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Fungi inhabit extraordinarily diverse ecological niches,
including the human body. Invasive fungal infections have a
devastating impact on human health worldwide, killing ~1.5
million individuals annually. The majority of these deaths are
attributable to species of Candida, Cryptococcus, and Aspergil-
lus. Treating fungal infections is challenging, in part due to the
emergence of resistance to our limited arsenal of antifungal
agents, necessitating the development of novel therapeutic
options. Whereas conventional antifungal strategies target pro-
teins or cellular components essential for fungal growth, an
attractive alternative strategy involves targeting proteins that
regulate fungal virulence or antifungal drug resistance, such as
regulators of fungal stress responses. Stress response networks
enable fungi to adapt, grow, and cause disease in humans and
include regulators that are highly conserved across eukaryotes
as well as those that are fungal-specific. This review highlights
recent developments in elucidating crystal structures of fungal
stress response regulators and emphasizes how this knowledge
can guide the design of fungal-selective inhibitors. We focus on
the progress that has been made with highly conserved regula-
tors, including the molecular chaperone Hsp90, the protein
phosphatase calcineurin, and the small GTPase Ras1, as well as
with divergent stress response regulators, including the cell wall
kinase Yck2 and trehalose synthases. Exploring structures of
these important fungal stress regulators will accelerate the
design of selective antifungals that can be deployed to combat
life-threatening fungal diseases.

There are millions of fungal species, which inhabit remark-
ably diverse environments (1, 2). Fungi include symbionts with
roles in decomposing organic matter and recycling nutrients as
well as parasites that cause detrimental effects to plant and ani-
mal species (3). Although relatively few fungal species cause
disease in people (4), the burden on human health is substan-
tial, as fungi infect over one billion individuals (5). These range
from superficial skin or mucosal infections to invasive infec-
tions, killing ;1.5 million people annually (6). The major
agents of fatal fungal infections are species of Candida, Asper-
gillus, and Cryptococcus, which mainly infect immunocompro-
mised populations. Invasive fungal infections are a growing
concern as the number of individuals with immunosuppression
due to HIV/AIDS, organ transplants, cancer treatments, and
other immunosuppressive therapies increases (7).

Systemic fungal infections have unacceptably high mortality
rates, due at least in part to the limited therapeutic options (8).
The development of clinically useful antifungals is challenging
because fungi are eukaryotes with many core cellular regulators
that are conserved in the human host. This limits the number
of unique druggable targets in the pathogen that can be dis-
rupted without causing toxicity due to inhibition of the host
counterpart. Currently, only three main classes of antifungal
drugs are used in the clinic to treat systemic fungal infections.
Polyenes and azoles impair integrity of the fungal cell mem-
brane. Specifically, polyenes extract the essential cell mem-
brane sterol, ergosterol, whereas azoles inhibit the ergosterol
biosynthetic enzyme 14-a sterol demethylase, encoded by
ERG11 (Candida albicans and Cryptococcus neoformans) or
cyp51A and cyp51B (Aspergillus fumigatus). Echinocandins tar-
get fungal cell wall synthesis via inhibition of the (1,3)-b-D-glu-
can synthase, Fks1 (9). The utility of these drugs is hampered by
challenges including host toxicity, fungistatic activity, and re-
stricted spectrum of activity (9). Additionally, the increased
emergence and prevalence of resistant fungal species threatens
current treatment regimens (10). Most recent advances in clini-
cal antifungal drug treatments have been improvements to the
most commonly used drugs, which seldom address the problem
of drug resistance (11). This has led to a dire need for new
therapeutic targets and treatments to combat invasive fun-
gal infections.
Antivirulence treatments, which seek to hinder microbial

virulence factors that enable disease by damaging the host or
evading the host immune system, have been investigated with
considerable interest in the last 15 years (12, 13). Antivirulence
strategies provide significant advantages, such as a reduced
selection pressure for the development of resistance and a min-
imal impact on the host microbiota (13), yet only a limited
number of antivirulence drugs are used in the clinic, all to treat
bacterial toxin-mediated diseases, which consist of neutralizing
immunoglobulins or monoclonal antibodies (12). Over the
last few decades, extensive research has provided important
insights into understanding fungal virulence factors, including
elucidating the mechanisms of fungal stress responses (14).
Targeting fungal stress responses is a promising strategy to
cripple fungal pathogens as they regulate fungal virulence, are
critical for fungal survival and growth in different ecological
niches (15, 16), and enable the development of antifungal drug
resistance (15, 17, 18). The human body is a hostile environ-
ment for pathogenic fungi, which must endure stresses such as*For correspondence: Leah E. Cowen, leah.cowen@utoronto.ca.
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high temperatures, nutrient limitation, and reactive oxygen
species. Additionally, antifungal drug treatment induces fungal
cell membrane or cell wall stress (19). Fungi respond and adapt
to such stresses with cellular response networks that consist of
sensors, signal transducers, and specific adaptive responses
(15). As one example, heat shock triggers one of themost highly
conserved stress responses in which hyperphosphorylation of
the heat shock transcription factor Hsf1 induces increased
transcription of genes encoding heat shock proteins, including
Hsp90, which are critical for maintaining protein homeostasis
during thermal stress (20, 21). Other pathways are crucial for
mounting responses to osmotic, oxidative, alkaline, membrane,
and cell wall stresses (15), providing a myriad of potential anti-
fungal targets. Targeting these fungal stress responses in com-
bination with current antifungals has the potential to disarm
fungal virulence, reduce antifungal drug resistance, and sensi-
tize drug-resistant pathogens.
Although some stress response pathways are conserved

across eukaryotes, differences in human and fungal regulators
can be exploited for pathogen-specific therapeutic strategies to
minimize harmful effects to the host. Toxicity can be further
curtailed through combination therapy, whereby the synergy
between stress response inhibitors and current antifungals can
allow for reduced dosage of both drugs and can abrogate drug
resistance (22). For stress response regulators of therapeutic in-
terest as antifungal drug targets, structural analysis can be
instrumental for the rational design and optimization of potent
and selective inhibitors. For highly conserved proteins, inhibi-
tors developed against human proteins can serve as probes to
explore the biology of orthologous fungal proteins (23–25).
Importantly, such inhibitors can also be leveraged as scaffolds
for the development of new inhibitors with different specific-
ities (26). Structure-based approaches can identify regions of
similarity between the fungal and human counterparts as well
as differences that could be exploited to specifically target the
pathogen. Useful dissimilarities include structurally diverse
regions and distinct ligand-induced conformational changes.
These insights can aid in optimizing scaffolds to improve fungal
selectivity, reducing the time and cost required to develop
novel antifungals (27). Proteins absent from humans are privi-
leged targets for antifungal discovery. Despite the advantage of
reduced concern over host toxicity, there can be challenges
resulting from a lack of known chemical matter to specifically
probe enzyme active sites, requiring a more in-depth structural
and biochemical understanding of enzyme-substrate interac-
tions. In silico approaches to guide optimization of lead inhibi-
tors based on structures of protein targets can improve time-
lines and reduce costs in the discovery and development of
novel antifungal drugs (28). Structure-guided insights can
accelerate the design, development, and optimization of novel
first-in-class inhibitors of fungal stress response that are both
potent and specific, withminimal off-target toxicities.
Several fungal stress response regulators have emerged as

promising antifungal drug targets. In this review, we highlight
insights from structural analyses of fungal enzymes crucial for
responses to stress induced within the host or upon drug expo-
sure, along with the most recent advances in structure-guided
development of novel antifungals that exploit vulnerabilities of

the major fungal pathogens that cause devastating human
infections.

Hsp90

Hsp90 is a highly conserved and essential molecular chaper-
one that regulates the folding and maturation of many diverse
client proteins. This chaperone has been dubbed a hub of pro-
tein homeostasis, interacting with;10% of the proteome of the
yeast Saccharomyces cerevisiae (29, 30). Hsp90 clients are
enriched in regulators of cellular signaling cascades, such as ki-
nases and transcription factors, allowing the chaperone to
orchestrate numerous stress response pathways (31). Hsp90 is
an ATP-dependent dimeric chaperone, recognized for its con-
formational flexibility. Each monomer consists of an N-termi-
nal domain containing an unusual nucleotide-binding pocket
within the Bergerat fold, followed by a middle domain impor-
tant for recognition and binding of client proteins, and ending
with a C-terminal domain crucial for dimerization (32). The
chaperoning activity of Hsp90 is modulated by interactions
with co-chaperones, as well as by a number of posttranslational
modifications, including phosphorylation, acetylation, and S-
nitrosylation (31).With central roles in proteostasis and a drug-
gable nucleotide-binding pocket, Hsp90 has been investigated
as a therapeutic target for numerous diseases, including cancer
and neurodegeneration (33, 34). The initiation of multiple
Hsp90 anticancer drug development programs has provided a
diverse array of natural products and synthetic small molecules
that specifically inhibit Hsp90 by competitively blocking nucle-
otide binding and hydrolysis, leading to degradation of onco-
genic client proteins (35, 36).
As an essential regulator of cellular stress responses, Hsp90

has also emerged as an ideal target to cripple fungal pathogens.
In diverse fungi, Hsp90 regulates responses to stress induced by
antifungal drugs and enables the evolution of drug resistance
by stabilizing core components of stress responses, including
the protein phosphatase calcineurin and multiple kinases in the
Pkc1 mitogen-activated protein kinase cell wall integrity path-
way (17, 23, 37, 38). Inhibiting Hsp90 in C. albicans not only
impedes the emergence of azole resistance, but also reverses az-
ole resistance acquired in the laboratory or the human host
(39). Even at concentrations that are well-tolerated in humans,
clinical Hsp90 inhibitors substantially increase in vitro azole ef-
ficacy against C. albicans (40). The synergy between Hsp90
inhibitors and azole or echinocandin antifungals has been
documented in invertebrate models of invasive infection with
C. albicans, A. fumigatus, and C. neoformans (40, 41). More-
over, beyond regulating antifungal drug resistance, Hsp90
affects the virulence and pathogenicity of diverse fungal patho-
gens. In C. albicans, the ability to transition between round
yeast and elongated filamentous forms is a major virulence
trait, and Hsp90 is a key regulator of temperature-dependent
morphogenesis as well as biofilm formation and dispersal (42–
44). In A. fumigatus, repression of HSP90 results in a myriad
of phenotypic defects associated with attenuated virulence,
including reduced formation of asexual conidia spores, germi-
nation, and hyphal elongation (45, 46). More recently, Hsp90
has also been implicated in the pathogenicity of C. neoformans.
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Hsp90 is critical for C. neoformans thermotolerance, which is
required for the environmental pathogen to infect humans and
for the induction and maintenance of its polysaccharide cap-
sule, a key virulence trait of this fungus (41, 47).
Thus far, the therapeutic potential of targeting fungal Hsp90

in a mammalian model has been most promising in the context
of a localized infection, where pharmacological inhibition of
Hsp90 in combination with an azole eradicated azole-resistant
biofilms in a rat venous catheter infection model (43). In a
murine model of systemic infection, genetic depletion of C.
albicans HSP90 resulted in attenuated virulence, increased
antifungal efficacy, and improved fungal clearance; however,
pharmacological inhibition of Hsp90 with molecules lacking
fungal selectivity was not well-tolerated due to host toxicity
(40). Similarly, genetic repression of fungal HSP90 rescued
mice from lethal invasive aspergillosis infections (46), whereas
the use of current Hsp90 inhibitors resulted in detrimental
effects to the host (48). Thus, fungal-selective Hsp90 inhibitors
must be developed for systemic use to abrogate Hsp90-depend-
ent fungal stress responses, drug resistance, and pathogenicity,
while circumventing host toxicities associated with inhibiting
the host chaperone.
The high sequence conservation of Hsp90 between fungi and

humans presents a challenge in the design of fungal-selective
Hsp90 inhibitors, but recent crystal structures of Hsp90 from
fungal pathogens are facilitating these endeavors. The nucleo-
tide-binding domain (NBD) of human Hsp90 shares 72, 76, and
78% sequence identity to the domains ofC. albicans,A. fumiga-
tus, and C. neoformans, respectively. Moreover, the residues
that line the surfaces of the nucleotide-binding pockets of these
four proteins are nearly identical. Biochemical studies investi-
gating the dynamic conformational changes of human, yeast,
and bacterial Hsp90 have revealed high species specificity at the
level of conformational equilibrium and intrinsic ATPase activ-
ity (49). Comparing C. albicans and humanHsp90 isoforms has
also revealed similar disparities in ATPase activity (50). An
additional layer of conformational regulation is provided by co-
chaperones and accessory proteins, which also vary in composi-
tion across species (51). The crystal structure of the C. albicans
Hsp90 N-terminal domain, which includes the ATP-binding
domain, has recently enabled the rational design of the first
fungal-selective inhibitor targeting Hsp90 in a fungal pathogen
(50). Whereas apo (unliganded) structures were highly similar
between human and C. albicans Hsp90, with a main-chain
atom root mean square deviation of 1.0 Å, co-crystallization
with multiple Hsp90 inhibitors revealed considerable ligand-
induced flexibility in the NBD that was not observed in the
human complex structure (50). C. albicans co-crystal struc-
tures of Hsp90 with distinct inhibitors revealed regions of the
fungal NBD that were rigid and those that were prone to
ligand-induced structural changes. In particular, the binding of
the Hsp90 inhibitor AUY922, which is in preclinical develop-
ment for oncology, to the C. albicans NBD revealed larger
structural differences from the apo structure relative to the
human complex, suggesting a greater degree of conformational
flexibility in the fungal Hsp90 NBD compared with the human
protein (50). This potential for ligand-induced flexibility in C.

albicans Hsp90 has been exploited to design fungal-selective
inhibitors.
The natural product radicicol is among the most bioactive

inhibitors of fungal Hsp90 (50), while also inhibiting the human
chaperone. Building on the scaffold of the resorcyclic acid lac-
tone, radicicol, and the closely related monocillin I, a small se-
ries of semisynthetic oxime analogs were developed using the
structural insights to increase fungal selectivity (50). One of
these compounds, CMLD013075 (Fig. 1A), displayed.25-fold
selectivity for C. albicans Hsp90 compared with the human
ortholog. Beyond potent target binding, CMLD013075 limited
proliferation of a drug-resistant C. albicans clinical isolate, had
synergistic activity with the azole fluconazole, and was less
toxic to human cells compared with radicicol (50). The co-crys-
tal structure of the C. albicansHsp90 NBD with CMLD013075
displayed substantial backbone rearrangements relative to the
radicicol complex with a Ca root mean square deviation of 1.9
Å. This included a remodeling of the ATP-binding site, N ter-
minus, and lid region of the fungal chaperone (Fig. 1B). Key
amino acid differences in the nucleotide-binding pockets of C.
albicans and human Hsp90, including Leu-130 and Phe-131 in
C. albicans instead of human residues alanine and tyrosine at
equivalent positions, contribute to the C. albicans selectivity of
CMLD013075. However, these residues are not conserved in
other prominent fungal pathogens (50), suggesting that the se-
lectivity of CMLD013075 forC. albicansHsp90may not extend
to A. fumigatus and C. neoformans. In fact, these three fungal
sequences have pairwise sequence identities ranging from 73 to
76% in their NBDs, which is comparable with the sequence
identities comparing the fungal NBDs to humans. Although the
pharmacokinetic properties of CMLD013075 require optimiza-
tion for in vivo testing, such as to address a P450 metabolic
liability, this proof-of-concept molecule has demonstrated the
feasibility of selectively targeting fungal Hsp90 as a novel anti-
fungal strategy.
As a complementary approach to advance Hsp90 inhibitors

as antifungals, biochemical structure-activity relationship anal-
yses were performed to probe selective target engagement of
molecules with C. albicans and C. neoformans Hsp90 (52).
Many points of diversity were investigated in a series of over
100 fully synthetic, nonmacrocyclic, resorcylate analogs, which
identified novel compounds with enhanced potency and selec-
tivity for fungal Hsp90 isoforms as compared with their human
counterparts. As fungal selectivity of the inhibitors compared
with human Hsp90 increased, advanced analogs diverged in
their species selectivity between C. albicans and C. neoformans
(52). In line with the findings with CMLD013075, this suggests
challenges for the development of fungal-selective Hsp90
inhibitors with broad-spectrum activity against diverse patho-
genic fungi. Ongoing efforts toward obtaining co-crystal struc-
tures with novel synthetic fungal-selective compounds and the
Hsp90 NBD from diverse fungal pathogens will provide an im-
portant resource to understand species selectivity and to guide
structure-based efforts in the development of Hsp90 inhibitors
with therapeutically useful fungal selectivity. An ideal fungal-
selective inhibitor would have high selectivity at the level of tar-
get engagement, while also having suitable druglike properties,
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such as solubility, fungal cell permeability, and metabolic
stability.
Fungal Hsp90 inhibitors have the potential to impede the

emergence of antifungal drug resistance and resensitize drug-
resistant clinical isolates to antifungals currently deployed in
the clinic (39, 40). Thus, althoughHsp90 inhibitors have single-
agent antifungal activity, the greatest promise for antifungal
therapy targeting Hsp90 lies in combinatorial treatment. Tar-
geting other more divergent elements of the Hsp90 chaperone
network may provide an alternate antifungal strategy. Proteins
of particular interest are those that regulate Hsp90 function.
One compelling strategy is to target enzymes that posttransla-
tionally modify Hsp90, including modifications such as acetyla-
tion, thereby regulating Hsp90 function and interactions with
clients and co-chaperones. Pharmacological inhibition of lysine
deacetylases (KDACs) broadly impedes the emergence and
maintenance of Hsp90-dependent antifungal drug resistance
and reduces virulence in C. albicans, A. fumigatus, and C. neo-
formans (53–57). KDACs represent an interesting target in the
Hsp90 fungal stress response network, given that their diver-
gence between fungal pathogens and humans is far greater than
for the chaperone Hsp90 (53, 58). Structural analysis of KDACs
will be crucial to advance the development of potent and selec-
tive inhibitors. Other targets of interest in the Hsp90 network
include proteins that depend on Hsp90, such as calcineurin, to
mediate downstream effects on fungal stress responses, drug
resistance, morphogenesis, and virulence (44).

Calcineurin

As with Hsp90, the serine/threonine protein phosphatase
calcineurin is a highly conserved stress response regulator in
eukaryotes. In both yeast and humans, calcineurin is a key
member of calcium-activated signal transduction pathways.
Calcineurin functions as a heterodimer of the catalytic subunit,

CnA, and regulatory subunit, CnB (59). In response to stress,
intracellular Ca21 concentrations increase, causing Ca21 to
bind to calmodulin, which binds to the calcineurin catalytic
subunit, CnA, displacing an autoinhibitory domain and thereby
activating calcineurin. This activation of CnA leads to the tran-
scriptional regulation of downstream targets (59). In humans,
calcineurin plays a key role inmany cellular signaling processes,
including T-cell activation (60), and is the target of immuno-
suppressive drugs used in the clinic (61). Calcineurin is also
being explored as an antifungal target as it plays important roles
in regulating fungal development, stress responses, and viru-
lence. However, the immunosuppressive nature of current
calcineurin inhibitors complicates their use in the treatment
of invasive fungal infections. Recent structural analyses of
calcineurin in fungal pathogens have revealed insights that
will help guide the development of fungal-selective calci-
neurin inhibitors.
Although not essential under standard laboratory growth

conditions, calcineurin is required to respond to the stresses
encountered in a human host and hence is required for
virulence of the three major fungal pathogens, C. albicans, C.
neoformans, and A. fumigatus (7, 62). In fungal pathogens, cal-
cineurin is activated by stress and dephosphorylates the down-
stream transcription factor Crz1 (CrzA in A. fumigatus), which
then translocates into the nucleus, where it binds to calci-
neurin-dependent response elements in target gene promoters
(63). The genes regulated by fungal Crz1 include those with
roles in cell signaling, cell wall integrity, and ion homeostasis,
with distinct target genes in different species (64–67). In C.
albicans, calcineurin has important roles in governing cell wall
integrity and growth in the presence of serum (68–71). Conse-
quently, C. albicans calcineurin mutants exhibit decreased vir-
ulence in a murine model of disseminated candidiasis (71). In
some non-albicans Candida species, calcineurin regulates
another important virulence trait, the ability to undergo

Figure 1. The co-crystal structure of the C. albicans Hsp90 NBD with CMLD013075 displays unique structural rearrangements. A, chemical structures
of radicicol (top) and fungal-selective semisynthetic compound CMLD013075 (bottom). B, superposition of the structures of C. albicans Hsp90 NBD in complex
with radicicol (tan; PDB entry 6CJL) and CMLD013075 (blue; PDB entry 6CJP). The CMLD013075 ligand is shown in a stick representation, with the carbon atoms
of the methoxybenzyl ring in darker blue. The ligand in the radicicol complex occupies a similar site as the lactone ring in the CMLD013075 complex but is not
included here for clarity.
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filamentous growth in response to various inducing cues (72).
Calcineurin is also required for C. neoformans virulence, as it
plays crucial roles in thermotolerance, such that deletion of
genes encoding calcineurin subunits impairs growth at 37 °C
(73–75). Finally, in A. fumigatus, mutants lacking the catalytic
subunit of calcineurin are defective in hyphal and conidial mor-
phology, with reduced pathogenicity in murine models of inva-
sive aspergillosis (76–78). As calcineurin is required for hyphal
growth of A. fumigatus, pharmacological inhibition of calci-
neurin impairs growth of this filamentous fungus in vitro (79).
In addition to regulating environmental stress responses and

virulence, calcineurin enables crucial responses to the stress
imposed by antifungal agents, such as echinocandins and
azoles. As a consequence, pharmacological inhibition or
genetic depletion of calcineurin sensitizes C. albicans and A.
fumigatus to echinocandins (68, 70, 79–81). Interestingly,
whereas C. neoformans is intrinsically resistant to echinocan-
dins, deletion of genes encoding calcineurin subunits sensitizes
cells to the echinocandin caspofungin (82, 83). Calcineurin also
regulates the response to cell membrane stress imposed by the
azole antifungals. Inhibition of calcineurin potentiates azole ac-
tivity against C. albicans and renders the drug combination
fungicidal (39, 84–86) and enhances the activity of azoles
against C. albicans biofilms (87). Fungal calcineurin is also an
Hsp90 client protein, requiring Hsp90 for stability and func-
tioning as a key mediator of Hsp90-dependent drug resistance
(68, 88). In azole-resistant strains ofA. fumigatus, the combina-
tion of inhibitors of Hsp90 and calcineurin is fungicidal (89).
Thus, calcineurin is an attractive target to impair fungal viru-
lence and drug resistance.
Calcineurin inhibitors are central to procedures such as

organ transplantation and the treatment of immune-mediated
diseases (90). These calcineurin inhibitors include the natural
products cyclosporine A and the more potent FK506, which in-
hibit calcineurin function through binding to the immunophi-
lins cyclophilin A and FK506-binding protein 12 (FKBP12),
respectively (91, 92). FKBPs, including FKBP12, are peptidyl-
prolyl cis/trans-isomerases that aid in the folding of proteins
containing proline and have a key role in protein homeostasis
(93). In humans, FKBP12 is also involved in receptor signaling
and regulation of cellular partners, such as transforming
growth factor-b (93). In fungi, the FKBPs are not essential for
fungal growth, and their physiological roles are not well-char-
acterized (94–96). However, FKBP12 plays a conserved role in
FK506-mediated inhibition of calcineurin in pathogenic fungi
(95, 96).
Given the immunosuppressive nature of current calcineurin

inhibitors, there is a pressing need to identify fungal-selective
inhibitors that reduce the immunosuppressive effects. One
promising study characterized four FK506 analogs that had
reduced immunosuppressive activity and were produced by
strains of Streptomyces with deletion of specific FK506 biosyn-
thetic genes (97, 98). These compounds displayed synergistic
activity with fluconazole as well as single-agent activity against
diverse pathogenic fungi under conditions requiring calci-
neurin function (99). A recent follow-up study used combina-
tions of mutations in FK506-producing Streptomyces species to
produce additional analogs with reduced immunosuppressive

activity despite robust antifungal activity and synergistic activ-
ity with fluconazole (100). These findings highlight the poten-
tial for the development of fungal-selective calcineurin inhibi-
tors. An alternate strategy to enhance the antifungal potential
of FK506 that has been explored involves a combination of
FK506 and FK506 antagonists that compete for binding to
FKBP12, the latter of which permeates human but not fungal
cells; this strategy exerts antifungal activity againstA. fumigatus
with a reduction in immunosuppressive effects on the host
(101).
Structural analyses are also providing insights to guide the

development of antifungal therapies targeting fungal calci-
neurin. Because FKBP12 mediates the interaction between cal-
cineurin and inhibitors like FK506 (95, 96), structural differen-
ces in the fungal and human FKBP12 can be leveraged in the
design of fungal-selective calcineurin inhibitors. The first struc-
tural elucidation of FKBP12 from pathogenic fungi reported
crystallized apo structures of C. albicans, Candida glabrata,
and A. fumigatus FKBP12 (102). Overall, these FKBP12 struc-
tures had a similar fold to those from humans and the model
yeast S. cerevisiae, with a 5–6-stranded b sheet around an a he-
lix with three extended loops (the 40s loop, 50s loop, and 80s
loop) surrounding the active site (102). Although the fungal
FKBP12s share 40–50% sequence identity to the human pro-
tein, striking differences between fungal and human FKBP12
have been identified and exploited in the search for fungal-spe-
cific inhibitors (26, 102).
One such structural difference has led to the development of

a promising proof-of-concept fungal-selective FK506 analog. A
recent study elucidated the crystal structures of calcineurin cat-
alytic and regulatory subunits in complex with both FKBP12
and the inhibitor FK506 for four diverse fungal pathogens
(26). Structure-guided mutational analysis of the calcineurin-
FK506-FKBP12 complex in A. fumigatus identified a residue,
Phe-88, in the FKBP12 80s loop critical for binding and inhibi-
ting fungal calcineurin (Fig. 2, B and C). This residue is found at
the interface of the calcineurin interaction with FKBP12 and
FK506, and substitution of this residue conferred resistance to
FK506 by decreasing binding affinity to calcineurin. Impor-
tantly, the human protein has a histidine at the equivalent
position, which is one of the few differences in the FK506
pocket that can be exploited to build in fungal specificity. Iden-
tification of this residue enabled the development of an aceto-
hydrazine-substituted variant of FK506, APX879, which inter-
acts more favorably with the fungal complex than the human
complex (Fig. 2A). This analog had reduced immunosuppres-
sive effects but broad-spectrum antifungal activity. However,
compared with FK506, APX879 showed reduced in vitro sin-
gle-agent and combinatorial antifungal activity against various
pathogenic fungi. Nevertheless, APX879 had therapeutic bene-
fits in a murine model of invasive cryptococcosis, in sharp con-
trast to the acute toxicity caused by FK506 during infection
(26). The therapeutic efficacy of APX879 was further improved
by combinationwith fluconazole. Thus, although the antifungal
activity of APX879 was not as potent as that of FK506, the
reduced immunosuppressive activity highlights the feasibility
of designing fungal-selective calcineurin inhibitors guided by
structural differences between human and fungal proteins.
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Another intriguing structural feature of FKBP12 that can be
exploited for antifungal therapies is its propensity to form
dimers, although the physiological role of this dimerization
remains elusive. The formation of FKBP12 dimers has been
studied in mammals and S. cerevisiae, and key residues in the
40s loop that are important for dimerization have been defined
(103, 104). In contrast, C. albicans and A. fumigatus FKBP12
dimers contain a central proline in the 80s loop that inserts into
the active site of an adjacent FKBP12 molecule and is not con-
served in the human sequence (102). Interestingly, this FKBP12
self-interaction site overlaps with the binding site of FK506,
and substitution of the proline or the adjacent residue in A.
fumigatus confers FK506 resistance, indicating a potential loss
of FKBP12 affinity for calcineurin (102). It is possible that the
formation of this dimer might enable self-catalysis, although
this remains to be explored. Substitution of additional residues
in the 40s-50s FKBP12 loop involved in FKBP12 dimerization
resulted in even higher FK506 resistance than mutation of the
proline residue, as well as a 2-fold increase in dimer strength
and impaired calcineurin binding (105). Together these studies
establish a connection between FKBP12 dimerization, FK506
binding, and calcineurin inhibition in pathogenic fungi (102,
105). Further investigation into the functional role of FKBP12
dimerization and the specific residues involved in pathogenic
fungi compared with humans will aid in determining how to
best exploit structural differences for antifungal drug design.
In addition to targeting fungal FKBP12 proteins, additional

therapeutic strategies could be explored. Regulators upstream

of calcineurin that are important for its function could be inves-
tigated.Members of the RCAN (regulator of calcineurin) family
of proteins have been characterized in fungal pathogens (106–
109), and further biochemical and structural characterization
of these proteins may reveal an opportunity for the design of
fungal-selective inhibitors. Further, additional characterization
of structural differences between calcineurin proteins of fungi
and humans could provide another strategy by which to design
fungal-selective molecules. For example, calcineurin ofA. fumi-
gatus and other filamentous fungi harbors a unique serine-pro-
line-rich linker domain in its catalytic subunit that could be
exploited to increase the selectivity of antifungal molecules
(110). Mutations in this region result in virulence defects, high-
lighting a fungal-specific region required for calcineurin func-
tion (110). Finally, effectors downstream of calcineurin could
provide promising targets for the design of antifungals, as with
Crz1 and additional effectors that have been implicated in fungi
(111–115). Defining the effectors that are crucial to calci-
neurin-mediated stress responses in pathogenic fungi could
provide novel targets for antifungal drug development.

Ras

Structure-guided approaches are also enabling efforts to tar-
get Ras proteins, highly conserved environmental stress regula-
tors, as an antifungal strategy. Ras proteins are a family of small
monomeric proteins with GTPase activity. They localize to the
plasma membrane and function primarily as signal transducers
(116). Activated by various extracellular cues, Ras proteins play

Figure 2. The crystal structure of the A. fumigatus calcineurin-FK506-FKBP12 complex revealed a residue, Phe-88, in FKBP12 critical for ligand bind-
ing and calcineurin inhibition, which is divergent in human FKBP12. A, chemical structures of FK506 (top) and the fungal-selective acetohydrazine-substi-
tuted analog APX879 (bottom). B, surface representation of A. fumigatus calcineurin-FK506-FKBP12 complex structure (PDB entry 6TZ7). FKBP12 is shown in
orangewith the fungal-specific residue Phe-88 (F88) inmagenta. FK506 is in stick representation. The carbonyl oxygen at position 22 is indicatedwith an asterisk
in A and B. Here, the calcineurin subunits are not shown for clarity. C, the complex is shownwith the inclusion of the calcineurin A and B subunits.
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key roles in regulating growth and response to stress via down-
stream signaling cascades (117). In humans, Ras proteins have
been explored as potential targets for cancer therapies, as
nearly 30% of human tumors have Ras substitutions causing
constitutive activation of downstream pathways (118). In path-
ogenic fungi, nonessential Ras GTPases play critical roles in vir-
ulence (119). In C. albicans, Ras1 mediates signals to the
cAMP-protein kinase A pathway, which is crucial to enabling
morphogenesis in response to most environmental conditions
(120). C. albicans mutants lacking Ras1 are defective in fila-
mentation, biofilm formation, and virulence (119, 120). In C.
neoformans, Ras1 is required for growth at 37 °C and, as a
consequence, for pathogenicity in a mammalian host (121).
Finally,A. fumigatus Ras proteinsmodulate conidiation, hyphal
growth, and virulence (122). The crucial role that Ras proteins
play in regulating the virulence of fungal pathogens illuminates
their potential as targets for antivirulence therapies to disarm
fungal pathogens.
Based on recent investigations of Ras GTPases in oncology,

two strategies are being explored to target fungal Ras proteins:
direct inhibition of Ras activity or disruption of Ras posttransla-
tional modifications (PTMs) (123). Directly targeting Ras has
not advanced substantially as an antifungal strategy due to the
high conservation of the GTPase-binding domain across eukar-
yotes and the lack of extensive structural analysis. Nevertheless,
the identification of an N-terminal domain extension in fungal
Ras that is required for Ras signaling in A. fumigatus but is
absent in homologs of higher eukaryotes suggests structural
divergences that could potentially be exploited for the develop-
ment of a fungal-specific inhibitor (124). More promising is the
prospect of targeting the enzymes required for Ras PTMs, as
they share ,45% sequence identity with human orthologs
(123). Localization of Ras proteins to the plasma membrane is
essential for their biological activity (125, 126) and is regulated
by sequential PTMs, including prenylation (farnesylation or
geranylgeranylation), proteolysis, methylation, and palmitoyl-
ation (123). Genetic disruption of prenylation or palmitoylation
recapitulates the phenotypic defects of a rasA deletion mutant
inA. fumigatus (126, 127) and impedes filamentation inC. albi-
cans (128). Similarly, in C. neoformans, pharmacological inhibi-
tion of the farnesyltransferase mimics the temperature-sensi-
tive phenotype of the ras1 deletionmutant (129). Together, this
demonstrates the allure of targeting Ras modifications to crip-
ple fungal pathogens.
Farnesyltransferase (FTase) inhibitors developed as anti-

cancer agents have demonstrated antifungal activity against C.
neoformans at 37 °C (129). Remarkably, the natural product
manumycin A disruptsC. neoformansRas1membrane localiza-
tion and has growth-inhibitory activity against C. neoformans
comparable with that of the clinical polyene antifungal drug
amphotericin B (129). To guide optimization of the fungal se-
lectivity of FTase inhibitors, the crystal structures of C. neofor-
mans and A. fumigatus FTases were solved (129, 130). Struc-
tural analysis of the C. neoformans FTase demonstrated an
overall similar architecture to the human ortholog, including
the locations of the substrate-binding site and putative exit
groove for the displaced prenylated product. However, in con-
trast to the situations with Hsp90 and FKBP12, the human and

fungal FTases are more divergent, with pairwise sequence iden-
tities ranging from 30 to 40%. Whereas the human enzyme
remains rigid throughout the prenyltransferase reaction cycle
and forces substantial changes in the substrate conformation, a
conformational change was observed in the cryptococcal
enzyme upon peptide binding. A single-residue difference in
the substrate-binding pocket of theC. neoformans FTase b sub-
unit, Asn-413, in the place of the equivalent human Tyr-365
results in a deeper cavity in the active site relative to the human
protein. An even larger active site was observed with the A.
fumigatus FTase enzyme, calculated to be double the volume of
that of the human FTase (130). Last, substantial structural vari-
ation was observed in the C. neoformans and A. fumigatus
FTase product exit groove adjacent to the active site, resulting
in a notable widening compared with the human isoform (129,
130). Co-crystal structures of fungal FTases with distinct inhib-
itor scaffolds, including the clinical anticancer agent tipifarnib,
suggest that specific substitutions could be explored to exploit
the structural differences between human and fungal FTases
and optimize fungal selectivity (Fig. 3) (129, 130).

Trehalose biosynthesis

The development of inhibitors targeting unique pathways
involved in fungal stress response and virulence that are absent
from humans is a particularly attractive antifungal strategy. As
such, the biosynthetic pathway of the nonreducing sugar treha-
lose provides an intriguing target to explore for antifungal de-
velopment. Trehalose plays key roles in fungal metabolism, cell
wall homeostasis, stress responses, and virulence in diverse
pathogenic fungi (131). In yeasts and molds, the canonical tre-
halose biosynthetic pathway is a two-step enzymatic process
comprised of trehalose-6-phosphate synthase (TPS; Tps1 in C.
albicans and C. neoformans, TpsA/B in A. fumigatus) and tre-
halose-6-phosphate phosphatase (TPP; Tps2 in C. albicans and
C. neoformans, OrlA in A. fumigatus). This pathway has direct
links to the glycolytic flux and is integral to the regulation of
glycolysis (132). Trehalose is found in fungi, bacteria, plants,
and invertebrates but is absent from mammalian cells (133).
Thus, inhibiting trehalose biosynthesis provides an opportunity
to cripple human fungal pathogens with minimal toxicity to the
host.
Inhibition of the biosynthesis of trehalose through perturba-

tion of either the TPS or TPP has dramatic effects on fungal
biology and virulence. In C. albicans, loss of Tps1 results in
defects in thermotolerance in glucose-containing medium,
impaired filamentation, hypersensitivity to oxidative stress,
increased killing by macrophages, and severely attenuated viru-
lence in a murine model of invasive candidiasis (134–136).
Whereas loss of C. albicans Tps2 does not lead to an obvious
defect in morphogenesis, it does cause increased thermosensi-
tivity and reduced pathogenicity in a mouse model of systemic
infection (137). In C. neoformans, Tps1 and Tps2 are required
for growth at 37 °C in glucose-containing medium. Loss of C.
neoformansTps1 causes hypersensitivity to oxidative stress and
to the clinical antifungal caspofungin (138), raising the possibil-
ity for a combinatorial treatment with cell wall–perturbing
agents. Interestingly, the toxic accumulation of trehalose 6-
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phosphate upon loss ofC. neoformansTps2 results in cell death
at elevated temperatures, suggesting that a treatment targeting
Tps2 has the potential to be fungicidal. In A. fumigatus, treha-
lose production is blocked by deletion of two synthase-encod-
ing genes, tpsA and tpsB, causing developmental defects and
increased susceptibility to oxidative stress. Surprisingly, the
double mutant is hypervirulent in a murine model of invasive
aspergillosis, which is speculated to be due to reduced associa-
tion with and phagocytosis by macrophages as a result of cell
wall alterations (139). In contrast, deletion of the A. fumigatus
tps2 homolog orlA results in a variety of reproductive, develop-
mental, and morphological defects, and the mutant is severely
attenuated in virulence in murine models of aspergillosis (140).
Together, these findings support the potential of targeting the
late step of trehalose biosynthesis to disarm fungal virulence.
To enable structure-guided drug design, crystal structures

for fungal substrate-bound Tps1 and Tps2 have been solved. C.
albicans Tps1 structures enabled the identification of key resi-
dues for substrate recognition and catalysis (141). C. albicans
amino acid substitutions generating a catalytically dead version
of Tps1 conferred temperature-sensitive growth and defects in
filamentation and biofilm formation (141), suggesting that dis-
ruption of Tps1 activity with a competitive inhibitor could
attenuate pathogenicity. Tps2 is a more attractive broad-spec-
trum antifungal target than Tps1, as genetic disruption of the
second step in trehalose biosynthesis results in severe tempera-
ture sensitivity and/or attenuated virulence in all three major
human fungal pathogens. The structure of the C. albicans Tps2
C-terminal domain, which contains the catalytically active
phosphatase domain (Tps2PD), provided critical insights (142).
Analysis of a Tps2PD transition state structure with trehalose
enabled a mechanistic understanding of the enzymatic phos-
phatase reaction as well as substrate binding and specificity
(142). Key residues for substrate-binding and catalytic activity
were identified, including the critical aspartate nucleophile for
phosphatase activity (142). TheC. neoformans substrate-bound
Tps2PD structure revealed a conserved active site and an over-
all structure nearly identical to the C. albicans counterpart.
Substitution of the key catalytic aspartate residue in the crypto-
coccal Tps2PD abolished phosphatase activity, and the result-

ing mutant strain had phenotypic defects similar to a C. neofor-
mans tps2 deletion mutant, including hypersensitivity to high
temperature (142). This finding suggests that specific pharma-
cological inhibition of Tps2 phosphatase activity could cripple
the pathogenicity of C. neoformans. Finally, a substrate-free A.
fumigatus Tps2 (OrlA) structure was solved, which further
established an overall structural conservation across fungal
TPP enzymes (142). Together, structural and biochemical evi-
dence identify a highly specific Tps2 active site that is distinct
from other mammalian phosphatases, with key catalytic resi-
dues conserved across major fungal pathogens, making it an
excellent target for antifungal drug development (131, 142).

Yck2

Targeting fungal cell wall integrity is a promising avenue for
the design of antifungal agents, as cell walls are crucial for fun-
gal cells and absent from human cells. The newest class of anti-
fungals in the clinic, the echinocandins, perturb fungal cell wall
synthesis by inhibiting the synthesis of (1,3)-b-D-glucan in the
cell wall, impeding viability of fungal species such asC. albicans
with minimal toxicity in humans (7). Alterations in cell wall
structure caused by echinocandin treatment induce severe cel-
lular stress, which activates the cell wall integrity pathway to
enable a protective response. Targeting kinases involved in cell
wall integrity signaling and stress responses has been demon-
strated to increase the efficacy of echinocandins and impair
fungal virulence, making them great targets for single-agent
and combinatorial antifungal treatments (23, 143). Recently,
the nonessential casein kinase 1 family member Yck2 has
emerged as an attractive new target governing cell wall integrity
and virulence. Loss of Yck2 in C. albicans results in altered
cellular morphology and biofilm formation, in addition to
increased sensitivity to cell wall–perturbing agents (143, 144).
Inhibitors of Yck2 have emerged from recent screening ini-

tiatives. A screen to identify protein kinase inhibitors that
potentiate the echinocandin caspofungin against a resistant C.
albicans clinical isolate identified several compounds with a
2,3-aryl-pyrazolopyridine scaffold as caspofungin potentiators
(24). Chemical genomic approaches revealed Yck2 as a putative

Figure 3. The co-crystal structure of the C. neoformans FTase with tipifarnib suggests that inhibitor derivatization may lead to increased affinity
and fungal selectivity. A, chemical structure of tipifarnib. B, surface representation of the structure of C. neoformans FTase in complex with farnesyl pyrophos-
phate analog, FPT-II, and tipifarnib (PDB entry 3SFX). The ligands are represented as sticks and color-coded according to heteroatom composition. Tipifarnib
coordinates with the catalytic Zn21 ion (pink) and could be derivatized to increase interactions with the product exit groove (arrow) and peptide-binding site
(asterisk).
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target for the lead compound GW461484A (GW), which was
confirmed by an in vitro kinase assay demonstrating potent,
dose-dependent Yck2 inhibition by GW. To further explore
this interaction, the crystal structures of the apo and GW-
bound C. albicans Yck2 kinase domain were elucidated (24).
GW bound in the ATP-binding pocket of Yck2, and although
the residues compromising the fungal Yck2 ATP-binding site
are highly conserved with those of human casein kinases, resi-
dues at the C-terminal end of the fungal kinase domain showed
divergence with the human sequence. Modifying GW to
increase access to these divergent residues proximal to the
ATP-binding site may provide a promising avenue by which to
optimize this scaffold to improve fungal selectivity. In addition,
homology models of the closest Yck2 orthologs of various fun-
gal pathogens revealed high conservation across the kinase
active sites. Accordingly, GW showed strong caspofungin
potentiation against the emerging fungal pathogen Candida
auris, in addition to potent single-agent activity against C. neo-
formans. However, GW showed modest to no activity against
A. fumigatus or C. glabrata, potentially due to altered intracel-
lular GW accumulation or alternative cell wall maintenance
roles for Yck2 in these fungal pathogens (24).
Proof-of-concept experiments have established the thera-

peutic potential of targeting C. albicans Yck2. The efficacy of
GW was first examined in a co-culture system in which GW
impaired C. albicans growth and increased caspofungin effi-
cacy, rescuing human cell viability. Although metabolic liabil-
ities of the GW pyrazolopyridine scaffold preclude testing in
vivo efficacy, genetic depletion of C. albicans YCK2 severely
reduced virulence in a mouse model of candidiasis, underscor-
ing the therapeutic potential of inhibiting this important regu-
lator of cell wall integrity (24). Further analysis of structure-ac-
tivity relationships and structure-guided drug design will be
leveraged to optimize potent and fungal-selective inhibitors of
Yck2. Together, this highlights the potential of expanding the
antifungal target space to include protein kinases as key regula-
tors of fungal stress response, drug resistance, and virulence.

Conclusion and perspectives

There is a dire need to expand the current armamentarium
of antifungal drugs to treat systemic fungal infections. Selective
targeting of fungal stress responses has emerged as a promising
strategy to address this challenge. With roles in governing
growth, virulence, and resistance to antifungal drugs, regulators
of stress responses are promising targets for both single-agent
and combinatorial therapies. Structural and functional analyses
of fungal stress response regulators have provided unprece-
dented opportunity for the rational design of potent, specific,
and fungal-selective inhibitors of these targets (Fig. 4). To facili-
tate the advancement of novel antifungal strategies, these anal-
yses should be expanded to leverage crystal structures of addi-
tional proteins that regulate fungal virulence. This includes
proteins involved in the detoxification or response to host chal-
lenges, such as fluctuations in metal concentrations and oxida-
tive stress, such as the key A. fumigatus siderophore biosyn-
thetic enzyme ornithine-N5-monooxygenase (145), the A.

fumigatus peroxiredoxin Asp f3 (146), and the C. albicans
superoxide dismutase 5 (147).
A central challenge is to develop therapeutic agents that crip-

ple the fungal pathogenwithout causing host toxicity. Although
inhibitors of conserved targets such as calcineurin are used in
the clinic, negative effects on the host preclude their use as anti-
fungals to treat systemic infections. A number of high-through-
put drug-screening approaches have been applied for the iden-
tification and development of specific fungal protein inhibitors,
including scintillation proximity assays for kinase activity (148),
fluorescence polarization–based assays (52, 149, 150), and sur-
face plasmon resonance analyses (52, 151). In the absence of
solved crystal structures, three-dimensional homology model-
ing is allowing for the virtual screening of chemical libraries
(152). Alternatively, solving the structures of antifungal target
enzymes enables insights into the architecture of relevant bind-
ing pockets, allowing for rational experimental or in silico in-
hibitor design (28). The new azole VT-1161 provides a power-
ful example of the success of structure-guided approaches in
the design of improved antifungal agents. Following in silico
predictions of binding affinity to prioritize azole scaffolds with
improved fungal selectivity, homology model docking enabled
rational stepwise improvements to potency and selectivity,
resulting in a novel antifungal compound that has advanced
into human clinical trials (153). Additionally, cutting-edge
technological advances in cryo-EM are being harnessed to
investigate previously intractable targets in drug discovery
(154), providing an untapped potential for selective antifun-
gal drug design.
The ongoing evolution of drug resistance in fungal pathogens

and the emergence of novel fungal threats necessitate expanded
efforts to discover and develop novel, resistance-evasive thera-
peutic strategies. Genomics has accelerated the identification
of promising antifungal targets based on essentiality (155–158),
requirement for virulence (159–163), or impact on drug resist-
ance (38). Structural analyses of additional fungal stress
response regulators and potential antifungal targets, including
protein kinases in the cell wall integrity pathway and in the
Hog1 osmotic response signaling cascade, are well-warranted
to stimulate the design of much-needed antifungals (164). Pro-
teins that are essential for fungal growth and virulence but do
not have homologs in humans are privileged antifungal targets.
Comparative genomics has identified 10 genes experimentally
determined to be essential for growth in C. albicans and A.
fumigatus that are conserved across eight fungal pathogens but
are absent in the human genome (152). In particular, the pro-
tein Rim8, important for the response to alkaline pH, is high-
lighted as an attractive enzyme for pharmacological inhibition.
In addition, an in vivo transposition strategy coupled to a
machine-learning approach enabled a systematic inference of
essentiality in a stable haploid derivative of C. albicans in an
unbiased manner (156). This work facilitated the identification
of 100 genes inferred to be essential in C. albicans that are con-
served in A. fumigatus and C. neoformans but have no human
homologs (156). Together, these findings provide a promising
list of potential targets for antifungal drug development. The
mobilization of interdisciplinary teams with fungal geneticists,
structural biologists, and medicinal chemists has accelerated
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the optimization of new scaffolds and bolstered the antifungal
drug development pipeline.
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