthase, ILV1 threonine deaminase, ILV2/ILV6 acetolactate
synthase, ILV5 acetohydroxy acid reductoisomerase, ILV3 dihydroxy
acid dehydratase, BAT1/BAT2 branched-chain amino acid
aminotransferase
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38, 39, 40, and 41) had been identified. In vitro studies had
demonstrated that these compounds possessed good anti-
fungal activity against S. cerevisiae, C. albicans, A. fumi-
gatus, C. neoformans, and Rhizopus oryzae [59].

ROS production

Previous studies demonstrated that oxidative damage
induced by endogenous reactive oxygen species (ROS)
involved in the antifungal activity of AMB and FLC [60–63].
ROS were the byproducts of cellular metabolism and pri-
marily generated in the mitochondria [64]. Overproduction
of ROS caused serious oxidative stress in the cell and
resulted in damage of nucleic acids, lipids, and proteins [65,
66]. Recently, more and more antifungal natural products
were discovered with enhancing ROS levels in the cells
(Fig. 7). Citronellal (42) was a monoterpenoid isolated from
the Cymbopogon plants, and it could increase ROS levels to
elicit cell necrosis, mitochondrial dysfunction, and DNA
damage in C. albicans [67]. The antifungal natural mono-
terpenoid perillaldehyde (43), derived from Perilla fru-
tescens, was found to cause accumulation of ROS in C.

albicans [68]. HSAF (heat-stable antifungal factor, 44), a
polycyclic tetramate macrolactam from Lyaobacter enzy-
mogenes C3, induced the apoptosis of C. albicans through
inducing the production of ROS [69]. Retigeric acid B
(RAB, 45) from lichen inhibited the growth of C. albicans
by stimulating ROS production [64]. In addition, allicin
(46)-mediated oxidative damage contributed to the syner-
gistic interaction of allicin and AMB [70]. Thus, oxidative
stress responses was an important new targets for antifungal
agents discovery.

Anti-biofilm strategies

In natural environments, most of fungi can from a plank-
tonic to a sessile state forming the so-called biofilms [66].
Fungal biofilms were comprised of adherent cells covered
by an extracellular polymeric matrix. More recently, the
majority of clinically encountered fungi had been shown to
produce biofilms, including Aspergillus, Saccharomyces,
Cryptococcus, Candida spp. Among them, the well-studied
was C. albicans [71]. Most manifestations of candidiasis
were in fact associated with the formation of Candida

Fig. 6 Structures of homoserine
transacetylase (26), transcription
factor protein (27),
homocysteine synthase (27),
homoserine dehydrogenase (28),
aspartate kinase (29, 30, 31, and
32), threonine synthase (33), and
acetolactate synthase (34, 35,
36, 37, 38, 39, 40, and 41)
inhibitors
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biofilms [5]. Thus, biofilm formation was considered as an
important virulence factor. The proclivity of C. albicans to
form biofilms had caused a range of superficial mucosal
infections and severe disseminated candidiasis. C. albicans
biofilm was intrinsically resistant to the host immune sys-
tem and conventional antifungal drugs [72]. The resistance
of C. albicans biofilm cells to antifungal drugs was
higher than that of planktonic cells, and the corresponding
MICs were 30–2000 times higher. Therefore, inhibiting
biofilm formation was an important for fungal resistance
reversing [73].

Previous study showed that fungal prostaglandin (PG)
could act as a regulator for biofilm development in
C. albicans and that it was also a significant virulence factor
in biofilm-associated infections of C. albicans [73, 74].
Prostaglandin E2 (PGE2) belongs to the most abundant PG
[75]. C. albicans was known to produce PGE2 from ara-
chidonic acid [76]. Several studies certified that PGE2 could
promote fungal cell adhesion, germ tube formation, and
biofilm development in C. albicans [76, 77]. Evidence
revealed that candidiasis was associated with high levels of
PGE2, and decreasing prostaglandin production during C.
albican infections was an important factor in relieving

chronic infections [73]. Furthermore, PGE2 production was
also a significant virulence factor in biofilm-associated
infections of non-albicans species [73, 75].

The biosynthesis of PGE2 was catalyzed by several
enzymes (Fig. 8). First, arachidonic acid was mediated by
cyclooxygenase (COX-1 or COX-2) to form prostaglandin
G2 (PGG2), and then, the same enzyme catalyzed the
formation of prostaglandin H2 (PGH2). Finally, PGE2 was
enzymatically produced from PGH2 via PGE2 synthase
[73, 78, 79]. Since PGE2 played an important role in
fungal cell adhesion, biofilm development, and germ tube
formation, the key enzymes involved in the PGE2 bio-
synthetic pathway had been attractive targets for anti-
fungal agents. In fact, several studies had suggested that
COX inhibitors (e.g., ibuprofen, 47; aspirin, 48; and
indomethacin, 49) had strong antifungal activity against
C. albicans. These compounds inhibited the biosynthesis
of PGE2 by targeting cyclooxygenase, and therefore
reduced biofilm development in C. albicans [74, 80, 81].
As the terminal enzyme down-stream of COX-2, micro-
somal prostaglandin E synthase-1 (mPGES-1) could cat-
alyze the biosynthesis of PGE2 with fewer side effects
and, ideally, could not affect the formation of other

Fig. 7 The inhibitors of potential
antifungal targets
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housekeeping PGs [73]. Thus, mPGES-1 was considered
as an attractive antifungal drug target. Fortunately, several
compounds were considered to be mPGES-1 inhibitors,
such as MF63 (50) and licofelone (51). These compounds
could efficiently suppress mPGES-1 activity and reduce
PGE2 levels [73, 82].

Quorum sensing events were those in which microbial
actions and response were correlated to cell density [66]. It
has been demonstrated that quorum-sensing molecules were
essential for biofilm formation and whose threshold con-
centration triggered biofilm formation [83]. Farnesol was an
extracellular quorum-sensing molecule [84]. When farnesol
accumulated above a threshold level, it could prevent
C. albicans from converting from the yeast form to the
mycelium form to inhibiting biofilms formation. In addition,
extra exogenous farnesol also inhibited the translation to
limit growth and filamentation in C. albicans and S. cere-
visiae [85]. Kovács et al. had shown that farnesol could
potentiate the activity of echinocandins (caspofungin,

micafungin) against Candida parapsilosis biofilms [84].
Besides the aforementioned effect on morphological trans-
formation, farnesol also affected other biochemical path-
ways of yeasts, for example, those ones for sterol
biosynthesis or triggering of apoptosis via accumulation of
ROS to damage essential cellular compartments [86]. More
recently, bafilomycin C1 (Baf C1, 52) was isolated from a
fermentation broth of Streptomyces albolongus by our
research group and it showed strong antifungal activity
against C. albicans [87]. Baf C1 also could increase the
content of farnesol in C. albicans environment [3]. How-
ever, it should be noted that the Baf C1 exhibited significant
cytotoxicity. Another study had shown that RAB could
induce farnesol production through stimulating the expres-
sion of Dpp3p, a protein required for farnesol biosynthesis.
The enhanced farnesol induced by RAB probably con-
tributed to the dysfunction of mitochondria and apoptosis in
C. albicans [64]. These results suggested that farnesol was a
potential target for antifungal agents.

Sulfite transporter as a potential antifungal target

Most superficial fungal infections were caused by derma-
tophytes, a specialized group of filamentous fungi which
exclusively infected keratinized host structures such as hair,
skin, or nails, utilizing them as a sole nitrogen and carbon
source [88, 89]. Dermatophytes and other filamentous fungi
excreted sulfite as a reducing agent during keratin degra-
dation. In the presence of sulfite, cystine in keratin was
directly cleaved to cysteine and S-sulphocysteine. Thereby,
the reduced proteins became accessible to hydrolysis by
various endoproteases and exoproteases secreted by the
fungi [90]. Sulfite was produced from cysteine metabolism,
and was secreted by dermatophytes and filamentous fungi
using a sulfite efflux pump encoded by the gene SSU1. The
high expression of SSU1 was characteristic of dermato-
phytes, which promoted these fungi to efficiently degrade
the stratum corneum, hair, and nails [91]. Thus, sulfite
transporter SSU1 was considered as one of the most
important dermatophyte virulence factors [92]. Several
sulfite efflux pumps had been identified in A. fumigatus,
Trichophyton rubrum, Arthroderma benhamiae, S. cerevi-
siae, and C. albicans [90, 93, 94]. It had been proved that A.
benhamiae ssu1 mutants were unable to grow specifically
on hair and nails [95]. In addition, the deletion of C. albi-
cans SSU1 resulted in enhanced sensitivity of the fungal
cells to both cysteine and sulfite. Notably, C. albicans ssu1
mutant displayed reduced hypha formation in the presence
of cysteine [94]. Sulfite transporters would be a new target
for antifungal drugs in dermatology, since inhibition of
these transporters could prevent dermatophytes hydrolyzing
keratin. Moreover, these sulfite transporters were absent in
humans [31, 90].

Fig. 8 Prostaglandin E2 (PGE2) biosynthesis pathway based on the
arachidonic acid [73]. Only selected substrates or products are shown.
Metabolites (green); enzymes (red) that catalyze these reactions in the
pathway are shown to the right. PGG2, prostaglandin G2; PGH2,
prostaglandin H2; PGE2, prostaglandin E2; COX, cyclooxygenase;
mPGES, microsomal prostaglandin E2 synthase
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Phosphopantetheinyl transferase as a potential
antifungal target

The phosphopantetheine (PPT) portion of coenzyme A was
an essential group for many carrier proteins and enzymes.
The PPT moiety was transferred to a conserved serine
residue within the carrier proteins in process of a magne-
sium ion-dependent reaction catalyzed by phospho-
pantetheinyl transferases (PPTases) [96, 97]. The majority
of filamentous fungi had distinct, functionally diverse, and
nonredundant PPTases that could be categorized into three
types [98]. The first was integrated within the cytoplasmic
fatty acid synthase and transfered the PPT to an acyl carrier
protein (ACP) domain within the same protein [97, 99]. The
second (Lys5 in S. cerevisiae and C. albicans; PptA in A.
fumigatus) PPTase activated α-aminoadipate reductase and
was therefore required for lysine biosynthesis [97, 100]. The
third PPTase (Ppt2 in S. cerevisiae; PptB in A. fumigatus)
was involved in mitochondrial fatty acid synthesis, and was
required to transfer the PPT from CoA to the mitochondrial
acyl carrier protein Acp1 [99]. In contrast, only a single
PPTase was found in humans. Moreover, it was of a dif-
ferent structural class from those in fungi, thereby
improving the chance of finding fungal-specific inhibitors
[99, 101]. Previous work had shown that phospho-
pantetheinyl transferase PptB was essential for viability in
A. fumigatus [97]. In addition, a recent study also showed
that phosphopantetheinyl transferase Ppt2 was essential for
growth in C. albicans [99]. In vitro studies have demon-
strated that A. fumigatus PptA mutant required supple-
mentation with both lysine and iron to sustain growth and
form nonpigmented conidia [97, 98]. In a very recent study,
Johns et al. [98] reported PptA was vital for virulence of A.
fumigatus. These results suggested that the PptA plays a
major role in the production of secondary metabolites,
growth under iron-limiting conditions, and virulence of A.
fumigatus. Moreover, the PptA inhibitors 6-nitroso-1,2-
benzopyrone (53), PD 404,182 (54), and calmidazolium
chloride (55) were found to be highly effective against A.
fumigatus [98]. These discovery validated phospho-
pantetheinyl transferase as a potential target of antifungal
agents.

Mitochondrial phosphate carrier as a potential
antifungal target

Mitochondria had been identified as key players in the
adaptive abilities of pathogenic fungi, enabling virulence,
morphogenesis, and drug resistance [102–104]. Under
normal conditions, most of the energy required by cells was
supplied by the generation of ATP in their mitochondria.
Mitochondrial phosphate carrier proteins performed a cri-
tical function in eukaryotes [105]. In S. cerevisiae, the

deletion of mitochondrial phosphate carrier Mir1 resulted in
delaying growth or failing to grow on non-fermentable
substrate [106]. Mir1 had been identified as a structural
component of the fungal mitochondrial unselective channel
(MUC) [107]. Mir1 manages the transport of inorganic
phosphate (Pi) from the cytosol into the inner matrix of
fungal mitochondria, where it was used by ATP synthase to
generate ATP [105]. In addition, research suggested that Pi
itself played an unique role in the mitochondria of fungi. In
fungi, the presence of phosphate in the inner mitochondrial
matrix was essential for preventing uncoupling of electron
transport and loss of membrane potential. This did not
appear to be case for mammalian mitochondria [105].
Recently, McLellan et al. [105] had been identified the
compound ML316 (56) as an inhibitor of the mitochondrial
phosphate carrier Mir1 by using genetic, biochemical, and
metabolomic approaches. This compound, distinguished
from all previously characterized mitochondrial poisons,
selectively inhibited Mir1 resulting in an unusual metabolic
catastrophe marked by citrate accumulation. Moreover,
ML316 reduced fungal burden and enhanced azole activity
in a mouse model of oropharyngeal candidiasis. Thus, tar-
geting Mir1 could provide a new therapeutic strategy [105].

Bromodomain (BD) as a potential antifungal target

The bromodomains and extra-terminal domain (BET)
family proteins were chromatin-associated factors that
regulated transcription and chromatin remodeling [108,
109]. BET proteins bound chromatin through their two
bromodomains (BDs: BD1 and BD2), which recognized
specific acetylated histones [110]. In recent years,
researchers had shown great interest in the BET family
protein targets to discover and develop inhibitors to regulate
gene expression by inhibiting the acetylated chromatin
interaction [110, 111]. Some studies had demonstrated that
small-molecule inhibitors, such as JQ1, I-BET, and
I-BET762, which not only had high affinity but also high
specificity to BET BDs [110, 112]. These developments
made BET family proteins an important therapeutic targets
for major diseases such as cancer, neurological disorders,
obesity, and inflammation [110].

BET protein BDF1 of S. cerevisiae had been character-
ized as a global transcriptional regulator, where it regulated
over 500 genes. In addition, it had another BET gene BDF2,
which was partly functionally redundant with BDF1. Dis-
ruption of BDF1 caused severe morphological changes and
growth defects, while deletion of both BDF1 and BDF2 was
lethal. However, many pathogenic fungal species (including
C. albicans, A. fumigatus, and C. neoformans) lacked
BDF2, suggesting that inhibition of the sole BET family
protein BDF1 might significantly reduce viability and
virulence [108]. More recently, Mietton et al. reported that
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the BDF1 was essential in C. albicans and its mutant pre-
sented a loss of viability in vitro and decreasing virulence
in vivo. The study also showed that bromodomains BD1
and BD2 in BDF1 of C. albicans could be selectively tar-
geted by small-molecule inhibitors (e.g., dibenzothiazepi-
none, 57; imidazopyridine, 58) without compromising
human BET BD function [108]. These findings laid the
foundation for the development of BDF1 BDs inhibitors as
a novel class of antifungal drugs.

Conclusion

In the post genomic era, there were plenty of genetic
information carried on DNA to use for screening potential
drug targets in pathogenic organisms [113]. This will help
to find and develop antifungal agents with novel modes of
action. Although it was predictable that resistance would
eventually develop to antibiotics, it was found that multi-
targeting was key for a lower rate of resistance [114]. This
could be the developmental direction of antifungal drugs in
the future.

Although much progress has been accomplished towards
the identification of putative targets that could lead to the
development of new antifungal agents, the feasibility and
practicality of these new targets remains to be explored.
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