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Exploiting mitochondria as targets for the development of new antifungals
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ABSTRACT

Mitochondria are essential for cell growth and survival of most fungal pathogens. Energy (ATP)
produced during oxidation/reduction reactions of the electron transport chain (ETC) Complexes |, Il
and IV (Cl, ClIl, CIV) fuel cell synthesis. The mitochondria of fungal pathogens are understudied even
though more recent published data suggest critical functional assignments to fungal-specific
proteins. Proteins of mammalian mitochondria are grouped into 16 functional categories. In this
review, we focus upon 11 proteins from 5 of these categories in fungal pathogens, OXPHOS, protein
import, stress response, carbon source metabolism, and fission/fusion morphology. As these
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proteins also are fungal-specific, we hypothesize that they may be exploited as targets in antifungal
drug discovery. We also discuss published transcriptional profiling data of mitochondrial Cl subunit
protein mutants, in which we advance a novel concept those Cl subunit proteins have both shared
as well as specific responsibilities for providing ATP to cell processes.

Mitochondrial drug targets: Functional
relevance and specificity

There is ample evidence that fungi contribute to a huge
burden of global infectious diseases and of these, invasive
infections surpass deaths caused by drug-resistant tuber-
culosis or malaria." However, it is also clear that incidence
and burden of all fungal diseases is even greater than ref-
erenced above. In Mexico alone, for example, the burden
of the top 10 significant fungal infections totals well over
2 million, of which vaginal and recurrent vulvovaginal
candidiasis (RVVC) account for ~70%.> RVVC infections
are associated with high morbidity and lost work effort.
There are several explanations for the high incidence of
global mucosal, allergic, and invasive fungal infections
(IFI). For the latter category, rapid, sensitive and specific
diagnostic assays for Invasive Candidiasis (IC), Invasive
Aspergillosis (IA), and mold infections such as fusariosis
are still in development, although a new PCR assay may
gain wide acceptance for the diagnosis of blood-borne
candidiasis.> As for therapeutic intervention, triazoles
(ergosterol synthesis inhibitors) and echinocandins (8-1,3
glucan inhibitors) are the most popular antifungals in
clinical use. However, the triazoles are fungistatic, select
for resistant isolates, and cause drug-drug interactions.
Newer versions are tailored older versions.*® While

Cryptococcus neoformans and C. gattii have B-glucan and
are inhibited by echinocandins, the concentrations are too
high to be useful. Resistance is troublesome since that
reduces the number of antifungals that can be used as an
alternative therapy. Also, patient outcome is poorer with
isolates that are resistant.® To counter these problems,
new antifungals should be developed against targets other
than those of current antifungal therapeutics.
Amphotericin B was first identified in 1953, but it
took about 15 y and a variety of expertise and expense
before that initial observation was converted to a finished
drug for distribution.” The scientific disciplines that were
needed for its clinical application included microbiology,
organic chemistry, genetics (to develop the best produc-
ing strain), chemical engineering, pharmacology, bio-
chemistry, and toxicology. Antifungal drug discovery
even today requires the same expertise as well as time
and money. Although many aspects of drug discovery
have changed since amphotericin B was developed, chal-
lenges remain, particularly for antifungal drug develop-
ment. For example, costs of new drug discovery have
exploded. A 2014 report by the Tufts Center for the
Study of Drug Development (CSDD) estimates that the
cost of developing a new prescription drug is approxi-
mately $2.6 billion, representing a 145% increase since
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2003, not including the additional $312 million for post-
approval costs.® Also, consider the costs of failure, which
happen much more frequently than success. On the posi-
tive side, compound libraries are available for new drug
discovery though more are needed. One of the most
important developments in drug discovery with a high
relevance to antifungal drug discovery has been the
increase in chemical genetic and chemical genomic
approaches to the identification of new chemical matter
and the characterization of new drug targets.” Genetic
screens for targets (chemobiology) of mutant libraries
offer read-outs of loss of tolerance (haploinsufficiency,
HI) phenotypes. Or transcriptomics can be used to gain
insights into compound mechanism of action. Genomics
has allowed scientists to identify fungal-specific versus
fungal-mammalian cell broadly conserved targets.

The mitochondrion is composed of about 1,000 proteins,
most of which are nuclear-encoded and highly conserved
among species.'® A recent characterization of the diversity
of mitochondrial proteins has identified ~16 functional cat-
egories, each of which correlate with their spatial organiza-
tion within mitochondria.'’ For example, proteins of the
tricarboxylic cycle (TCA), B-oxidation, and the respiratory
chain complexes (CI-CV) are spatially located at the inner
membrane and mitochondrial matrix. Proteins associated
with mitochondrial movement, import, and dynamics are
located on the outer membrane. Mitochondrial functions
such as respiration, ATP synthesis, movement, import, and
morphology are highly conserved among diverse species.
However, there is ample evidence herein that functional
similarities (e.g., ATP formation) may include species-spe-
cific proteins associated with 5 of the 16 functional categories
of proteins mentioned above.'” The task is to identify the
species-specific mitochondrial proteins. With other fungi
such as Neurospora crassa, Pichia pastoris and Yarrowia lip-
olytica, both conserved and fungal-specific proteins of mito-
chondria have been identified. These data have been rather
easy to obtain, given the extensive data bases that allow com-
parisons across species including human mitochondria."*"”
If a search focuses upon new targets for antifungal drug dis-
covery, specificity should be an initial descriptor followed by
the verification of functions of the selected gene. The latter
requires mutation/deletion of the encoding gene to profile
dysfunction(s), and by inference, direct or indirect functions.
In the case of fungal pathogens, an important finding may be
that gene loss causes avirulence.

In the case of fungal-specific proteins, a reasonable ques-
tion is what functional attributes are provided by this pro-
tein? Perhaps surprisingly in the case of mitochondrial
proteins of fungi, proteins can be fungal-specific or identi-
fied from a single fungal genus, and in the latter case not all
species of that genus.'> Among the most interesting of the
mitochondrial proteins are those restricted to the CTG clade

of the Ascomycetous Saccharomycotina which includes
most Candida species but not C. glabrata.">'® In the case of
fungal or Candida spp, CTG clade-specific proteins, should
drug discovery be toward targets of low or broad specificity?
Which protein should be a reasonable target? Several CTG
associated mitochondrial proteins are discussed below.

In this review, we focus upon those mitochondrial pro-
teins that provide critical cell functions and target specificity.
Our discussion will include fungal-specific proteins of the
electron transport chain (ETC, complex I, CI), protein sort-
ing/import, carbon source utilization, stress responses, and
the mitochondrial dynamics of fusion/fission (Fig. 1).

Complex | subunit proteins as drug targets

The electron transport chain is composed of 5 complexes, of
which Complex I, ITI, and IV (CI, CIIL, CIV) provide the
proton gradients that result in ATP synthesis by CV. Elec-
trons as a result of the oxidoreductase activity of CI combine
with oxygen generating superoxides. If there is CI dysfunc-
tion, then a concomitant increase in superoxide occurs that
is detrimental to cells. It is quite apparent that if cells are
starved of mitochondrial ATP, cellular synthesis diminishes
and events are triggered that result in cell death. CI deficient
mutants accumulate mitochondrial ROS, lose chronological
aging, and undergo apoptosis."® Two examples are pro-
vided."”*® The RAS-Cyr-PKA pathway is a major regulator
of filamentation, biofilm formation, and virulence in C. albi-
cans. Functioning of the Ras1-Cyr-PKA pathway requires a
high cell energy status.'” The correlation of a functional
Rasl pathway and mitochondrial status was demonstrated
using mitochondrial complex inhibitors. The Ras pathway
was shown to interact with CI and CIV but not CII or the
alternative oxidase pathway. The function of this pathway
was assessed using filamentation as a phenotype.'® CII does
not participate in the formation of a proton gradient as do
the other complexes. As a second example, mitochondrial
fusion/fission mutants of C. albicans display fragmented
mitochondria and mitochondrial genome loss.*® A conse-
quence of ATP decline in these mutants was an increase in
susceptibility to azoles probably due to a reduced activity of
energy-requiring efflux pumps. Our published data also cor-
relate a loss of CI with increased susceptibility to flucona-
zole.>"?2 In this case, we have shown that 10 of 12 CI
mutants were hypersusceptible to fluconazole. The two CI
subunits that were not hypersusceptible were not associated
with a respiration function.”' Thus, loss of mitochondrial
ATP may be a benefit of an inhibitor that could specifically
block CI respiration activity and, correspondingly, would
ensure a reduction in resistance to antifungals such as the
azoles.

It would seem, therefore, that therapies to target mito-
chondria of fungal pathogens would be useful. The problem
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Figure 1. Fungal-specific proteins of mitochondria. Mitochondrial, fungal- specific proteins are distributed in 5 categories: 1) ETC, Cl,
OXPHOS, 2) Carbon source utilization, 3) ERMES and SAM, 4) Mitochondrial dynamics, and 5) Stress response signaling. The 11 fungal-
specific genes are color-coded to reflect functional categories. In addition, the location of the TCA Cycle, S-oxidation components are
placed spatially close to the ETC to emphasize relationships. Mutant responses are clustered for comparisons in several functional cate-
gories. Abbreviations: ETC, electron transport chain; CI, complex I; OXPHOS, oxidative phosphorylation; ERMES, ER-Mitochondrial

Encounter Structure; SAM, Sorting and Assembly Machinery.

is choosing mitochondrial proteins to target therapeutically
because of the extensive conservation among mammals and
fungi. To address the issue of conservation among CI sub-
unit proteins, we focused on 2 non-mammalian CI subunit
proteins of C. albicans mitochondria that were first identi-
fied as NUXM and NUZM in Neurospora crassa.”> Both
were only partially annotated functionally. NUXM is
broadly conserved in C. albicans and other Candida spp,
Aspergillus fumigatus, Neurospora crassa, Yarrowia lipoly-
tica, Arabidopsis thaliana, Chlamydomonas reinhardtii, and
other fungal pathogens such as Cryptococcus neoformans, C.
gattii, and Fusarium spp. NUZM is fungal-specific.'>****
From the Candida Genome Database, we have identified
NUXM as 0rf19.6607 (NUOI) and NUZM as orfl9.287
(NUO2). We have shown that both proteins are NADH:
Ubiquinone Oxidoreductases.”*”” These data identify CI
fungal-specific subunit proteins, lending support to the
development and exploitation of Nuolp and Nuo2p as drug
targets.

The electron transport chain (ETC) is composed of 5
complexes, 3 of which provide all mitochondrial ATP for
cell activities. Of these, CI is the largest in molecular weight,

generates about one-half of all mtATP. CI is comprised of a
variable number of subunit proteins that are assembled by
accessory proteins. The mitochondrial CI of C. albicans is
composed of 39 subunit proteins, 37 of which are highly
conserved across many species including mammals.'**® As
mentioned above, we have identified 2 subunits that are
either solely fungal-specific or limited to fungi, green algae,
and plants.”” Both are NADH:Ubiquinone Oxidoreductases,
which we have named, Nuolp and Nuo2p. As described
below, their species-specificity and critical cell activities sug-
gest that both proteins can be exploited as antifungal drug
targets.

In addition to these CI subunit protein targets, Goalp has
been the subject of extensive study in our lab.">”’ ! Goalp
is not a CI subunit protein but does play a major role in CI
NADH:ubiquinone oxidoreductase activity. However, its
functional assignments in fact are also associated with per-
oxisomes. Thus, fatty acid B-oxidation, acetyl-CoA shuttle
from peroxisomes to mitochondria, and peroxisome trans-
porters indicate its dual organelle responsibilities."®**
Goalp is translocated to mitochondria during increases in
cell reactive oxidant species (ROS).'* As mentioned above,
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Nuolp and Nuo2p CI subunits are fungal-specific. Goalp is
one of 8 ETC other proteins (unpublished) that are only
found in the CTG clade of the Saccharomycotina sub-phy-
lum of Ascomycetes. Several of these proteins are required
for optimum ATP production via mitochondrial respiration
(unpublished). It is both convenient and interesting to cate-
gorize fungal mitochondrial ETC CI proteins in 4 groups
that reflect their relationship to other fungi and organisms.
The CI groups are: 1) broadly-specific, found in mammals
(Ndh51p); 2) broadly specific in fungi, algae, plants but not
in mammals (Nuolp); 3) fungal-specific (Nuo2p); and 4)
Candida-CTG-specific (Goalp and others). Category 2-4
proteins perhaps suggest a role in host niche-specific
growth, synthesis, and virulence, except that other members
of the CTG clade are not usually pathogens."* Below, we dis-
cuss CI subunit proteins and Goalp.

The fungal specificity of these proteins to CI functions or
as a CI regulatory protein (Goalp) was mentioned above.
One other CI subunit protein that we have included for
functional comparisons in our studies is Ndh51p, which is
broadly conserved among species including fungi and mam-
mals.'® To determine their cellular functions, direct or
indirect, we constructed knock-out strains of Nuol, Nuo2,
and Goal. Common phenotypes included reduced mito-
chondrial respiration, ATP synthesis, and CI disassembly.
These loss of function mutants also had reduced NADH:
ubiquinone oxidoreductase activities. In addition, mutants
of nuolA and nuo2A and goalA are avirulent in infected
mice, have reduced interactions with human phagocytic
cells, enhanced rates of apoptosis, and fail to maintain chro-
nological aging.***’

The CI subunits Nuol and Nuo2, as well as Goalp share
but have individualized functions. This observation was
noted in transcriptional profiling of nuolIA, nuo2A, goalA
and ndh51A (Fig. 2)*’ The transcriptional profiles of nuolA
and nuo2A showed that similar genes were upregulated
(Fig. 2A). Those profiles included respiration, mitochondrial
transporters, and TCA genes, while goalA and ndh51A pro-
files were minimally affected (Fig. 2A). Differences in pro-
files were especially noticed among mutants in down
regulated genes (Fig. 2B), including, glucanases, chitin syn-
thases and chitinases, B-mannosyltransferases, protein
mannosylation, and adhesin genes (nuolA and nuo2A).
The goalA had a similar profile except that peroxisomal
genes such as peroxisomal transporters and S-oxidation
were significantly downregulated (Fig. 2B). For the ndh51A,
downregulated genes of ergosterol synthesis were most
prominent (Fig. 2B). These data strongly suggest a CI func-
tional subunit specificity, which has not been reported in
the fungal literature.

Biochemical studies of the cell wall in the goalA have
been recently published.”" A loss of 8-1,2 linked mannosyl-
transferases and modifications in B-1,6 glucans was

observed.”! The transcriptional changes of goaIA also corre-
late with the biochemical loss of bulk phosphomannan, as
determined by GPC-MALLS analyses, as well as the loss of
cell surface fibrils. The outer cell wall of the goalA had fewer
fibril extensions and the inner wall itself was more electron
transparent (Fig. 3). However, synthesis of the inner poly-
saccharides $8-1,3 and chitin were similar to parental cells,
although the B-1,6 glucan had shorter side chains.>’ We
have initiated similar experiments with the nuoIA, nuo2A
and ndh51A mutants. We hypothesize that the combination
of fungal and novel subunit specificity, as well as their func-
tional importance, point to Nuol and Nuo2 as attractive tar-
gets for antifungal drug discovery.

Mitochondrial biogenesis and dynamics

These two functional categories have been studied in C. albi-
cans and Aspergillus fumigatus laboratories, described
below.> Biogenesis usually includes both the SAM (Sort-
ing and Assembly Machinery) and the ERMES (ER-Mito-
chondrial Encounter Structure) complexes of proteins that
are vitally important in the insertion of proteins in mito-
chondria through the Transporters of the Outer Membrane
(TOM:s) (Fig. 1). Imported proteins are then transported to
the matrix and inner membrane via the Transporters of the
Inner Membrane (TIMs) (Fig. 1). The current belief is that
the SAM and ERMES complexes form a “super” complex
that is bridged by the Mdm10 protein.’® The SAM and
ERMES super complex of proteins are often described as
the “hub” for many mitochondrial activities, including lipid
homeostasis, maintenance of a tubular mitochondrial mor-
phology, inheritance, and regulating the process of fusion/
fission of mitochondria, and trafficking (Fig. 1). For the
SAM complex, the Sam57 subunit protein is required for
optimum growth of C. albicans, virulence, protein insertion,
and mitophagy, as well as interactions between mitochon-
dria and the endoplasmic reticulum.” Sam37 is also critical
for cell wall integrity, as determined by the hypersensitivity
of mutants to cell wall inhibitors and reduced cell wall 8-1,3
and B-1,6 glucan. Thus, Sam37 is critically important for
cells; importantly, there are significant structural differences
in the fungal Sam37 as well as Sam35 compared to the meta-
zoan homologues, suggesting exploitation of both fungal
proteins as antifungal targets.’® Another protein is Sam51
which is however not required for virulence or viability.

A C. albicans ortholog of an ERMES complex protein
(Mmmlp) is required for hyphal growth, mitochondrial
genome maintenance, mitochondrial outer membrane
translocase complex assembly, and mitochondrion-ER teth-
ering/phospholipid transport. Importantly, and mmmIA is
conditionally avirulent mutant (http://www.candidage
nome.org/).”” Another of the ERMES complex protein sub-
units from C. albicans is Fzolp a GTPase protein. The fzoI1A
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Figure 2. Transcriptional profiles of mitochondrial mutants. (A) Genes up-regulated in mitochondrial mutants, and (B) Genes down regu-
lated in mitochondrial mutants genes. Shown are Cl subunit mutants (nuo7A, nuo2A), Cl regulatory protein (goalA), and broadly con-
served Cl subunit (ndh57A). Several profiles in both A and B are circled to indicate differences among the 4 mutants.?®

mutant had fragmented mitochondria, loss of mitochon-
drial genome, phospholipid alterations, as well as height-
ened susceptibility to azoles and peroxide. Azole
hypersusceptibility was associated with a down regulation of
CDR efflux pumps. Mutant cells also had features of iron
starvation. Virulence data are not reported for this mutant
but are needed since the protein is fungal-specific.

Fusion/fission mitochondrial proteins in
A. fumigatus

Fusion/fission of mitochondria is a requisite for mito-
chondrial dynamics and activities such as autophagy,
maintenance of mitochondrial DNA, mitochondrial
movement in cells, and morphology. Mitochondrial

dynamics of fusion/fission have been recently
reported in Aspergillus fumigatus.®® Fusion genes
included Mgm1l, Ugol and Fzol while fission genes
studied were Drpl, Mdvl, Caf2, and Fisl. Of these 7
genes, the fusion genes Ugol, Fzol and Mgml are
partially conserved from S. cerevisiae to Aspergillus
spp, and mutants are essential for viability of A. fumi-
gatus, and avirulent in a Galleria mellonella infection
model.”® Growth and sporulation of each fission
mutant was substantially reduced compared to WT
cells but unexplainably not essential for virulence.
Also, the fission mutants demonstrated resistance to
voriconazole and posaconizole but not caspofungin
antifungals. Thus the retention of virulence and gain-
of-function antifungal resistance might preclude them
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Figure 3. Goal mutants of C. albicans have altered cell wall architecture. C. albicans strains: a,f = WT; b,g = GOA31; ¢,h = GOA32. Dif-
ferences are noted in the extent and length of the cell surface fibrils with GOA31 compared to the WT cells (“l,” Fig. 3a) and GOA32.
Also, the inner cell wall (“Il,” Fig. 3a) is more electron dense than that in GOA31, as well as the cell wall layer closest to plasma mem-
brane (white arrow, Fig. 3f). Both are reduced only in GOA31. The average length of cell wall fibrils (d) and inner cell wall () are also
determined. The fibrils are significantly shorter in GOA31 but the cell wall thickness is similar for all strains. In (d) each data point refers
to an collection of 10 measurements of 10 cells for each strain using GIMP2.8 software. Vesicles (circle) in WT (Fig. 3a) are significantly
reduced in GOA31. The black arrows may indicate sloughed cell wall material in Figure 3g.3' GOA31 = the goalA; GOA32 = the GOAT

reconstituted strain in the GOA31 background.

as targets, while the fusion proteins should be further
studied as targets for antifungal drug discovery.

The mitochondrial Srr1p response regulator

Signal transduction pathways of 2-component proteins have
been identified in bacteria, fungi and plants.”'41 One of the
better known MAPK pathways that utilizes 2-component
proteins is the Hoglp pathway. Environmental signals that
trigger the HOG1 MAPK include high osmotic pressure
and ROS. In the presence of either cue, phosphorylation of a
histidine kinase, membrane sensor protein (Slnlp) occurs
first. Phosphotransfer from Slnlp to a response regulator
protein (Ypdlp) is in turn then relayed to a MAP Kinase
(Hoglp), which locates to the nucleus where target proteins
are activated to adapt cells to stress. The Ssk1p, along with a
second response regulator (Skn7p), are cytoplasmic

proteins. However, a mitochondrial response regulator
(Srrlp) has been identified.*° Srr1p appears to be unique
to the Candida clade, with the exception of C. krusei®® A
knockout ssrIA is defective in hyphal development, adapta-
tion to osmotic/oxidative stresses, and is avirulent. The par-
ticipation of Srrlp in a signal pathway and its role in
mitochondrial functions are unknown.

Alternative carbon source utilization

Glucose availability for pathogens like C. albicans is limiting
during infections or during its lifestyle as a commensal on
mucosal surfaces.®® In contrast, other metabolites such as
N-acetylglucosamine (GIcNAc) are plentiful, in part most
likely released by bacterial competitors at mucosal surfaces,
such as in the human gut. There are a number of GIcNAc
catabolic pathway genes that are required for a fully opera-
tional catabolism of this metabolite, including transporters



and kinase/deacetylase/deaminase enzymes. Deletion of the
MCUI causes defects in the utilization of GIcNAc.** MCU1
is actually part of a cluster of C. albicans genes that is
required for the degradation of GlcNAc, non-fermentable
carbon sources, and amino acids.? A mcul/mculA is
defective in GIcNAc utilization, has impaired filamentation,
and is avirulent. The subcellular localization of Mculp was
determined using a TETp-regulated MCU1-GFP fusion.
The signal co-localized with Mitotracker, indicating the
protein resides in mitochondria. Of importance, Mculp is
not found in higher eukaryotes and thus, would appear to
fulfill the vital qualifications of an antifungal drug target.
Immunprecipitation studies with Mculp-GFP and mass
spectrometry identified 32 candidate (mostly metabolism)
proteins as well as known mitochondrial proteins such as
Tom70p. We await further developments in regard to this
interesting protein complex.

Preclinical compounds: A mitochondrial
inhibitor

This section of the review describes some of the new
antifungals that are in the pipeline as well as those
that are preclinical.*> A characteristic of many of these
antifungals is that they inhibit targets not of the cur-
rent vintage of antifungals. Of importance, one of the
preclinical compounds is a mitochondrial inhibitor.
Five categories of currently used or new antifungal
drugs have been described.*’ Each category of drugs is
licensed for: 1) systemic treatment, 2) superficial treat-
ment, 3) in clinical trials, 4) no longer in development,
or no reports since 2012, and 5) in preclinical develop-
ment.*’ Category #1 and #2 compounds are those that
we are most familiar (triazoles, echinocandins, and
amphotericin B), and those remodeled from each cate-
gory. A total of 26 new compounds are listed in cate-
gories #3-5, but 14 of those belong in category #4,
which as stated above, have apparently not advanced
in the clinical pipeline. The remaining compounds are
in preclinical development or in clinical trials.*’ Of
those in preclinical development, the inhibitors of gly-
cosylphosphatidylinositol GPI biosynthesis have been
studied extensively because of their important func-
tions and novel mode-of-action.***> GPI anchors, for
instance, ensure binding of fungal cell wall glycopro-
teins to host receptors. These inhibitors cause endo-
plasmic reticulum [ER] stress and an unmasking of
B-glucan which results in a heightened macrophage
pro-inflammatory response.

Three of 4 lead compounds remain in preclinical
development, a fourth has apparently been discontin-
ued. Four of 5 compounds that target protein synthesis
are apparently no longer in development.*’ Those in
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clinical trial include, VT-1161 (ergosterol synthesis
inhibitor), SCY-078 (B-glucan inhibitor), and nikko-
mycin Z (chitin synthesis inhibitor).***® The target of
the fourth compound (F901318) is unknown, but it is
in a phase 1 (biosafety) clinical trial that is underway
in the US for the treatment of aspergillosis. Study
results are not posted. Interestingly, SCY-078 binds
differently to the B-1,3-glucan synthase target FKS and
is active against strains with FKS-point mutants that
are resistant to echinocandin. The Nikkomycin Z
inhibitor may be useful against fungal pathogens like
C. immitis which have higher cell wall chitin content.
F90138 is in clinical trial also as mentioned. None of
the compounds mentioned above target mitochondria
except ilicicolin, discussed below.*7->!

llicicolin is a Clll fungal-specific inhibitor

Ilicicolin-H is a polyketide natural product that has
potent, broad-spectrum activity against species of Can-
dida, Aspergillus, and Cryptococcus (Fig. 4). The in
vitro mode-of-action of ilicicolin was nicely identified
to the yeast cytochrome bcl reductase of Complex III
of the mitochondrial electron transport chain.**”>!
Activity of the mammalian enzyme was unaffected,
indicating that the compound is fungal-specific.
Depending upon the fungal species, MICs ranged from
0.04-1.56 pg/mL. Those MIC values increased when
assays for enzyme activity were done in the presence
of plasma protein, meaning activity may be reduced
also in vivo. Plasma protein binding is correlated to
lipophilicity or acidity of similar compounds. Lead
optimization was pursued to reduce binding while
retaining in vivo antifungal activity. Seven lead

llicicolin H

Figure 4. llicicolin H. A pentapeptide natural product produced
by the fungus Gliocladium rosuem. The compound has good
activity against Candida species, A. funigatus and Cryptococcus
neoformans.
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optimized compounds were compared to the parental
ilicicolin-H for activity and protein binding. Diacetate
and C-19 cyclopropyl acetate derivatives had reduced
binding to plasma proteins by 20-fold. We await fur-
ther information on this compound.

Resveratrol, a broad-spectrum inducer
of apoptosis

Resveratrol is a natural polyphenolic (3,54 -trihydroxy-
trans-stilbene) compound that has activity against a variety
of pathogenic bacteria and fungi, including C. albicans, sev-
eral Trichophyton species, and other dermatophytic spe-
cies”> An MIC of 20 uM was 2-fold higher than
amphotericin B. Treatment in vitro caused the development
of apoptosis through the caspase-dependent pathway which
was associated with high levels of reactive oxygen species,
and loss of membrane potential.

Conclusions and outlook

Two issues are quite clear. First, incidence of fungal
infections is greater than previously believed. It is appar-
ent that additions to the repertoire of antifungal drugs
are critically needed to reduce the high incidence of fun-
gal diseases and combat drug-resistant fungal pathogens.
Patients with fungal diseases caused by drug resistant
fungi have poorer outcomes than isolates caused by sus-
ceptible organisms. Second, there is a market for treating
fungal diseases that should arouse the interests of Big
Pharma and the biotech industry.”*>® The current world
market for antifungal agents globally is in excess of US$6
billion. That is predicted to reach nearly $13.9 billion by
2018. Invasive fungal diseases can only be expected to
increase in an aging population. The market just for
treatment with current therapeutics is about ~$1.3 bil-
lion (fluconazole and terbinafine (US$1bn), voriconazole
(US$800M, itraconazole (US$900M), and caspofungin
(US$600M), Ambisome (US~$400M). We advocate for
the discovery of new drug targets and, correspondingly,
new compounds that inhibit these targets. Our intent
herein has been to build an argument for targeting fun-
gal-specific mitochondrial proteins since loss of these
targets in gene deleted mutants is devastating to cell pro-
cesses. We describe 11 such proteins and suggest that
additional mitochondrial targets will be found using
approaches briefly discussed. That these proteins are
broadly distributed among pathogenic fungi is an advan-
tage to their development as targets. Aside from the
exploitation of mitochondrial as new drug targets, we
suggest that functions of CI subunit proteins overlap but
also differ substantially. That concept is quite new to our

understanding of the underappreciated novelty of this
organelle.
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