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Abstract

Hsp90 is a conserved molecular chaperone that facilitates the folding and function of client 

proteins. Hsp90 function is dynamically regulated by interactions with co-chaperones and by post-

translational modifications. In the fungal pathogen Candida albicans, Hsp90 enables drug 

resistance and virulence by stabilizing diverse signal transducers. Here, we review studies that 

have unveiled regulators of Hsp90 function, as well as downstream effectors that govern the key 

virulence traits of morphogenesis and drug resistance. We highlight recent work mapping the 

Hsp90 genetic network in C. albicans under diverse environmental conditions, and how these 

interactions provide insight into circuitry important for drug resistance, morphogenesis, and 

virulence. Ultimately, elucidating the Hsp90 chaperone network will aid in the development of 

therapeutics to treat fungal disease.
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Hsp90 enables temperature-dependent morphogenesis, drug resistance 

and virulence in fungal pathogens

For fungal pathogens, the ability to grow at human physiological temperatures is a 

requirement for successful colonization and infection [1-4]. Of the estimated 1.5 million 

fungal species, only approximately 300 can cause disease in humans and only a handful are 

common human pathogens [5]. The requirement for high temperature growth has been 

proposed as the reason for the paucity of successful human fungal pathogens [6], and for the 

increased number of fungal infections in tropical regions [7]. Species of Aspergillus, 

Candida, Cryptococcus and Pneumocystis are the predominant causal agents of systemic 

fungal infections, accounting for approximately 90% of human mortality due to fungal 

infections [8]. Of these, Candida albicans, which can exist as a normal member of the human 
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mucosal microbiota, is the primary cause of systemic candidiasis, infecting ∼400,000 

individuals per year with mortality rates approaching 40%, even with current treatments [8].

Of the successful human fungal pathogens, elevated temperatures are often associated with 

entry into the host. Many fungi use elevated temperature as the cue for the initiation of 

developmental programs that allow for expression of virulence traits, including 

morphological transitions [9]. The thermally dimorphic fungi use high temperature as a 

signal to transition from filaments to the virulent yeast form [10,11]. In contrast, C. albicans 
transitions from yeast to the filamentous form upon exposure to elevated temperatures, such 

as those experienced during febrile episodes [12,13]. This ability to transition between 

morphotypes is a key trait that underpins the virulence of this pathogen. A second form of 

morphological plasticity in C. albicans involves epigenetic switching between the standard 

white cells and opaque, grey, and GUT cellular forms in response to environmental cues 

[14-17]. For example, in response to lower temperatures, such as those found on the skin, C. 
albicans can switch from the white to opaque state; although C. albicans white cells filament 

in response to elevated temperatures, opaque cell filamentation occurs only at the lower 

temperatures [14,15].

Temperature fluctuations can be sensed by these organisms via changes in many aspects of 

cellular homeostasis. One mechanism is through changes in membrane fluidity; extreme 

temperatures can change membrane properties, thereby allowing membrane dynamics to act 

as a thermal signal [18]. In fungi, temperature can also be sensed by histidine kinases, which 

are analogous to the sensor component of two-component signalling systems in bacteria 

[19], and these histidine kinase sensors can be used by the thermal dimorphs to trigger 

morphogenetic transitions [20]. Fungi can also respond to temperature fluctuations through 

the induction of a diverse set of heat shock proteins. These include the small heat shock 

proteins, which can shift from a low to high-affinity chaperone state upon heat stress 

[21,22], Hsp70 proteins, which are required for maintaining protein homeostasis [23], and 

the molecular chaperone Hsp90. Hsp90 is a highly conserved ATP-dependent molecular 

chaperone that acts to stabilize components of signal transduction cascades, especially those 

involved in adaptation to stress [24-26]. Hsp90 promotes the folding of hundreds of client 

proteins (see Glossary) in a highly regulated fashion [27]. Hsp90's unique position as a 

central hub in cellular circuitry enables it to exert a powerful influence on the phenotypic 

consequences of genetic variation in response to environmental change [28-30].

In the fungal pathogen C. albicans, Hsp90 is a key regulator of virulence traits. Impairment 

of C. albicans Hsp90 function abrogates drug resistance, reduces tolerance to a myriad of 

stresses, induces a morphological transition from yeast to filamentous growth, and attenuates 

virulence [12,28,31-33]. Targeting Hsp90 is a powerful strategy to treat fungal infections; 

however, the antifungal utility of current Hsp90 inhibitors is compromised by toxicity due to 

the effects of concurrent inhibition of host Hsp90. Thus, it is critical to identify Hsp90 

interacting proteins that control drug resistance, stress response, and virulence, and that are 

sufficiently divergent to enable selective targeting in the pathogen. This includes interacting 

proteins that regulate Hsp90 function, those that rely on Hsp90 for proper folding and 

function, and those that work in concert with Hsp90 to mediate important cellular processes. 

This review will focus on two fundamental questions: 1) how is Hsp90 regulated in C. 
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albicans, and 2) what are the effectors downstream of Hsp90 in C. albicans that modulate the 

key virulence traits of drug resistance and morphogenesis? By exploring these questions, we 

are poised to gain further insight into the Hsp90 interaction network and reveal novel 

therapeutic targets for treating fungal infections.

Mapping Hsp90 Chemical Genetic Interaction Networks

A powerful strategy to map interaction networks is based on genetic interactions, which are 

defined as an unexpected double mutant phenotype when alleles of two genes are combined 

(See Box 1). Identifying genetic interactions can facilitate assigning molecular function to 

genes based on shared genetic interactions [34], and reviewed in [35]. Genetic interaction 

studies are complementary to protein-protein interaction studies, which can be hampered by 

transience or low abundance. One approach for mapping genetic interactions is chemical 

genomic screening, where instead of constructing double mutants, a gene product is 

inhibited by a specific chemical and a mutant library is screened for hypersensitivity to that 

compound [36]. This is especially useful for C. albicans Hsp90 given the diploid nature of 

the pathogen, the lack of a complete sexual cycle, and the essential cellular function of 

Hsp90. There are potent and highly specific inhibitors of Hsp90 function, including the 

natural product geldanamycin [37]. Performing chemical genomic screens under multiple 

conditions also provides insight into the functional relationship of the genes involved, as 

those genes displaying an interaction under multiple conditions are more likely to act 

upstream and regulate expression or function of the target gene product, whereas those genes 

displaying an interaction only under a specific environmental condition are more likely to 

act downstream of the target gene [38,39]. These principles have been applied to map the C. 
albicans Hsp90 interaction network, revealing new mechanisms for the regulation of this 

molecular chaperone and the function of downstream regulators that impact key virulence 

traits.

Chemical Genetic Interactors

Chemical genomic screening of ∼20% of the C. albicans genome under distinct 

environmental conditions revealed 352 distinct HSP90 genetic interactors, and established 

that the Hsp90 genetic network is environmentally contingent [38,39]. Many of the Hsp90 

genetic interactors play crucial roles in drug resistance, virulence, or both, as demonstrated 

in Figure 1 (Key Figure). These screens also identified a subset of genes that, when deleted, 

resulted in hypersensitivity to Hsp90 inhibition under multiple environmental cues. These 

were hypothesized, and several subsequently validated, to be upstream regulators of Hsp90 

function. Consistent with a role for Hsp90 in regulating drug resistance and virulence, many 

of these high-connectivity Hsp90 interactors have roles in both of these phenotypes (Figure 

1).

Strikingly, the vast majority of genetic interactions were only observed under a single 

environmental stressor. Clustering of interactors provides a powerful approach to identify the 

function of uncharacterized genes based on correlation of genetic interactions with genes of 

known function, as has been done to great effect in Saccharomyces cerevisiae [34,35,40]. 

For example, we observe multiple members of the C. albicans Rim101 signaling cascade as 
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genetic interactors with Hsp90 in response to tunicamycin [38,39,41-44]. This suggests that 

additional Hsp90 genetic interactors identified in the tunicamycin stress conditions may 

function with the Rim101 cascade. As another example, orf19.194 was identified as a 

genetic interactor with Hsp90 in response to three antifungal drugs: tunicamycin, 

fluconazole, and caspofungin [39]. Although it has been previously implicated in virulence 

in a systemic model of candidiasis [45], it has no annotated function, no ortholog in S. 
cerevisiae, and the only predicted protein domain is a putative nuclear pore complex domain. 

Given the genetic interactions identified under multiple environmental conditions, this 

protein may function upstream of Hsp90.

Hsp90 Regulation

Although Hsp90 is a conserved molecular chaperone in all eukaryotes, a comprehensive 

understanding of its regulation remains elusive. This is in part due to the dynamic and 

transient nature of the complexes Hsp90 forms and the variable participation of co-

chaperones that contribute to its distinct functions [25]. Here, we discuss recent advances in 

understanding of the complex regulation governing Hsp90 abundance and function and 

highlight examples where genetic interaction mapping has unveiled novel regulators of 

Hsp90 function (Figure 2).

Transcriptional Regulation

Although Hsp90 is among the most abundant proteins in the eukaryotic cell [46], its 

expression is further induced in response to diverse environmental stresses [46-48]. In most 

eukaryotes, including the fungal pathogen C. albicans, inducible transcription of HSP90 is 

controlled by the essential transcription factor heat shock factor 1 (Hsf1) [13,49]. Under 

basal conditions, Hsf1 is a client of Hsp90, where Hsp90 exerts a repressive effect on Hsf1 

activity [50]. When Hsp90 function is compromised, including during stress conditions, it 

can no longer repress Hsf1, allowing for Hsf1 activation via phosphorylation and the 

induction of Hsf1 targets, including HSP90 [50,51]. In C. albicans, heat shock induces 

profound transcriptional changes, resulting in transcriptional induction of approximately 

18% of the genome, controlled in large part by Hsf1 acting in concert with Hsp90 [51]. 

Depletion of HSP90 impairs the rapid global transcriptional response to heat shock, which 

may be attributable to the increase in nucleosome density at promoters of Hsf1 target genes 

with Hsp90-dependent expression [51]. Thus, the functional relationship between Hsf1 and 

Hsp90 is complex and dynamic.

Although Hsf1 plays a vital role in HSP90 expression, there are other transcription factors 

that also contribute to the transcriptional regulation of HSP90. For human HSP90α, multiple 

transcriptional activators govern HSP90 expression in response to different stimuli, 

including the nuclear factor-κB subunit p65, NF-Il6β (also known as C/EBPδ), signal 

transducer and activator of transcription 3 (STAT3), and STAT1 [25]. Similar regulation is 

observed in fungi. Ahr1 is a zinc finger transcription factor identified as a genetic interactor 

with C. albicans Hsp90 under multiple environmental conditions [38]. Deletion of AHR1 
reduces HSP90 transcript levels, resulting in filamentous growth in the absence of inducing 
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cues [38]. There are likely to be additional transcription factors that can co-ordinate with 

Hsf1 to regulate HSP90 levels in response to distinct environmental insults.

Post-translational Regulation

In addition to the complex transcriptional regulatory networks that orchestrate changes in 

HSP90 expression, there is a remarkable complexity in the code of posttranslational 

modifications that control distinct aspects of Hsp90 function. Hsp90 function is modified by 

numerous posttranslational modifications, including acetylation, phosphorylation, and S-

nitrosylation [52]. In the model yeast S. cerevisiae, Hsp90 is phosphorylated on at least 11 

residues [53], including on threonine 22 by the casein kinase 2 (CK2) complex [53]. The 

ability to cycle between phosphorylation states is key for proper Hsp90 function [53]. 

Similarly, in C. albicans, CK2 phosphorylates Hsp90, and compromised CK2 function 

reduces the functional capacity of Hsp90 [38]. Hsp90 is also regulated by acetylation on 

numerous lysine residues [54-57]. In S. cerevisiae, Hsp90 is acetylated on lysine 27 and 270, 

as well as on other residues that remain enigmatic [56]. In C. albicans, lysine 30 and 271 are 

the analogous critical acetylation sites, and are important for Hsp90 function [57]. Hsp90 

acetylation also regulates drug resistance and virulence in the fungal pathogen Aspergillus 
fumigatus [58,59]. In S. cerevisiae, the lysine deacetylases (KDACs) important for 

regulating Hsp90 are Hda1 and Rpd3 [56]. Intriguingly, in C. albicans, there is a high level 

of functional redundancy among KDACs, with Hos2, Hda1, Rpd3, and Rpd31 mediating 

azole resistance and morphogenesis [57]. Multiple members of the Hos2 complex, including 

HOS2 and SNT1, are genetic interactors with Hsp90 under diverse environmental stresses, 

implicating this complex in regulation of Hsp90 function [38,39]. Notably, the 

acetyltransferase required for adding the acetyl moiety to Hsp90 has not been identified in 

C. albicans.

Co-chaperones

Hsp90 function can also modulated by co-chaperones, which are thought to mediate 

recognition of client proteins and aid in ATP cycling and conformational changes of the 

Hsp90 complex [25,52,60]. These co-chaperones bind to different domains on Hsp90 and 

have distinct effects on the chaperone cycle. However, the identity, function, and regulation 

of most of the C. albicans co-chaperones have not been fully elucidated. One Hsp90 co-

chaperone, Sgt1, regulates C. albicans morphogenesis and drug resistance [61], in part 

through interactions with the adenylyl cyclase Cyr1. The Hsp90 co-chaperones Cdc37 and 

Sti1 interact with the Crk1 kinase in C. albicans and are required for Crk1 stability [62]. 

Crk1 is a kinase that is required for morphogenesis and virulence [63]. To add to the 

complexity in regulation, the activity of co-chaperones is also subject to posttranslational 

modifications. For example, CK2 phosphorylates not only Hsp90, but also the co-chaperone 

Cdc37 in both S. cerevisiae and C. albicans, and this phosphorylation is critical for proper 

chaperone activity [38,64]. By guiding client protein recognition, these co-chaperones can 

have profound impacts on Hsp90 function.

Alterations in Cellular Environment

Hsp90 function can also be regulated by changes in the cellular environment. The functional 

capacity of Hsp90 can be overwhelmed in response to stress, as the chaperone is diverted 
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from its set of select client proteins to deal with more global problems of protein misfolding. 

A classic example is with heat stress conditions, including febrile temperatures, which 

increase the cellular load of misfolded proteins that engage with Hsp90, resulting in relief of 

Hsp90-mediated repression of Hsf1, thereby activating the heat shock response [25,50,65]. 

Recently, other cellular stresses have been identified that similarly overwhelm Hsp90 

function. The ergosterol biosynthesis gene ERG5 and the phosphatidylinositol-4-kinase 

(PI4K) gene STT4 were identified as HSP90 genetic interactors under multiple conditions 

[39]. Systematic analysis of the ergosterol biosynthetic cascade and the phosphatidylinositol 

pathway demonstrated that defects in ergosterol biosynthesis and actin remodeling can 

induce cellular stresses that overwhelm Hsp90's functional capacity [39]. Perturbation of 

ergosterol biosynthesis genes induces the expression of stress response genes, consistent 

with a model that defects in ergosterol biosynthesis result in cellular stress [66]. Hence, the 

function of Hsp90 displays substantial environmental contingency with profound biological 

consequences.

Hsp90 Physical Interactors

The biochemical function of Hsp90 is to act as a chaperone and aid in the folding of client 

proteins, many of which are important for C. albicans survival and virulence. Currently, 

there are limited methods to accurately predict Hsp90 client proteins, emphasizing the need 

for experimental approaches to define the Hsp90 network. One approach is to perform 

affinity purification of Hsp90 coupled to mass spectrometry [67]; purification of Hsp90 co-

chaperones in parallel has been an effective strategy to aid in the identification of transient 

interactions [24]. Studies in mammalian systems have adapted and developed LUMIER 

(luminescence-based mammalian interactome mapping) to systematically measure Hsp90 

physical interactions with the majority of human protein kinases, transcription factors and 

ubiquitin ligases in vivo [68].

While global analyses of Hsp90 physical interactors have not been performed in fungal 

pathogens, there are a select number of known Hsp90 client proteins in C. albicans (Table 

1). Many of these play important roles in C. albicans drug resistance, morphogenesis, or 

virulence. For example, Hsp90 chaperones key components of the protein kinase C (PKC) 

signalling cascade. The PKC mitogen activated protein kinase (MAPK) cascade is required 

for tolerance to both the echinocandins [69] and azoles [70], which are the most widely 

deployed classes of antifungal drugs. Pkc1 is also a global regulator of C. albicans 
morphogenesis [71], and is required for virulence in a murine model of systemic infection 

[70]. Hsp90 is required for the stability of the terminal MAPK Mkc1 in both the basal and 

activated forms [50,70]. Mkk2, which is the MAPK that phosphorylates Mkc1, also depends 

on Hsp90 for stability [38]. Another key cellular regulator that depends on Hsp90 for its 

function is the protein phosphatase calcineurin. Calcineurin is required for tolerance to 

ergosterol biosynthesis inhibitors [70] and cell wall inhibitors [32], and is an Hsp90 client 

protein in C. albicans [32], S. cerevisiae [72] and A. fumigatus [73]. Finally, Hsp90 is 

required for the stability of Cdr1, a major drug pump in C. albicans [38], whose 

overexpression is implicated in drug-resistant clinical isolates.

O'Meara et al. Page 6

Trends Microbiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to stabilizing client proteins important for antifungal drug resistance, Hsp90 also 

regulates proteins with important roles in host immune responses. Hog1 is a MAPK involved 

in a signal transduction cascade that controls responses to diverse environmental stresses, 

including osmotic stress [74]. Hsp90 is required for the accumulation of the activated form 

of Hog1, the stability of Hog1 protein, and the transcription of HOG1 [38,50]. In addition to 

the role of Hog1 in tolerance of many cellular stresses [75-77], it was recently implicated in 

regulating cell wall remodelling in response to neutrophil extracellular traps (NETs) [78]. 

Hsp90 is also required for activation of the Cek1 MAP kinase [50], which has been 

implicated in cell wall remodelling that modulates immune cell recognition [79-81]. 

Consistent with a role for Hsp90 in regulating cell wall remodelling and host immune 

responses, the Hsp90 genetic interactors Stt4, Snt1, and Erg5 are all required for induction 

of host cell pyroptosis [39].

Circuitry Through Which Hsp90 Governs Morphogenesis

Thus far, we have described key Hsp90 circuitry important for drug resistance, stress 

responses, and regulation of host immune responses. In addition, Hsp90 governs 

temperature-dependent C. albicans morphogenesis, a key virulence trait [45,82]. Chemical 

genomic screening, looking for alterations in morphogenesis instead of decreased growth, 

allows for the identification of genes required for filamentation in response to Hsp90 

inhibition. This approach implicated genes in the Ras1-PKA signalling cascade, which is 

required for filamentation in response to diverse cues [83,84]. Hsp90 physically interacts 

with the adenylyl cyclase Cyr1 via the co-chaperone Sgt1 to repress PKA/cAMP signaling 

[61]. This is in contrast to S. cerevisiae, where Sgt1 is required to activate, not repress, Cyr1 

signaling [85]. Notably, filamentation in response to Hsp90 inhibition does not require Efg1, 

the transcription factor downstream of PKA that is required for filamentation in response to 

serum and other cues [86]. Recent work implicated components of the cell wall integrity 

pathway in filamentation in response to diverse cues, including Hsp90 inhibition; key 

components include the GTPase Rho1 [87], the GTPase activator Lrg1, and the kinase Pkc1 

[71]. Notably, downstream MAPK components are not required for filamentation in 

response to Hsp90 inhibition, implicating alternate downstream effectors [71]. In contrast to 

core circuitry required for filamentation in response to diverse cues, other pathways have 

more specific roles in filamentation in response to Hsp90 inhibition. For example, signalling 

through the cyclin Pcl1, cyclin-dependent kinase Pho85, and transcription factor Hms1 is 

required specifically for filamentation in response to Hsp90 inhibition and elevated 

temperature [12,88,89]. Additional transcription factors required for filamentation in 

response to Hsp90 inhibition include Cph2, Hap5, and Stp2 [12,88,89], and additional cell 

cycle regulators include the cyclin-dependent kinase Cdc28, the GTPase activator Bub2, and 

the cyclin Clb4 [88]. The engagement of such a large portfolio of diverse regulators in 

morphogenetic responses to Hsp90 inhibition is remarkable, and we expect screens with 

enhanced genomic coverage to reveal additional circuitry through which Hsp90 governs this 

important virulence trait.
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Distinct Hsp90 Genetic Interactions in Planktonic and Biofilm Cellular 

States

The Hsp90 interaction network described thus far has been defined under planktonic or free 

floating conditions. However, C. albicans is also capable of forming biofilms [90]. Fungal 

biofilms are composed of communities of cells with distinct morphology that are surrounded 

by an extra-cellular matrix [90,91]. Striking differences in Hsp90 interactions have been 

observed between biofilm and planktonic states. For example, Hsp90 is required to stabilize 

calcineurin and Mkc1 in planktonic but not biofilm growth, suggesting that Hsp90 regulates 

drug resistance through different mechanisms in these distinct cellular states [92]. Hsp90 

genetic interactors are also divergent in biofilm conditions. The transcription factor genes 

BCR1, MIG1, TEC1, TUP1, and UPC2 are Hsp90 genetic interactors in planktonic 

conditions [38], but not in biofilms [93]. This highlights the need for a systematic analysis of 

Hsp90 interactions in biofilms to establish how the chaperone network is rewired in distinct 

cellular states. Hsp90 function may also be different in other cellular states, including those 

that show distinct temperature-dependent responses, such as white versus opaque cells [14]. 

Distinct Hsp90 interaction networks are likely to be uncovered in other cellular states that 

differ in gene expression, cellular architecture and virulence [17,94].

Concluding Remarks

For the fungal pathogen C. albicans, Hsp90 is a powerful therapeutic target given its 

function in orchestrating morphogenesis, drug resistance, and virulence. However, problems 

with host toxicity demand the development of fungal-selective Hsp90 inhibitors, or the 

development of inhibitors targeting other components of the Hsp90 interaction network. The 

complex network of environmentally contingent Hsp90 genetic interactors in C. albicans 
highlights the vast number of synergistic relationships possible among compounds targeting 

different nodes within the network. Many important discoveries have been made with 

genomic resources limited to a fraction of the genome, but continued efforts to expand C. 
albicans mutant libraries to full genome scale will be vital to unleash the full potential of this 

approach. Further, deciphering Hsp90 interacting partners in different C. albicans cellular 

states and in different host-relevant environments will provide fascinating biological insight 

into the function of Hsp90 in responses to different stresses (see Outstanding Questions). A 

global appreciation of the Hsp90 chaperone network in C. albicans and other fungal 

pathogens will illuminate new targets and accelerate the development of much needed 

antifungal drugs.
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Glossary

Hsp90 Client Proteins
are those that 1) physically interact with Hsp90, and 2) depend on Hsp90 for stabilization, 

maturation, or activation. Hsp90 client proteins are enriched for kinases and transcription 

factors

Co-chaperones
are proteins that act as cofactors for Hsp90 function. Co-chaperones can assist in the 

recognition of client proteins, regulating the rate of client protein release, and altering the 

rate of Hsp90 ATP cycling

Genetic interactors
are two gene products that, when deleted together, have an unexpected double mutant 

phenotype

Geldanamycin
is a natural product that is a highly specific Hsp90 inhibitor. It acts by binding in the unusual 

ADP/ATP binding pocket of Hsp90 and competitively inhibiting ATP
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Box 1

Chemical genomic screening in C. albicans

Genetic interactions are defined as an unexpected double mutant phenotype. An extreme 

example of a negative genetic interaction is when two mutations that have little effect on 

their own cause synthetic lethality. A positive genetic interaction is when the double 

mutant has a less than expected defect in fitness. In general, negative genetic interactions 

can help define functionally related processes, while positive genetic interactions can aid 

in the identification of regulatory processes [34].

A genetic interaction is determined by examining the observed fitness or phenotype of a 

double mutant strain compared to the expected phenotype, which is calculated as the 

product of the fitness defect of each single mutant [95]. In principle, any combination 

where the observed fitness of the double mutant is significantly different than the 

expected fitness would be considered a genetic interaction. In practice, a cut-off of 50% 

greater than expected decrease or increase in fitness provides a robust indicator of a 

genetic interaction.

For chemical genomic screening, instead of creating double mutants, single mutants are 

subjected to growth in the presence of a small molecule inhibitor of a specific gene 

product. Here, the fitness of the single mutant in the presence of drug is compared to the 

product of the fitness of the wild-type strain in the presence of drug and the mutant strain 

in the absence of drug. The clearest interaction maps will result from chemical probes 

with high specificity for a single cellular target. To map the effect of environment on 

chemical genetic interactions, fitness is quantified in multiple environmental stress 

conditions.
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Outstanding Questions

• How is C. albicans Hsp90 regulated? What are the transcription factors, in 

addition to Hsf1 and Ahr1, that regulate its expression in response to 

environmental perturbation? What are the additional residues on C. albicans 
Hsp90 regulated by posttranslational modifications and what complexes are 

involved? What are the identity and function of the C. albicans co-chaperones 

and how to they dictate Hsp90 function?

• What is the complete Hsp90 interactome in C. albicans? What methods are 

optimal to systematically evaluate Hsp90 physical interactors in C. albicans 

given the often low expression of unstable client proteins? How will this 

interactome change in response to stress?

• Once complete genome-scale mutant libraries in C. albicans are available, 

what other Hsp90 genetic interactors will be identified? Which genetic 

interactors will be involved in virulence? What are the best environmental 

stresses to uncover genetic interactors with roles in C. albicans virulence? 

Which interactors will we be able to target for the development of novel 

antifungal therapies?

• How do cellular states, including biofilms and white and opaque cells, impact 

the Hsp90 interactome? How do they influence Hsp90 genetic interactions?
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Trends

• The Candia albicans Hsp90 chaperone network is environmentally contingent, 

with a vast majority of genetic interactors important for growth only under a 

specific environmental condition.

• Gene products displaying a genetic interaction with Hsp90 in diverse 

conditions are more likely to regulate Hsp90 levels or function.

• Hsp90 function can be modulated transcriptionally, post-translationally, by 

co-chaperones, and by overwhelming its functional capacity in response to 

diverse cellular stressors.

• Chemical genomic screens mapping Hsp90 interactors unveil novel circuitry 

governing morphogenesis, a key virulence trait.

• Distinct cellular forms, including the formation of C. albicans biofilms, 

dramatically alter the Hsp90 interaction network.
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Figure 1. Key Figure. Hsp90 genetic interactors play important roles in drug resistance and 
virulence
A recent Hsp90 chemical genetic network [39] was re-colored to emphasize the role of each 

interactor in drug resistance (blue), virulence (red), or both (purple). The network is 

composed of 158 genetic interactors identified in five different growth conditions (large grey 

boxes). T = tunicamycin, Flu = fluconazole, C = caspofungin. Each HSP90 genetic 

interactor is indicated by a rectangle, with edges connecting it to the environmental 

conditions in which it interacts with HSP90. Interactors with a thick black outline were 

identified as hypersensitive to Hsp90 inhibition in the absence of stress.
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Figure 2. Models of Hsp90 regulation in C. albicans
Hsp90 has been found to be regulated at the transcriptional and post-translational levels in 

response to environmental signals, with Hsp90 functional capacity modulated by cellular 

stress. A. HSP90 transcription can be regulated by Hsf1 and Ahr1, in addition to other 

factors. B. Hsp90 can be post-translationally modified by phosphorylation and acetylation. 

The phosphorylated and deacetylated form is required for functions in client stabilization 

and drug resistance. The phosphatase and lysine acetyltransferases (KATs) involved have not 

been elucidated. C. Increased cellular stress can overwhelm the functional capacity of 

Hsp90, impairing its ability to chaperone specific client proteins. Unfolded proteins are 

represented by ‘cloud’ shapes.
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Table 1
Hsp90 client proteins in C. albicans

Protein Evidence Reference

Mkc1 Destabilized upon Hsp90 depletion [50,70]

Cna1 Physical interaction, destabilized upon Hsp90 depletion, activation depends on Hsp90 [32,70]

Hog1 Activation depends on Hsp90, destabilized upon Hsp90 depletion [38,50]

Cdr1 Destabilized upon Hsp90 depletion [38]

Mkk2 Destabilized upon Hsp90 depletion [38]

Crk1 Destabilized upon Cdc37 or Sti1 depletion [62]

Cdc28 Physical interaction, destabilized upon Hsp90 depletion [88]

Clb4 Destabilized upon Hsp90 depletion and inhibition [88]

Tup1 Physical interaction [93]

Hsf1 Physical interaction [50]
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