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Abstract 
The fungal pathogens encounter ever-changing conditions during their 

pathogenic life cycles, including shifts from the environment to the human host. Fungi 

have evolved many pathways that allow them to overcome and even thrive in the 

presence of the stresses presented by different environments. 

Antifungal drug treatment presents a significant stress for the opportunistic 

pathogen Cryptococcus neoformans. Currently, there are limited treatment options for 

cryptococcal infections. Researchers have been working toward identifying drugs that 

inhibit fungal-specific processes, such as the echinocandins, which target the synthesis 

of the fungal cell wall component β-1,3-glucan. However, C. neoformans is highly tolerant 

of these drugs, despite their effective inhibition of the sole and essential cryptococcal β-

1,3-glucan synthase. We therefore performed a screen through a deletion mutant 

collection to identify compensatory processes involved with echinocandin tolerance. In 

this way, we identified several processes that are required for full tolerance of these 

drugs, including stress-induced responses and cell wall biosynthesis. Overall, these 

studies implicate distinct and targetable cellular processes that might be exploited to 

enhance echinocandin efficacy for treating infections caused by C. neoformans. 

An alteration in extracellular pH is another one of the predictable changes that C. 

neoformans encounters in its shift from its environmental niche to the human host. This 
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environmental increase in pH is internalized into microbial cells through the fungal-

specific Rim signal transduction pathway. We have determined that the upstream pH-

sensing components of Rim signaling are significantly divergent in the basidiomycete 

phylum, which includes C. neoformans, agricultural pathogens, and saprophytes. 

Recently, we identified the first basidiomycete Rim pathway pH sensor, the C. 

neoformans Rra1 protein.  

Through a proteomics-based screen for potential Rra1 pH sensor signaling 

partners or interactors, we identified nucleosome assembly protein 1 (Nap1) as an 

interactor of the Rra1 pH sensor. Like Rra1, C. neoformans Nap1 is required for the 

activation of the Rim pathway. Nap1 specifically interacts with the Rra1 protein, acting 

as a scaffold to maintain stability of the Rra1 pH sensor protein in the cell. In current 

work, we are exploring how Nap1 and other proteins regulate the fungal pH sensing 

complex, through both localization and post-translational modification of the Rra1 pH 

sensing protein. 

Finally, I expanded these studies into another basidiomycete fungus, the skin 

commensal and pathogen, Malassezia sympodialis. In this fungus, I confirmed that the 

Rra1 pH sensor is, in fact, a basidiomycete-specific protein and that a functional Rim 

pathway is required for growth at high pH or salt concentrations. Finally, through RNA-

sequencing analyses, we identified genes that are regulated by the Rim pathway in 
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response to alkaline pH. These studies have expanded our knowledge about Rim 

pathway function in basidiomycete fungi. 

Together these inter-related experimental approaches explore ways in which C. 

neoformans adapts to overcome and survive stressful environments. We have identified 

novel signaling elements of conserved, stress-response pathways in fungi. Additionally, 

we have explored mechanisms by which important human pathogens display intrinsic 

tolerance to established antifungal agents, providing insight into potential new avenues 

for antimicrobial therapy. 
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1. Introduction  
 1.1. Response to environmental signals is crucial for fungal 
survival 

Fungi must have the ability to adapt to their external environments in order to 

survive in the face of ever-changing conditions and cell stresses. Environmental changes 

can include shifts in temperature, pH, osmolarity, and nutrient availability. 

Additionally, pathogenic microbes must also survive “attack” by other organisms, 

perhaps assault by host immune cells or by antimicrobial compounds secreted into the 

environment by competing microorganisms. Failure to respond and adapt to many of 

these stresses can result in death of the microorganism or failure to thrive in a changing 

environment. In the case of human pathogenic and commensal fungi, these adaptations 

can make the difference between a successful or unsuccessful interaction with a host. 

One important change to which many fungal pathogens must adapt is an 

increase in pH from their preferred environmental niches to the more hostile human 

host. For example, when the opportunistic fungal pathogen Cryptococcus neoformans 

enters the human lung via inhalation, it must transition from a mildly acidic niche (pH 

5-6) to the relatively alkaline pH 7.4 of the human host. Sensing this signal is crucial for 

this organism to activate several factors involved in virulence in this organism, 

including production of the polysaccharide capsule, titan cell formation, and remodeling 

of the cell wall, each of which are necessary for evasion of the host immune system (1–4).  



 

 

2 

Increases in pH are sensed in fungi by the fungal-specific Rim/Pal alkaline-pH 

signaling pathway. This highly conserved pathway was first described in ascomycete 

fungi such as Saccharomyces cerevisiae (Rim pathway) and Aspergillus nidulans (Pal 

pathway) (5–7). An overview of the pathway as described in ascomycetes can be found 

in Figure 1A. It has since also been characterized in multiple pathogenic fungi, including 

Candida albicans and Aspergillus fumigatus, where it has been demonstrated to be required 

for full virulence (8–11). This signaling pathway has a well-conserved architecture in 

ascomycete fungi. Elevated pH is sensed at the cell surface by the pH sensor protein, 

Rim21/PalH, partnering with a similar protein in S. cerevisiae, Dfg16 (12–15). The signal 

is then transduced through the Rim8/PalF arrestin protein to the Endosomal Sorting 

Complex Required for Transport (ESCRT)-I complex through a combination of 

phosphorylation and/or ubiquitination events (16–19). ESCRT-II and -III complex 

proteins are then recruited, which, in turn, facilitate the recruitment of the Rim23/PalC 

and Rim20/PalA proteins (20–23). These adaptor proteins recruit the Rim13/PalB 

calpain-like protease (24, 25). The ultimate output of this signaling pathway is the 

activation of the Rim101/PacC transcription factor, which is cleaved by the Rim13/PalB 

protease to its truncated and active form (26–29). This activated transcription factor can 

then enter the nucleus and regulate transcriptional responses to alkaline pH. 
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Figure 1: Model of the fungal Rim/Pal alkaline pH response pathway. A. The Rim 
pathway in ascomycete fungi. B. The Rim pathway in basidiomycete fungi. (Adapted 

from (30)). 

In C. neoformans, several processes are regulated by Rim101 in host conditions. 

These include genes involved in nutrient acquisition (copper transporter CTR4, iron 
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uptake genes), sodium transporters required for handling high salt stress (ENA1), and, 

importantly, many genes required for the biosynthesis and remodeling of the cell wall 

(31). The remodeling of the cell surface in response to alkaline pH is crucial for the 

ability of C. neoformans to successfully cause disease in humans. For example, it is 

hypothesized that the alterations in the cell wall in the rim101Δ mutant compared to the 

wild-type in this organism contribute to the lack of capsule in this mutant due to 

inefficient attachment of capsule polysaccharide to the cell surface. Similarly, cell wall 

alterations likely cause the hypervirulent phenotype of this mutant due to increased 

recognition of the altered cell surface in mouse models (2, 3).  

Interestingly, although much of this pathway is widely conserved in fungi, the 

pH sensing complex of this pathway that resides at the cell surface appears to have 

evolved separately in different fungal phyla. After discovering the Rim101 transcription 

factor ortholog in the basidiomycete yeast C. neoformans, efforts were made to identify 

orthologs of all of the Rim pathway components, from pH sensor to transcription factor 

(1, 30). As seen in Figure 1B, many of these components, including the ESCRT complex, 

Rim20, Rim23, and Rim13, were readily apparent in the genome based on genetic 

homology to the ascomycete orthologs. However, the Rim21/PalH pH sensor, the 

Rim8/PalF arrestin, and the Rim9/PalI chaperone protein were not identified. Work from 

our lab identified a novel pH sensor, named Required for Rim101 Activation 1 (Rra1), 
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that, while sharing no sequence homology with the Rim21/PalH proteins, shares 

structural similarities with these pH sensors (Figure 1B) (30). Indeed, genes predicted to 

encode Rra1 proteins exist in many sequenced basidiomycete fungal genomes (30). It 

appears that the basidiomycete phylum may have evolved novel sensors, and 

potentially novel signaling mechanisms, for sensing increases in pH and activating this 

conserved signaling pathway.  

My research has focused on defining mechanisms of stress adaptation in 

basidiomycete pathogens, including characterizing this upstream segment of the C. 

neoformans and Malassezia Rim signal transduction pathway. Because the Rra1 protein 

was recently identified, my studies have aimed to understand how it is mediating the 

activation of Rim pathway signaling. In ascomycetes, Rim21/PalH mediate signaling 

through the Rim8/PalF arrestin protein (17–19, 23). As yet, an orthologous protein has 

yet to be identified in C. neoformans (30). It was originally thought that there was an 

endocytosis step involved in the activation of the Rim/Pal pathway in S. cerevisiae and 

Aspergillus nidulans that is required for the assembly of the complex that results in the 

processing and activation of Rim101/PacC (17, 18). However, more recent studies 

indicate that the assembly of the signaling complex occurs at the plasma membrane, 

indicating that the endocytosis might be playing a different role in regulating the 

pathway (19, 32, 33). Recent work in S. cerevisiae suggested that the cytosolic C-terminal 
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tail of the Rim21 could act as a pH-sensing “antenna,” sensing alterations in membrane 

asymmetry that accompany increases in pH (34, 35). Recent work from our lab 

demonstrated the requirement of the Cdc50 lipid flippase subunit for tolerance of 

alkaline pH and timely activation of the Rim pathway in C. neoformans (36). However, 

the manner in which the Rim pathway is activated and how the signal is dampened and 

controlled in C. neoformans is still poorly understood, although there is a likelihood that 

a mechanism involving cycling via endocytosis and exocytosis to and from the plasma 

membrane could be playing a role in pathway regulation, similar to that suggested in 

other fungi (36). 

Studying the mechanisms by which fungal pathogens sense these “host-

associated” environmental cues and stressors has a translational goal to identify 

processes and pathways that are crucial for survival of these organisms within the host. 

The goal of these studies is two-fold: understanding these signaling pathways helps to 

better understand the relationship between the fungal pathogen and the host, as well as 

to discern what is required for the pathogen to survive in this setting. In many 

pathogenic fungi, deletion of the RIM101 transcription factor gene attenuates virulence 

and can even affect the way that fungi respond to antifungal drug treatment. For 

example, in C. albicans, in addition to growth defects at neutral to alkaline pH, deletion 

of Rim pathway components prevents the yeast-hyphal transition in response to alkaline 
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pH that is crucial for tissue invasion, leading to defects in virulence (10, 11, 37, 38). 

Similarly, Rim pathway-deficient A. nidulans and A. fumigatus strains are unable to 

invade tissue and are hypovirulent when compared to wild-type strains (8, 9). C. albicans 

Rim pathway mutants are also hypersensitive to azole and echinocandin antifungal 

drugs (39). Knowledge of these pathways can then be leveraged outside of the lab to 

better serve a vulnerable patient population. By understanding how these organisms 

activate or evade the host immune response, we can identify novel targets—both in the 

host and the fungus—that can result in more effective treatments for these infections. In 

addition to the medical potential of these studies, novel chemical inhibitors can be used 

as powerful tools that can give us important insight into the biology of these organisms. 

A more detailed discussion regarding the ways in which these ideas are being put to use 

in the antifungal drug development pipeline can be found in Chapter 2. 

1.2. Summary of the work included in this thesis 

The work presented in this thesis focuses on two major themes in the fungal 

responses to stresses encountered in the infection environment: (1) the microbial 

response to antifungal drug treatment, and (2) the fungal response to the increase in pH 

within the human hosts under conditions of pathogenesis or commensalism. In Chapter 

2, I present an overview of the antifungal drug development pipeline as it stands 

currently. In Chapter 3, I discuss the complex mechanisms by which C. neoformans is 
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intrinsically tolerant to treatment with the antifungal echinocandin drug caspofungin. In 

Chapter 4, I move into discussion of alkaline pH sensing in C. neoformans through the 

discovery and characterization of a novel and potentially basidiomycete-specific 

interactor of the Rim alkaline pH sensing pathway, nucleosome assembly protein 1 

(Nap1), as well as other potential mechanisms of Rra1 regulation. Finally, in Chapter 5, I 

will discuss efforts to characterize the Rim alkaline pH-sensing pathway in the 

basidiomycete skin fungal commensal and pathogen, Malassezia sympodialis, including 

conservation of the Rra1 protein and its function in this organism. 

1.2.1. Antifungal drugs in development 

The development of antifungal drugs has been a historically challenging 

endeavor. Due to the similarities in many crucial pathways between fungi and the 

human host, it has been difficult to identify and selectively target fungal processes to 

inhibit fungal growth and pathogenesis. However, rising rates of fungal infections in 

increasing vulnerable populations, including patients on immunosuppressive therapy as 

well as those undergoing treatment for various cancers, emphasizes the need for focus 

on antifungal drug development.  

In this overview, I discuss the antifungal drugs that are currently in use in the 

clinic for the treatment of invasive fungal infections. These fall into four major classes: 

the azoles, inhibiting fungal-specific ergosterol biosynthesis; polyenes, affecting 
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ergosterol levels in the plasma membrane; echinocandins, targeting the biosynthesis of 

the cell wall component β-1,3-glucan; and anti-metabolites such as flucytosine, which 

inhibit the replication of the genome and cell growth (40–46). 

The work then examines the compounds known to be in development for 

antifungal therapy. These novel compounds target a variety of processes in the fungal 

cell. Some are targeted toward the fungal-specific cell wall or plasma membrane, while 

others inhibit processes including fungal metabolism, stress responses, or trafficking 

within the cell. Finally, the work examines novel approaches for identifying new 

antifungal drugs and their targets. These concerted efforts are making insights into 

processes that are required for fungal survival during stress or in the host, but also 

making advances in the way that invasive fungal infections are treated in vulnerable 

patient populations. Such novel pharmacological interventions are potential 

translational outcomes of basic investigations of the physiology of fungal pathogens, 

such as those studies outlined in subsequent chapters. 

1.2.2. Caspofungin tolerance in Cryptococcus neoformans 

C. neoformans is estimated to cause over 200,000 cases of cryptococcal meningitis 

per year, with worldwide mortality rates varying from 12-70% depending on region and 

availability of antifungal therapies (47–49). Currently, treatment of cryptococcal 

infections is limited to only three drugs: fluconazole, 5-fluorocytosine (flucytosine), or 
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amphotericin B (50). With issues of drug availability in vulnerable regions or toxicity of 

current therapies to patients, the need for novel anticryptococcal agents becomes more 

apparent. One of the newest classes of antifungals, the echinocandins, target the fungal-

specific β-1,3-glucan synthase, which is involved in cell wall biosynthesis. These drugs 

have low patient toxicity and are highly effective at inhibiting the function of the C. 

neoformans β-1,3-glucan synthase (45, 51, 52). However, they display poor potency 

against C. neoformans in vitro (53–55). In this study, I explored the mechanisms behind 

the high tolerance of C. neoformans to the echinocandin drug, caspofungin.  

I performed a forward genetics screen using targeted deletion libraries to identify 

mutants that increased the sensitivity of C. neoformans to caspofungin. Using this screen, 

I identified 14 mutants that were more susceptible than the WT strain to caspofungin 

treatment. These mutants included deletions of genes involved in known stress 

responses and those involved in cell wall integrity signaling and biosynthesis of cell wall 

components. I also determined that the Ras thermotolerance pathway is required for full 

caspofungin tolerance. In other pathogenic fungi, resistance to caspofungin is often 

associated with changes in the cell wall. I determined that C. neoformans displays 

increased cell wall chitin and chitosan in response to caspofungin treatment. I also 

determined that several cell wall genes are differentially regulated in response to 

caspofungin treatment. This study gave insight into the complex phenomenon of C. 
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neoformans caspofungin tolerance, and we have begun to gain insight into how the 

echinocandins could potentially be leveraged through combinatorial antifungal 

therapies. 

1.2.3. A novel Rim pathway component in Cryptococcus neoformans 

Previous work from our lab described orthologs of many of the Rim pathway 

components in C. neoformans, as well as the novel basidiomycete-specific component, the 

Rra1 pH sensor (1, 30). This work demonstrated the necessity of the Rim pathway for 

survival in alkaline pH or high salt conditions. Additionally, Rra1 was shown to be 

necessary for the activation of the Rim pathway under these stress conditions. However, 

it was still unknown how the signal propagated from the Rra1 pH sensor to the ESCRT 

machinery and other downstream Rim pathway components, as our work demonstrated 

that Rra1 does not directly colocalize with the ESCRT machinery (56). We, therefore, 

undertook a proteomics approach under pathway-activating conditions to identify Rra1-

interacting proteins to identify other upstream components of the pathway. One of the 

most abundant potential interactors in our proteomics experiment was Nucleosome 

Assembly Protein 1 (Nap1). 

Nap1 was determined to be required for the survival of C. neoformans at alkaline 

pH and in high salt, as well as the production of capsule. Nap1 also specifically 

interacted with the Rra1 protein at the C-terminal tail. This interaction seemed to be 
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required for Rra1 protein stability, as there was a decrease in Rra1 protein levels in a 

nap1Δ mutant strain. Interestingly, NAP1 was not required for Rim pathway activation 

in the ascomycete fungus, Saccharomyces cerevisiae, implying that this might be a 

Cryptococcus-specific, or even basidiomycete-specific, phenomenon.  

To better understand how Rra1 might be regulated in inactivating acidic vs. 

activating alkaline pH, we performed a proteomics experiment to identify potential Rra1 

interactors under these conditions. We identified several proteins involved in trafficking 

as well as some heat-shock chaperones, that preferentially bound to Rra1 under Rim 

pathway activating conditions vs. inactivating conditions. Additionally, we assessed 

Rra1 phosphorylation under these conditions and performed preliminary studies to 

probe the role of individual phosphorylation sites in Rra1 function and localization. 

These studies will pave the way for further work to understand the mechanism of Rra1 

pH sensor regulation and how modulation of the Rra1 protein affects pathway 

activation. 

1.2.4. The Rim alkaline-response pathway in Malassezia sympodialis 

Though comparative genomics had identified RRA1 orthologs in the genomes of 

other basidiomycete fungi (30), no work had explored the functionality of the Rra1 

protein in other basidiomycetes or whether Rim pathway proteins were playing 

conserved roles in Rim alkaline response pathway signaling. We therefore endeavored 
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to characterize the Rim pathway in the basidiomycete skin commensal fungus, 

Malassezia sympodialis. Using recently developed genetic techniques, we were able to 

produce deletion mutants of the M. sympodialis orthologs of the RIM101 transcription 

factor and RRA1 pH sensor genes. We determined that both of these genes are required 

for growth of M. sympodialis at neutral to alkaline pH, as well as at elevated salt 

concentrations. We also determined that, though the Nap1 protein seems to be required 

for Rim pathway activation in C. neoformans, it seems to be essential in Malassezia 

species. 

Because this fungus lives in a much different environmental niche, we wanted to 

identify what types of processes are regulated by the Rim pathway in response to 

alkaline pH as well as to “host-like” tissue-culture medium. We performed mRNA 

sequencing in this organism. We identified several metal homeostasis genes and cell 

wall genes, as well as the Crz1 transcription factor, that were regulated by the Rim101 

transcription factor in this organism. These studies represent the beginning of our 

understanding of how this commensal fungus recognizes and responds to changes in 

pH on human skin. 
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2. New Horizons in Antifungal Therapy 
This chapter was adapted from a manuscript (of the same title) published in Journal of 

Fungi 2(4): 26 (2016). The authors are Kaila M. Pianalto, Kyla S. Ost and J. Andrew Alspaugh. 

2.1. Introduction 

Fungal infections are a worldwide global health problem, affecting millions of 

patients per year (57). Of these, approximately 1.5 million are disseminated or invasive 

fungal infections (IFIs), requiring advanced treatment and hospitalization (57). 

Unfortunately, this high number of infections is associated with high mortality rates, 

with some fungal infections having mortality rates nearing 90-95% (58, 59). A summary 

of some of the most common fungal diseases along with their rates of incidence and 

mortality can be seen in Table 1. Worldwide, most IFIs are caused by the Candida, 

Cryptococcus, Aspergillus, and Pneumocystis species, although diseases caused by rarer 

fungi are becoming more common. Additionally, the thermally dimorphic, or endemic, 

fungi, which tend to be more prevalent in specific geographic zones, have high rates of 

unreported infection due to the frequency of subclinical infection (60, 61). 
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Table 1: Estimated yearly incidences of Invasive Fungal Infections. 

Fungal Disease 
Estimated Cases 

per Year 
Estimated Mortality Rates  

(% of infected) 

Cryptococcosis >1,000,000 (49) 20-70% (49) 
Candidiasis >400,000 (62) 10-75% (63) 

Aspergillosis >200,000 (64, 65) 30-95% (57, 65–67) 
Pneumocystis Pneumonia >400,000 (57, 68) 20-80% (68–70) 

Mucormycosis 
(zygomycosis) 

>11,000 (71) 30-90% (71, 72) 

   
Endemic Dimorphic Fungi   

Blastomycosis ~3,000 (60) <2-68% (57, 73, 74) 
Coccidioidomycosis ~20,000 (75) <1-70% (76) 

Histoplasmosis ~25,000 (77) 28-50% (61) 
Paracoccidioidomycosis ~4,000 (78) 5-27% (78) 

Penicillosis >8,000 (57) 2-75% (79, 80)  
 

Generally, IFIs are infections of immunocompromised hosts. The standard 

definition of the immunocompromised host is expanding from the traditional set of 

patients with AIDS, patients with cancer who are undergoing immunosuppressive 

chemotherapy, or transplant patients whose immune systems are suppressed to prevent 

organ rejection (81). IFIs can also be seen during treatment with new biologically active 

agents, such as TNF-alpha inhibitors, used to treat autoimmune or inflammatory 

diseases. These inhibitors dampen inflammation and help treat disease symptoms, but 

they can also lead to opportunistic infections (82). Additionally, IFIs are also observed in 

patients who are healthy and apparently immunocompetent, but who have underlying, 

asymptomatic conditions that might alter immune function and predispose toward 

infection, such as the presence of autoantibodies against cytokines such as GM-CSF (83). 
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Due to the high global health burden associated with fungal disease, the 

treatment of these infections needs to be potent and effective. Indeed, many of the 

currently available classes of antifungal drugs are highly effective in the appropriate 

contexts. However, these drugs, as with any therapy, have limitations and caveats. For 

example, the toxicities associated with the use of some antifungal agents can be 

prohibitive toward use or must be accepted in order to effectively treat the patient. 

Additionally, there are few approved antifungal agents in only four drug classes for 

treatment of IFIs. Further limiting is the small number of targets that these drugs act 

upon, owing to the high levels of similarity between the eukaryotic fungal pathogens 

and the human hosts. For example, of the four classes of antifungal drug approved for 

treatment of invasive fungal infections, two of these, polyenes and the azoles, target the 

same component of the fungal cell membrane (40, 84). This small number of cellular 

targets increases opportunities for fungi to develop resistance to one or more of the 

available antifungals. Furthermore, few of the currently available drugs are actually 

fungicidal. Finally, several of these drugs have limitations in geographic availability, 

particularly in areas with high rates of fungal infections (48). This leads to higher 

mortality rates for IFIs due to treatment with less effective antifungal drugs. 

Moreover, the problem of antifungal resistance is on the rise: both that which has 

evolved in formerly sensitive species as well as the prevalence of intrinsically resistant 

species of fungi. To date, resistance exists to all of the currently available classes of 
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antifungal agent (85–89). Candida species have high prevalence of azole resistance, 

largely attributed to the cytostatic nature of these drugs (90, 91). Similarly, Aspergillus 

and Cryptococcus strains have recently also demonstrated azole resistance (88, 92–94). 

Only a few years ago, echinocandins were considered effective therapy for most 

clinically relevant Candida isolates. However, with increased use of these antifungal 

agents, echinocandin resistance in Candida species has also become more prevalent (89). 

Additionally, the intrinsically drug-resistant fungi, such as Scedosporium species, 

continue to cause a background of infections in highly immunosuppressed patients, 

especially those who are heavily treated with antifungals. These infections are often 

associated with poor patient outcomes (95, 96). Due to these limitations, there is an 

urgent need for new antifungal agents. 

Research goals for novel antifungal agents have emphasized a few major points. 

First, potency is a key characteristic of a novel drug. New drugs must be able to 

effectively control fungal growth in the context of the patient, at compound levels that 

are readily achievable at infection sites. Additionally, ideal novel antifungal agents 

should possess little to no host toxicity. Selectivity is also crucial, as the differences 

between the fungal pathogen and the human host are evolutionarily much smaller than 

those between bacterial pathogens and humans. Ideally, novel agents would be broad 

spectrum and able to treat multiple species of fungi. However, many antifungal 

compounds that are in development have potent, but very specialized, activity. 
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2.2. Antifungal Agents approved for Clinical Usage  

Currently, there are four major classes of antifungal drugs that are indicated for 

the treatment of invasive fungal infections. When used as indicated, these drugs can be 

highly effective at treating IFIs, with significant beneficial effects on patient mortality. A 

short summary of these drugs and their primary indications and usages can be found in 

Table 2. 

Table 2: Approved antifungal drugs for treatment of Invasive Fungal Infections. 

Drug Indication 
Polyenes  

Amphotericin B Life-threatening fungal infections, including cryptococcal 
meningitis, aspergillosis, blastomycosis, and mucormycosis 

  

Azoles  
Fluconazole Invasive infections due to susceptible Candida species; 

cryptococcosis 
Itraconazole Blastomycosis, histoplasmosis, aspergillosis in patients refractory 

to Amphotericin B 
Voriconazole Invasive aspergillosis; non-neutropenic candidiasis; serious 

Scedosporium or Fusarium infections refractory to other agents 
Posaconazole Prevention of invasive fungal infections in neutropenic or 

hematopoietic stem cell transplant recipients 
Isavuconazole Invasive yeast and mold infections, including aspergillosis and 

mucormycosis 
  

Echinocandins  
Caspofungin Candidemia; refractory aspergillosis 
Micafungin Candidiasis 

Anidulafungin Candidiasis (adjunctive therapy with voriconazole for 
aspergillosis) 

  

Anti-metabolites  
Flucytosine Adjunctive therapy in Cryptococcus neoformans meningitis and 

Candida septicemia and endocarditis (in combination with 
amphotericin B) 
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2.2.1. Polyenes: Amphotericin B and its derivatives 

Amphotericin B and its newer lipid formulations are polyene antifungals that 

target the fungal plasma membrane. Recent models posit that these drugs act as 

“sponges” that bind to and remove ergosterol from the plasma membrane, reducing 

membrane integrity (40, 41). Due to its mechanism of action, Amphotericin B is broad 

spectrum and indicated for treatment of severe infections caused by Candida species, 

Cryptococcus species, zygomycetes, and as an alternative therapy for aspergillosis (97). 

Amphotericin B is also used to treat many life-threatening IFIs due to other filamentous 

molds, as well as the thermally dimorphic fungi such as Histoplasma, Coccidioides, and 

Blastomyces. Amphotericin B is cytocidal for most fungi. As Amphotericin B is not highly 

bioavailable when administered orally, only intravenous (IV) formulations are used 

clinically. However, Amphotericin B can have severe side effects, such as nephrotoxicity 

due to off-target binding of host membranes, limiting its usage to patients with life-

threatening infections (42). Newer formulations of this drug, such as the lipid-associated 

and liposomal formulations, demonstrate more selective fungal targeting and less host 

toxicity (42). 

2.2.2. Azoles and triazoles 

Antifungal agents in the azole class target the fungal plasma membrane through 

inhibition of the biosynthesis of ergosterol, a fungal plasma membrane component that 

is similar to cholesterol found in mammalian cell membranes. This occurs through the 
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inhibition of the sterol 14α-demethylase (cytochrome P450 51 or CYP51), which 

catalyzes the final step in ergosterol biosynthesis (84). The inhibition of this enzyme 

leads to defects in fungal plasma membrane integrity and cellular integrity. The most 

commonly used azoles for treating IFIs can be functionally divided between agents with 

primary activity against yeast-like fungi (yeast-active azoles), and those with expanded 

activity against fungi that often grow as molds (mold-active azoles).  

Fluconazole is the most widely used yeast-active azole, and it is often very 

effective for treating infections caused by Cryptococcus and Candida species. Importantly, 

fluconazole resistance can present a significant clinical issue in systemic candidiasis: 

some Candida species, such as C. krusei, are intrinsically resistant to this drug, and other 

Candida isolates are often susceptible to this drug at high concentrations. Therefore, 

precise species identification and targeted antifungal susceptibility testing for clinically 

relevant isolates are very important components of the care of patients with Candida IFIs. 

The mold-active azoles include itraconazole, voriconazole, posaconazole, and 

isavuconazole. In addition to retaining activity against Candida and Cryptococcus yeasts, 

these agents also inhibit many filamentous fungi. Itraconazole was the first available 

azole with significant activity against molds such as Aspergillus fumigatus. However, 

issues with bioavailability and toxicity limit its current use for IFIs. Two newer agents, 

voriconazole and posaconazole, are more widely used for these infections, especially in 

highly immunocompromised patients. Voriconazole has become the first-line antifungal 
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drug for treatment of invasive aspergillosis due to Aspergillus fumigatus. Comparative 

trials indicate that voriconazole is superior to many other antifungal agents for this 

infection (98). Posaconazole is indicated for the prevention of IFIs, especially in the 

setting of prolonged neutropenia after high dose cancer chemotherapy. The use of these 

drugs has likely greatly improved outcomes in patients with invasive mold infections. 

However, both drugs have the potential to interact with other medications due to their 

inhibition of hepatic cytochrome P-450-dependent metabolism. Moreover, many azoles 

can result in QT prolongation, and cardiac conduction changes must be monitored 

during therapy (99). 

Isavuconazole (Cresemba®, Astellas Pharmaceuticals) is the most recently 

approved triazole antifungal drug. It differs from other approved azoles in several 

clinically relevant ways. First, it has expanded in vitro activity that includes the 

Mucorales molds (zygomycetes), such as Rhizopus, Mucor, and Cunninghamella species, 

and it may, therefore, be an effective component of the complex, medical-surgical 

treatment of mucormycosis (100). Additionally, the IV formulation of isavuconazole 

lacks cyclodextrin, a solubilizing agent used with other triazoles that is associated with 

nephrotoxicity in patients with renal insufficiency. Additionally, unlike other azole 

drugs isavuconazole does not appear to exacerbate QT prolongation, and it may actually 

shorten the QT interval in some patients (101). 
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2.2.3. Echinocandins 

The echinocandins represent the newest class of antifungals. Currently, three 

drugs from this class are approved for clinical usage: caspofungin, micafungin, and 

anidulafungin. Echinocandins affect cell wall biosynthesis through the noncompetitive 

inhibition of β-1,3-glucan synthase (51, 102). This enzyme is involved in the biosynthesis 

of one of the most abundant fungal cell wall components. Therefore, treatment with 

echinocandins leads to defects in fungal cell integrity. These drugs are primarily used 

for the treatment of invasive candidiasis, and as an alternative therapy for treatment of 

aspergillosis (45). Echinocandins have low host toxicity and few drug interactions. 

However, they have no activity against Cryptococcus species, and they are decidedly 

poor agents for treatment of the endemic mycoses. Additionally, they are not orally 

bioavailable, likely due to their large molecular size, and so are only available in IV 

formulations. 

2.2.4. 5-fluorocytosine 

5-fluorocytosine (flucytosine) is a fluoridated pyrimidine analog, which inhibits 

DNA and RNA synthesis by incorporating into the growing nucleic acid chain, 

preventing further extension. This nucleic acid damage eventually leads to cellular 

defects in protein biosynthesis and cell division. This antifungal agent has been 

attributed with cytostatic effects and high rates of resistance developing during 

monotherapy. Therefore, flucytosine is rarely used as a single agent for treatment of 
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fungal infections. However, it has been shown in multiple clinical trials to be highly 

effective in combination with amphotericin B for the treatment of cryptococcal 

meningitis (46, 103). Indeed, amphotericin B plus flucytosine is the first-line treatment 

for Cryptococcus central nervous system (CNS) infections (104). Flucytosine can also be 

used in combination with other antifungals to treat Candida infections, though this a less 

common practice. Adverse effects for flucytosine include bone marrow toxicity, 

especially in the presence of renal impairment. However, one of the truly limiting factors 

of this drug is its limited availability in countries with the highest incidence of 

cryptococcosis (48). This, unfortunately, limits the effectiveness of cryptococcal 

meningitis therapy in those regions of the world in which it is most prevalent, likely 

increasing rates of mortality in this disease. 

2.3. Antifungal Agents in Development with Novel Modes of 
Action 

 In addition to the currently approved antifungal medications, novel compounds 

are in various stages of clinical development for the treatment of IFIs. These new agents 

have been identified in large-scale, unbiased screens for antifungal activity, as well as in 

targeted investigations based on detailed studies of fungal-specific cellular processes. In 

this review, we discuss selected novel antifungal compounds that have either begun to 

be assessed in clinical trials or that represent novel biological targets within fungi. These 

new compounds are discussed based on their known or predicted molecular target, 

illustrated in Figure 2. Although many investigators are also studying how to better 
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harness the host immune response for effective treatment of IFIs, we will be focusing on 

therapeutics targeted against the fungal pathogen. A brief summary of the antifungal 

agents that will be discussed in this review, along with their activities based on 

minimum inhibitory concentration (MIC) and primary indications, can be found in 

Table 3. 

 

Figure 2: Fungal cell targets of clinically approved antifungal drugs (green) and drugs 
in development (blue). 
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Table 3: New Antifungal Agents in Development. 

Antifungal 
Compound Indication(s) Activity (MIC) References 

AR-12 Cryptococcus 
neoformans 

Candida albicans 

4 µg/mL 
4 µg/mL 

(105) 

BHBM Cryptococcus 
neoformans 

Cryptococcus gattii 
Candida glabrata 

Blastomyces dermatitidis 
Histoplasma capsulatum 
Pneumocystis jirovecii 

0.25-8 µg/mL 
0.5-2 µg/mL 

0.125->32 µg/mL 
0.5-1 µg/mL 

0.125-1 µg/mL 
0.072-0.912 µg/mL 

(106) 

CD101 Candidemia 
Aspergillus species 

≤0.008-2 µg/mL  
≤0.008-0.03 µg/mL 

(107–109) 

E1210/1211 Aspergillus species 

Candida species 

Scedosporium species 
Fusarium species 

≤0.008-0.25 µg/mL  
≤0.002-0.25 µg/mL  

0.03-0.25 µg/mL 
0.015-0.25 µg/mL 

(110–113) 

F901318 Aspergillus species <0.03 µg/mL (114) 
Ilicicolin H Candida species 

Aspergillus fumigatus 
Cryptococcus 
neoformans 

0.01-5 µg/mL 
0.08 µg/mL 

0.2-1.56 µg/mL 

(115) 

Nikkomycin Z Coccidioidomycosis 0.125 µg/mL (116) 
Sampangine Cryptococcus 

neoformans 
Candida albicans 
Candida glabrata 
Candida krusei 

Aspergillus fumigatus 

<0.05 µg/mL 
3.1 µg/mL 
3.1 µg/mL 
6.2 µg/mL 
6.2 µg/mL 

(117) 

SCY-078 Invasive candidiasis 
Aspergillus species 

0.03-2 µg/mL 

0.03-0.25 µg/mL  
(118–121) 

Sertraline Cryptococcus species 2-6 µg/mL (122) 
T-2307 Candida species 

Cryptococcus 
neoformans 

Aspergillus species 

0.00025-0.0078 µg/mL 
0.0039-0.0625 µg/mL 

0.0156-2 µg/mL 
0.125 µg/mL 

(123–125) 
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Fusarium solani 
Mucor racemosus 

2 µg/mL 

Tamoxifen Cryptococcus 
neoformans 

Candida albicans 
Candida glabrata 

64 µg/mL 
32 µg/mL 
8 µg/mL 

(126) 

VL-2397 Invasive aspergillosis 
Candida glabrata 

Candida kefyr 
Cryptococcus 
neoformans 

1-4 µg/mL 
≤2 µg/mL 
≤2 µg/mL 
≤2 µg/mL 

(127) 

VT-1129 Cryptococcal 
meningitis 

Candida species1 

<0.0001-0.25 µg/mL 
<0.0001-1 µg/mL 

(128–130) 

VT-1598 Coccidioidomycosis NA NA 
 

2.3.1. Cell membrane as antifungal target 

2.3.1.1. VT-1129, VT-1598, and VT-1161 (Viamet Pharmaceuticals) 

VT-1129, VT-1598, and VT-1161 are compounds in a novel class of 

metalloenzyme inhibitors that, like the azoles and triazoles, inhibit the enzyme 

responsible for the final step of ergosterol biosynthesis: the fungal sterol 14α-

demethylase (CYP51). These compounds were identified as part of an effort to decrease 

off-target binding of human CYP enzymes, including human CYP51. This has been 

achieved by identifying molecules, like the Viamet compounds, that are more specific 

for the fungal enzyme active site. Additionally, unlike the older generation azoles, 

whose high affinity for heme groups led to off-target inhibition of human CYP enzymes, 

the Viamet compounds have lower affinity for heme (131). These features allow VT-1129 

and VT-1161 to selectively inhibit fungal CYP51 over human CYP51. VT-1129 is 
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approximately 3000-fold more selective for the Cryptococcus isoforms of CYP51 over 

human CYP51 in vitro, while VT-1161 is greater than 1000-fold more selective for the 

Candida enzyme. Theoretically, this increased fungal selectivity may decrease the risk for 

toxicity at higher doses of drug (129, 132). 

These compounds, like many of the azoles, are available in oral and intravenous 

forms. VT-1129 inhibits the growth of many Cryptococcus isolates, including both C. 

neoformans and C. gattii (128, 129, 133). Additionally, in a mouse model of cryptococcal 

meningitis, treatment with VT-1129 led to dose-dependent clearance of Cryptococcus 

from the brain, performing better than fluconazole at similar drug concentrations (134). 

Therefore, VT-1129 has been granted Qualified Infectious Disease Product (QIDP) 

designation, allowing expedited review for approval. VT-1129 is currently in phase I 

clinical trials for the treatment of cryptococcal meningitis.  

VT-1598 is in preclinical development for treatment of coccidioidomycosis. 

Additionally, as part of Viamet’s extended platform, VT-1161, which has been shown to 

be effective against fluconazole-resistant Candida isolates, is in Phase 2b clinical trials for 

treatment of onychomycoses and recurrent vulvovaginal candidiasis (135). 

2.3.1.2. Inhibition of membrane-associated lipids 

N’-(3-bromo-4-hydroxybenzylidene)-2-methylbenzohydrazide (BHBM) and 3-

bromo-N’-(3-bromo-4-hydroxybenzylidene) benzohydrazide (D0) represent a new class 

of antifungal compounds, termed “hydrazycins.” These agents were identified in a 
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screen of synthetic compounds inhibiting sphingolipid biosynthesis in C. neoformans, a 

process demonstrated to be required for fungal growth in vivo (106). These compounds 

inhibit vesicle trafficking of precursor lipids such as ceramides to the cell surface, 

thereby inhibiting glucosylceramide biosynthesis and cell division. Additionally, these 

compounds specifically inhibit fungal, but not human, glucosylceramide synthesis, 

suggesting fungal-specific cellular inhibition for this novel class of compounds.  

BHBM and D0 were identified in a screen for antifungal activity against C. 

neoformans at alkaline, but not acidic pH (136). BHBM showed promising in vitro 

inhibitory activity against multiple isolates of two Cryptococcus species (C. neoformans 

and C. gattii), as well as Histoplasma capsulatum, Blastomyces dermatitidis, Pneumocystis 

murinum and Pneumocystis jirovecii. Notably, the strains tested included fluconazole-

resistant Cryptococcus strains. In vivo activity for BHBM and D0 was assessed in murine 

models of infection due to Cryptococcus neoformans, Candida albicans, and Pneumocystis 

murinum, resulting in significant increases in survival times compared to controls. 

Additionally, these drugs showed synergy with both fluconazole and Amphotericin B, 

suggesting potential for combinatorial therapy. These hydrazycins were well tolerated 

in animal models of invasive fungal infection, though some interaction was observed 

with the immunosuppressive corticosteroid dexamethasone, which resulted in a 

decreased compound half-life in vivo (106). 
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2.3.2. Cell wall synthesis inhibitors 

2.3.2.1. CD101 (biafungin) (Cidara Therapeutics) 

CD101, or biafungin, is a novel echinocandin formulated for both intravenous 

and topical use. It is similarly effective when compared to anidulafungin and 

caspofungin against Aspergillus and Candida species in vitro (107–109). However, the 

advantage of CD101 over existing echinocandin drugs lies in its pharmacokinetics. The 

half-life of this drug is 81 hours in vivo. In contrast, the half-life of anidulafungin, the 

longest-acting echinocandin to date, is approximately 24 hours (137, 138). This allows 

biafungin to potentially be administered with once-weekly intravenous doses, rather 

than daily doses, better facilitating patient care and compliance while potentially 

decreasing drug administration costs. Biafungin, like other echinocandins, demonstrates 

few drug interactions and an excellent safety profile. This drug is currently in Phase 2 

clinical trials for treatment of candidemia. 

2.3.2.2. SCY-078 (Scynexis) 

SCY-078 is a novel β-1,3-glucan synthase inhibitor that is structurally distinct 

from the currently available echinocandin glucan synthase inhibitors. It is derived from 

enfumafungin, a novel natural product. Thereby, SCY-078 is a first-in-class, orally 

available β-1,3-glucan synthase inhibitor that has received QIDP designation. An 

intravenous formulation is also in development. SCY-078 shows in vitro activity against 

isolates of Candida and Aspergillus species at MIC or MEC levels below 0.5 µg/mL, 
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including several fluconazole-resistant strains (118, 120). Additionally, SCY-078 remains 

active against certain echinocandin-resistant strains of Candida and Aspergillus (119, 121). 

When SCY-078 was tested in vitro against non-Aspergillus molds, SCY-078 was the only 

β-1,3-glucan synthase inhibitor with activity against the notoriously pan-resistant mold 

Scedosporium prolificans (139). In a murine model of invasive candidiasis, treatment with 

SCY-078 led to a dose-dependent decrease in fungal burden in the kidneys across 

Candida species (120). This drug is currently in Phase 2 clinical trials in its oral 

formulation for treatment of invasive candidiasis, while the IV formulation is in Phase 1 

clinical development.  

2.3.2.3. Nikkomycin Z (University of Arizona) 

Nikkomycin Z is an older drug that has resurfaced recently due to an increased 

interest in anti-cell wall antifungal drugs. Nikkomycin Z is a competitive inhibitor of 

chitin synthases, acting to decrease cell wall stability. Recently, it received Orphan Drug 

Status for its development as a treatment for coccidioidomycosis. In the past, this drug 

showed promise against the thermally dimorphic fungi, including Coccidioides immitis, 

Histoplasma capsulatum, and Blastomyces dermatitidis (116). However, the clinical 

development of this drug was terminated due to difficulties in production. The drug 

was re-licensed to the University of Arizona, allowing for the reinstitution of clinical 

development. Nikkomycin Z is currently being tested in phase I/II clinical trials for 

treatment of coccidioidomycosis. 
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The renewed interest in Nikkomycin Z reflects momentum exploring the fungal 

cell wall as an antifungal target in general. This fungal-specific cellular feature makes for 

an ideal target for less toxic antifungal drug development. 

2.3.3. Mitochondria as antifungal target 

2.3.3.1. T-2307 (Toyama Chemicals) 

T-2307 is a novel arylamidine compound that inhibits fungal growth by 

interfering with fungal metabolism. This compound specifically collapses fungal 

mitochondrial membrane potential, which prevents fungi from performing cellular 

respiration, thus compromising energy production for essential cellular processes (140). 

Furthermore, this anti-mitochondrial activity is specific to fungi, and this drug does not 

collapse mammalian mitochondrial membrane potential at very high concentrations. 

The mechanism for this selectivity has been posited to be due to selective uptake of this 

drug by the high-affinity, fungal-specific Agp2 spermine/spermidine transporter (141). 

T-2307, like many available antifungal drugs, has a fungistatic mechanism of action. 

However, it has potent in vitro activity against Candida species, Cryptococcus neoformans, 

Aspergillus species, and Fusarium solari, including echinocandin-resistant Candida isolates 

(123–125). The in vitro activity of T-2307 is comparable to the activity of voriconazole and 

micafungin for Aspergillus species and more effective at lower concentrations of drug 

than fluconazole, voriconazole, and micafungin against Candida, Cryptococcus, and 

Fusarium (123). Additionally, in a murine model of systemic candidiasis, T-2307 
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performed as well as micafungin or Amphotericin B, but at lower concentrations of 

compound (123). 

2.3.3.2. Ilicicolin H 

Ilicicolin H acts on the mitochondria by specifically inhibiting the activity of the 

cytochrome bc1 complex. This inhibition of enzymatic activity decreases fungal 

mitochondrial respiration, preventing the biosynthesis of ATP. Based on in vitro data, 

fungal cytochrome bc1 is 50-fold more sensitive to ilicicolin H inhibition than the bovine 

enzyme, and 1000-fold more sensitive than rat cytochrome bc1 (142, 143). Unfortunately, 

in some cases, resistance to this drug does occur (115). Yet, this molecule is a promising 

starting point for future structural analogs with the potential for more specificity and 

potency against mitochondrial processes. 

2.3.4. Other mechanisms/unknown mechanisms 

2.3.4.1. VL-2397 (Vical) 

VL-2397 represents a new class of antifungal compound that has received QIDP 

designation for development for treatment of aspergillosis. Although the mechanism of 

fungal cell inhibition has yet to be determined, this compounds exhibits significant in 

vitro activity against Aspergillus species, Cryptococcus neoformans, Candida glabrata, 

Candida kefyr, and Trichosporon asahii, as well as modest activity against Fusarium solani 

(127). Additionally, VL-2397 shows fungicidal activity against Aspergillus species. 

However, this compound has no activity against other Candida species, including C. 



 

33 

albicans, or any of the Mucorales fungi (127). Interestingly, the import of the drug into 

fungal cells requires the siderophore transporter Sit1. As mammalian cells lack this 

transporter, this mechanism of entry could result in specificity for this drug toward 

fungal pathogens.  

VL-2397 has potent in vivo effects against azole-refractory Aspergillus fumigatus in 

a murine model of invasive aspergillosis (144). Treatment with this drug resulted in a 

significant improvement in survival in infected mice compared with approved 

antifungal drugs such as amphotericin B, posaconazole, and caspofungin alone. 

Additionally, it is effective in combination with posaconazole in vivo, and posaconazole 

does not antagonize VL-2397 activity (144). VL-2397 is currently in Phase 1 clinical trials 

for treatment of invasive aspergillosis. Although it demonstrates fairly narrow-spectrum 

activity, VL-2397 shows promise as a novel agent for combinatorial therapy, especially 

against Aspergillus species. 

2.3.4.2. AR-12 (Arno Therapeutics) 

AR-12 was initially developed as an anticancer agent in 2006. This drug is a 

potent inhibitor of the phosphoinositide-dependent kinase PDK1 in humans and 

induces cell-death promoting endoplasmic reticulum stress, inhibiting proliferative cell 

growth (145). However, AR-12 (OSU-03012) was identified through a repurposing 

screen of protein kinase inhibitors looking for agents that induced fungal cell lysis. This 

drug was thereby demonstrated to have potent antifungal activity (105). It has since 
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been granted the European Orphan Drug Designation for the treatment of 

cryptococcosis. Though a strong PDK1 inhibitor in humans, this drug does not inhibit 

the C. neoformans PDK1 (146). However, based on haploinsufficiency profiling in S. 

cerevisiae and C. albicans, (a microbial genetic technique used to test for potential 

mechanisms of antifungal action) it is suggested that AR-12 inhibits fungal carbon 

metabolism, specifically acetyl-CoA synthetase (ACS2) (146). Inhibition of ACS2 leads to 

defects in several cellular processes, including histone acetylation, ribosome assembly, 

and regulation of autophagy, in addition to its roles in carbon metabolism (146). AR-12 

shows activity against C. albicans biofilms, important structures in mucosal and catheter-

associated infections. It is in preclinical development as an orally-available antifungal for 

the treatment of cryptococcosis. 

2.3.4.3. F901318 (F2G Ltd.) 

F901318 is a member of the novel orotomide class of antifungal drug that is 

formulated for both intravenous and oral delivery. It inhibits pyrimidine biosynthesis by 

blocking dihydrooratate dehydrogenase activity, preventing nucleotide biosynthesis. 

F901318 inhibits growth of Aspergillus species in vitro, with MEC levels below 0.5 µg/mL 

(114). It is even effective against azole- and amphotericin B-resistant Aspergillus strains 

(114). In a murine model of invasive aspergillosis, F901318 treatment led to reduced 

galactomannan levels in mice, which has been shown to be associated with better clinical 

outcomes in patients (147, 148). F901318 is currently in Phase 1 clinical trials assessing 
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safety of the IV formulation. Thus far, it has demonstrated an excellent safety profile and 

was well tolerated at therapeutically relevant doses (149). 

2.3.4.4. E1210/1211 

E1210 and E1211—which represent the active compound and its pro-drug, 

respectively—are inhibitors of fungal, but not human, glycophosphatidylinositol (GPI) 

anchor biosynthesis. This cellular process is required for the anchoring of proteins to 

both the fungal cell wall and cell membrane (112). The anti-GPI activity of E1210 is 

achieved through inhibition of the fungal Gwt1 protein, which catalyzes an early step in 

the creation of the GPI anchor, while the human enzyme appears unaffected (112). In C. 

albicans, treatment with E1210 inhibits germ tube formation as well as biofilm formation 

and adherence to plastics (112). E1210 has activity against Candida, Aspergillus, Fusarium, 

and even Scedosporium species in vitro, in the ng/ml range for all strains tested (110, 113). 

E1210 also shows activity against azole- and echinocandin-resistant strains of Candida 

(150). At 1-2 µg/mL, the activity appears to be fungicidal (111). 

In a murine model of disseminated candidiasis, orally-administered E1210 had a 

significant, beneficial survival effect in animals infected with an azole-resistant strain of 

C. albicans. It also increased survival in mouse models of disseminated candidiasis and 

pulmonary aspergillosis, although this effect was seen at higher concentrations than that 

required for caspofungin, liposomal amphotericin B, or fluconazole/voriconazole. E1210 
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also aided clearance versus an untreated control in a murine model of disseminated 

fusariosis (151). 

2.3.4.5. Sampangine 

Sampangine is a copyrine alkaloid natural product which inhibits heme 

biosynthesis in vivo (117, 152, 153). Because of this activity, treatment with this 

compound leads to defects in all heme-requiring pathways, including cellular 

respiration and ergosterol biosynthesis (117). This natural product has very low MIC 

values for Cryptococcus neoformans (0.05 µg/mL), and it demonstrates inhibitory activity 

at concentrations of 3-6 µg/mL for Candida and Aspergillus species (117). Synthesis of this 

and other alkaloids has been in development in the search for novel antifungals and 

antimicrobials, as specific heme biosynthesis inhibition could prove a potent target for 

antifungal development (154). Indeed, some analogs that have been created have potent 

in vitro activity against C. neoformans and A. fumigatus (155). 

2.3.5. Old drugs, new tricks 

 As demonstrated above, several avenues of research have identified 

novel compounds or classes of compounds that have significant antifungal effects, with 

the potential to develop toward novel therapeutics to be applied in a clinical setting. 

However, given the considerable resources required to develop completely novel 

antimicrobial drugs, many investigators have pursued a parallel strategy to identify 

exisiting medications that have unrecognized antifungal activity. This process of 
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“redirecting” FDA-approved drugs for new antimicrobial indications holds promise to 

more quickly bolster our current, limited therapies for IFIs. 

2.3.5.1. Tamoxifen 

Tamoxifen, an estrogen receptor agonist, has been used for decades in the 

treatment of estrogen-receptor-positive breast cancer. However, in the early 1990’s, it 

was discovered that tamoxifen has antifungal activity against S. cerevisiae and C. albicans 

(156, 157). More recently, in a screen of FDA-approved drugs, tamoxifen and its analog 

clomiphene were identified to be fungilytic toward C. neoformans (126). Additionally, 

structural analogs of these triphenylethylene drugs were found to also have potent 

activity against several Candida and Cryptococcus species (126, 158, 159). Using a yeast 

genetics system to identify the underlying mechanism behind the antifungal activity of 

these drugs, the target was determined to be the calcium-responsive signaling protein 

calmodulin. In fact, more potent fungal calmodulin inhibition correlated with more 

effective inhibition of C. neoformans growth (126, 158). Looking forward, modification 

and optimization of the triphenylethylene drugs may prove a promising avenue for 

antifungal therapy. 

2.3.5.2. Sertraline 

Sertraline is an FDA-approved, selective serotonin reuptake inhibitor. The 

antimicrobial activity of sertraline was suggested when use of this antidepressant 

medication was associated with a decreased incidence of vulvovaginal candidiasis (160). 
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Further tests against Candida species revealed fungicidal activity in vitro, with minimum 

fungicidal concentrations of less than 29 µg/mL (160). Minimum fungicidal 

concentrations (MFC90) for Aspergillus species were much higher (greater than 100 

µg/mL) (161). In 2011, sertraline was identified again in a screen for molecules 

potentiating fluconazole activity against a variety of yeasts (162).  

Further studies of the antifungal activity of sertraline were conducted in 

Cryptococcus isolates, in which the MIC90 was 6 µg/mL or less, with of minimum 

fungicidal concentration of less than or equal to 10 µg/mL. In these studies, sertraline 

showed strain-dependent additivity or synergy with fluconazole (122). Sertraline was 

found to decrease the cryptococcal burden in the brain and kidney compared to 

untreated or fluconazole-treated mice (122). Consistent with previous studies, sertraline 

was found to be less potent when treating Candida species than Cryptococcus species, and 

it had antagonistic drug interactions with fluconazole in vitro (122). Mechanistic genetic 

screening identified membrane trafficking and protein translation as potential targets of 

sertraline antifungal activity (122, 162, 163). A clinical study in 2014 revealed faster 

clearance of fungal burden in the cerebrospinal fluid of patients with HIV-associated 

cryptococcal meningitis who were treated with sertraline in addition to standard 

antifungal therapy (164). Sertraline is currently in Phase 3 clinical trials as an adjunctive 

agent for the treatment of HIV-associated cryptococcal meningitis. 
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2.3.5.3. Amphotericin B: new compounds and formulations 

Amphotericin B is a highly effective fungicidal compound. However, it has had 

its history of significant toxicity in patients. As mentioned above, liposomal 

formulations of amphotericin B have decreased toxicity associated with treatment, but 

the potential for side effects remains even with these new formulations. However, new 

initiatives have focused on enhancing the safety of this important, broad-spectrum 

antifungal while maintaining efficacy. For example, REVOLUTION Medicines has 

developed a platform, REVBLOCKS, by which it can rapidly modify and optimize 

natural products, such as amphotericin B, making novel synthetic compounds (165, 166). 

By functional group analysis, the Burke group (REVOLUTION) worked to understand 

the mechanisms by which amphotericin B kills yeast cells as well as human cells. They 

identified functional groups that specifically bound fungal ergosterol, those that bound 

human cholesterol, and those required for membrane pore formation. In this manner, it 

was discovered that ergosterol binding, but not pore formation, is the key fungicidal 

feature of amphotericin B (40, 167, 168). This knowledge and their unique experimental 

platform enabled the design and synthesis of new amphotericin B analogs that 

specifically bind fungal ergosterol but lack the pore-forming ability of the starting 

compound (40, 168). Certain urea-functionalized analogs of amphotericin B showed 

promise in a mouse model of candidemia, reducing fungal burden and mortality (166). 



 

40 

Preclinical studies are ongoing to identify promising candidate analogs of amphotericin 

B to move into further antifungal drug development. 

In addition to these structural modifications, researchers have also been working 

on alternative forms of delivery for amphotericin B in order to aid in targeting of the 

drug to fungal pathogens, and not humans, as well as facilitating administration of this 

drug. For example, METAmphizon (nanomerics), is a nanoparticle formulation of 

amphotericin B that is currently in development. This drug formulation uses 

nanomerics’ Molecular Envelope Technology to encase cargo, such as a drug, in a self-

assembling amphiphilic polymer. In the case of METAmphizon, the nanoparticle allows 

better organ targeting than amphotericin B to sites such as the lung, liver, and spleen 

where fungal infections might reside (169). Additionally, MetAmphizon is available 

orally, unlike traditional amphotericin B formulations, and oral administration is 

similarly effective to both IV liposomal amphotericin B and IV MetAmphizon in murine 

models of aspergillosis and candidiasis (169).  

Other research has been looking at amphotericin B conjugates that take 

advantage of the “sterol sponge” activity of amphotericin B, while minimizing host 

toxicity from this molecule (40, 41, 170). By conjugating amphotericin B with a 

“molecular umbrella,” It was possible to prevent amphotericin B from forming non-

specific, membrane-disrupting aggregates at active concentrations while maintaining 

this drugs ability to bind ergosterol (170). The molecular-umbrella-amphotericin B 
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conjugate displayed antifungal activity approaching that of the native compound. 

Importantly, the ability of the conjugate to lyse red blood cells and kidney cell lines in 

vitro was nearly abolished, results which show promise for in vivo experiments (170). 

2.3.5.4. Polymyxin B 

Polymyxin B is a cationic lipid oligopeptide antibiotic that was identified in a 

screen of approved drugs for activity against Aspergillus nidulans (171). However, upon 

further investigation, it was found to have relatively little effect on the fungal pathogens 

tested except for Cryptococcus neoformans, upon which it had a potent fungicidal effect 

and showed synergistic activity with fluconazole. Further study showed a potential 

mechanism for this species specificity, suggesting that the characteristic Cryptococcus 

polysaccharide capsule, an important virulence factor, is the target for the activity of 

polymyxin B (172). In a mouse model of pulmonary cryptococcosis, polymyxin B 

reduces lung fungal burden alone, and more so in combination with fluconazole (172). 

There has also been some investigation of the activity of other cationic peptide 

antibiotics against other fungal species (173–176). 

2.4. Encouraging Targets from the Fungal Field 

As our understanding of fungal pathogenesis has increased, the importance of 

certain virulence factors has become more apparent. The increase in knowledge about 

fungal virulence has led to further inquiry into how these virulence factors or processes 

could be leveraged as targets for antifungal drug design. In this case, the keys to 
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antifungal drug design are to either identify processes that are specific to the fungal 

pathogen and do not exist in the human host or to identify processes that may be 

conserved, yet have fungal-specific characteristics that can be manipulated for therapy. 

Though many potential “druggable” fungal targets have been identified, we will outline 

only a few in this article. 

The idea of fungal-specific targets has been highly attractive, due to the low 

potential for off-target effects in the human host. Such has been the case with the cell-

wall inhibiting echinocandins. Recent research has explored the trehalose biosynthesis 

pathway as a fungal-specific process required for virulence. Previous studies have 

shown that trehalose production is required for virulence of several fungal species. For 

example, disruption of both Candida albicans TPS1 and TPS2, the genes encoding the 

trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase, respectively, 

leads to decreased growth at high temperatures as well as a hyphal formation defect 

(177, 178). In Aspergillus fumigatus, the homolog to TPS2, the second gene in the trehalose 

biosynthetic pathway, is required for virulence, but has no impact on trehalose 

biosynthesis (179). Other investigators determined that trehalose biosynthetic genes are 

required for high temperature growth and stress protection in both Cryptococcus 

neoformans and C. gattii (180, 181). Furthermore, deletion of the second gene involved in 

trehalose biosynthesis, TPS2, led to accumulation of trehalose-6-phosphate and cell 

death, suggesting that blockade of biosynthesis at this point could provide a potent 
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effect for treatment due to intermediate metabolite toxicity for the pathogen (181). The 

recent determination of a crystal structure for C. albicans Tps2 allows for deeper 

understanding and modeling of compound-enzyme interactions, allowing for the 

identification of potential inhibitors that specifically bind to this unique target for 

antifungal drug development (182). 

Additionally, there has been much interest in leveraging important, conserved 

signaling molecules for antifungal drug development by exploiting fungal-specific 

aspects of components of these pathways. As an example, research on the Ras GTPases, 

though highly conserved among eukaryotes, has proven a promising avenue for 

antifungal drug development. In fungi, Ras GTPases play major roles in virulence. For 

example, in C. neoformans, Ras proteins are required for growth at high temperatures, a 

feature necessary for proliferation in the human host (183). Additionally, in humans, 

mutations in Ras proteins are associated with many malignancies. Therefore, several 

inhibitors of Ras function are being actively explored as treatments for various cancers. 

These agents could serve as starting points to identify potent antifungal agents. For 

example, prenylation is a post-translational modification that is required for proper Ras 

protein localization and function in both mammals and fungi. Farnesylation is required 

for attachment of the RAS protein to cellular membranes and proper cellular localization 

(184–186). Farnesyltransferase inhibitors (FTIs) have arisen somewhat recently as a 

promising class of anticancer drugs that would inhibit Ras activity due to protein 
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mislocalization (187). It has been proposed that some of these FTIs that have activity 

against cancer cell lines might also have antifungal activity (188). As crystal structures 

are now available for both the mammalian and fungal farnesyltransferases, it is possible 

to apply this knowledge about these proteins toward developing therapeutics with 

specificity for either the human or the fungal enzyme (188–190). These studies have shed 

light on structural and mechanistic differences in how the fungal and mammalian 

farnesyltransferases work, specifically during substrate binding, that can be leveraged 

toward specific design of antifungal agents. 

Other conserved eukaryotic pathways and proteins are being pursued as 

potential antifungal drug targets. Calcium/calmodulin signaling has shown promise as a 

target for antifungal therapy. In fungi, calcium/calmodulin signaling is an important 

regulator of stress responses, such as the response to high temperature as well as, in 

some cases, resistance to antifungal drug treatment (191–195). Additionally, calcineurin 

inhibitors, such as FK506, have already been in use as immunosuppressants and have 

potent antifungal activity (196–198). However, immunosuppression in the context of 

fungal infection is less than ideal. Development of non-immunosuppressive calcineurin 

inhibitors is an exciting avenue for antifungal agents. 

Additionally, another conserved protein being explored as an antifungal drug 

target is the Hsp90 heat shock protein. This Hsp90 molecular chaperone is involved in 

protein folding in response to many cellular stresses. Fungal Hsp90 is notably involved 
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in resistance to antifungals, including both azoles and echinocandins, in Candida albicans, 

C. glabrata, and Aspergillus fumigatus (199). Hsp90 inhibitors exert potent activity in 

combination with other antifungals. For example, the Hsp90 inhibitor geldanamycin has 

a potent fungicidal effect against azole-resistant A. fumigatus when used in combination 

with caspofungin or the calcineurin inhibitor FK506 (200). Hsp90 inhibitors also 

potentiate the activity of the echinocandin micafungin, and they are fungicidal in 

combination with fluconazole against C. albicans in vitro and in an invertebrate model of 

candidiasis (201, 202). 

2.5. Promising Molecular Approaches to Antifungal Drug 
Discovery: Moving Beyond Screening of Natural Products 

In recent years, as seen above, there has been a push toward repurposing off-

patent or FDA-approved drugs as antifungal agents. Researchers have also been 

working toward the identification of compounds that potentiate currently approved 

antifungal agents. Additionally, the concept of applying chemical genomics and large, 

high-throughput screening toward the goal of antifungal drug discovery has opened up 

promising avenues of study. 

Multiple groups have been using small molecule libraries to screen for antifungal 

activity in a high-throughput manner. The Krysan group has developed an in vitro assay 

for rapidly assessing loss of cellular integrity, which measures extracellular activity of 

the cytoplasmic enzyme, adenylate kinase, as a simple marker of cell lysis and fungal 

cell killing (203). This assay has been used in multiple contexts to identify novel agents 
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that disrupt cellular integrity in C. neoformans, some of which have been discussed above 

(126, 204, 205). Other groups have used the alamarBlue® assay in a similar manner to 

identify drugs that are fungicidal against C. neoformans (206) or to search for compounds 

that affected the viability of Candida biofilms (207). 

Through a different approach, the Wright laboratory performed a screen for 

potentiation of fluconazole activity against C. neoformans, C. gattii, C. albicans, and S. 

cerevisiae (162), identifying several FDA-approved compounds that have synergy with 

fluconazole and potent activity against the fungi tested. More recently, this group has 

developed an Antifungal Combination Matrix, which arose from a screen of 3600 small 

molecules tested in combination with 6 approved antifungal compounds against 4 

species of fungi: a dataset consisting of nearly 230,000 data points and around 86,000 

chemical interactions (208). This massive dataset can be leveraged toward identifying 

new agents that can increase the potency of existing antifungal agents.  

The Madhani group took a chemical genomics approach to a similar problem, 

using a large gene deletion library in C. neoformans to identify gene-drug interactions 

that could be leveraged toward antifungal therapy (209). They identified gene-drug 

interactions for over 80% of the nearly 1,500 gene deletion strains tested. An algorithm, 

the O2M algorithm, was developed to analyze this gene-drug interaction data to identify 

drugs that would likely act synergistically against C. neoformans. They used this 

chemogenomic profiling to compare with S. cerevisiae data sets to identify conserved 
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responses, and found that little was conserved between the C. neoformans and S. 

cerevisiae datasets.  

These studies bring an important point to light: there seems to be limited 

interspecies overlap of potentiators of fluconazole or other antifungals, nor was a 

significant amount of overlap found between S. cerevisiae and C. neoformans chemical 

genomics data. These data suggest that focusing on antifungal development that is 

geared toward particular pathogens, rather than focusing only on broad-spectrum 

activity, may lead to more potent and effective therapies for IFIs. 

2.6. Conclusions 

Invasive fungal infections represent a pressing global health problem. Although 

effective therapies exist for treatment of these diseases, resistance is common and the 

mortality rates for IFIs are still unacceptably high. However, promising advances are 

being made in antifungal drug development, both through the development of novel 

compounds with potent antifungal activity, and through the repurposing of previously 

described compounds for new uses as antifungal agents. Moreover, our expanding 

insight into the cellular processes required for fungal survival is now being translated to 

the specific identification of new therapeutic targets. Together, these efforts will greatly 

expand the currently limited number of drugs that we have to treat patients with life-

threatening fungal infections.
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3. Roles for stress response and cell wall biosynthesis 
pathways in caspofungin tolerance in Cryptococcus 
neoformans 

This chapter was adapted from a manuscript (of the same title) submitted to GENETICS 

and BioRxiv (210) in November 2018 and under revision at the time of this dissertation. The 

authors are Kaila M. Pianalto, R. Blake Billmyre, Calla L. Telzrow, and J. Andrew Alspaugh. 

3.1. Introduction 

Invasive fungal diseases primarily affect people with immune system defects, 

resulting in significant morbidity and mortality in these vulnerable patient populations 

(47, 49, 211). Major challenges for effective treatment of systemic fungal infections 

include limited therapeutic options and availability, particularly in regions where fungal 

infection rates are highest (48, 50). Historically, it has been difficult to identify novel 

antifungal agents that are not also toxic to humans, since many cellular processes are 

highly conserved between humans and fungi. In the search for novel antifungal drugs, 

identification of fungal-specific cellular processes has been a major focus. The fungal cell 

wall represents a key structure for fungal viability, growth, and host evasion (2, 212–

215). Thus, compounds that target the production and maintenance of the fungal cell 

wall, with little to no effect on the human host, would make exciting and specific 

antifungal agents. 

Echinocandins are cell wall-targeting antifungal compounds that have been 

identified and synthesized from natural products (45, 52). These compounds inhibit the 
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synthesis of β-1,3-glucan, a crucial cell wall component for many fungi (51, 102, 216, 

217).  Echinocandin antifungals, such as caspofungin, micafungin, and anidulafungin, 

are used extensively in clinical settings for the treatment of infections caused by diverse 

fungi. However, echinocandins, such as caspofungin, do not have potent antifungal 

activity against the fungal pathogen Cryptococcus neoformans, whose growth is only 

inhibited at high levels of caspofungin that are not clinically achievable in patients (53–

55). The fact that this drug is so ineffective against this fungus is surprising for a number 

of reasons. First, the gene that encodes the β-1,3-glucan synthase catalytic subunit in C. 

neoformans, FKS1, is essential in this organism (218). Additionally, the C. neoformans 

enzyme is highly sensitive to caspofungin in vitro, even potentially at lower 

concentrations than species that are clinically susceptible to these drugs, such as 

Aspergillus species (51). Based on these data, caspofungin could be expected to be an 

effective inhibitor of C. neoformans growth. 

Given these observations, several investigators have tried to explain the 

discrepancy between the high sensitivity of the target enzyme activity and the high 

tolerance of the organism to caspofungin. Recent work using a fluorescently-tagged 

form of caspofungin has suggested that intracellular concentrations of caspofungin are 

low in wild-type C. neoformans (219). However, this could be due to either poor entry of 

caspofungin into the cell or rapid efflux or degradation of the drug. For example, the cell 

wall or the polysaccharide capsule could prevent accessibility of caspofungin, a high 
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molecular-weight drug, to its target enzyme. Alternatively, caspofungin could be 

entering the cell but be rapidly eliminated from the cell through the action of a multi-

drug resistance pump. Given the essentiality of the β-1,3-glucan synthase gene, true 

inhibition of this enzyme should result in detrimental effects to the cell. We hypothesize 

that C. neoformans expresses cellular factors that are important for its paradoxical 

tolerance to caspofungin. We predict that these processes allow C. neoformans to survive 

in the presence of caspofungin, leading to ineffective drug treatment. 

In this work, we screened through two targeted deletion collections to identify C. 

neoformans mutants that were hypersensitive to caspofungin relative to the wild-type 

strain. In this way, we identified novel processes and pathways that facilitate 

echinocandin resistance in this organism. Here, we describe 14 genes and others in 

associated pathways that were identified in this screen and their roles in caspofungin 

tolerance. We also demonstrate possible mechanisms for how the cellular processes 

controlled by these genes might affect echinocandin resistance in C. neoformans. 

3.2. Materials and Methods 

3.2.1. Strains, media, and growth conditions 

The collections used for the caspofungin sensitivity screen consist of both the 

2008 Madhani and 2015 Madhani plate collections, which were purchased from the 

Fungal Genetics Stock Center (220, 221). The wild-type (WT) strain used in this study is 

the clinical strain H99 (222). Newly generated strains, as well as strains from alternate 
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sources, are listed in Table 4. A similar screen using a subset of these mutant strains was 

also recently performed (219). 

Table 4: Strains used in Chapter 3. 

Strain 
name 

Genotype Source 

H99 wild-type (222) 
KK1 cna1::NEO (223) 
KK2 cnb1::NAT (223) 
AFA3-3 crz1::NAT (224) 
ECt172 crz1::NAT + pCRZ1-mCherry-NEO + pGFP-NOP1-HYG (224) 
CBN201 pfa4::NEO (225) 
CBN336 ras1::NEO (185) 
ERB005 cdc42::NAT (226) 
ERB002 cdc420::NAT (226) 
CBN32 cdc24::NEO (227) 
CBN20 ste20α::NEO (228) 
MWC12 ras2::URA5 (229) 
ERB056 rac1::HYG (230) 
ERB028 rac2::NAT (230) 
LK64 cdc3::NAT (231) 
LK162 cdc12::NEO (231) 
CBN12 pak1::NAT (228) 
KMP18 chs3::NEO This study 
KMP45 msh1::NEO This study 
KMP48 msh1::NAT (KMP45) + pKP14 (MSH1-NEO) This study 
KMP94 msh1::NAT (Madhani, csn4STOP) + pCT2 (pJAF1-CSN4) This study 
KMP13 H99 + eFKS1-GFP-NEO (215) 
KMP36 H99 + pKP11 (pHIS-GFP-RHO1-NAT) This study 
HP28 gcd2::NEO (232) 
HP36 anb1::NEO (232) 
HP9 tif3::NEO (232) 
HP17 puf4::NEO (232) 
HP22 lhp1::NEO (232) 
HP24 vts1::NEO (232) 
HP6 pbp1::NEO (232) 
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Strains were maintained on yeast extract-peptone-dextrose (YPD) agar (10% 

yeast extract, 20% peptone, 2% dextrose, and 20% Bacto agar), and overnight cultures 

were incubated in YPD liquid medium. Drug susceptibility testing was performed in 

Yeast Nitrogen Base medium (1X YNB + 2% glucose) (233, 234). Cultures for microscopy 

were prepared in synthetic complete (SC) medium (1X YNB + 1X complete amino acids + 

2% glucose). 

3.2.2. Strain production 

To generate the new and independent mutant strains used in this study, targeted 

gene deletion constructs were designed to replace the entire open reading frame with 

the neomycin (NEO) or nourseothricin (NAT) dominant selectable markers. Each 

knockout construct was generated using PCR overlap-extension and split selectable 

marker as described previously (235, 236). All constructs were transformed into the C. 

neoformans H99 strain by biolistic transformation as previously described (237). All 

deletion primers used in this study can be found in Table 5. 
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Table 5: Deletion primers used in Chapter 3. 

Primer 
Name Sequence 5’3’ Target 

AA4108 TCTCCCGTCCCTTTTCTACA CHS3 deletion primer 1 
AA4109 GTCATAGCTGTTTCCTGTCCCTCCGC 

TAAAAAATTAG 
CHS3 deletion primer 2 

AA4110 ACTGGCCGTCGTTTTACTACTACTTG 
CGGATAAACAT 

CHS3 deletion primer 3 

AA4111 TCAGCATCTTTGGCTCTTCA CHS3 deletion primer 4 
AA4308 GTAAAACGACGGCCAG NEO marker primer F 
AA4309 CAGGAAACAGCTATGAC NEO marker primer R 
AA4137 TCGTCTGTTAGCTGCTTCCA CHS3 deletion check 

primer R 
AA441 CGCCGCTCTCCAGCTCACATCC NEO check primer F 
AA440 CGAATTCCAGCACACTGGCGGCCG NEO check primer R 
AA4800 CGCACTCTCATATTCCACGAC MSH1 deletion primer 1 
AA4801 GTCATAGCTGTTTCCTGGCAAGAGT 

TCCTGTTCCTGC 
MSH1 deletion primer 2 

AA4802 ACTGGCCGTCGTTTTACGCAATTGT 
GAGACTAGCGGTC 

MSH1 deletion primer 3 

AA4803 GCACCCTAGACGCTGATGAG MSH1 deletion primer 4 
AA4804 GCCAGACTTGGGACTTACG MSH1 deletion check 

primer F 
AA4805 CTGAGTGATCGGCAAGCATC MSH1 deletion check 

primer R 
AA5048 GATGGACCCATTCGACACACCGAC CSN4 deletion primer 1 
AA5012 GTCATAGCTGTTTCCTGCGTGGTAT 

GCGTTGAGAAATG 
CSN4 deletion primer 2 

AA5013 ACTGGCCGTCGTTTTACGAGAGTGC 
ACATAGAGAGG 

CSN4 deletion primer 3 

AA5049 GGACTGGCACGGAATCTTCC CSN4 deletion primer 4 
AA5050 GACGTTGCGAGGGTCTTACTAGC CSN4 check primer F 
AA5051 CTAACATGGGCTGAACAGACATC CSN4 check primer R 
AA5016 GAGGTATGCTTGAGAGCGCAG CSN4 check primer R 
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Upon transformation, strains were selected on YPD medium containing either 

nourseothricin or neomycin. Deletion mutants were checked by a combination of 

positive and negative confirmation PCRs demonstrating replacement of the WT locus 

with the mutant allele, followed by Southern blot to confirm single integration of the 

deletion constructs (data not shown). 

Plasmids used in this study can be found in Table 6. Cloning primers can be 

found in Table 7. The MSH1 complementation plasmid was engineered by cloning the 

MSH1 gene into the multiple cloning site of the pSDMA57 Safe Haven NEO plasmid 

(238). The CSN4 complementation construct was generated by cloning the CSN4 gene 

with its endogenous promoter and terminator into the pJAF1 plasmid (239). The 

overexpressed GFP-RHO1 construct was generated by cloning the RHO1 gene plus its 

native terminator into the BamHI site of the pCN19 vector, which contains the histone 

H3 promoter and GFP with the NAT selection marker. The endogenous FKS1-GFP 

construct was engineered by cloning the following into the pUC19 vector: the FKS1 gene 

(without promoter), the GFP gene, the FKS1 terminator, and the NEO marker flanked by 

genomic sequence to target this construct to the FKS1 locus. These plasmids were 

transformed as described and selected on neomycin or nourseothricin, and 

transformants were confirmed by a positive PCR to document the presence of the 

introduced allele. In the case of the eFKS1-GFP construct, PCRs to confirm integration of 

the construct into the endogenous FKS1 locus were performed. 
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Table 6: Plasmids used in Chapter 3. 

Plasmid name Plasmid description 

pKP14 pSDMA57-MSH1 (Safe Haven NEO MSH1 reconstitute) 
pCT2 pJAF1-CSN4 
pKP6 pUC19-eFKS1-GFP-NEO 
pKP11 pHIS-GFP-RHO1-NAT 

 

Table 7: Cloning primers used in Chapter 3. 

Primer 
Name 

Sequence 5’3’ Construct 

AA4798 CGGTATCGATAAGCTCCTCATCCGTCATTTCTATG MSH1 for 
pSDMA57 F 

AA4799 ACCGCGGTGGCGGCCGAATCGTCCCATTCGGTG MSH1 for 
pSDMA57 R 

AA5066 TACCGAGCTCGGATCCTCAACCACGACCGCATCCTT
CA 

CSN4 F for 
pJAF1 

AA5067 CGTTACTAGTGGATCCATCACATCTTGATGCCCCAA
TCC 

CSN4 R for 
pJAF1 

AA4609 CGTATAGGATCCATGTCCGGAGAAATCAGG RHO1 for 
pHGNAT F 

AA4610 CGTATAGGATCCGAGGCAGCTTGTGAGAAG RHO1 for 
pHGNAT R 

 

3.2.3. Caspofungin sensitivity primary screen 

A small pilot screen revealed that the calcineurin B subunit mutant was 

hypersensitive to caspofungin compared to the WT, agreeing with published data (195). 

This strain became the standard against which to measure other potentially 

caspofungin-susceptible strains. To determine the optimal conditions under which to 

perform the caspofungin sensitivity screen, we assessed WT vs. cnb1Δ growth in YNB 
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medium at caspofungin concentrations between 5 and 50 µg/mL with shaking at 150 

rpm at 30˚C (Cancidas, Merck). We identified 15 µg/mL caspofungin to be a 

concentration at which the cnb1Δ mutant strain was markedly impaired for growth and 

the WT grew robustly. We then screened the strain collections of 3880 isolates, first pre-

incubating in YPD liquid medium for 16 hours with shaking (150 rpm) at 30˚C. Cultures 

were diluted 1:10 in 96-well plates containing either YNB or YNB + caspofungin (15 

µg/mL). Strains were incubated with shaking (150 rpm) at 30˚C for 24 hours, and growth 

was assessed by measuring OD600 on a FLUOStar Optima plate reader (BMG Labtech). 

Plates were also pin replicated to YPD plates to assess strain viability after incubation 

with caspofungin. 

After screening, strains were divided into four groups based on caspofungin 

susceptibility: 1. Strains that were inviable post-caspofungin treatment; 2. Strains that 

were viable after caspofungin treatment, but had significantly decreased growth (OD600 

that is greater than two standard deviations less than average WT OD600); 3. Strains that 

did not have significantly different growth from WT in caspofungin medium; and 4. 

Strains that did not grow in YNB. 

3.2.4. Disc-diffusion secondary screen 

To confirm the caspofungin sensitivity of the mutants identified in the above 

screen, each mutant was incubated overnight in 150 uL of YPD in a 96-well plate with 

shaking, along with the WT and cna1Δ mutant strains as controls. Strains were diluted 
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1:200 in PBS, then 75 µL per strain was spread onto YNB agar in 6-well plates. Sterile 

filter discs were placed in the center of each well, and 5 µL of 7.5 mg/mL caspofungin 

was added to each disc. Plates were incubated at 30˚C for three days. After incubation, 

plates were imaged and zones of inhibition were measured. Mutant phenotypes were 

classified as WT-like, cna1Δ-like, or intermediate. 

3.2.5. Minimal Inhibitory Concentration (MIC) assay  

MIC assays were performed according to modified CLSI standard methods for 

broth microdilution testing of antifungal susceptibility (233, 240). In brief, cells were 

diluted in phosphate-buffered saline (PBS) to an OD600 of 0.25, then diluted 1:100 in YNB 

medium. Caspofungin was diluted in PBS., 2X working stocks of caspofungin were 

prepared in YNB medium, then caspofungin was serially diluted two-fold in 100 µL 

YNB medium. 100 µL of 1:100 dilution of cells was added to diluted drug in 96-well 

plates. Final concentration range of caspofungin was 200 to 0.39 µg/mL. Plates were 

incubated for 48 hours without shaking at 30˚C or 35˚C. After 48 hours, OD600 was 

measured on a FLUOStar Optima plate reader. MIC50 values were calculated by 

calculating relative growth using (drug-treated OD600/untreated OD600), with MIC50 

corresponding to at least 50% decrease in relative growth. 

3.2.6. Checkerboard assay 

Checkerboard assays to assess antifungal drug synergy using the Fractional 

Inhibitory Concentration index (FIC) for combinations of compounds were performed as 
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described (NCCLS 1992; Franzot and Casadevall 1997). In brief, the WT strain H99 was 

inoculated from plated colonies into PBS at an OD600 of 0.25, and subsequently diluted 

1:100 into RPMI medium. Nikkomycin Z stock was diluted in PBS (Nikkomycin Z, 

Sigma-Aldrich). Tipifarnib, manumycin A, clorgyline, and 2-bromopalmitate (2BP) were 

diluted in DMSO (tipifarnib, Sigma-Aldrich, manumycin A, Bioviotica; clorgyline, 

Sigma-Aldrich; 2BP, Sigma-Aldrich).  Caspofungin was diluted for a final concentration 

range between 100 µg/mL and 1.5625 µg/mL, and the test drugs were diluted to the 

following final concentration ranges: nikkomycin Z 400 to 0.78125 µg/mL, tipifarnib 400 

to 0.78125 µg/mL, manumycin A 40 to 0.078 µM, 2BP 400 to 0.78125 µM, and clorgyline 

100 to 1.5625 µM. Assays were incubated at 30˚C and 37˚C. FIC index values for a 

combination of compounds A and B were calculated as:  

 

where an FIC index value of <1.0 is considered synergistic (with <0.5 considered strongly 

synergistic), additive if the value was 1.0, autonomous if the value was between 1.0 and 

2.0, and antagonistic if the FIC index was greater than 2.0 (242). 

3.2.7. Chitin and chitosan assay 

Chitin and chitosan content of C. neoformans cell walls was assessed as described 

(243). Briefly, cells were incubated overnight in YPD. Cultured cells were then diluted to 

an OD of 0.8 and cultured in SC or SC + 15 µg/mL caspofungin for 6 hours. Cells were 
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divided and lyophilized, then either mock treated or treated with acetic anhydride to 

acetylate chitosan to form chitin. Cell walls were then digested with 5 mg/mL chitinase 

for 72 hours. GlcNAc monomer levels were assessed by a DMAB (p-

dimethylaminobenzaldehyde) colorimetric assay and read on a FLUOStar Optima plate 

reader. Acetic anhydride samples represented levels of both chitin and chitosan in the 

cell wall, while untreated samples represented chitin alone. Chitosan levels were 

calculated as the difference between the acetic anhydride-treated and the untreated 

samples. Data was analyzed using a two-way ANOVA, followed by t-tests to determine 

statistical significance. 

3.2.8. Cell Wall Staining and Microscopy 

Cells were prepared for cell wall staining as described (3). WT cells were 

cultured overnight in YPD medium. Overnight cultures were diluted to an OD600 of 1 in 

15 mL SC or SC plus caspofungin (5, 10 or 20 µg/mL caspofungin). At indicated 

timepoints, 1 mL aliquots of each culture were collected and stained with calcofluor 

white (CFW). Cells were pelleted at 5000 rpm for two minutes, then resuspended in 100 

µL PBS + 25 µg/mL CFW and incubated in the dark at room temperature for 10 minutes. 

Cells were then washed two times with PBS and resuspended in 50 µL PBS for imaging. 

Strains were imaged on a Zeiss Axio Imager A1 fluorescence microscope equipped with 

an Axio-Cam MRM digital camera to capture both DIC and fluorescent images. Cell wall 

staining fluorescent intensity was analyzed using Fiji software, and the mean gray 
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values were analyzed (244). Data presented represents the average fluorescence values. 

Data was analyzed using a two-way ANOVA, followed by t-tests to determine statistical 

significance. 

For fluorescent fusion protein microscopy, strains were incubated overnight in 

SC medium. Overnight cultures were pelleted at 3000 rpm for five minutes and 

resuspended in SC or SC + 15 µg/mL caspofungin. Strains were incubated for 90 

minutes, with aliquots collected for imaging at 15-minute intervals. Aliquots were 

incubated with NucBlue Live Ready Probes reagent for five minutes, pelleted at 5000 

rpm for two minutes, then resuspended in 50 µL SC (Thermo Fisher Scientific). Strains 

were imaged on a Zeiss Axio Imager A1 fluorescence microscope equipped with an 

Axio-Cam MRM digital camera to capture both DIC and fluorescent images. For the 

Fks1-GFP and GFP-Rho1 localization experiments, overnight cultures were normalized 

to an OD600 of 2.0 in SC plus 0, 5, 10, or 15 µg/mL caspofungin and imaged at 20-minute 

intervals for 1.5 hours. 

3.2.9. Whole Genome Sequencing, Alignment, and Variant Calling 

Whole-genome sequencing was performed on both the WT background strain 

and the msh1Δ mutant strain by the Duke Center for Genome and Computational 

Biology Genome Sequencing Shared Resource using an Illumina MiSeq instrument. 

Paired end libraries were sequenced with read lengths of 251 bases. Reads were aligned 

to the version 3 H99 genome (245) using BWA-MEM with default settings (246). The 
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GATK best practices pipeline (247) was used in combination with SAMtools (248) and 

Picard to realign reads before SNP calling using the UnifiedGenotyper component of 

GATK with the haploid ploidy setting. The resulting VCFs were filtered using VCFtools 

(249) and annotated for variant effect using SnpEff (250). Heterozygous calls were 

removed as presumed mismapped repetitive regions. Raw reads are available on the 

NCBI Sequence Read Archive under accession number PRJNA501913. 

3.2.10. RNA Preparation and Quantitative Real-Time PCR 

The WT strain was grown in YPD overnight at 30˚C with shaking. Cells were 

then inoculated at an OD600 of 1.5 into 5 mL SC, SC + 10 µg/mL caspofungin, or SC + 15 

μg/mL caspofungin. Cultures were incubated at 30˚C with shaking for 90 minutes, then 

cells were harvested by centrifugation at 3000 rpm for five minutes and lyophilized. 

RNA was isolated using a RNeasy Plant Mini Kit (Qiagen), with the addition of bead 

beating for one minute prior to lysis and on-column DNase treatment (Qiagen). cDNA 

was prepared using the AffinityScript QPCR cDNA synthesis kit using oligo-dT primers 

to bias for mRNA transcripts (Agilent Genomics). Quantitative Real-Time PCR was 

performed using PowerUp SYBR Green Master mix (Applied Biosystems) on a 

QuantStudio 6 Flex system. Real-time PCR primers are listed in Table 8 (215). Data was 

analyzed using a two-way ANOVA, followed by t-tests to determine statistical 

significance. 
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Table 8: Real-Time PCR primers used in Chapter 3. 

Primer Name Sequence 5’3’ Target 
AA301 AGTATGACTCCACACATGGTCG GPD1 F 
AA302 AGACAAACATCGGAGCATCAGC GPD1 R 
AA5379 GAGAAACTCGTCGAGTTGAAG CHS1 F 
AA5380 GAAGAGGAATGGTTGTACCGTTA CHS1 R 
AA5381 GCTCTTCACGTCTTCCACCTT CHS2 F 
AA5382 CGTAGAAGATAACGGTAAGGTAAG CHS2 R 
AA4298 ACCCAGGTCTGGCATTCC CHS3 F 
AA4299 AGGATCAACATTGGAAGC CHS3 R 
AA3628 CGGTCTTCAGGCATTGATTT CHS4 F 
AA3629 TTCGGAGTGAAGTGATGCTG CHS4 R 
AA5383 GCTTGGATGATCTTCTATATCTG CHS5 F 
AA5384 TACCTTCATCATGGATGACA CHS5 R 
AA4905 CCCTTGGCACATCTTTACTTG CHS6 F 
AA4906 CCATGACAAGTCGTGAAACATTG CHS6 R 
AA5387 GAGGAGCAACAAAGAAGTCAAG CHS7 F 
AA5388 GTTCGATTTTGATCGTCAAGGTT CHS7 R 
AA5389 TGGCTGTGATCTTACAAGCAA CHS8 F 
AA5390 GAATCGGAAGAAGGCAAGAC CHS8 R 
AA3632 TCGAGCTATTGCTGCTCAGA CDA1 F 
AA3633 GCTGGTAGATGTCGTGCTCA CDA1 R 
AA4304 GTAACGAGGTCGTCTTTG CDA2 F 
AA4305 TGTAGTTGGTGAGCTCGT CDA2 R 
AA3652 ATGTGGCCGATGCTTTTAAC CDA3 F 
AA3653 GAAGTGAGAAGGCCTGTTGG CDA3 R 
AA5374 CTTGGGCATGGTCTTGTTGCA AGS1 F 
AA5375 GCTGTTCCTCTAGCGAGCAT AGS1 R 
AA3626 TGGACTGGTGTTTGGTTCAA FKS1 F 
AA3830 GTACAAAAGACCGTACTTG FKS1 R 
AA3654 GTCTCGGAAGGCGACTCAT KRE6 F 
AA3655 TCAACTCATTCTTTGGGAAGG KRE6 R 
AA3634 CTGGACAATGTATGCGGATG SKN1 F 
AA3635 TCCGCAGTGGGATAATCTTC SKN1 R 
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3.2.11. Reagent and Data Availability 

Strains and plasmids are available upon request. File S1 contains a list and 

descriptions of all supplemental files. Sequence data are available at the NCBI Sequence 

Read Archive under the accession number PRJNA501913. Supplemental files have been 

submitted to figshare. 

3.3. Results 

3.3.1. Initial screen for processes contributing to caspofungin 
tolerance in Cryptococcus neoformans 

We performed a forward genetic screen of targeted deletion mutants to identify 

cellular processes that contribute to C. neoformans tolerance to caspofungin treatment. 

Using two screening methods in sequence, we screened 3,880 mutants for altered 

growth during caspofungin treatment at 30˚C (220, 221). We specifically chose this 

permissive incubation temperature for our initial screens to potentially capture 

pathways that may be required for thermotolerance, and for which mutant strains 

would therefore not be viable at higher temperatures. Our screening methods yielded 54 

mutants that appeared to have reduced caspofungin tolerance relative to the WT strain. 

We then performed broth microdilution assays to compare caspofungin susceptibility to 

the WT strain, as well as to a cna1Δ strain with a mutation in the calcineurin A subunit 

gene. Strains with altered calcineurin function are known to be more susceptible to 

caspofungin (194, 195). Of the mutants identified in the primary screen, 14 were 

confirmed to have caspofungin susceptibility similar to or greater than the cna1Δ mutant 
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strain (Table 9). This strict screening criterion enabled us to focus our studies exclusively 

on more highly drug-susceptible mutants (Table 9). The remaining strains displayed 

only minimal increases in sensitivity to caspofungin, and they were not tested further. 

Of note, we identified the cnb1Δ calcineurin regulatory subunit mutant, which 

phenocopies the cna1Δ mutant, as a caspofungin hypersensitive mutant in our screen, 

validating our screening methods (191, 194, 195, 251). 

Table 9: Caspofungin MICs for Screen Hits. 

Gene locus tag Gene product mutated MIC, µg/mL 
CNAG_00375 SAGA complex histone acetyltransferase (Gcn5) 12.5 
CNAG_02682 hypothetical protein (Msh1 homolog) 0.78 
CNAG_05070 sulfite reductase (NADPH) hemoprotein, beta-component 0.78 
CNAG_06902 hypothetical protein 12.5 
CNAG_02236 Type 2A-like serine/threonine-protein phosphatase (Ppg1) 0.78 
CNAG_03981 palmitoyltransferase Pfa4 6.25 
CNAG_03841 hypothetical protein 12.5 
CNAG_02292 copper chaperone Lys7 12.5 
CNAG_04992 hypothetical protein 12.5 
CNAG_03080 fatty acid elongase 12.5 
CNAG_07636 chitin synthase regulator (Csr2) 3.125 
CNAG_02891 endoplasmic reticulum rhodanese-like protein (Rdl2) 12.5 
CNAG_01717 cell differentiation protein Rcd1 12.5 
CNAG_00888 Calcineurin B subunit 3.125 

 

Within the list of sensitive mutants, we identified multiple biological processes 

that seem to be important for caspofungin tolerance based on gene ontology analysis 

(252). Specifically, two genes were identified that are involved in cell wall integrity: 

CSR2 (chitin synthase regulator) and PPG1 (PP2A-type protein phosphatase) (243, 253). 

We also found multiple proteins that have potential antioxidant roles, such as an Rdl2 

Rhodanese homolog and a putative Lys7 homolog which typically partners with 
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superoxide dismutase 1 (254, 255). We chose to focus our initial evaluation on strains 

with mutations in cellular pathways previously implicated in C. neoformans 

pathogenesis. 

3.3.2. Calcineurin signaling plays a role in caspofungin tolerance in 
Cryptococcus neoformans 

In previous in vitro studies, the calcineurin inhibitor FK506 has demonstrated 

synergistic interactions with caspofungin against C. neoformans (195). In our caspofungin 

sensitivity screen, we identified a mutant of the calcineurin B regulatory subunit, cnb1Δ, 

to be highly sensitive to caspofungin. Indeed, mutants of both the calcineurin A catalytic 

and calcineurin B regulatory subunits—cna1Δ and cnb1Δ, respectively—exhibit an eight-

fold increase in caspofungin sensitivity when compared to the WT strain (Table 9,10; 

(194)). We therefore strove to identify the mechanism by which this phosphatase is 

facilitating caspofungin tolerance in C. neoformans. We began by examining the 

activation of a known target of calcineurin signaling in C. neoformans, the Crz1 

transcription factor.  

Table 10: Additional Caspofungin MICs at 30˚C. 

Gene locus tag Gene product mutated MIC, µg/mL 
WT N/A 25 
CNAG_04796 Calcineurin A subunit 3.125 
CNAG_01744 Crz1 transcription factor 12.5 
CNAG_05581 Chitin synthase 3 3.125 
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The Crz1 transcription factor is activated through dephosphorylation by 

calcineurin, and Crz1 mediates many of the known transcriptional effects of this 

calcineurin signaling (256). Accordingly, we assessed whether an mCherry-tagged Crz1 

fusion protein (Crz1-mCherry) localizes to the nucleus after treatment with caspofungin 

(224). We assessed Crz1 nuclear localization by examining Crz1-mCherry co-localization 

with the GFP-Nop1 nucleolar marker as well as with DAPI staining. In untreated cells, 

Crz1-mCherry remains localized in the cytosol. In 15 µg/mL of caspofungin, we 

determined that Crz1-mCherry strongly localizes to the nucleus after 45 minutes of 

incubation (Figure 3). The nuclear localization of Crz1-mCherry suggests that Crz1 is 

likely being activated under these conditions.  However, the crz1Δ mutant displayed a  

 

Figure 3: Crz1 is activated and localizes to the nucleus in response to caspofungin 
treatment. A strain expressing Crz1-mCherry and GFP-Nop1 (nucleolar marker) was 
incubated in SC with either 0 or 15 µg/mL caspofungin for 45 minutes, then stained 

with NucBlue Live Cell nuclear stain for 5 minutes and imaged on a Zeiss AxioVision 
epifluorescence microscope. Scale bars represent 5 microns. 

 



 

67 

caspofungin MIC more similar to WT than to the cna1Δ or cnb1Δ mutant strains (Table 

10). Together, these results suggest that, although Crz1 is being activated during 

caspofungin treatment, full caspofungin tolerance is mediated through calcineurin-

dependent but Crz1-independent targets. These data are consistent with emerging 

reports that C. neoformans calcineurin acts through both Crz1-dependent and -

independent processes (224, 256). We therefore assessed the caspofungin susceptibility 

of several strains with loss-of-function mutations in downstream calcineurin targets 

(Table 11) (232). Unlike the cna1Δ or cnb1Δ calcineurin subunit mutants, none of the 

tested strains deficient in individual downstream calcineurin effector genes displayed 

altered caspofungin susceptibility. This observation suggests the possibility that other 

currently unidentified targets mediate this phenomenon in C. neoformans. Alternatively, 

there may be functional redundancy among the calcineurin effectors with respect to 

caspofungin susceptibility.  

Table 11: MICs for calcineurin target mutants. 

Gene locus Tag Gene mutated Caspofungin MIC µg/mL 
CNAG_03448 GCD2 25 
CNAG_01428 ANB1 25 
CNAG_06906 TIF3 25 
CNAG_02810 PUF4 25 
CNAG_04570 LHP1 25 
CNAG_06103 VTS1 25 
CNAG_02046 PBP1 25 
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3.3.3. The Pfa4 palmitoyltransferase plays a role in caspofungin 
tolerance through regulation of its target proteins 

The Pfa4 palmitoyltransferase is required for the addition of palmitoyl groups to 

various Cryptococcus neoformans proteins (225, 257). This post-translational modification 

is necessary for the proper localization and function of these target proteins. In our MIC 

assays, we documented a four-fold increase in caspofungin susceptibility for the pfa4∆ 

strain at 30˚C. Given the temperature-sensitivity of this mutant strain (225, 257), we 

would not have isolated it in screens at higher incubation temperatures. The 

caspofungin sensitivity of the pfa4∆ mutant was more pronounced at 35˚C, a 

temperature at which the pfa4Δ mutant grows but with a modest growth delay 

compared to the WT (Tables 9 and 12) (225, 257). Since Pfa4 is responsible for the 

regulation of various functions within the cell, it is likely that this caspofungin 

sensitivity is due to dysregulation of one or more Pfa4 palmitoylation targets. Moreover, 

the additional growth and drug-sensitivity phenotypes at 35˚C are in concordance with 

known targets of Pfa4 being required for full thermotolerance in C. neoformans (225). 

Therefore, the caspofungin susceptibility for mutants in several Pfa4-regulated gene 

products was assessed. 
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Table 12: Additional Caspofungin MICs at 35˚C. 

Gene locus tag Gene product mutated MIC, µg/mL 
H99 N/A 25 
CNAG_00293 Ras1 GTPase 6.25 

CNAG_05348 Cdc42 GTPase 12.5 
CNAG_05968 Cdc420 GTPase 25 
CNAG_04243 Cdc24 guanine nucleotide exchange factor 12.5 
CNAG_06165 Ste20 PAK kinase 25 
CNAG_04761 Ras2 GTPase 25 
CNAG_05998 Rac2 GTPase 25 
CNAG_02883 Rac1 GTPase 25 
CNAG_05925 Septin Cdc3 12.5 
CNAG_01740 Septin Cdc12 6.25 
CNAG_05970 PAK kinase Pak1 25 
CNAG_03981 Palmitoyltransferase Pfa4 0.39 

 

Additionally, because Pfa4-mediated palmitoylation also seems to play a role in 

caspofungin tolerance in C. neoformans, we assessed whether there might be synergy 

between caspofungin and inhibitors of palmitoyltransferases. There has been one 

competitive inhibitor of palmitoyltransferases that has been described to have antifungal 

activity against Aspergillus fumigatus, 2-bromopalmitate (2BP) (186, 258). We found that 

2BP displayed some antifungal activity against C. neoformans, with an MIC of 25-50 

µg/mL. Additionally, we determined that there is a synergistic to strongly synergistic 

reaction between 2BP and caspofungin at both 30˚C and 37˚C (Table 13).  
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Table 13: Fractional Inhibitory Concentration (FIC) Indices in combination with caspofungin. 

Drug tested in 
combination 

FIC Index, 30˚C Drug 
Relationship 

FIC Index, 37˚C Drug 
Relationship 

Tipifarnib ND ND 1.0 Additive 
Manumycin A 0.508-0.75 Synergistic 0.562-0.75 Synergistic 
2BP 0.266-0.625 Synergistic 0.188-0.531 Synergistic 
Nikkomycin Z 1 Additive ND ND 
Clorgyline 0.25-0.281 Synergistic 0.18-0.625 Synergistic 

 

3.3.4. The thermotolerance arm of the Ras signaling pathway is 
required for caspofungin tolerance 

Pfa4 palmitoylates the C. neoformans Ras1 GTPase, and this post-translational 

modification is required for proper subcellular localization of Ras1 as well as its function 

(225). Since Ras1 is required for thermotolerance of C. neoformans, the pfa4Δ mutant is 

accordingly growth defective at elevated temperatures. To determine whether the 

caspofungin susceptibility of the pfa4Δ mutant is reflected in this downstream target 

pathway, we assessed caspofungin susceptibility for the ras1Δ mutant, as well as for 

mutants in the Ras1 morphogenesis pathway (mediated by Rac proteins), and the Ras1 

thermotolerance pathway (mediated by Cdc24/Cdc42 and the septin proteins) (Figure 4) 

(226, 227, 229, 230, 259). The ras1∆ mutant is four-fold more sensitive to caspofungin 

than WT. Increases in caspofungin susceptibility were also noted for the cdc42Δ and 

cdc24Δ mutants, as well as the cdc3Δ and cdc12Δ septin mutants, which are further 

downstream effectors of the C. neoformans Ras thermotolerance pathway (226, 227, 259). 

These increases in susceptibility were only seen at 35˚C, not 30˚C, indicating that this  
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Figure 4: Ras1 signaling partner mutants are differentially affected by caspofungin 
treatment. Model of Ras signaling in C. neoformans. Paired paralogs are represented 
as the major (larger oval) and minor (smaller oval) paralog (259). Caspofungin MICs 

at 35˚C for each component are presented within each oval. The green ovals represent 
mutants that displayed increased caspofungin susceptibility, while the grey ovals 

displayed WT caspofungin susceptibility. 

pathway is necessary for survival during caspofungin treatment under conditions at 

which the pathway is activated. These proteins mediate dynamic actin cytoskeletal 

changes required for budding and cell division in response to cell stresses such as 

elevated temperature. In contrast, the Rac1 and Rac2 proteins are not required for 

caspofungin tolerance; these Ras1-mediated GTPases are involved in a distinct signaling 

pathway controlling morphological transitions, such as hyphal formation during mating 

(230). Therefore, the Pfa4-Ras1-Cdc42-septin protein pathway seems to be required to 
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optimally support C. neoformans growth in the presence of echinocandins, and inhibition 

of this signaling axis results in notable increases in caspofungin susceptibility. 

Although specific inhibition of fungal Ras activity is limited by the highly 

conserved nature of this protein, recent investigations have explored inhibitors of Ras-

modifying enzymes, such as farnesyltransferases, as antifungal agents (188, 260–262). 

For proper localization and function, Ras-like GTPases also require, in addition to 

palmitoylation, the post-translational addition of lipophilic prenyl groups by 

farnesyltransferases (FTases) to C-terminal cysteine residues. We therefore assessed 

synergy between caspofungin and two different protein-farnesyltransferase inhibitors 

(FTIs), tipifarnib and manumycin A (188). Manumycin A treatment has been 

demonstrated previously to alter the localization of GFP-Ras1 in C. neoformans, leading 

to alteration of Ras1 function (188). Tipifarnib displayed additivity with caspofungin 

against C. neoformans, with an FIC index of 1 at 37˚C (Table 13). Tipifarnib has little to no 

activity at 30˚C, so neither an MIC nor FIC value could be determined at that 

temperature. However, the FTI manumycin A displayed synergy with caspofungin, 

with FIC indices ranging from 0.508-0.75 at 30˚C and from 0.562-0.75 at 37˚C (242). Given 

the limited intrinsic antifungal activity of these first-generation FTIs, these results 

suggest that Ras inhibitors with greater anti-cryptococcal activity might be promising 

co-administered agents to augment the effect of caspofungin against C. neoformans. 



 

73 

3.3.5. Chitin synthesis and the Chs3 chitin synthase are involved in 
the response to caspofungin treatment 

One of the most prominent targets of Pfa4 palmitoyltransferase activity is the 

Chs3 chitin synthase, which is responsible for the biosynthesis of chitin that is destined 

to become chitosan in the cell wall (243, 263). Pfa4 is required for the proper localization 

of the Chs3 chitin synthase to the cell surface, which is necessary for proper Chs3 

function in cell wall biosynthesis and maintenance (257). In addition to the pfa4Δ mutant 

strain, our screen also identified a mutant of the chitin synthase regulator associated 

with Chs3 function, csr2Δ, which displayed a similar, though slightly more severe, 

caspofungin sensitivity phenotype (Table 9) (243). We therefore assessed the 

caspofungin susceptibility of a chs3∆ strain to determine if dysregulation of this protein 

and lack of proper chitin and chitosan deposition might contribute to the caspofungin 

susceptibility of the pfa4Δ mutant strain. The chs3Δ mutant strain was eight-fold more 

sensitive to caspofungin than the WT strain (Table 10). These results are consistent with 

those in Aspergillus fumigatus and Candida species in which compensatory increases in 

cell wall chitin are induced upon exposure of these fungi to caspofungin (192, 264–266). 

In fact, similar caspofungin-dependent increases in C. neoformans cell wall chitin content 

were observed using the chitin-binding dye, calcofluor white (CFW). A dose-dependent 

increase in CFW staining was observed for cells treated with caspofungin compared to 

untreated cells, with the most significant differences being at the highest concentration 

of caspofungin (Figure 5A, B). Accordingly, when we assessed cell wall chitin and 
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Figure 5: Cell wall chitin and chitosan levels increase during caspofungin treatment. 
A. Quantification of calcofluor white (CFW) staining of C. neoformans WT cells 

treated with caspofungin. Cells were incubated in SC medium with 0, 5, or 20 µg/mL 
caspofungin over 24 hours. At each timepoint, cells were harvested and stained with 

CFW to assess total cell wall chito-oligomer content, then imaged on a Zeiss 
AxioVision epifluorescence microscope. Images were masked for fluorescence, and 

average fluorescent intensity for each cell was quantified using ImageJ. Each 
timepoint represents quantification of greater than 80 cells over at least 3 images. CSF 
= caspofungin. Error bars represent SEM. Statistics performed were 2-way ANOVA, 
followed by pair-wise t-tests. *, p<0.05; ***, p<0.001. B. Representative images of cells 
treated with 0, 5, or 20 µg/mL caspofungin and then stained for chitin content with 

CFW at 4 hours post-caspofungin treatment. C. Quantification of cell wall chitin and 
chitosan using DMAB colorimetric assay. Cells were incubated in SC +/- 15 µg/mL 

caspofungin for 6 hours, then harvested and assay performed as described. Error bars 
represent SEM. Statistics performed were 2-way ANOVA, followed by pair-wise t-

tests. *, p<0.05; ***, p<0.001. 
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chitosan composition using an in vitro colorimetric assay (243), we found that C. 

neoformans cells treated with 15 µg/mL caspofungin have an approximately 2.5-fold 

increase in both chitin and chitosan compared to untreated cells (Figure 5C). 

Since the chs3Δ chitin synthase mutant strain is so susceptible to the effects of 

caspofungin, we hypothesized that the co-administration of caspofungin with the chitin 

synthase inhibitor Nikkomycin Z might result in a similar synergistic antifungal effect. 

We tested antifungal drug interactions using a checkerboard MIC assay, using varying 

concentrations of each drug in combination. In this assay, we did not observe synergy 

between caspofungin and Nikkomycin Z, one of the few known inhibitors of chitin 

synthesis in some fungi (267, 268). The FIC index, a marker of drug interaction, was 1.0, 

suggesting an additive effect between the two compounds rather than drug synergy 

(Table 13). However, historically, nikkomycin Z has not been an effective inhibitor of C. 

neoformans growth, potentially due to the high redundancy in chitin synthase genes in 

this organism (194, 243, 268). Based on these genetic studies, there is potential for 

synergy between caspofungin and future, more effective chitin synthase inhibitors. 

3.3.6. A MutS homolog mutant is hypersensitive to caspofungin 

One of the strains identified as being highly caspofungin-susceptible in the initial 

screen had a targeted mutation in an MSH1 ortholog. Msh1 is a MutS homolog that is 

predicted to mediate DNA mismatch repair processes in the mitochondrial genome 

(269). This strain was highly susceptible to caspofungin (MIC 0.78 µg/mL). However, 
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independent msh1Δ deletion strains were not hypersensitive to caspofungin, suggesting 

that another, silent mutation was responsible for this drug-sensitive phenotype in a 

strain with high mutagenic potential. Whole genome sequencing of this strain revealed 

three non-synonymous nucleotide polymorphisms in the genomic sequence. One of 

these mutations was a nonsense mutation (Glu313Stop) in the CSN4 gene encoding 

subunit 4 of the constitutive photomorphogenesis (COP9) signalosome (CSN4STOP 

strain) (Table 14). The COP9 signalosome has demonstrated roles in cell signaling, 

including roles in S-phase checkpoints as well as roles in signaling through interactions  

Table 14: List of SNPs and Indels in msh1Δ mutant strain. 

Chromosome Position WT 
allele 

msh1Δ 
allele 

Gene Effect 

Chr_1 1941871 A G CNAG_00741 Missense Lys140Glu 
Chr_3 1033968 T G CNAG_02682 Intronic SNP 
Chr_3 1128116 G A CNAG_07532 Missense Ala96Val 
Chr_5 413182 C T CNAG_01395 Missense Val194Ile 
Chr_5 466369 G T Intergenic 

 

Chr_7 392992 T C CNAG_06652 Start gain 
Chr_8 195426 G T CNAG_03151 Glu313Stop 
Mitochondrial 106 T C CNAG_09000 synonymous 
Mitochondrial 186 TA T CNAG_09000 frameshift variant 
Mitochondrial 15946 G A Intergenic 

 

Mitochondrial 16144 T TAA Intergenic 
 

Mitochondrial 20510 A G CNAG_09009 Missense Ile281Val 
Mitochondrial 20773 T C CNAG_09009 synonymous 
Mitochondrial 21687 T TAA Intergenic 

 

Mitochondrial 22487 A G CNAG_09010 synonymous 
Mitochondrial 23633 T C CNAG_09011 missense Tyr58His 
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with ubiquitin ligases and the proteasome (270, 271). Interestingly, this mutation 

truncated the gene near the beginning of the predicted PCI (Proteasome-COP9-

eukaryotic Initiation Factor 3) domain (residues 302-395, (272)), which has been shown 

in other species to be crucial for the interactions between COP9 signalosome subunits 

and stability of the complex (273–276). Within the new C. neoformans targeted deletion 

collection, there were several COP9 signalosome subunit gene deletion strains: csn2Δ, 

csn3Δ, csn5Δ, csn6Δ, csn7Δ, and csn12Δ (221). Caspofungin susceptibility testing of these 

mutants revealed that only the csn5Δ mutant had a significant decrease in MIC, with an 

MIC nearing that of the CSN4STOP strain (Table 15). Multiple attempts were unable to 

make an independent strain with a complete deletion of CSN4, suggesting that this gene 

is essential for viability under standard laboratory growth conditions. However, 

introduction of a full-length, WT CSN4 gene into the msh1Δ (CSN4STOP) mutant 

resulted in full complementation of the caspofungin hypersensitive phenotype (Table 

15). These combined results suggest that the csn4Δ mutation in this strain does not 

confer complete loss of function of this protein, and that certain components of the 

COP9 signalosome are required for full caspofungin tolerance. 
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Table 15: COP9 signalosome component mutant MICs. 

Gene Locus Tag Genotype MIC, µg/mL 
CNAG_02682, 
CNAG_03151 

MutS homolog Msh1 + CSN4STOP 0.78 

CNAG_02682 MutS homolog Msh1 25 
 msh1Δ + pCSN4 25 

CNAG_01057 COP9 signalosome component Csn2 25 
CNAG_05645 COP9 signalosome component Csn3 25 
CNAG_04809 COP9 signalosome component Csn5 1.56 
CNAG_06680 COP9 signalosome component Csn6 25 
CNAG_04177 COP9 signalosome component Csn7 25 
CNAG_04627 COP9 signalosome component Csn12 25 

 

In addition to the nonsense mutation in the CSN4 COP9 signalosome gene, 

multiple nonsynonymous mutations, including three separate frameshift mutations, 

were identified in the mitochondrial genome (Table 14). In fact, there was a thousand-

fold difference in the number of mutations per base in the mitochondrial genome (3.7 x 

10-4) versus the nuclear genome (3.7 x 10-7), consistent with recent data showing that 

MSH1 preferentially regulates mutational repair in the mitochondrial genome compared 

to the nuclear genome (245, 277, 278). These data suggest that C. neoformans Msh1 likely 

acts preferentially as a mismatch repair protein for the mitochondrial genome. 

3.3.7. Cell wall gene expression is altered during caspofungin 
treatment 

Since compensatory cell wall gene expression and activity, and specifically chitin 

synthesis, has been demonstrated to play a role in paradoxical growth and resistance 
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during caspofungin treatment, we assessed whether expression of cell wall biosynthesis 

genes was altered in response to caspofungin treatment. We assessed the transcript 

abundance for genes involved in the synthesis of chitin (CHS1, CHS2, CHS3, CHS4, 

CHS5, CHS6, CHS7, and CHS8), chitosan (CDA1, CDA2, and CDA3), α-1,3-glucan 

(AGS1), β-1,3-glucan (FKS1), and β-1,6-glucan (KRE6 and SKN7) (215, 218, 243, 279, 280). 

Many of these cell wall biosynthesis genes demonstrate altered regulation in response to 

caspofungin treatment (Figure 6). CHS1, CHS2, CHS4, CHS7, SKN1, and CDA1 all  

exhibited significant increases in expression, especially at the highest concentration of 

caspofungin tested in this experiment, representing a possible compensatory response.  
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Figure 6: Cell wall biosynthesis gene expression is altered in response to caspofungin. 
WT C. neoformans cells were incubated in SC containing 0, 10, or 15 µg/mL 

caspofungin for 90 minutes, followed by RNA purification and quantitative real-time 
PCR for the indicated target genes, using the GPD1 gene as an internal control. The 

results represent average values for biological triplicate samples. Statistical 
significance was assessed using 2-way ANOVA, followed by t-test for pairwise 
comparisons. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. CSF = caspofungin. 

These results reflect some of the compensatory processes seen in other fungi, such as 

Candida species and Aspergillus fumigatus, in which increased cell wall chitin is a 

mechanism for these fungi to overcome the effects of caspofungin treatment (192, 265). 

However, we noted potential involvement of more diverse cell wall components. 

Additionally, the upregulation of SKN1 suggests a potential role for β-1,6-glucan 

synthesis in the caspofungin tolerance mechanism for C. neoformans. In light of previous 
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data showing that caspofungin exposure results in a decrease in β-1,6-glucan staining 

via immunoelectron microscopy, there is the potential that the upregulation of β-1,6-

glucan biosynthetic genes could represent transcriptional compensation for secondary 

cell wall effects after drug treatment (281). Interestingly, CHS5, CHS6, CDA2, and CDA3 

all displayed decreased expression during caspofungin treatment. Therefore, though not 

all cell wall-associated genes are upregulated in response to caspofungin, there seems to 

be a decisive alteration in the expression of cell wall biosynthesis and modification 

genes, reflecting a coordinated compensatory response to the cell wall inhibitor 

caspofungin. 

3.3.8. Fks1-GFP localization is not altered during caspofungin 
treatment 

Since we did not see statistically significant differences in FKS1 transcript levels 

after exposure to caspofungin, we assessed whether treatment with this drug has a 

direct effect on the cellular localization of the β-1,3-glucan synthase. We examined the 

localization of the two components of the complex: the Fks1 catalytic subunit and the 

Rho1 regulatory subunit, each as a fusion protein tagged with GFP. We treated C. 

neoformans strains expressing either endogenous Fks1-GFP or overexpressed GFP-Rho1 

in a gradient of caspofungin concentrations and assessed localization over one hour of 

treatment (Figure 7). Both Fks1-GFP and GFP-Rho1 localized to endomembranes, 

including structures that resemble perinuclear endoplasmic reticulum staining (56). 

Similarly, both proteins also localized to the outer edge of the cell. Fks1-GFP, in 
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particular, appeared to localize to the plasma membrane, but in distinct patches rather 

than along the entire cell surface. These data support the hypothesis that this and other 

cell surface proteins are located within specific subdomains of the cell surface (282–284). 

We determined that there was no significant difference in Fks1-GFP or GFP-Rho1 

localization in response to caspofungin treatment. 

 

Figure 7: Fks1-GFP and GFP-Rho1 localization is not altered in response to 
caspofungin treatment. Strains expressing Fks1-GFP and GFP-Rho1 were incubated in 

SC plus 0, 5, 10, or 15 µg/mL caspofungin for 1 hour and imaged on a Zeiss 
AxioVision epifluorescence microscope. Presented here are representative images 

from the 20-minute time point. Scale bars represent 5 microns. 
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3.3.9. Inhibition of efflux pumps increases potency of caspofungin 

Recent studies suggest that caspofungin is not efficiently maintained at high 

intracellular concentrations in C. neoformans (219). We therefore hypothesized that this 

organism might be preventing intracellular accumulation of caspofungin through the 

activity of one or more efflux pumps. To address this hypothesis, we performed a drug 

interaction assay to determine whether caspofungin potency might be enhanced in the 

presence of clorgyline, a monoamine oxidase inhibitor that also acts as an inhibitor of 

ATP-binding cassette (ABC) transporters in other fungal species (285). This 

pharmacological approach was pursued since there are more than 50 predicted ABC 

transporters and more than 150 predicted major facilitator superfamily (MFS) proteins 

encoded in the C. neoformans genome (286, 287). Although not all of these putative efflux 

pumps are necessarily involved in drug resistance, a targeted genetic approach may be 

complicated by functional redundancy among these transporters. We found that the 

efflux inhibitor clorgyline and caspofungin demonstrated a strong synergistic 

interaction, with an FIC index ranging from 0.25-0.281 at 30˚C and 0.18-0.625 at 37˚C 

(Table 13). These data indirectly suggest that drug efflux might be a contributor to the 

innate tolerance of C. neoformans to caspofungin treatment. 

3.4. Discussion 

Despite the medical importance of fungal infections, few novel antifungal drugs 

have been introduced in recent years. Echinocandins, one of the most recently approved 
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classes of antifungal drugs, were especially promising given their limited toxicity profile 

and novel mechanism of action. However, these agents display limited efficacy against 

several fungal classes, including the thermally dimorphic fungi and Cryptococcus species 

(53–55). Our screen, using a collection of C. neoformans mutant strains, revealed that 

cryptococcal tolerance to the echinocandin drug caspofungin is likely a multi-faceted 

phenomenon. We identified several pathways and processes important for full tolerance 

of caspofungin, including those associated with cell surface integrity, such as chitin 

biosynthesis and the phosphatase Ppg1, or general stress tolerance, such as calcineurin. 

Indeed, one of the most caspofungin-sensitive mutants that we identified was a ppg1Δ 

mutant. Ppg1 is a phosphatase that has been shown to be necessary for full cell wall 

integrity, even under non-stress conditions, but that is also required for survival in cell 

wall stress conditions (253). Ppg1, however, is not a part of the traditional cell-wall 

integrity MAP kinase pathway in C. neoformans. Interestingly, we did not see 

hypersensitivity among mutants in the cell wall integrity MAPK pathway, which 

suggests that non-canonical cell-wall integrity signaling could be playing a role in the 

response to caspofungin-induced cell wall stress (253).  

Another recent study assaying C. neoformans mutants for caspofungin sensitivity 

identified several other processes that were not identified in this study. The differences 

in the caspofungin-susceptible C. neoformans mutants identified in the two different 

studies is likely explained by variations in experimental conditions. First, the two 
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screens used overlapping but different mutant libraries for the screens, as well as 

different cutoffs for defining altered caspofungin susceptibility. Also, we specifically 

chose to perform our screens at 30˚C in order to identify mutants that might have 

thermotolerance defects; for example, mutants such as the calcineurin subunit cnb1Δ 

mutant would not have been discovered at a higher temperature given its intrinsic 

inability to grow at elevated temperatures.  

In their study, Huang et al. determined that mutation of the Cdc50 lipid flippase 

β-subunit increased the sensitivity of this organism to caspofungin and fluconazole 

(219). By using a fluorescently labeled caspofungin molecule, they also observed that the 

cdc50Δ mutant strain displayed increased drug uptake compared to WT strains, 

suggesting that the altered membrane integrity and lipid content in the mutant strain 

might allow better penetration of the drug into the cell and, therefore, higher efficacy. 

This observation implies that overcoming limitations of entry into the cryptococcal cell 

or accumulation of the drug inside of the cell might enhance fungal cell killing. To 

further explore the importance of drug efflux, we assessed the effect of the efflux pump 

inhibitor clorgyline on caspofungin activity, and we found strong synergy between these 

two compounds. We specifically employed clorgyline as a pharmacological inhibitor of 

ABC transporters to address the potential functional redundancy of the large number of 

C. neoformans genes likely to encode efflux pumps (286, 287). Collectively, these data 

suggest that C. neoformans employs diverse mechanisms, including inhibition of drug 
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entry as well as targeted drug efflux, to prevent intracellular accumulation of 

caspofungin, thus promoting drug tolerance. 

In validation of our screening methods, we identified the calcineurin B subunit 

mutant as a hypersensitive strain. Calcineurin signaling is required for full virulence of 

C. neoformans and is involved in the response to elevated temperatures, as well as the 

response to caspofungin and other cellular stresses (191, 194, 195, 251, 288). Similarly, 

calcineurin signaling has been shown to be required for paradoxical growth in the 

presence of high concentrations of caspofungin in Candida species and Aspergillus 

fumigatus (192, 265, 266, 289, 290). In C. neoformans, calcineurin is known to regulate one 

transcription factor, Crz1, and many calcineurin-dependent cellular processes are likely 

mediated by Crz1 (256). Importantly, recent work identified several genes involved in 

cell wall biosynthesis and remodeling that are transcriptionally upregulated by Crz1 and 

Cna1 in response to thermal stress (224). However, this work revealed that a significant 

number of genes are regulated differentially between the cna1Δ and the crz1Δ 

transcriptomes, suggesting that other targets of Cna1 activity could have effects on 

transcriptional response to stress. Additional work demonstrated that calcineurin likely 

has multiple downstream targets in addition to Crz1, including proteins that localize to 

stress granules and P-bodies and are involved in posttranscriptional responses to 

thermal stress (232). Our work suggests that the calcineurin-regulated response to 

caspofungin likely involves both the activity of the Crz1 transcription factor as well as 



 

87 

Crz1-independent calcineurin targets. Indeed, it has also been demonstrated in C. 

albicans that Crz1 is only partially responsible for the calcineurin-mediated echinocandin 

tolerance seen in that organism (201). Future work could probe Crz1-independent 

calcineurin targets for roles in caspofungin tolerance in this organism. 

We also tested multiple processes regulated by the Pfa4 palmitoyltransferase to 

explore whether the drug-susceptible phenotype of the palmitoyltransferase mutant 

could be attributed to dysfunction of one or more of its downstream targets. 

Interestingly, we determined that the C. neoformans Ras1-mediated thermotolerance 

pathway is required for tolerance of caspofungin treatment in this organism. This 

signaling pathway responds to extracellular cues to control the activation of the Cdc42 

GTPase, a protein that directs actin cytoskeleton polarization as well as directional 

growth and budding (226). The septin proteins Cdc3 and Cdc12 are required for 

cytokinesis through their role in septum formation. Additionally, Cdc3 and Cdc12 are 

necessary for normal cell morphogenesis at elevated temperatures, and the localization 

of these proteins is mediated by Cdc42. In the absence of any of these pathway proteins, 

the cryptococcal cell is growth-impaired under many stressful conditions such as 

mammalian physiological temperatures (226, 227, 259). This impairment is likely due to 

failed actin polarization resulting in defective budding and cell reproduction. Control of 

actin polarization is a documented response to cell wall stress in S. cerevisiae, required 

for the transient depolarization of Fks1 to deal with widespread cell wall damage (291). 
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Additionally, depolarization of the actin cytoskeleton has been associated with aberrant 

cell wall component deposition, likely due to the mislocalization of vesicles containing 

cell wall biosynthesis proteins such as chitin synthases and Fks1 (292). Although 

mutants of two members of this pathway, RAS1 and CDC42, were present in the 

collections tested in this study, their growth phenotypes are only apparent at elevated 

temperatures. As a result, these mutants would not be expected to display caspofungin 

susceptibility at the lower temperatures tested, emphasizing the importance of screening 

for drug sensitivity in multiple incubation conditions. 

Since Ras and Ras-related proteins are required for pathogenesis in many fungal 

systems, there have been concerted efforts to identify small molecules that inhibit Ras 

protein function. One of the most promising directions includes targeting protein 

prenyltransferases, enzymes that add lipid moieties to the C-terminal regions of Ras-like 

GTPases, directing the localization of these proteins to cellular membranes, their sites of 

function (185, 186, 262, 293). Prenylation inhibitors are predicted to alter the localization 

and function of many cellular proteins in addition to Ras, potentially having broad 

antiproliferative effects in divergent cell types. Structural studies have identified fungal-

specific features of farnesyltransferase enzymes, suggesting that antifungal specificity 

could be engineered into farnesyltransferase inhibitors (FTIs) (188, 190). Antifungal 

susceptibility testing demonstrated in vitro synergy between the activities of caspofungin 

and the FTI, manumycin A, the basis of which was identified in our screen. Importantly, 
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the currently available FTIs tested have limited efficacy as antifungal compounds when 

used alone. However, as newer and more potent antifungal FTIs are identified, these 

agents might be used as adjunctive therapies to enhance the effect of caspofungin. It 

remains to be determined whether this synergy is due to FTI-mediated enhanced 

intracellular stability of echinocandins or synergistic activity in altered morphogenesis. 

Interestingly, one of the most sensitive mutants identified in this study contained 

a deletion of the C. neoformans MSH1 ortholog, a gene previously described to play a role 

as a MutS homolog mismatch repair protein in the mitochondria in S. cerevisiae (269). 

Mutations in mismatch repair proteins are associated with increased mutation rates, 

often associated with increased drug resistance (294, 295). While this strain had few 

mutations in the nuclear genome, one of these was a nonsense mutation in a component 

of the COP9 signalosome which truncated the gene product. The COP9 signalosome has 

been implicated in fungal development, including involvement in the S-phase 

checkpoint in S. pombe as well as sexual development in A. nidulans (271, 273, 296). This 

intracellular complex of proteins functions within the ubiquitin-proteasome pathway by 

controlling the activity of cullin-RING E3 ubiquitin ligases (270). Our ability to 

complement the mutant strain with a WT copy of the CSN4 gene, rather than the MSH1 

gene, strongly supports our hypothesis that COP9 signalosome complex dysfunction is 

the reason for this strain’s hypersusceptibility to caspofungin. The CSN4STOP strain 
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displays a slight growth rate defect, which could suggest a potential cell cycle defect as 

seen in S. pombe mutants for COP9 signalosome components (271). 

We also determined that chitin biosynthesis is upregulated during caspofungin 

treatment, and the Chs3 chitin synthase is required for caspofungin tolerance. As 

caspofungin inhibits the biosynthesis of the cell wall component β-1,3-glucan, 

upregulation of other cell wall biosynthesis or cell wall-modifying enzymes may 

compensate for altered glucan content. Indeed, in Aspergillus fumigatus, cell wall chitin 

deposition, as well as the expression of chitin synthase genes, increases during 

caspofungin treatment (192, 297). Additionally, Candida clinical isolates with naturally 

increased levels of chitin, as well as strains grown in chitin-inducing conditions, 

demonstrate increased survival during caspofungin treatment (265, 266, 289). A similar 

phenomenon appears to be occurring in C. neoformans: during caspofungin treatment, 

we measured increased levels of chitin both by CFW staining and by an in vitro 

biochemical quantification of chitin monomers. There is a similar increase in chitosan 

levels. As Cryptococcus species typically display higher levels of chitosan in the cell wall 

than other pathogenic fungal species (243), these inducible cell wall changes in 

chitin/chitosan content likely represent a conserved mechanism by which C. neoformans 

adapts to caspofungin treatment. Additionally, the increased baseline chitosan levels in 

the C. neoformans cell wall may also contribute to its innate tolerance to this drug. 
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In conclusion, several varied cellular processes were represented among the 

strains with enhanced caspofungin susceptibility. It is possible that the loss of some of 

these processes enhance the intracellular accumulation of the drug, preventing the low 

concentrations of caspofungin in C. neoformans cells suggested in prior studies. As new 

fungal-specific inhibitors are developed for Ras protein localization and chito-oligomer 

synthesis, these agents may provide promising new directions for combination 

antifungal therapy. 
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4. Characterization of additional components of the 
environmental pH-sensing complex in the pathogenic 
fungus Cryptococcus neoformans 

This chapter was adapted from a manuscript (of the same title) published in Journal of 

Biological Chemistry 293(26): 9995-10008 (2018). The authors are Kaila M. Pianalto, Kyla S. 

Ost, Hannah E. Brown, and J. Andrew Alspaugh. Additional unpublished work performed by 

Kaila Pianalto in collaboration with Katherine Mueller. 

4.1. Introduction 

As any cell transitions from one environment to another, it must adapt to 

variations in its extracellular conditions. Specifically, microbial pathogens must rapidly 

sense and adapt to the many changes in environment that are encountered upon 

entering a host. For example, a human host might present many extreme stresses 

relating to the external environment for a pathogen, including an elevated temperature, 

alterations in pH, limited nutrient availability, and other stresses such as those 

associated with an activated immune response. The pathogen must respond to these 

many stressful conditions in order to survive in the host. 

One of the most important ways in which fungi sense their external environment 

is through the Rim/Pal pH response pathway. This fungal-specific pathway is involved 

in cellular signaling in response to alkaline pH, ultimately regulating gene expression in 

order to adapt to this environmental stressor. This pathway is required for survival at 

elevated pH across many fungal species (8, 31, 38). First identified in Saccharomyces 
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cerevisiae and Aspergillus nidulans, the Rim/Pal pathway, respectively, was further 

explored for roles in fungal pathogens, such as Candida albicans, Cryptococcus neoformans, 

and A. fumigatus (1, 9, 25, 37, 298). In these pathogenic organisms, this alkaline pH-

activated signaling pathway controls the expression of many genes required for full 

virulence (26, 27, 31). Indeed, many pathogenic species seem to have co-opted this 

pathway for use as a sensor of host conditions. For example, as it transitions to the 

neutral to alkaline pH of the host, the human fungal pathogen C. albicans requires its 

Rim signaling pathway to activate genes involved in the yeast-hyphal transition, a 

process required for tissue invasion (37, 38). This alkaline response pathway is also 

required for tissue invasion and pathogenesis of the filamentous opportunistic fungus, 

A. fumigatus (9). 

The yeast-like fungus C. neoformans is a neuropathogen in immunocompromised 

hosts, and the RIM101 transcription factor gene is one of the most highly induced genes 

in the setting of cryptococcal infection (299). Interestingly, C. neoformans Rim pathway 

signaling is required for full expression of the most important cell feature associated 

with Cryptococcus pathogenesis, the polysaccharide capsule (1). Together, these 

observations underscore the importance for microbial pathogens to correctly interpret 

host signals, such as elevated pH, and translate these signals to adaptive microbial 

responses. 
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The Rim pathway has been most extensively studied in fungi from the 

Ascomycete phylum, including S. cerevisiae, C. albicans, A. nidulans, and A. fumigatus (5–

7). In more distantly related fungi, such as the basidiomycete fungus C. neoformans, 

many of the Rim pathway signaling elements are conserved, including the Endosomal 

Sorting Complex Required for Transport (ESCRT) machinery which acts a scaffold for 

Rim pathway proteins during pathway activation, the Rim proteolysis complex (Rim13, 

Rim20, Rim23), and the Rim101 transcription factor (1, 30). These Rim pathway effectors 

not only represent homologs by sequence, but these proteins also function within the 

Rim pathway to transduce signals in response to alkaline pH. However, many orthologs 

of the upstream signaling components of the Rim pathway, including the pH sensor, are 

not present in the genomes of most basidiomycetes as assessed by direct sequence 

similarity.  

Previously, we identified the Rra1 protein as a putative pH sensor required for 

activation of the C. neoformans Rim pathway (30). Like the canonical Rim pathway pH 

sensor, Rra1 has seven predicted transmembrane domains and functions upstream of 

the Rim101 processing complex, including the ESCRT and Rim proteolysis complexes. 

Additionally, though no basidiomycetous fungi appear to have homologs of the Rim21 

pH sensor, many—such as Cryptococcus gattii, Ustilago maydis, and Tremella mesenterica—

have Rra1 homologs (30). While Rra1 may share structural similarities with the 

canonical Rim pathway pH sensor, it is unclear whether it activates downstream Rim 
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pathway components in a similar manner. In ascomycetes, the Rim21/PalH pH sensor 

directly interacts with downstream Rim pathway components to induce Rim101/PacC 

processing complex assembly at the plasma membrane (5, 6, 19, 33). Additionally, we 

functionally placed the C. neoformans Rra1 protein within the Rim pathway as the most 

upstream component yet identified. However, efforts to identify homologs of other 

upstream effectors of the Rim pathway in C. neoformans through purely genetic means 

have not yet revealed other potential components of the Rim membrane sensing 

complex, including the Rim8/PalF arrestin-like protein that bridges the interaction 

between the pH sensor and the Rim proteolysis complex in ascomycetes (17, 23, 30). 

Therefore, it is still unclear how Rra1 functions in the C. neoformans Rim pathway. 

Similarly, it is unknown how the Rra1 protein is regulated in response to changes in pH. 

In this work, we searched for novel upstream regulators of the Rim pathway in 

C. neoformans through the identification of specific interactors of the Rra1 pH sensor. We 

employed proteomic methods to identify potential Rra1 interactors, subsequently using 

genetic techniques to determine whether these potential interactors regulated the 

activation of the Rim pathway in C. neoformans. We functionally placed one of these 

identified interactors, nucleosome assembly protein 1 (Nap1), in the Rim pathway as a 

Rra1 signaling partner. Based on our evidence, we propose that C. neoformans Nap1 

displays a novel, basidiomycete-specific function in Rim pathway activation through its 

interaction with the Rra1 pH sensor. 
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4.2. Materials and Methods 

4.2.1. Strains, media, and growth conditions 

The strains used in this study and their genotypes are listed in Table 16, and they 

were constructed in the H99 or KN99a strain backgrounds. Unless otherwise noted, C. 

neoformans cells were grown in Yeast extract-Peptone-Dextrose (YPD) medium (1% yeast 

extract, 2% peptone, 2% dextrose; plus 20% Bacto Agar for solid medium). YPGal 

medium contains 1% yeast extract, 2% peptone, and 3% galactose. YPD or YPGal pH 4 

or pH 8 was prepared by adding 50 mM HEPES for liquid medium or 150 mM HEPES 

for solid medium and adjusting pH using either HCl or NaOH. Synthetic complete 

medium (SC) pH 4 or 8 consisted of 1X Yeast Nitrogen Base plus Ammonium Nitrate + 

complete amino acid mix, which was then buffered with McIlvaine’s buffer (0.1M 

sodium citrate and 0.2M sodium phosphate) to the appropriate pH. Cells were grown at 

30˚C unless otherwise noted. 
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Table 16: Strains used in Chapter 4. 

Strain Genotype Source 
H99 MATα (245) 
KN99a MATa (300) 
KS310 rra1::NEO + pKS85 (pHIS3-RRA1-GFP-NAT) MATα This study 
KS317 rra1::NEO + pKS82 (peRRA1-4XFLAG-NAT) MATα This study 
KMP67 H99 + pKS58 (pHIS3-mCherry-VPS23-NEO) + pKS85 (pHIS3-

RRA1-GFP-NAT) MATα 
This study 

KMP91 H99 + pKP27 (pHIS3-RRA1-mCherry-NAT) + endogenous 
RIM23-GFP 

This study 

KMP87 KN99a + pKP27 (pHIS3-RRA1-mCherry-NAT) MATa This study 
KMP42 nap1::NEO + pKS58 (pHIS3-RRA1-GFP-NAT) + pKP12 

(pUC19-eNAP1-GFP-HYG) 
This study 

TOC35 rim101::NAT MATα (1) 
KS336 rra1::NEO MATα This study 
KMP31 nap1::NEO MATα This study 
KS352 nap1::NEO MATa This study 
KMP70 nap1::NEO + pKP23 (pHIS3-NAP1-NAT) MATα (NAP1R) This study 
KMP64 H99 + pKP18 (pGAL7-RIM101-70T) MATα This study 
KS160 rim23::NEO + pTO22 (pGAL7-RIM101-70T) MATα (30) 
KMP54 nap1::NEO + pKP18 (pSDMA25-pGAL7-RIM101-70T) MATα This study 
KS354 nap1::NEO + pKP12 (pUC19-eNAP1-GFP-HYG) This study 
TOC106 eGFP-RIM101 MATα (31) 
KMP33 nap1::NEO + eGFP-RIM101 + pCH233 (NAT) MATα This study 
KS87-2 rim23::NEO + eGFP-RIM101 + pCH233 (NAT) MATα  (30) 
KS289 rim23::NEO + eRIM23-GFP + pCH233 (NAT) MATα (30) 
KS301 rra1::NEO + eRIM23-GFP + pCH233 (NAT) MATa (30) 
KS353 nap1::NEO + eRIM23-GFP + pCH233 (NAT) MATa This study 
KS356 nap1::NEO + rra1::NEO + pKS85 (pHIS3-RRA1-GFP-NAT) 

MATa 
This study 

KS338 rra1::NEO + pHIS3-RRA1-296T-GFP-NAT MATα This study 
KS340 rra1::NEO + pHIS3-RRA1-273T-GFP-NAT MATα This study 
KS234 H99 + pKS50 (pHIS3-GFP-RRA1 C-terminus) MATα This study 
BY4743 Saccharomyces cerevisiae MATa/α; his3Δ1/his3Δ1; 

leu2Δ0/leu2Δ0; lys2Δ0/LYS2; MET15/met15Δ0; ura3Δ0/ura3Δ0 
(301)  

37333 S. cerevisiae rim20::KANMX4 MATa/α; his3Δ1/his3Δ1; 
leu2Δ0/leu2Δ0; lys2Δ0/LYS2; MET15/met15Δ0; ura3Δ0/ura3Δ0 

(301) 

31150 S. cerevisiae rim21::KANMX4 MATa/α; his3Δ1/his3Δ1; 
leu2Δ0/leu2Δ0; lys2Δ0/LYS2; MET15/met15Δ0; ura3Δ0/ura3Δ0 

(301) 
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35119 S. cerevisiae nap1::KANMX4; MATa/α; his3Δ1/his3Δ1; 
leu2Δ0/leu2Δ0; lys2Δ0/LYS2; MET15/met15Δ0; ura3Δ0/ura3Δ0 

(301) 

R265 Cryptococcus gattii (239) 
KS259 C. gattii rra1::NEO (30) 
KS261 C. gattii rim101::NEO (30) 
KMP56 C. gattii nap1::NEO This study 
KMPt1 rra1::NEO + pKP31 (pHRRA1-S568A-GFP-NAT) This study 
KMPt2 rra1::NEO + pKP33 (pHRRA1-T597A-GFP-NAT) This study 
KMPt3 rra1::NEO + pKP36 (pHRRA1-S568A/T597A-GFP-NAT) This study 
KMPt4 rra1::NEO + pKP37 (pHRRA1-T317A-GFP-NAT) This study 
KMPt5 rra1::NEO + pKP34 (pHRRA1-S329A-GFP-NAT) This study 
KMPt6 rra1::NEO + pKP32 (pHRRA1-T352A-GFP-NAT) This study 
KMPt7 rra1::NEO + pKP35 (pHRRA1-S580A/S584A-GFP-NAT) This study 

 

4.2.2. Molecular biology and strain creation 

To create the mutants used in this study, deletion constructs were created to 

replace the entire open reading frame with the neomycin (NEO) dominant selectable 

marker. The knockout constructs were created using PCR overlap-extension as 

described previously (235). All constructs were transformed into the C. neoformans H99 

strain by biolistic transformation as previously described (302). For endogenous C-

terminally tagged strains (pNAP1-GFP-HYG and pNAP1-mCh-HYG), plasmids were 

created using In-Fusion cloning into the pUC19 vector (Clontech). The Safe Haven 

galactose-inducible truncated RIM101 construct (pGAL7-RIM101-70T) was created by 

inserting the pGAL7-RIM101-70T construct from pTO22 into the Safe Haven vector 

containing a dominant nourseothricin (NAT) resistance marker using In-Fusion cloning 

(238). The RRA1 full-length and truncation GFP-fusion constructs (pHIS3-RRA1-GFP-

NAT, pHIS3-RRA1-4XFLAG-NAT, pHIS3-RRA1-mCherry-NAT, pHIS3-RRA1-296T-GFP, 
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pHIS3-RRA1-273T-GFP, and pHIS3-GFP-RRA1-Cterm) were created by In-Fusion cloning 

the truncated RRA1 genes along with GFP, 4XFLAG tag, or mCherry and the RRA1 

terminator into the pCN20 plasmid, which contains the histone H3 promoter and a NAT 

resistance marker (303). The NAP1 reconstitution construct was created by cloning the 

NAP1 gene with terminator into the pCN20 vector using restriction digestion and 

ligation. The pHIS3-mCherry-VPS23-NEO construct was constructed by cloning the 

VPS23 gene with its terminator into the pCN52 plasmid, which contained the histone H3 

promoter and the NEO resistance marker (225). The endogenous RIM23-GFP construct 

was created using overlap-extension PCR and co-transformed with a plasmid containing 

a selectable marker. All primers used to create the KO constructs and fusion constructs, 

confirmation primers, and Southern blot primers are listed in Supplementary Table S2 in 

(56). 

Upon transformation, strains were selected on medium containing 

nourseothricin, neomycin, or hygromycin. Deletion mutants were confirmed with a 

combination of positive and negative confirmation PCRs, assessing for the presence or 

absence, respectively, of the allele of interest. PCR confirmation was followed by 

Southern blot to confirm single integration of the deletion or reconstitution constructs 

(data not shown). 

For creation of strain KS356 (nap1Δ rra1Δ pHIS3-RRA1-GFP) and KMP91 

(pHRRA1-mCherry-NAT eRIM23-GFP) by a genetic cross, colonies of strains KS352 
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(nap1Δ MATa) and KS310 (rra1Δ pHIS3-RRA1-GFP MATα) for KS356 and strains KS289 

(rim23::NEO + endogenous RIM23-GFP + pCH233) and KMP87 (KN99a + pHRRA1-

mCherry-NAT) were individually suspended in sterile water, combined, and plated on 

MS medium. Mating reactions were placed in the dark at room temperature for one 

week, and meiotic spores were isolated by micromanipulation and germinated on YPD. 

4.2.3. Proteomics 

C. neoformans cells (WT or rra1Δ + pHIS3-RRA1-GFP) were incubated in 

conditions as described above, pelleted at 5000 rpm for 5 minutes at 4˚C, washed in 1 

mL sterile water, pelleted at 13,000 rpm for 2 minutes at 4˚C, and then were flash frozen 

at -80˚C. 500 μL of 500 μm acid-washed glass beads were added to samples, and cells 

were mechanically lysed by bead beating. Cell lysates were separated from beads using 

3 washes of 0.4 mL lysis buffer (50 mM Tris-HCl, pH 7.5, 1mM EDTA, 1 mM β-

mercaptoethanol, 1X Complete Mini EDTA-free protease inhibitor cocktail (Roche), and 

1 mM phenylmethane sulfonyl fluoride (PMSF)). Lysates were precleared by 

centrifugation at 15,000 rpm for 5 min at 4˚C (whole lysate sample). Rra1-GFP was 

solubilized from membranes by addition of a final concentration of 1% Fos-14-Choline 

and inversion at 4˚C for 1 hour. Since Rra1 is predicted to be an integral membrane 

protein with seven transmembrane domains, pilot studies were conducted using various 

detergents to determine conditions that might best solubilize this fusion protein from 

membranes while minimizing disruption of protein-protein interactions (Supplementary 
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Figure S4 in (56)).  The insoluble fraction was removed by ultracentrifugation at 

100,000xg. Proteins were immunoprecipitated by addition of 50 µL GFP-Trap resin 

(Chromotek) and inversion at 4˚C for 2 hours. 

Mass spectrometry experiments were performed at an n of 1 by the Duke 

Proteomics Core Facility. Resin-bound proteins were treated with 1% RapiGest (Waters) 

at 50˚C for 10 minutes, then reduced by addition of 10 mM final concentration 

dithiothreitol and heating at 32˚C for 35 minutes and alkylated by addition of 20 mM 

final concentration iodoacetamide and incubation at room temperature for 30 minutes. 

Samples were then trypsin digested on-resin overnight at 32˚C. Samples were then 

subjected to a 90-minute chromatographic separation on a nanoscale capillary reverse 

phase ultra-performance liquid chromatography system (Waters) coupled to a Q-

Exactive Plus high resolution accurate mass tandem mass spectrometer (Thermo) via a 

nanoelectrospray ionization source. Data was analyzed as described in the 

Supplementary Methods. A full peptide list with parameters used for identification can 

be found in Supplementary Table S3 in (56). 

We restricted the list of identified potential interactors to those present in the 

Rra1-GFP sample and absent in the untagged control, with at least 3 exclusive unique 

peptides detected in the sample (Supplementary Table S1 in (56)). From these, we 

selected proteins from among those with the highest differential between the Rra1-GFP 

and WT control samples for further study. 
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4.2.4. Protein extraction, immunoprecipitation, and western blot 

For confirmatory co-immunoprecipitation experiments, the whole-cell lysates 

were prepared for immunoprecipitation as described above, but with 10 µL GFP-Trap 

per sample. These immunoprecipitation samples were eluted from the GFP-Trap resin 

by the addition of 20 µL of 2X Laemmli buffer (Bio-Rad) and heating at 80˚C for 5 

minutes. Whole lysates were prepared for western blot by addition of 2X Laemmli 

buffer to a 1X concentration and heating at 80˚C for 5 minutes. For GFP-Rim101 western 

blots, samples were prepared as described above, but with the addition of 1X PhosStop 

(Roche) to the lysis buffer. Western blots were performed as described previously by 

separation of proteins on 4-12% NOVEX NuPage Bis-Tris gels (Thermo Fisher Scientific). 

GFP-tagged proteins were detected with anti-GFP monoclonal primary antibody (Roche 

11814460001; Lot no. 14717400) at a 1:5000 dilution in StartingBlock (TBS) Blocking 

solution (Thermo Scientific), then with secondary anti-mouse horseradish peroxidase 

(HRP)-conjugated antibody (Jackson ImmunoResearch Laboratories, Inc. 111-035-008; 

Lot no. 128022; 1:25,000 in StartingBlock) with final detection using Amersham ECL 

Prime Western Blotting Detection Agent (GE Healthcare). FLAG-tagged Rra1 was 

detected with anti-FLAG monoclonal antibody M2 (Sigma-Aldrich F3165; Lot no. 

SLBQ7119V). Nap1 was detected with an anti-Nap1 polyclonal primary antibody (Santa 

Cruz Biotechnology sc-7165; Lot no. H0604) that was developed against Saccharomyces 

cerevisiae Nap1 at a 1:200 dilution, then detected with a secondary HRP-conjugated anti-
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rabbit antibody (Jackson ImmunoResearch Laboratories, Inc. 115-035-174; Lot no. 

127837) at a 1:25,000 dilution. Control blots were probed with anti-PSTAIR monoclonal 

antibody (Sigma P7962; Lot no. 015M4840V) (304). 

4.2.5. Microscopy 

Microscopy images were captured using a Zeiss Axio Imager A1 fluorescence 

microscope equipped with an Axio-Cam MRM digital camera for DIC and fluorescence 

images. The high-resolution fluorescent images for Rra1-GFP colocalization and Nap1 

localization studies were captured using a DeltaVision Elite deconvolution microscope 

equipped with a Coolsnap HQ2 high-resolution charge-coupled-device (CCD) camera. 

Deconvolution of DeltaVision images was performed using the softWoRx Imaging 

Workstation (Applied Precision), using the Enhanced Ratio method at 10 cycles of 

deconvolution. For assessment of capsule production, cells were counterstained with 

India ink. For images with nuclear staining, C. neoformans cells were incubated with 

NucBlue Live Ready Probes Reagent for 30 minutes prior to imaging (Thermo Fisher 

Scientific). 

4.2.6. Quantitative Real-Time PCR 

For quantitative real-time PCR (qRT-PCR) experiments, C. neoformans and S. 

cerevisiae cells were grown under described conditions. Cultures were pelleted and 

lyophilized. RNA was prepped using the RNeasy Plant Mini Kit (Qiagen). cDNA was 

prepared by reverse-transcriptase PCR using the AffinityScript cDNA QPCR Synthesis 
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kit (Agilent Technologies) according to the manufacturer’s protocol, using the oligo dT 

primers to bias for mRNA. qRT-PCR reactions were performed as previously described 

(305) using primers listed in Supplementary Table S2 in (56). 

4.2.7. Macrophage survival assay 

Survival of C. neoformans cells in macrophages was assessed as previously 

described (1), except that J774 cells were activated for 1 hour by the addition of 10 nM 

phorbol myristate acetate (Fisher BP6851) prior to the addition of C. neoformans cells at 

an MOI of 1. C. neoformans cell were opsonized prior to coincubation with an anti-

capsule monoclonal antibody at 1 µg/mL for 1 hour (18B7 (306)). Each fungal strain was 

tested with at least 3 biological replicates per experiment. 

4.2.8. Macrophage activation assay 

To assess macrophage activation, bone marrow-derived macrophages (BMDMs) 

were isolated and prepared as previously described (3). The harvested BMDMs were 

plated in 96-well plates in DMEM with 10% FBS, 1 U/mL penicillin/streptomycin at a 

concentration of 5 x 104 cells/well (FBS: Sigma F2442). 5 x 105 C. neoformans cells (MOI of 

10) were added to each well, and the cells were co-incubated at 37˚C and 5% CO2. After 6 

hours of coincubation, the medium from each well was harvested, and secreted TNF-α 

was quantified by enzyme-linked immunosorbent assay (ELISA) (Biolegend 43904; Lot 

no. B187908). Experiments were performed in biological triplicates. Data represented are 

TNF-α in picograms/mL for each biological triplicate. 
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4.2.9. Site-directed mutagenesis 

To create the non-phosphorylated site mutants, the pHRRA1-GFP (pKS85) 

plasmid was PCR-amplified with Phusion HF Polymerase (NEB), using primers 

designed using the QuikChange Primer Design tool (Agilent). Site-directed mutagenesis 

primers can be found in Table 17. PCR products were PCR purified using the DNA 

Clean and Concentrator kit (Zymo Research), then transformed into One Shot TOP10 

competent cells (ThermoFisher Scientific). Site mutants were confirmed by sequencing 

before transformation into the C. neoformans rra1Δ strain as described above. 
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Table 17: Site-directed mutagenesis primers. 

Primer 
Name 

RRA1 site for 
mutagenesis 

Primer sequence 5’3’ 

AA5288 S568A F ATAGATTGTTGGATTCTTCAGCTC 
GATCTGGAAGAAACAGG 

AA5289 S568A R CCTGTTTCTTCCAGATCGAGCTGA 
AGAATCCAACAATCTAT 

AA5290 T597A F GGATTGGGAGGATATAGTAGCTA 
ATTCGAGTTCGAACGA 

AA5291 T597A R TCGTTCGAACTCGAATTAGCTACT 
ATATCCTCCCAATCC 

AA5292 T317A F TTAGATGCGAGGAAACGCGCAAA 
TTCATTTGCAGGTC 

AA5293 T317A R GACCTGCAAATGAATTTGCGCGTT 
TCCTCGCATCTAA 

AA5294 S329A F TCTAGCAGATGGGTTTACTGCAGG 
TGTTACTTCTATCC 

AA5295 S329A R GGATAGAAGTAACACCTGCAGTA 
AACCCATCTGCTAGA 

AA5296 T352A F GACGAGGAGGTCCGCGGCGGATGAAGG 
AA5297 T352A R CCTTCATCCGCCGCGGACCTCCTCGTC 
AA5298 S580A/ S584A F GGAATAGAAGAGAACAGGCTGGG 

AGAGAAGCTGGTGGGGAGACGG 
AA5299 S580A/ S584A R CCGTCTCCCCACCAGCTTCTCTCCC 

AGCCTGTTCTCTTCTATTCC 
 

4.2.10. Phosphoproteomics 

Protein for the phosphoproteomics experiment was harvested from cells 

prepared as described above, but an additional sample set was incubated in YPD pH 4. 

Cells were lysed as described above, but with the addition of 1X PhosStop phosphatase 

inhibitor (Roche). After lysis, crude lysates were cleared at 5000 rpm for 10 minutes. 
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Protein was then normalized such that immunoprecipitation was performed on 5 mg of 

protein per sample. Immunoprecipitation was performed as described above.  

Samples were submitted to the Duke University Proteomics core. For Rra1-GFP 

samples, samples were divided and part treated as described above for mass 

spectrometry, and part subjected to TiO2 enrichment of phosphopeptides after digestion 

and before mass spectrometry. 

4.3. Results 

4.3.1. Rra1, an upstream regulator of the Rim pathway, localizes to 
punctate structures at the plasma membrane 

We previously identified a seven-transmembrane domain-containing protein, 

Rra1 (Required for Rim101 Activation 1), that acts upstream of the C. neoformans Rim 

pathway proteolysis complex (30). To determine if this Rra1 protein might serve as a 

sensor of extracellular pH, we created a Rra1-GFP fusion protein to assess its subcellular 

localization. This pHIS3-RRA1-GFP fusion protein construct consists of the RRA1 gene 

fused to GFP under control of the constitutively-active Histone H3 promoter. The 

pHIS3-RRA1-GFP construct was expressed in the rra1Δ mutant and shown to be 

functional, effectively rescuing the phenotypic defects demonstrated by the rra1Δ 

mutant strain, such as deficient growth on YPD pH8 and YPD + 1.5 M NaCl 

(Supplementary Figure S1A in (56)). When incubated at pH 4 or pH 8, the Rra1-GFP 

protein localized diffusely within endomembrane-like structures. This endomembrane 

pattern of fluorescence resembles perinuclear ER localization, which can be visualized 
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by the ER marker Sec63 (Figure 8A, B). Strikingly, the Rra1-GFP protein localized most 

intensely in puncta on the cell surface, particularly at pH 4 (Figure 8A). These puncta are 

present near the plasma membrane regardless of pH. However, upon pathway 

activation at pH 8, these cell surface puncta appear to decrease in number and/or 

intensity (Figure 8A). These data suggest that Rra1-GFP is located and is potentially 

functioning at the cell surface. Moreover, the Rra1-GFP fusion protein might be 

endocytosed or degraded upon pathway activation. 
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Figure 8: Rra1 localization in Cryptococcus neoformans. A. Rra1-GFP localization in 
the rra1Δ + pHIS3-RRA1-GFP strain. C. neoformans cells were cultured in SC pH 4, 

then shifted to SC pH 4 or SC pH 8 for 30 minutes before imaging. B. Sec63-GFP 
localization. A strain expressing an endogenous SEC63-GFP construct was incubated 
in SC overnight prior to imaging. C. Rra1-GFP and mCherry-Vps23 localization. Cells 

were cultured overnight in SC pH 4, then shifted to SC pH 4 or SC pH 8 prior to 
imaging. D. Rim23-GFP and Rra1-mCherry localization. C. neoformans cells were 

cultured in SC pH 4, then shifted to SC pH 8 for 30 minutes before imaging. All scale 
bars are 5 microns. Images for A, B, and D were taken using an AxioVision 

microscope, and images for C were taken using a DeltaVision deconvolution 
microscope. 
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The C. neoformans Rim pathway proteolysis complex consists of the ESCRT 

machinery (as a membrane-bound scaffolding component) and the Rim pathway-

specific proteolysis complex components Rim13, Rim20, and Rim23 (30). To probe the 

spatial relationship between the Rra1 protein and other Rim pathway components, we 

expressed the Rra1-GFP construct in a strain expressing the ESCRT machinery 

component Vps23 tagged with mCherry (pHIS3-mCherry-VPS23. When visualized using 

Z-stacked microscopic images, mCherry-Vps23 localizes to large, rare punctate 

structures within the cytosol, with most cells displaying only one of these structures 

(Figure 8C). This strikingly focal, punctate pattern of mCherry-Vps23 fluorescence at pH 

4 became more diffuse after a shift to pH 8, but it retained its cytosolic location (Figure 

8C). Although the Rra1-GFP signal also included distinct punctate structures, the Rra1-

GFP puncta were present at the cell surface as opposed to the cytosol. Additionally, we 

did not observe colocalization of Rra1-GFP with the mCherry-Vps23 structures when 

incubated in either pathway-inactivating (pH 4) or pathway-activating (pH 8) conditions 

(Figure 8C, Supplementary Figure S1B in (56)). We also expressed a Rra1-mCherry 

construct in a strain expressing the Rim proteolysis complex component Rim23 tagged 

with GFP (eRIM23-GFP). Rim23-GFP forms puncta at the cell surface at pH 8 (pathway-

activating conditions), similar to the Rra1-GFP strain. However, we did not observe 

consistent colocalization between the Rra1- and Rim23-containing puncta at pathway-

activating pH 8 (Figure 8D). These results suggest that Rra1 primarily localizes in 
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specific cellular sites that are spatially separated from more downstream Rim pathway 

components. Moreover, the Rra1 protein may be activating the Rim pathway without 

directly interacting with the ESCRT or Rim pathway proteolysis complexes. 

4.3.2. Identification of potential Rra1 interacting proteins 

Our prior genetic studies to identify upstream activators of the Rim pathway 

revealed that Rra1 is required for Rim pathway activation. However, functional 

orthologs of additional upstream activators of the pathway in other species, including 

the Rim8/PalF arrestin and Rim9/PalI membrane protein, were not identified in C. 

neoformans using either genetic homology or genetic screens for Rim pathway activators 

(30).  We therefore sought to identify upstream activators of the Rim pathway by 

characterizing proteins that interact with Rra1 using co-immunoprecipitation 

techniques. We specifically sought potential Rra1-interacting proteins under pathway-

activating (alkaline) pH conditions. The Rra1-GFP protein was immunoprecipitated 

from cell lysates using a GFP-Trap resin, and the proteins isolated in this manner were 

analyzed using tandem MS-MS. 

To exclude potential false-positive interactions, we focused on those proteins 

with at least 3 exclusive peptides that were present only in the Rra1-GFP sample and not 

in the control condition (Table 18). A full list of the potential interactors can be found in 

Supplementary Table S1 in (56). This process yielded 41 proteins that were enriched in 

the Rra1-GFP sample. Of these, 25 represented proteins that were not ribosomal 
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components or that were not highly expressed predicted members of metabolic 

pathways.  

Table 18: Potential Rra1-GFP Interacting Proteins. Represented are proteins which 
were present in the Rra1-GFP co-immunoprecipitation mass spectrometry samples 

and absent in the negative control samples with at least 3 exclusive unique peptides 
represented in the Rra1-GFP sample. 

 
Gene locus 
tag 

Gene Product Peptide 
Count 

CNAG_03488 conserved hypothetical protein (Rra1) 62 
CNAG_02091 nucleosome assembly protein 18 
CNAG_00237 3-isopropylmalate dehydratase 8 
CNAG_02928 60s ribosomal protein l5-b 6 
CNAG_05823 conserved hypothetical protein 6 
CNAG_00774 d-3-phosphoglycerate dehydrogenase 2 5 
CNAG_00605 cytoplasmic protein 5 
CNAG_02100 fatty-acid synthase complex protein 5 
CNAG_06112 carbamoyl-phosphate synthase arginine-specific large 

chain 
4 

CNAG_06061 eukaryotic translation initiation factor 3 subunit 6 4 
CNAG_02814 glycerol-3-phosphate dehydrogenase 4 
CNAG_00891 ATP-binding cassette transporter  4 
CNAG_01655 dynamin 4 
CNAG_03298 hypothetical protein 4 
CNAG_05650 ubiquitin carboxyl-terminal hydrolase 5 4 
CNAG_04984 pleiotropic drug resistance protein 4 
CNAG_02403 conserved hypothetical protein 4 
CNAG_03202 adenylate cyclase 3 
CNAG_02991 cofilin  3 
CNAG_02485 ATP synthase gamma chain 3 
CNAG_04803 structural molecule 3 
CNAG_01682 mitochondrial outer membrane 72K protein  3 
CNAG_02110 N-terminal acetyltransferase 3 
CNAG_00990 CIPB 3 
CNAG_05292 alpha,alpha-trehalose-phosphate synthase 3 
CNAG_03904 endopeptidase 3 
CNAG_00686 conserved hypothetical protein 3 
CNAG_07628 translation initiation factor eIF3c  3 
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CNAG_02099 fatty acid synthase beta subunit 3 
CNAG_01000 nucleoporin Nup157/170  3 
CNAG_00104 mRNA export factor elf1  3 
CNAG_03701 arom polypeptide  3 
CNAG_04111 lectin  3 
CNAG_00092 mitochondrial protein 3 
CNAG_03606 EF Tu/GTP binding protein 3 
CNAG_03270 adenylosuccinate lyase 3 
CNAG_02372 conserved hypothetical protein 3 
CNAG_00522 C2 domain-containing protein 3 
CNAG_02794 dihydroorotate dehydrogenase 3 
CNAG_01083 26S proteasome non-ATPase regulatory subunit 12  3 
CNAG_01961 MSP domain-containing protein 3 
CNAG_06813 CAP1 O-glucosyltransferase 3 

 

Consistent with the above colocalization experiments, none of the ESCRT 

proteins nor any other known Rim pathway components were represented among the 

putative Rra1-GFP interactors. This observation further corroborates the hypothesis that 

there is spatial separation between the Rra1-containing pH-sensing complex and the 

more downstream Rim pathway proteolysis complex in C. neoformans.  

Of the remaining candidate Rra1 interactors, the most highly represented protein 

was C. neoformans nucleosome assembly protein 1 (Nap1), with 18 exclusive unique 

peptides identified by tandem MS. To confirm the Rra1-Nap1 interaction implied by the 

proteomics data, we performed co-immunoprecipitation (co-IP) experiments using 

strains expressing Rra1-GFP (30).  We immunoprecipitated Rra1-GFP using GFP-Trap 

beads as described above (Figure 9). For western blot analysis of these samples, we used 

an antibody directed against Saccharomyces cerevisiae Nap1. In our western blots, we 
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found that this antibody recognized two bands of appropriate sizes in C. neoformans. 

Importantly, these bands are absent in nap1Δ mutant strains, confirming that this 

antibody is able to specifically detect the C. neoformans Nap1 protein. To determine 

whether Nap1 interacts with downstream Rim pathway components, we repeated this 

process using a strain expressing Rim23-GFP. These results verified our MS data, 

showing that Nap1 co-immunoprecipitates with Rra1-GFP, but not with Rim23-GFP, 

confirming a specific interaction between Nap1 and Rra1. (Figure 9). 

 

Figure 9: Nap1 specifically interacts with Rra1. A. Western blot analysis of Nap1 
protein in cell lysates and IP samples. C. neoformans strains expressing Rra1-GFP (98 

kDa) or Rim23-GFP (80 kDa) in the presence or absence of Nap1 (45 kDa) were 
cultured overnight, then shifted to YPD pH 8 for 1 hour prior to harvest. Cells were 
lysed, membranes solubilized as described, and IP was performed with GFP-Trap 

beads. Markers on blot represent molecular weight in kDa. 

4.3.3. Nap1 localizes strongly to the cell cytosol 

In order to further characterize the function of the Nap1 protein, we created a 

fusion protein expression construct in which Nap1 was tagged with GFP at its C-

terminus. When this construct was expressed in the nap1Δ mutant strain, all nap1Δ 
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phenotypes were rescued (Supplementary Figure S1C in (56)), indicating that the 

addition of the GFP tag did not significantly affect Nap1 function. We assessed the 

localization of Nap1-GFP at both pH 4 and pH 8. Like S. cerevisiae Nap1, C. neoformans 

Nap1-GFP appears to localize largely within the cytosol and displays similar localization 

at both pH 4 and pH 8 (Figure 10A) (307). Nap1-GFP is excluded from cytosolic vesicles, 

as well as being present at much lower levels in the nucleus and large vacuoles (Figure 

10B). Unlike the Rra1-GFP protein, Nap1-GFP is not isolated to membranes. These data 

suggest that Nap1 is largely localized and functioning in the cytosol. 
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Figure 10: Nap1 localizes to the cytosol. A. Nap1-GFP localizes to the cytoplasm. 
Nap1-GFP localization was assessed on a DeltaVision deconvolution microscope, and 

images were deconvolved to assess Nap1-GFP localization. B. Nap1-GFP partially 
localizes to the nucleus. Cells were cultured overnight in SC, then incubated with 

NucBlue live cell stain for 30 minutes in the dark prior to imaging on an AxioVision 
microscope. C. Nap1-mCherry and Rra1-GFP localization. Cells were incubated in SC 
pH 4 overnight, then shifted to SC pH 4 or SC pH 8 for 30 minutes before imaging on 

a DeltaVision deconvolution microscope. All scale bars are 5 microns. 

In order to assess potential sites of Rra1 and Nap1 interaction, we created a strain 

expressing both the Rra1-GFP construct described above and a C-terminally tagged 

Nap1-mCherry expression construct. We assessed the localization of Rra1-GFP and 
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Nap1-mCherry by capturing Z-stacked images (Figure 10C). We did not observe 

significant colocalization of Rra1-GFP cell surface puncta and Nap1-mCherry in either 

inactivating (pH 4) or activating conditions (pH 8). However, on rare occasions, we did 

observe some colocalization between intracellular Rra1-GFP punctate structures and 

Nap1. These results suggest that Rra1 and Nap1 interact most intensely when Rra1 is 

present on endomembranous structures or cytoplasmic puncta rather than at the plasma 

membrane, or at more diffuse subcellular sites that are not appreciated by these 

microscopy methods. 

4.3.4. Characterization of the role of NAP1 in Rim pathway-dependent 
and -independent phenotypes 

To determine whether the C. neoformans Nap1 protein is involved in Rim 

pathway activation, we created a strain with a complete deletion of the NAP1 gene 

(CNAG_02091). The resulting nap1∆ mutant strain demonstrated a slow-growth 

phenotype under otherwise permissive conditions—rich medium (YPD) at 30°C (Figure 

11A). The nap1∆ strain grows even more slowly compared to the wild-type (WT) at 37°C 

on YPD (Figure 11A). This growth impairment is not shared by strains with mutations in 

established Rim pathway components.  



 

118 

 

Figure 11: The nap1Δ mutant strain phenotypes. A. The nap1Δ strain displays growth 
defects under various growth conditions. Serial dilutions of C. neoformans were 

plated on various media, including YPD, YPD pH 8, or YPD + 1.5 M NaCl and 
incubated at 25˚C (YPD), 30˚C (YPD, pH 8, and NaCl), or 37˚C (YPD). YPD plates were 
imaged on day 3. pH 8 and NaCl plates were imaged on day 6. B. The nap1Δ mutant 

strain is rescued by galactose-inducible RIM101T. Strains containing a galactose-
inducible truncated form of RIM101 (GAL-RIM101T) were incubated on YPD, YPGal, 

YPD pH 8, and YPGal pH 8 to assess growth. C. Capsule production in the nap1Δ 
mutant. C. neoformans cells were incubated in CO2-independent tissue culture 

medium for 3 days and counterstained with India ink to assess capsule formation. 
Images were captured using an AxioVision microscope. 

We also tested the nap1Δ mutant for phenotypes characteristic of Rim pathway 

mutants. Consistent with other Rim pathway mutants, the nap1∆ strain failed to grow at 

alkaline pH and on high salt medium (Figure 11A). This growth defect was not 

ameliorated with extended growth time to accommodate the slow growth of the nap1Δ 

mutant strain. Importantly, like other Rim pathway mutants, the alkaline pH growth 

defect in the nap1∆ mutant strain was suppressed by the expression of a truncated, 

constitutively-active form of the Rim101 transcription factor (GFP-Rim101T) (Figure 
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11B) (30). The truncated GFP-Rim101T protein mimics the cleaved and activated form of 

Rim101, the downstream target protein of Rim pathway signaling. Here, we 

conditionally expressed GFP-Rim101T under the control of the galactose-inducible GAL7 

promoter. The pH-specific growth defect of the nap1∆ strain was partially suppressed on 

media containing galactose (GFP-Rim101T inducing condition), but growth was not 

restored on media containing glucose (GFP-Rim101T non-inducing condition) (Figure 

11B), similar to the effect observed for other Rim pathway mutants (30). Importantly, the 

more general nap1∆ mutant growth defect that is not affected by pH was not rescued by 

GFP-Rim101T expression. The nap1Δ mutant strain also had a capsule defect when 

compared to the WT under capsule-inducing conditions, similar to other Rim pathway 

mutants (Figure. 11C). Therefore, C. neoformans Nap1 regulates both Rim pathway-

dependent and Rim pathway-independent cellular processes.  

4.3.5. Nap1 functions upstream of the Rim pathway proteolysis 
complex 

The ultimate output of Rim pathway signaling is the cleavage and activation of 

the Rim101 transcription factor, which is then translocated to the nucleus to regulate 

gene expression in response to alkaline pH (1, 308). To conclusively determine whether 

Nap1 is required for Rim101 activation, we examined Rim101 protein cleavage in the 

WT and nap1Δ strains using a previously described western blot-based assay for GFP-

Rim101 truncation (Figure 12A) (1, 30). In the absence of Nap1, the proteolytically 

cleaved forms of GFP-Rim101 that can be seen in the WT background are not evident in  
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Figure 12: The nap1Δ mutant strain displays Rim pathway-associated phenotypes. A. 
Western blot (WB) of total cell lysates with an anti-GFP antibody was used to assess 
GFP-Rim101 cleavage in response to alkaline pH. C. neoformans cells expressing the 

endogenous GFP-RIM101 construct in a WT, rim101Δ, or nap1Δ background were 
incubated overnight in SC pH 4, then shifted for 30 minutes into SC pH 4 or SC pH 8 
prior to lysis and WB analysis. GFP-Rim101 is 140 kDa, and the final, smaller GFP-

Rim101 cleavage product is 70 kDa. Marker sizes indicated are in kDa. B. GFP-Rim101 
localization was observed in response to pH shift in WT and indicated mutant strains. 

C. neoformans cells were incubated as described above for 30 minutes prior to 
imaging on an AxioVision microscope. C. Rim23-GFP localization in response to pH 

in WT and mutant strains. C. neoformans cells containing the endogenous RIM23-GFP 
construct in the WT, rra1Δ, or nap1Δ backgrounds were incubated overnight in SC pH 

4, then shifted to SC pH 8 for 30 minutes prior to imaging on an AxioVision 
microscope. 
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response to alkaline pH, similar to prior findings in the rim23Δ and rra1Δ Rim pathway 

mutant strains (30). We also examined the localization of GFP-Rim101 in both 

inactivating and activating conditions. In the WT strain, the GFP-Rim101 fusion protein 

localizes strongly to the nucleus under activating pH conditions (1, 30). However, there 

was reduced nuclear localization of GFP-Rim101 at pH 8 in the nap1Δ mutant, similar to 

other Rim pathway mutants, such as rim23Δ (Figure 12B). These results indicate that 

Nap1 expression is specifically required for the cleavage and activation of Rim101 in 

response to alkaline pH. 

To further place Nap1 within the Rim pathway, we examined the requirement 

for Nap1 in the formation of the Rim proteolysis complex. We have previously 

demonstrated that, under activating conditions, GFP-tagged Rim23 (Rim23-GFP) forms 

distinct puncta on the plasma membrane (30). Presumably, this represents the site of 

assembly of the Rim23/Rim20/Rim13 complex required for Rim101 proteolysis. 

Previously, it was demonstrated that mutants with Rim pathway defects upstream of 

Rim23 fail to form these puncta (30). We therefore assessed Rim23-GFP puncta 

formation in the nap1∆ strain (Figure 12C). Similar to a mutant of the Rra1 protein, 

which is the most upstream Rim pathway component yet identified in C. neoformans, the 

nap1∆ strain fails to form Rim23-GFP puncta when grown at alkaline pH, placing Nap1 

functionally upstream of Rim proteolysis complex formation. Therefore, the Nap1 

protein is required for the two most downstream functions of Rim pathway activation—
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proper assembly of the Rim101 proteolysis complex and accumulation of the 

proteolytically cleaved and activated form of the Rim101 protein itself. 

4.3.6. Nap1 specifically interacts with Rra1 and directs Rra1 stability 

To further explore the interaction of Rra1 and Nap1, we disrupted the NAP1 

gene in a strain expressing the Rra1-GFP fusion protein and assessed Rra1-GFP 

localization in the nap1Δ mutant strain. We observed that, in the nap1Δ mutant strain, 

Rra1-GFP is largely localized to endomembranes, with complete absence of the brightly 

fluorescent puncta at the plasma membrane (Figure 13A). In order to test whether this 

was due to a change in localization or a change in protein levels, we assessed the levels 

of both the Rra1-GFP and Rim23-GFP proteins in the WT and nap1Δ mutant strain 

backgrounds. Interestingly, when Rra1-GFP is expressed in a nap1∆ strain, we observed 

a significant decrease in Rra1-GFP protein levels at both inactivating and activating pH 

(pH 4 and pH 8, respectively) (Figure 13B). This decrease in protein levels was specific to 

Rra1-GFP, with no apparent changes in Rim23-GFP protein levels in the nap1Δ strain 

(Figure 13B). 



 

123 

 

Figure 13: Nap1 is required for Rra1 protein stability. A. Rra1-GFP localization in the 
presence and absence of Nap1. Cells were incubated in SC and imaged on an 

AxioVision microscope. Scale bars represent 5 microns. B. Western blot analysis of 
Rra1-GFP and Rim23-GFP protein levels in the presence or absence of Nap1. Cells 
were cultured overnight, then shifted to YPD pH 4 or YPD pH 8 for 1 hour prior to 
lysis. Samples represent whole lysates. Markers indicate size in kDa. The expected 

size of the PSTAIR (Cdc2) control is 34 kDa. C. RRA1 mRNA expression levels in the 
WT and nap1Δ mutant backgrounds. Cells were incubated for 1 hour in YPD pH 4 or 

YPD pH 8, followed by RNA isolation. Bars represent the fold-change expression over 
WT pH 4 levels for each strain. qRT-PCR was performed in triplicate, and error bars 

represent the SD. Significance was analyzed by two-way ANOVA with Tukey’s 
multiple comparisons test. 

Since Nap1 has been shown to modulate gene expression in S. cerevisiae through 

its role in nucleosome assembly and movement (309), we explored whether the change 

in Rra1-GFP protein level was due to altered gene expression or due to differences in 

protein expression or stability. Therefore, we assessed RRA1 mRNA transcript levels by 

qRT-PCR in the WT and nap1Δ strains at both pH 4 and pH 8. There was no significant 

difference in RRA1 transcript abundance between the two strains at either pH (Figure 

13C). These results indicate that Nap1 specifically promotes Rra1 protein expression or 

stability rather than RRA1 transcription. 



 

124 

4.3.7. Nap1 specifically interacts with the Rra1 C-terminus 

To further probe the Rra1-Nap1 protein-protein interaction, we utilized C. 

neoformans strains expressing serially truncated forms of the Rra1 protein tagged with 

GFP (illustrated in Figure 14A). Rra1-296T-GFP is truncated such that the most distal 

portion of the C-terminus is deleted, but that a more proximal highly charged region 

(HCR) of the C-terminal tail is intact. This potentially charged region is similar to the C-

terminal region in the S. cerevisiae Rim21 protein, which is involved in the pH sensing 

activity of this protein (34). Rra1-273T-GFP represents a further truncation in which the 

entire C-terminus, including the HCR, has been deleted immediately following the 

predicted seventh transmembrane domain of the protein. The Rra1 C-terminus (GFP-

Rra1Ct) strain expresses the region of the Rra1 protein that is C-terminal to the seventh 

transmembrane domain (the portion that has been deleted in the Rra1-273T-GFP 

construct). 
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Figure 14: Nap1 binds specifically to the Rra1 C-terminus. A. Schematic of the Rra1 
truncations used in this study, with insert representing the residues making up the 
HCR. Alignment of basidiomycete Rra1 protein sequences was performed using T-
Coffee (51). B. Western blot analysis of Rra1-GFP IPs. Strains expressing each of the 

truncations listed in Figure 14A were incubated in YPD pH 8 for 1 hour prior to lysis. 
GFP-tagged Rra1 proteins were immunoprecipitated with GFP-Trap beads. GFP WB 
contains whole lysate samples, and Nap1 WB contains IP samples. Rra1-296T-GFP 

expected size is 60 kDa, Rra1-273T 57 kDa, and GFP-Rra1Ct 69 kDa. Markers 
represent expected size in kDa. 

To assess the interaction of Nap1 with the various domains of the Rra1 protein, 

we performed GFP-Trap co-IP experiments with whole cell lysates prepared from each 

of these strains after incubation in alkaline, Rim pathway-activating conditions. Western 
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blot analysis of these samples demonstrated that the Nap1 protein specifically co-

immunoprecipitates with the full-length Rra1 protein as well as the Rra1 C-terminus 

(Figure 14B). However, Nap1 protein was not detected in the IP sample for strains 

expressing either the complete or partial truncations of the Rra1 C-terminal tail. These 

results suggest that Nap1 specifically interacts with domains present in the Rra1 C-

terminus, particularly those present after residue 296. 

4.3.8. Nap1 is required for virulence and survival in macrophages 

Since the nap1Δ strain displays significant temperature and pH stress-induced 

growth defects, we assessed nap1Δ mutant survival in macrophages using the J774 

macrophage-like cell line. This in vitro model of fungal-host cell interaction often 

predicts virulence in more complex models of infection (310). While the rim101Δ mutant 

strain showed no defect in survival in macrophages compared to the WT strain, the 

nap1Δ mutant had a significant decrease in growth and survival in J774 cells (Figure 15). 

These results indicate that the Nap1 protein is required for growth and/or survival in 

host-like conditions. 
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Figure 15: Nap1 is required for survival in macrophages. WT, rim101Δ, nap1Δ, and 
NAP1R cells were cultured overnight, then added to J774 macrophages at an MOI of 
1:1. After 24 hours, J774 cells were lysed and C. neoformans cells were harvested and 

CFUs counted. Data represents percent of the WT input/output ratio (WT set to 100%). 
Error bars represent standard deviation. Significance was assessed by two-way 

ANOVA with Tukey’s multiple comparisons test. ** p<0.01. 

When bone marrow-derived macrophages (BMDMs) are co-incubated with the 

rim101Δ mutant that has been grown in tissue culture medium, these BMDMs produce 

increased levels of the pro-inflammatory cytokine TNF-α compared to BMDMs 

incubated with WT C. neoformans. To determine whether the nap1Δ mutant similarly 

hyperactivates macrophages, we assessed mouse BMDM activation in response to co-

incubation with C. neoformans cells. During co-incubation with the nap1Δ mutant strain, 

BMDMs produced similar levels of TNF-α to cells incubated with WT C. neoformans, a 

markedly different phenotype from the hyperinflammatory rim101Δ mutant 

(Supplementary Figure S2 in (56)). However, these results are consistent with the fact 
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that the nap1Δ mutant strain displays many phenotypes that are not restricted to 

characteristic Rim pathway mutants. 

4.3.9. Nap1 is not required for Rim pathway activation in S. cerevisiae 

While Nap1 orthologs have not previously been described to be involved in the 

Rim/Pal pathway in ascomycetes, it is possible that its additional cellular functions may 

obscure its involvement in this signaling pathway. We therefore hypothesized that Nap1 

would not be required for Rim pathway activation in S. cerevisiae (307, 311). We 

performed qRT-PCR for the SMP1 and NRG1 genes, which are well-characterized 

targets of activated Rim101 in S. cerevisiae (27). Both of these targets are upregulated in 

WT cells in response to alkaline pH in a Rim101-dependent manner. We assessed 

expression of these genes in the S. cerevisiae rim20Δ, rim21Δ, and nap1Δ mutants 

compared to expression in WT at activating pH 8. Under these pathway-activating 

conditions, both the rim20Δ and rim21Δ mutant strains displayed constitutively 

decreased expression of the NRG1 and SMP1 target genes relative to the WT 

(Supplementary Figure S3 in (56)). However, the nap1Δ mutant strain displayed no 

significant difference in expression level of these two genes when compared to the WT. 

These results suggest that, unlike in C. neoformans, the Nap1 protein is not required for 

Rim pathway activation in S. cerevisiae. 
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4.3.10. C. gattii nap1Δ displays similar phenotypes to Rim pathway 
mutants 

To determine whether this novel function of Nap1 translated to other 

basidiomycete fungi or is specific to C. neoformans, we assessed the role of Nap1 in Rim 

pathway activation in the distinct pathogenic species Cryptococcus gattii. Similar to the C. 

neoformans nap1Δ mutant, the C. gattii nap1Δ mutant displays a significant growth defect 

when compared to WT under normal growth conditions and at elevated temperature 

(Figure 16). Additionally, the C. gattii nap1Δ mutant strain displays a significant growth 

defect on YPD pH 8, similar to both the rim101Δ and the rra1Δ mutants in this 

background (Figure 16, (30)). Therefore, while Nap1 does not appear to be required for 

Rim101 function in the ascomycetous yeast S. cerevisiae, Nap1 plays a role in Rim 

pathway activation in a related but divergent Cryptococcus species. 

 

Figure 16: Cryptococcus gattii NAP1 is required for growth at pH 8. Serial dilutions of 
C. gattii WT, rim101Δ, rra1Δ, and nap1Δ strains were plated on YPD, YPD pH 8, or 

YPD + 1.5 M NaCl and incubated at 25˚C (YPD), 30˚C (YPD, pH 8, and NaCl), and 37˚C 
(YPD). YPD plates were imaged on day 3; pH 8 and NaCl plates were imaged on day 6. 

4.3.11. Phosphorylation of the Rra1 protein 

The Rim21 and PalF pH sensors were described to be phosphorylated in 

response to alkaline pH (12, 16, 32, 34). Similarly, models have been proposed in which 

Rim21 or PalF are endocytosed in response to alkaline pH, or even degraded after 
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signaling alkaline pH, though it seems signaling occurs at the cell surface (12, 17, 18). In 

order to gain a deeper understanding of how Rra1 is regulated both in pathway-

inactivating acidic conditions and pathway-activating alkaline conditions, we performed 

a broader proteomics assay examining both the phosphorylation status of the Rra1-GFP 

protein under each of these conditions, as well as the interactome of Rra1-GFP in each 

condition. 

To start, several phosphorylated sites were identified on the Rra1-GFP protein. 

Interestingly, all of the identified sites were in the C-terminal tail region, which is 

hypothesized to be important for sensing alkaline pH as well as interaction with the 

Nap1 protein (30, 36, 56) (Figure 17). Some of these sites were found specifically on Rra1-

GFP isolated from cells incubated at pH 4, some at pH 8, and some were identified that 

were phosphorylated at both pHs (Figure 17). Interestingly, these sites clustered into 

two major regions within the C-terminal tail, with the “pH 4-associated” sites clustering 

closer to the C-terminus of the tail, and the “pH 8-associated” sites clustering both near 

the lysine-rich region following the final transmembrane domain and near to the C-

terminus with the “pH 4-associated” sites (Figure 17). 
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Figure 17: Model of the Rra1 protein indicating identified phosphorylated serine and 
threonine residues based on pH. Dark blue boxes indicate predicted transmembrane 
domains (TMpred, ExPASY). The red box indicates the lysine-rich region (see Figure 
14). Key represents colors of serine (S) or threonine (T) residues based on condition. 

I created site-directed mutants of each of the sites associated with either pH 4 or 

pH 8 in order to determine whether any single site would be sufficient to alter Rra1 

function in response to either Rim pathway-inactivating or -activating conditions. Each 

threonine or serine residue was mutated to an alanine to create a non-phosphorylatable 

residue at that site.  

Of the phosphorylation mutants, the S568A, T597A, S568A/T597A (pH4-

associated double mutant), T317A, and T352A mutants had little to no growth defect 

when incubated at alkaline pH or on high salt (Figure 18). However, the S329A and 

S580A mutants had growth defects compared to WT when incubated under these 

conditions (Figure 18).  
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Figure 18: Rra1 phosphorylation mutant strain phenotypes. Cells were incubated 
overnight and then serially diluted and spotted onto YPD, YPD buffered to pH 8, or 

YPD supplemented with 1.5 M NaCl. YPD and YPD pH 8 plates were imaged on day 6 
post-inoculation. YPD + NaCl plates were imaged on day 8 post-inoculation. 

When examining Rra1-GFP localization, the S568A, T597A, and pH4-associated 

double mutant all appeared to have localization similar to the WT Rra1-GFP construct, 

which localizes to endomembranes including the perinuclear ER as well as to punctate 

structures at the plasma membrane (Figure 19A). For the pH 8-associated mutants, the 

T317A mutant had WT-like localization, but the T352A mutant caused mislocalization of 

the Rra1 protein to intracellular tubular structures (Figure 19A). Interestingly, despite 

presence of the RRA1-GFP overexpression construct by PCR (data not shown), the 

S329A and S580A mutants similarly displayed little to no GFP by microscopy, which 

could explain the poor phenotypic rescue of these constructs (Figure 19B). We assessed 

whether these constructs were being expressed at the mRNA level using qRT-PCR and  
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Figure 19: Localization of Rra1-GFP in phosphorylation-null mutants. A. Rra1-GFP 
localization in the WT, pH 4-associated mutants, and the pH 8-associated mutants 

with otherwise normal phenotypes. Cells were incubated overnight in SC medium, 
then imaged on a Zeiss AxioVision epifluorescence microscope. B. Rra1-GFP 

localization in the pH 8-associated mutants with GFP-null phenotypes. C. 
Quantitative RT-PCR of WT and RRA1-GFP phosphorylation mutant overexpression 

constructs. Strains were incubated overnight in YPD prior to RNA extraction and 
cDNA preparation. RRA1 was normalized to the GPD1 gene, and fold-changes were 

normalized to WT (normal RRA1 expression levels). 
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determined that, though no protein was apparent by microscopy, these constructs were 

being expressed at similar levels to other phosphomutant strains (Figure 19C). These 

preliminary results indicate that these phosphorylation sites could be necessary for 

stabilizing the Rra1-GFP protein, or failure to phosphorylate these sites could target this 

protein for degradation. 

4.3.12. The expanded interactome of Rra1-GFP 

Key Rim pathway members that have been characterized in ascomycete fungi 

have still not been identified in C. neoformans, and it is currently unknown how the 

signal is transferred from the Rra1 pH sensor to the ESCRT machinery and Rim 

proteolysis complex. We therefore performed a second proteomics screen to identify 

potential interactors at both pH 4 and pH 8. This study had the potential to identify 

novel interactors of the pathway as well as potential negative regulators of Rim pathway 

signaling that could interact with the Rra1 pH sensor under pathway-inactivating 

conditions.  

Interestingly, the interactome of Rra1-GFP at pH 4 revealed many chaperone 

proteins and proteins involved in protein secretion and exocytosis (Table 19). These 

include several coatomer/SEC components, the BMH2 14-3-3 secretion protein ortholog, 

and several heat-shock proteins. At pH 8, several of the proteins involved in 

secretion/exocytosis of proteins were also identified, but, interestingly, there was an 

increase in proteins involved in endocytosis, specifically proteins involved in clathrin-
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mediated endocytosis, such as dynamin GTPases (Table 20). Additionally, at pH 8, the 

HAD1 phosphatase, which has previously been identified to play roles in cell wall 

integrity and virulence, was identified as a potential Rra1-GFP interactor (312). Rra1 also 

potentially associates with polyubiquitin and a component of the 26S proteasome at pH 

8. These data all suggest potential mechanisms for Rra1 and Rim pathway regulation. 

Table 19: Selected potential Rra1-GFP interactors at pH 4. Represented are proteins 
which were present in the Rra1-GFP co-immunoprecipitation mass spectrometry 

samples and absent in the negative control samples with at least 2 exclusive unique 
peptides represented in the Rra1-GFP sample. 

Protein of Interest Gene ID Exclusive 
Unique 
Peptides 

Hsp72-like protein  CNAG_01750 15 
Clathrin heavy chain  CNAG_04904 5 
Protein BMH2  CNAG_05235 4 
Glucose-regulated protein (potential Hsp70/BiP 
chaperone) 

CNAG_06443 4 

DNA binding protein Ncp1  CNAG_03771 4 
Uncharacterized protein (basidiomycete-specific) CNAG_01761 4 
Trehalose-6-phosphate phosphatase  CNAG_03765 3 
Heat shock protein  CNAG_07347 2 
Coatomer subunit gamma  CNAG_01274 2 
Protein YOP1  CNAG_01031 2 
Hexose transporter  CNAG_03438 2 
Prohibitin PHB1  CNAG_00088 2 
Protein transporter SEC31  CNAG_04803 2 
Uncharacterized protein (potentially mitochondrial) CNAG_03544 2 
Uncharacterized protein  CNAG_01492 2 
Alpha-1,3-mannosyltransferase  CNAG_00721 2 
1-pyrroline-5-carboxylate dehydrogenase  CNAG_05602 2 
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Table 20: Selected potential Rra1-GFP interactors at pH 8. Represented are proteins 
which were present in the Rra1-GFP co-immunoprecipitation mass spectrometry 

samples and absent in the negative control samples with at least 2 exclusive unique 
peptides represented in the Rra1-GFP sample. 

Protein of Interest Gene ID Exclusive 
Unique 
Peptides 

Nucleosome assembly protein 1-like 1  CNAG_02091 14 
Coatomer subunit alpha  CNAG_03554 7 
FK506-binding protein  CNAG_01148 5 
Heat shock protein  CNAG_07347 5 
Potassium/sodium efflux P-type ATPase, fungal-type  CNAG_05592 5 
Fatty acid synthase subunit alpha, fungi type  CNAG_02100 4 
Protein BMH2 (exocytosis) CNAG_05235 4 
Chaperone DnaK (Hsp70 family protein) CNAG_05199 3 
Dynamin GTPase  CNAG_00565 3 
Coatomer subunit gamma  CNAG_01274 3 
Protein YOP1  CNAG_01031 3 
Hexose transporter  CNAG_03438 3 
Uncharacterized protein (basidiomycete-specific) CNAG_00485 3 
Chaperone regulator  CNAG_03944 3 
Rab family protein (vesicle transport) CNAG_04771 3 
ATP-binding cassette transporter  CNAG_01575 3 
Uncharacterized protein  CNAG_01492 3 
Phosphatase HAD1 (cell wall integrity, virulence) CNAG_01744 3 
Alpha-amylase  CNAG_02189 3 
Endothelin-converting enzyme  CNAG_03935 3 
Calnexin  CNAG_02500 2 
Cation-transporting ATPase  CNAG_05136 2 
Prohibitin PHB1  CNAG_00088 2 
Protein transporter SEC31  CNAG_04803 2 
Uncharacterized protein  CNAG_03544 2 
Coatomer subunit beta  CNAG_03299 2 
26S proteasome regulatory subunit N2  CNAG_06175 2 
Aminopeptidase  CNAG_04009 2 
Uncharacterized protein  CNAG_05997 2 
Trehalase  CNAG_03785 2 
Dynamin GTPase  CNAG_01655 2 
Uncharacterized protein (basidiomycete-specific) CNAG_03553 2 
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Uncharacterized protein (basidiomycete-specific) CNAG_01713 2 
Uncharacterized protein  CNAG_07965 2 
RAN protein binding protein (ubiquitin protease cofactor, 
anterograde and retrograde transport)  

CNAG_03722 2 

T-complex protein 1 subunit theta CNAG_02736 2 
Thioredoxin  CNAG_02801 2 
Ubiquitin carboxyl-terminal hydrolase 7  CNAG_05650 2 
C2 domain-containing protein  CNAG_00522 2 
Uncharacterized protein  CNAG_00995 2 
Polyubiquitin  CNAG_01920 2 
Alpha-1,3-mannosyltransferase  CNAG_00721 2 
 

Of note, there were 4 basidiomycete-specific uncharacterized proteins that 

interacted with Rra1-GFP, one of which interacted specifically at pH 4, and the other 3 of 

which interacted with Rra1 at pH 8. Currently, none of these proteins have predicted 

domains of known function. However, all 4 have at least one predicted transmembrane 

domain, while the protein identified at pH 4, CNAG_01761p, has a 3 transmembrane 

domain structure similar to the Rim9/PalI chaperone identified in ascomycete fungi (313, 

314). Future studies could examine whether these basidiomycete-specific proteins play 

roles in the Rim pathway similar to ascomycete proteins still unidentified in C. 

neoformans and other basidiomycetes. 

4.4.  Discussion 

In this study, we have further characterized mechanisms by which a fungal 

pathogen interprets extracellular host-relevant conditions. Specifically, we explored the 

interaction between localization and function for the C. neoformans Rra1 protein, a novel 

activator of the cryptococcal Rim alkaline-response signaling pathway (30). We have 
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demonstrated that Rra1 primarily localizes to the cell surface in punctate structures, and 

that these structures are dynamically regulated by external pH. Interestingly, the 

subcellular sites of Rra1 enrichment are spatially distinct from more downstream 

components of the pathway, such as the Rim proteolysis and ESCRT complexes. 

Furthermore, we discovered a novel role for the C. neoformans Nap1 protein to interact 

with Rra1 and promote Rim pathway activation. We characterized the significant role 

that Nap1 plays in promoting the stability of the Rra1 protein, thereby controlling the 

activation of the Rim pathway. 

Based on our subcellular localization studies, Rra1-GFP is localized both to 

punctate structures at the plasma membrane and to endomembranous structures 

including the ER. These Rra1-GFP puncta seem to change both in number and 

localization based on extracellular pH, suggesting that a dynamic alteration in Rra1 

localization accompanies its activation at alkaline pH. Rra1-GFP localization changes 

from small, cell-surface puncta to larger intracellular regions of accumulation, 

suggesting that Rra1 might be endocytosed in response to pathway activation, perhaps 

as a mechanism for regulating or dampening the signaling output of the pathway. 

Alternatively, Rra1 might undergo reduced trafficking and delivery to the cell surface in 

pathway-activating pH conditions. This cell surface cycling model is supported by the 

larger, less well-defined appearance of the intracellular Rra1-GFP puncta. Though the 

pathway seems to be activated at the plasma membrane in ascomycete fungi (19, 33), the 
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phosphorylation and endocytosis of PalH (in A. nidulans (32)) and degradation of Rim21 

(in S. cerevisiae (12)) aid in the turnover of these signaling proteins in these organisms. 

Future studies will determine the role of cycling of Rra1 to and from the plasma 

membrane in the regulation of Rim pathway signaling. Additionally, our experiments 

assessing the similar patterns of localization between the Rra1 protein and an ER 

marker, Sec63, suggests that Rra1 is also partially localized to the ER. This intracellular 

site of enrichment might simply represent the movement of a highly processed protein 

to its site of action, or it might also be an additional site of Rra1 function that has yet to 

be explored.  

Notably, Rra1-GFP does not co-localize with the ESCRT machinery component 

mCherry-Vps23. Rim pathway function requires an intact ESCRT pathway as mutations 

in ESCRT components result in failed activation of the Rim101 transcription factor (15, 

22, 30, 33).  Our data suggest that the Rim pathway pH-sensing complex containing Rra1 

is spatially separate from the ESCRT/Rim proteolysis complex. If this is the case, future 

studies will determine the mechanism by which Rra1 communicates with the Rim 

proteolysis complex in order to activate the response to alkaline pH. 

To begin to address the regulation of Rra1 signaling, we performed a proteomics 

screen to identify interactors of the Rra1 pH sensor in C. neoformans. In previous work, 

we identified many of the Rim pathway components by sequence homology with 

orthologs in ascomycete fungi (1, 30). However, these studies suggested that the most 
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upstream components of the pathway, including the Rra1 pH sensor, may have evolved 

separately in the basidiomycete fungi, including C. neoformans. For this reason, we 

sought to identify novel pathway regulators through proteomics approaches. In doing 

so, we hypothesized that we would find proteins such as adaptor proteins or 

messengers that could act as links involved in signal transduction between the Rra1 

surface sensing protein and the more downstream Rim pathway components such as the 

ESCRT/Rim proteolysis complex. This type of unbiased interactant screen might even 

identify potential negative regulators of Rra1 activity that would not have been found in 

our previous screens that were specifically designed to identify Rim pathway activators. 

So far, we have successfully validated the interaction between Rra1 and the Nap1 

protein, which represented the most abundant protein in the putative interactome of 

Rra1. Future work will determine whether the other potential interactors of Rra1 

identified in this proteomics study are required for either the activation or 

downregulation of the Rim pathway. 

Nap1 was first described to play a role in nucleosome assembly through Nap1 

dimer binding of histone proteins, acting as a chaperone for histone proteins and a 

scaffold for the assembly of the nucleosome in vitro (315, 316). However, Nap1 has been 

implicated in many other cellular processes aside from nucleosome assembly. For 

example, Nap1 has repeatedly been determined to play a significant role in cell division 

and cell cycle control through its binding to cell cycle regulators, such as the mitotic 
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cyclin Clb2 and the cyclin-dependent kinase Cdc28 (317–319). During cell division, Nap1 

is proposed to act as a scaffold protein for septin formation through its binding to the 

Gin4 kinase and septin proteins in S. cerevisiae (320). This role was demonstrated to be 

crucial for regulation of filamentous growth in C. albicans (321). None of the previously 

described scaffolding roles for Nap1 in cell division easily explain its requirement in C. 

neoformans for pH-dependent growth and Rim101 activation. Similarly, strains deficient 

in Nap1 in S. cerevisiae have not been described to display pH-associated phenotypes. 

However, in S. cerevisiae nap1Δ mutant strains, a delay in cell cycle progression, as well 

as abnormal chitin deposition, were observed and associated with the role of Nap1 in 

septin regulation and organization (311). If Nap1 is functioning in a similar manner in C. 

neoformans and moonlighting as a Rim pathway interactor, the necessity for Nap1 for 

proper cell cycle control could explain some of the C. neoformans nap1Δ mutant Rim 

pathway-independent phenotypes such as a delay in growth under permissive 

conditions. However, the previously described function for Nap1 as a scaffold and 

chaperone suggests and supports its role as a potential Rra1 scaffolding protein in the 

context of Rim pathway signaling. 

Nap1 has not previously been determined to play a role in the response to 

environmental and cellular stressors, including extracellular pH. However, like the C. 

neoformans Nap1 protein, C. albicans Nap1 and its phosphoregulation are required for 

full virulence and survival of this fungus in mouse infection models through its 
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regulation of the hyphal growth (321). This study in C. neoformans is the first instance in 

which Nap1 has been shown to play a role in alkaline pH signaling in fungi. 

Additionally, based on our preliminary studies in S. cerevisiae, this role in the Rim 

pathway may be specific to Cryptococcus species, or perhaps be the case more broadly 

within the biologically diverse basidiomycete fungi. 

We propose a potential mechanism in which Nap1 acts as a scaffold to regulate 

Rra1 protein levels in response to changes in pH. In this model, Nap1 regulates Rra1 

protein levels both by stabilizing Rra1 at acidic pH to maintain levels of this pH sensor 

in the membrane, and then by promoting Rra1 internalization, and perhaps degradation, 

once the Rim pathway has been activated. This hypothesis is further supported by the 

specificity of the protein interaction between Nap1 and the Rra1-C-terminus, and not 

with other Rim pathway components such as Rim23. In A. nidulans, the PalF arrestin-like 

protein specifically binds to the C-terminus of the PalH pH sensor, and this binding is 

required for pH-mediated signal transduction in this fungus (17, 18). Additionally, 

Rim23 protein levels are not affected in the nap1Δ strain, again supporting the 

hypothesis that the role of Nap1 in the Rim pathway is specifically through Rra1 

regulation. However, due to the historical role of Nap1 as a histone scaffold and 

regulator, it is possible that Nap1 could be playing a dual role within the Rim pathway, 

both through regulation of the Rra1 pH sensor, as demonstrated here, and through its 

interaction with histones. This second function would represent a potential, but as of yet 
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unexplored, role for Cn Nap1 in the regulation of transcription through interaction or 

cooperation with the Rim101 transcription factor in the nucleus. 

C. neoformans and S. cerevisiae Nap1 seem to vary significantly. In terms of 

protein similarity, there is only 43% sequence identity between the S. cerevisiae and C. 

neoformans Nap1 proteins. Also, the C. neoformans Nap1 protein has a shorter C-terminus 

relative to the S. cerevisiae protein. The phenotypes of the respective mutants also vary 

significantly. The major phenotype associated with the nap1Δ mutant strain in S. 

cerevisiae is an elongated budding phenotype, with no effect on growth rate (307, 317, 

318). However, in this study, we demonstrated a significant growth defect of the C. 

neoformans nap1Δ strain under normal growth conditions (rich medium at permissive 

temperatures), in addition to sensitivities to alkaline pH and elevated salt 

concentrations. It is therefore likely that these similar proteins from two distinct fungal 

species diverged not only in sequence, but in function. We have previously 

demonstrated that other components of the Rim pathway, namely the pH sensor, have 

evolved in a distinct manner in ascomycetous and basidiomycetous fungi, yet the 

general predicted structure of the pH sensors is the same between the two fungal phyla. 

It follows that a divergent form of Nap1 could mediate conserved and new functions 

compared to the conserved protein in model yeasts and molds. These and future studies 

will continue to inform us about ways in which fungal pathogens have co-opted central 

signaling mechanisms to sense and respond to their hosts. 
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Phosphorylation in response to alkaline pH has been identified in the Rim21 and 

PalH pH sensors (12, 32). For PalH, mutation of specific phosphorylation sites leads to 

subtle alterations in Rim pathway activation; some lead to low-level constitutive 

pathway activation, while others yield delays in PacC processing (32). In this study, we 

made a first-pass attempt at assessing the effects of “pH 4-specific” and “pH 8-specific” 

phosphorylation sites. Interestingly, our unphosphorylatable “pH 4” mutants, including 

a mutant containing alanine substitutions of both identified sites, had no notable defects 

in alkaline pH tolerance or localization of the Rra1-GFP protein. However, our “pH 8-

associated” phosphorylation mutants had varied phenotypes with regards to alkaline 

pH and high salt tolerance and protein localization, with some displaying WT or near 

WT tolerance of alkaline pH and salt stress and localization of the Rra1-GFP protein and 

others displaying mislocalized Rra1-GFP protein. The S329A and S580A mutants appear 

to have little to no protein present within the cells, despite the overexpressed RRA1-GFP 

construct being expressed at the mRNA level. Future studies could explore the 

expression of these proteins through assaying the effects of inhibiting methods of 

protein degradation within the cell. It would be interesting to note if these 

phosphorylation mutants have similar levels of interaction with the C. neoformans Nap1 

protein. Similarly, these studies only examined the effects of the absence of 

phosphorylation. In the future, it would be interesting to study the effects of 
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phosphomimetic amino acid substitutions on alkaline pH tolerance phenotypes and Rim 

pathway activation. 

The interactome of the Rra1 protein was expanded to include protein isolated 

from cells incubated in acidic medium as well as alkaline medium. The aim of these 

studies was to identify new potential interactors that could act as positive or negative 

regulators of the pathway. It appears that trafficking regulators are enriched in the Rra1 

interactome at both pH 4 and pH 8. However, the types of trafficking proteins that are 

bound to Rra1 at each pH differ. At pH 4, most of the identified trafficking components 

are involved in exocytosis/secretion of proteins from the ER to the cell surface (322). 

However, at pH 8, more of these components are involved in the endocytosis of 

proteins, particularly components of clathrin-mediated endocytosis such as dynamin 

GTPases, which are required for endocytic vesicle fission from the plasma membrane 

(323). However, dynamin has demonstrated roles in other forms of endocytosis, so 

multiple mechanisms should be examined in the future. Additionally, Rra1-GFP 

interacts with both polyubiquitin and a 26S proteasome component. Ubiquitination of 

the PalF arrestin and subsequent endocytosis of the PalH-PalF complex was proposed to 

be a mechanism for Rim pathway signaling; however, this was later identified to not be 

necessary for pathway activation (17, 18, 33). However, ubiquitination of the Rra1 

protein could account for the significant size shifts often seen in the Rra1 protein by 

western blot (Figure 9), as well as a potential mechanism for dampening Rim pathway 
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signal post-activation. Future studies will examine the roles of trafficking in the 

regulation of Rra1 protein levels as well as Rim pathway signaling. 
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5. The Rim alkaline response pathway in Malassezia 
sympodialis 

This chapter represents a collaborative effort between Kaila Pianalto, Giuseppe Ianiri, and 

Joseph Heitman. 

5.1. Introduction 

The ability to respond to the external environment is crucial for microorganisms 

to survive in varying conditions. Changes in temperature, nutrient availability, pH, or 

osmolarity can create immensely stressful conditions for microorganisms, and the ability 

to adapt to these pressures is necessary for survival. In the case of pathogenic organisms, 

the shift from the ambient environment to the human host can include shifts in many of 

the mentioned conditions in addition to attack by the host immune system. Similarly, 

commensal microorganisms must adapt to the stresses presented by their host niche. 

pH is an environmental signal that can vary widely from the environment to the 

human host. Even within the human body, pH can vary widely, from the extremely 

acidic stomach pH, to more neutral lungs/blood, to basic bile. Human skin tends to be 

more acidic than blood or other body sites, with pH that can vary from pH 4 to pH 6 on 

healthy adult skin (324). For the human fungal commensal and pathogen Malassezia 

sympodialis, this is an ideal niche for this acid-loving fungus (325). However, in 

conditions of atopic dermatitis, the skin pH increases, creating a potentially stressful 
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change in environment for this yeast (325). The ability of this organism to sense and 

respond to these changes in conditions is crucial for it to survive in its niche. 

The fungal-specific Rim pathway is a well-studied and well-conserved pathway 

that senses and responds to increases in pH (5–7). First described in ascomycete fungi 

such as S. cerevisiae and Aspergillus nidulans, this signaling pathway senses increases in 

pH at the cell surface through the Rim21/PalH pH sensor (12, 14, 326). This signal is then 

propagated through a conserved signaling cascade, the ultimate output of which is the 

cleavage and activation of the Rim101/PacC zinc-finger transcription factor (1, 308, 327). 

This transcription factor can then translocate to the nucleus, where it regulates 

transcription in response to alkaline pH stress (1, 7, 26, 31). This transcriptional 

regulation is crucial for the fungus to adapt to this environmental stress. Study of this 

pathway has expanded to pathogenic fungi, and these studies have revealed that many 

virulence factors require the activation of the Rim pathway in order to be expressed. For 

example, in Candida albicans, the Rim pathway is required for the yeast-hyphal transition 

that is necessary for tissue invasion (10, 38). Additionally, in the basidiomycete fungus 

Cryptococcus neoformans, activation of the Rim pathway is required for the elaboration of 

many virulence factors, including the characteristic polysaccharide capsule (1, 2, 30, 31).  

Many of the Rim pathway components are conserved between the ascomycete 

fungi and the basidiomycete fungi Cryptococcus neoformans and Ustilago maydis, such as 

Rim20/PalA, Rim23/PalC, the Rim13/PalB protease, and even the Rim9/PalI chaperone in 
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U. maydis (30, 328, 329). However, multiple described upstream components, including 

the Rim21/PalH pH sensor and the Rim8/PalF arrestin, are notably absent in the 

genomes of these basidiomycetes (30, 329). Recently, a novel protein, Rra1, was 

identified in C. neoformans that, while lacking sequence homology with the Rim21 

protein, shares functional and structural similarities with the pH sensor identified in 

ascomycete fungi (30). Importantly, while Rim21 homologs are absent from the genomes 

of many basidiomycete fungi, Rra1 homologs are readily apparent in sequenced 

basidiomycete genomes. Similarly, we recently identified a novel interactor of the Rim 

pathway, Nucleosome Assembly Protein 1 (Nap1), which is required for activation of 

the Rim pathway in C. neoformans, but does not appear to be involved in the Rim 

pathway of the ascomycete S. cerevisiae (56). We therefore strove to determine whether 

these novel mechanisms of Rim pathway activation were conserved in a distantly 

related basidiomycete fungus, M. sympodialis. Similarly, we aimed to determine what 

types of processes are regulated by the alkaline pH response in this organism. 

In this study, we confirm that the M. sympodialis Rim101 transcription factor and 

the Rra1 pH sensor are required for survival on alkaline pH. We demonstrate that the 

Rra1 pH sensor is likely a bona fide basidiomycete-specific Rim pathway member. We 

localize these proteins within the cell. We also examine the transcriptional output of the 

Rim pathway at alkaline pH, giving insight into the processes involved in survival in 

this stressful condition for M. sympodialis. 
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5.2. Materials and Methods 

5.2.1. Strains, media, and growth conditions 

Strains used in this study are listed in Tables 21 and 22. Strains were routinely 

grown on modified Dixon’s (mDixon) medium (3.6% malt extract (Bacto), 1% 

mycological peptone (Oxoid), 1% ox bile (HiMedia), 1% v/v Tween 60 (Sigma), 0.4% 

glycerol; 2% Bacto agar added for plates) (330, 331). For mDixon medium that was 

adjusted to specific pH, 150 mM HEPES was added to the medium as a buffering agent, 

and the pH was adjusted by addition of either concentrated HCl or NaOH. Strains were 

cultured at 30˚C. Agrobacterium tumefaciens cultures were maintained on YT agar or FB 

broth (YT agar: 0.8% Bacto tryptone, 0.5% Yeast Extract, 0.5% NaCl, 1.5% glucose; FB 

broth: 2.5% Bacto tryptone, 0.75% yeast extract, 0.1% glucose, 0.6% NaCl, 50 mM Tris-

HCl pH 7.6) at 30˚C. 

Table 21: Malassezia sympodialis strains used in Chapter 5. 

Strain Name Genotype Source 
ATCC 42132 M. sympodialis (332) 
KPY34 M. sympodialis rim101Δ This study 
KPY35 M. sympodialis rim101Δ This study 
KPY36 M. sympodialis rra1Δ This study 
KPY37 M. sympodialis rra1Δ This study 
KPYt1 M. sympodialis rim101::NAT + pKP28 (pGI5-GFP-RIM101-

NEO) 
This study 

KPYt2 M. sympodialis rra1::NAT + pKP28 (pGI5-RRA1-GFP-
NEO) 

This study 

KPYt3 M. sympodialis + pKP30 (pGI5-NAP1-GFP-NEO) This study 
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Table 22: Agrobacterium tumefaciens strains used in Chapter 5. 

Strain Name Construct 
EHA105 Agrobacterium tumefaciens 
pKP28 EHA105 + pGI5-GFP-RIM101-NEO 
pKP29 EHA105 + pGI5-RRA1-GFP-NEO 
pKP30 EHA105 + pGI5-NAP1-GFP-NEO 
pKP38 EHA105 + pGI3-rim101::NAT 
pKP39 EHA105 + pGI3-rra1::NAT 
pKP40 EHA105 + pGI3-nap1::NAT 

 

5.2.2. Agrobacterium tumefaciens-mediated transformation 

The M. sympodialis RIM101, RRA1, and NAP1 genes were identified in the M. 

sympodialis genome assembly via BLASTp analysis (333). To create both targeted 

deletion strains and the corresponding complemented strains, constructs were designed 

such that they resided in the T-DNA of Agrobacterium tumefaciens. Primers used to create 

the deletion constructs can be found in Table 23. Binary vectors containing targeted 

deletion constructs consisting of 1.5 kb of genomic sequence 5’ and 3’ to the target gene 

surrounding the NAT resistance marker were cloned into pGI3 using transformation via 

lithium acetate and PEG 3750 into and homologous recombination in Saccharomyces 

cerevisiae as previously described (331). The resulting plasmid was transformed into A. 

tumefaciens EHA105 via electroporation and subsequent selection on YT agar 

supplemented with 50 µg/mL kanamycin. GFP-tagging constructs were cloned into 

binary vectors as described above. 
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Table 23: Deletion and complementation construct primers used in Chapter 5. 

Primer 
Name 

Sequence 5’  3’ Construct 

Deletion construct primers 
ALID2078 TCCACGGTGCAGATCCTC Malassezia NAT/NEO 

marker F 
ALID2081 CGTCCTCTCCTATGTCTG Malassezia NAT/NEO 

marker R 
AA5328 GCGCGCCTAGGCCTCTGCAGGTCGACT 

CTGCTGGCAGACGCACCTAACAC 
RIM101 KO 1 

AA5329 GAGGATCTGCACCGTGGAGGGTGTTGG 
TGTGGAAACACACC 

RIM101 KO 2 

AA5330 CAGACATAGGAGAGGACGCCAACACGG 
GTCACAAGTTGCC 

RIM101 KO 3 

AA5331 TGATTACGAATTCTTAATTAAGATATCGA 
GCTGCACGCGATGCAGTGTCTC 

RIM101 KO 4 

AA5332 GCGCGCCTAGGCCTCTGCAGGTCGACTC 
TGCGCACGAATTCTCGCTCGAGT 

RRA1 KO 1 

AA5333 GAGGATCTGCACCGTGGACGCGGCCGC 
CTATTTCGCT 

RRA1 KO 2 

AA5334 CAGACATAGGAGAGGACGCCGTGCTCA 
AGACGGTCATCA 

RRA1 KO 3 

AA5335 TGATTACGAATTCTTAATTAAGATATCG 
AGCAGCTGTCGCAGGTGCTGTG 

RRA1 KO 4 

AA5336 GCGCGCCTAGGCCTCTGCAGGTCGACTC 
TCCGTGGCATAGCGCTTCAGC 

NAP1 KO 1 

AA5337 GAGGATCTGCACCGTGGATGGTGTGTTC 
TGCGGCGTAGG 

NAP1 KO 2 

AA5338 CAGACATAGGAGAGGACGCAGGTGGAG 
AATGCAGACGAGTGG 

NAP1 KO3 

AA5339 TGATTACGAATTCTTAATTAAGATATCG 
AGCGCTGCAGGCAGAGCTCATG 

NAP1 KO 4 

JOHE43282 CACCAGGGTTTCCAGTCTC NAT marker check 
primer F 

JOHE43281 GTCGGAGAAGCAGTCAATGC NAT marker check 
primer R 

GFP-tagged construct primers 
AA5251 GCGCGCCTAGGCCTCTGCAGGTCGACTC 

TGTTCACTCGAGCGCTGGTG 
GFP-RIM101 promoter 
F 



 

153 

AA5252 CTCGCCCTTGCTCACCATTCAAATGAAT 
CCTTCGAGAACTAG 

GFP-RIM101 promoter 
R 

AA4364 ATGGTGAGCAAGGGCG GFP-RIM101 GFP F 
AA5253 GCCTCCGCCTCCGCCTCCGTACAGCTC 

GTCCATGCC 
GFP-RIM101 GFP R 

AA5254 GGAGGCGGAGGCGGAGGCATGACAA 
CGGAGAGCACCGAG 

GFP-RIM101 RIM101 F 

AA5255 GAGGATCTGCACCGTGGACGACGAGA 
ACTTGGACGCTGC 

GFP-RIM101 RIM101 R 

AA5249 GCGCGCCTAGGCCTCTGCAGGTCGACT 
CTCACGACTACCAGCGCACCGCC 

RRA1-GFP RRA1 F 

AA5250 GCCTCCGCCTCCGCCTCCCTCGTACATC 
GTCTTGTCCTGCAG 

RRA1-GFP RRA1 R 

AA5247 GCGCGCCTAGGCCTCTGCAGGTCGACT 
CTGTCGGGGAGCACGGACTCGC 

NAP1-GFP NAP1 F 

AA5248 GCCTCCGCCTCCGCCTCCCTGCTGCTTG 
CACTCCTGG 

NAP1-GFP NAP1 R 

 

Agrobacterium-mediated transformation was performed as described previously 

with some modifications (331, 334). Briefly, M. sympodialis ATCC 42132 was incubated 

for 2 days at 30˚C in mDixon liquid medium, and A. tumefaciens strains containing 

pKMP38 (RIM101 deletion), pKP39 (RRA1 deletion), or pKP40 (NAP1 deletion) were 

incubated overnight in FB + kanamycin at 30˚C. A. tumefaciens cultures were diluted to 

an OD600 of 1 into Induction Medium (IM) (335) and incubated a further 4 hours at 30˚C. 

M. sympodialis cells and induced A. tumefaciens cells were mixed at a 2:1 

Malassezia:Agrobacterium ratio and pelleted at 5000 rpm, 10 min. The resulting cell pellet 

was spotted onto nylon membranes on modified IM (mIM) plates (IM medium 

supplemented with 0.4% ox bile, 0.4% v/v Tween 60 (Sigma), 0.1% v/v Tween 20) and 

incubated at RT for 7 days. After 7 days, cells were scraped from the membranes into 
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sterile H2O and pelleted at 4000 rpm for 5 minutes (to preferentially pellet the Malassezia 

cells over the Agrobacterium cells). The resulting pellets were resuspended in sterile H2O 

and spread onto mDixon with cefotaxime + either nourseothricin or neomycin (300 

µg/mL cefotaxime; 200 µg/mL nourseothricin; 100 µg/mL neomycin). 

Resulting colonies were screened by PCR in order to confirm homologous 

recombination into the locus in the case of deletion constructs, or presence of the 

construct in the case of non-targeted reconstitution constructs. A list of confirmation 

PCR primers can be found in Table 24.  

Table 24: Confirmation PCR primers used in Chapter 5. 

Primer 
name 

Sequence 5’3’ Target 

AA5340 CGTCGTCGTGAGGGCAAGT Ms RIM101 KO F 
AA5341 CGATGCCCTGCTGGATCTTG Ms RIM101 KO R 
AA5342 GAAGGAGAAGCGTGCGCAG Ms RRA1 KO F 
AA5343 CCTCGTACCTGCGTCTCTGG Ms RRA1 KO R 
AA5344 GTACCGTGCACAGCTCGAG Ms NAP1 KO F 
AA5345 CAAGTGGAGCGTTTCGCTGTC Ms NAP1 KO R 

 

5.2.3. Microscopy 

 Strains expressing GFP constructs were incubated overnight in mDixon 

medium. Cells were washed twice in sterile H2O to prevent autofluorescence from the 

medium, then imaged on an AxioVision epifluorescence microscope. Images were 

cropped using ImageJ software. 
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5.2.4. Quantitative reverse-transcriptase PCR 

As a pilot experiment prior to RNA sequencing, M. sympodialis RIM101 

expression was measured via qRT-PCR. M. sympodialis was incubated overnight in 

mDixon pH 4. Cells were washed 2X in sterile H2O, then resuspended in mDixon, 

mDixon buffered to described pH levels, RPMI + 10% FBS, or DMEM + 10% FBS. M. 

sympodialis was incubated in these media at 30˚C for 90 minutes. At this time, M. 

sympodialis samples were centrifuged for 5 minutes at 4000 rpm, 4˚C. Cells were washed 

2X with cold sterile H2O, then flash frozen on dry ice. RNA was purified using a Trizol 

phenol-chloroform extraction (Invitrogen). cDNA was prepared using the AffinityScript 

cDNA synthesis kit (Agilent). qRT-PCR was performed using PowerUp SYBR Green 

(ThermoFisher). RT-PCR primers can be found in Table 25. 

Table 25: Real-time PCR primers used in Chapter 5. 

Primer name Sequence 5’3’ Gene target 
JOHE45549 TGCCGGAGCTCACCTCGCA TUB2 F 
JOHE45550 TACGACGAGTTCTTGGTCTG TUB2 R 
AA5430 TCCTCTAGCACCAAGCGATC RIM101 F 
AA5431 CACGTAACAATTGTGCAATGC RIM101 R 

 

5.2.5. RNA Sequencing 

To prepare samples for RNA sequencing, M. sympodialis WT, rim101Δ, and rra1Δ 

strains were grown in biological triplicate overnight in mDixon liquid medium at 30˚C. 

Cultures were pelleted at 4000 rpm, 10 min, washed 1X with sterile H2O, then 

resuspended at an OD6oo of 2.5 in 20 mL of mDixon pH 4 (pathway-inactivating 
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condition), mDixon pH 7.5 (pathway-activating condition), and DMEM supplemented 

with 10% FBS (“host-like” condition). Cultures were incubated at 30˚C for 90 minutes 

with shaking. Cultures were harvested by centrifugation at 4000 rpm for 10 min at 4˚C, 

washed once with cold sterile H2O, then pellets were flash frozen in a dry ice-ethanol 

bath. Cell pellets were lyophilized overnight. RNA was then extracted from the 

lyophilized pellets via a Trizol-chloroform extraction (Invitrogen). The resulting RNA 

was treated with DNase I (New England Biolabs) for 30 min at 37˚C as described, then 

re-purified using Trizol and chloroform. 

RNA was then sequenced in collaboration with the Duke University Center for 

Genomic and Computational Biology Sequencing and Genomic Technology Shared 

Resource. An mRNA library was prepared using a Kapa Stranded mRNA-Seq library 

prep kit. Stranded mRNA-Seq was performed on an Illumina HiSeq 4000 with 50-bp 

reads.  

Reads were mapped using HiSat, StringTie, and Ballgown (336). The resulting 

counts tables were compared using DESeq2 with a 5% FDR (337). Distance analyses and 

comparison summaries were performed using the Bioconductor Glimma R package. 

5.3. Results 

5.3.1. Mutants in the M. sympodialis Rim pathway are hypersensitive 
to elevated pH and salt concentrations 

In other fungal species, the Rim pathway is crucial for sensing and responding to 

increases in pH within its environment (5, 6, 30, 31). Additionally, Rim pathway genes 
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are required for survival at elevated pH as well as at elevated salt concentrations (2, 8–

11). We therefore strove to determine whether the M. sympodialis Rim pathway is 

involved with similar responses. These studies were first attempted in M. furfur, in 

which we achieved similar results, but we moved forward with in-depth genetic 

experiments in M. sympodialis, in part due to a new and robust genome annotation (333). 

We first identified 2 Rim pathway genes in the M. sympodialis genome: MSYG_3336, 

likely encoding the Rim101 transcription factor; and MSYG_4280, likely encoding the 

Rra1 pH sensor. The wild-type M. sympodialis strain was able to grow robustly from a 

pH of 5 up to a pH of 7.5 (Figure 20). The M. sympodialis rim101Δ and rra1Δ strains are 

able to grow at rates similar to the WT under normal culture conditions (pH 6) (Figure 

20). However, these mutant strains began to display growth defects at neutral pH 7 and 

were completely unable to grow at alkaline pH 7.5 (Figure 20). Similarly, these Rim 

pathway mutants were unable to grow on medium supplemented with 1 M NaCl, 

although they were able to grow fairly robustly on 0.5 M NaCl (Figure 20). These results 

suggest that the Rim pathway is involved in sensing and responding to these 

environmental signals in M. sympodialis.  
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Figure 20: Rim pathway components are required for growth on alkaline pH and high 
salt media. M. sympodialis cells were serially diluted and spotted on mDixon 

buffered to pH 6, pH 7, or pH 7.5 or mDixon supplemented with 1 M NaCl to examine 
growth phenotypes. Plates were imaged at 6 days post-inoculation. 

5.3.2. Localization of Rim pathway components 

In order to gain deeper insight into the Rim pathway in M. sympodialis, we 

created constructs to express GFP-Rim101, Rra1-GFP, and Nap1-GFP. Rim101 was N-

terminally tagged due to cleavage of the C-terminal region to activate this transcription 

factor (1, 18). We examined the localization of these proteins via fluorescence 

microscopy (Figure 21). GFP-Rim101 localizes largely to the cytoplasm. However, in rare 

cells, there is potential localization to the nucleus. Rra1-GFP (which is expressed under 

its native promoter) localizes to punctate structures throughout the cell. However, it is 

not possible to see the endomembrane structures that are apparent in C. neoformans cells. 

Nap1-GFP is localized to the cytoplasm and excluded from large areas of the cells, which 

could potentially be the nucleus or vacuole. Future studies will examine whether these 

components display changes in localization upon shift in environmental pH. 
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Figure 21: Localization of GFP-tagged Rim pathway components. M. sympodialis 
strains containing constructs expressing GFP-Rim101, Rra1-GFP, or Nap1-GFP were 

incubated overnight and then imaged on a Zeiss AxioVision epifluorescence 
microscope. 

5.3.3. RNA-Seq analysis reveals Rim pathway-regulated genes in M. 
sympodialis 

The ultimate output of Rim pathway signaling is the cleavage and activation of 

the Rim101 transcription factor, which translocates to the nucleus to regulate 

transcriptional responses to alkaline pH. To first determine pathway activating 

conditions, we performed quantitative RT-PCR on the RIM101 transcription factor gene, 

which is auto-upregulated by the Rim101 transcription factor (31). We performed this 

experiment across a gradient of pH values in mDixon medium, while also assessing the 

activation in tissue culture media. In M. sympodialis, the RIM101 gene is, in fact, 

upregulated in response to increasing pH in a dose-dependent manner (Figure 22). 

Additionally, RIM101 is even more strongly transcriptionally induced in tissue culture 

medium (pH 7.4) than mDixon pH 7.5, indicating that other signals in tissue culture 

medium could potentially be involved in activating this pathway in this organism 
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(Figure 22). We therefore chose to perform our RNA sequencing experiment in mDixon 

pH 4, mDixon pH 7.5, and DMEM. 

 

Figure 22: Malassezia sympodialis RIM101 gene expression increases in response to 
increasing pH and tissue culture medium. M. sympodialis cells were incubated 

overnight in mDixon pH 4, then shifted to mDixon buffered to pH 4 to 7.5 or tissue 
culture medium (DMEM or RPMI + 10% serum) for 90 minutes. RNA was harvested 
and cDNA prepared. RIM101 expression values were normalized to the TUB2 gene. 

Fold change values were normalized to mDixon pH 4 as a control. 

To begin to probe the transcriptional output of the Rim pathway in M. 

sympodialis, we performed a deep RNA sequencing experiment comparing the WT and 

rim101Δ strains incubated in the above conditions for 90 minutes. Performing 

multidimensional scaling analysis in order to determine the distances between datasets, 

these experimental datasets appear to cluster together (Figure 23A). Looking at an  
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Figure 23: Variance in Malassezia sympodialis RNA-Seq data. A. Multidimensional 
scaling plot demonstrating the relatedness of the RNA-seq datasets. B. Bar graph 

depicting the relative number of up- and downregulated genes in each comparison. 
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overview of data comparisons between datasets from cells incubated in mDixon pH 4 

and DMEM, it appears that most of the variation occurs at alkaline pH or between pH 4 

and alkaline pH, but few genes are differentially regulated at pH 4 between the WT and 

rim101Δ mutant strains, as expected if Rim101 is being activated at alkaline pH (Figure 

23B). 

Beginning by simply examining the transcriptome of the WT strain in mDixon 

pH 4 vs. DMEM, 597 genes are significantly upregulated (greater than two-fold) in 

DMEM vs. pH 4, and 582 are significantly downregulated in DMEM vs. pH 4. A subset 

of these genes are listed in Table 26. Among these alterations in transcript abundance, 

several notable trends appear. For example, similar to C. neoformans, one of the most 

strongly upregulated genes in tissue culture medium is the P-type Na+ transporter gene, 

ENA5 (similar to ENA1 in C. neoformans) as well as the RIM101 gene (31). Similarly, 

many of the most strongly upregulated genes are involved in metal acquisition and 

homeostasis processes (zinc, iron, copper transporters and mutases) (Table 26). 

Interestingly, several cell wall biosynthesis and remodeling genes, including chitin 

deacetylases, chitin synthases and their activators, and an exo-1,3-beta-glucanase, are 

downregulated in tissue culture medium compared to pH 4 medium (Table 26). Several 

Malassezia-specific allergens are differentially regulated between tissue culture and pH 4 

medium, although some are upregulated and some are downregulated in response to 

the environmental change. Clearly, there are concerted responses to this change in pH. 
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Table 26: Wild-type DMEM vs. pH 4 differentially expressed genes. Genes 
represented displayed greater than two-fold change in expression with a corrected p-

value <0.05. 

Locus tag Gene product Log2(FC) 
Rim pathway 

MSYG_3336 Similar to Sc protein RIM101 (Cys2His2 zinc-finger 
transcriptional repressor) 

5.21 

MSYG_2107 Similar to SC protein RIM20 (Protein involved in proteolytic 
activation of Rim101p) 

1.02 

Ion homeostasis 
MSYG_1634 Similar to Sc protein ENA5 (Protein with similarity to P-type 

ATPase sodium pumps) 
7.81 

MSYG_3966 Similar to Sc protein FRE7 (Putative ferric reductase with 
similarity to Fre2p) 

4.21 

MSYG_2203 Similar to Sc protein ZRC1 (Vacuolar membrane zinc 
transporter) 

3.68 

MSYG_4229 Similar to Sc protein FTR1 (High affinity iron permease) 3.38 
MSYG_0582 Similar to Sc protein CTR3 (High-affinity copper transporter 

of the plasma membrane) 
3.30 

MSYG_4230 Similar to Sc protein FET5 (Multicopper oxidase) 2.28 
MSYG_1902 Similar to Sc protein FRE5 (Putative ferric reductase with 

similarity to Fre2p) 
1.46 

MSYG_3982 Similar to Sc protein CCC2 (Cu(+2)-transporting P-type 
ATPase) 

1.24 

MSYG_1350 Similar to Sc protein FRA1 (Protein involved in negative 
regulation of iron regulon transcription) 

1.07 

MSYG_0595 Similar to Sc protein SMF1 (Divalent metal ion transporter) 1.06 
MSYG_3009 Similar to Sc protein NHA1 (Na+/H+ antiporter) 1.02 
MSYG_2186 Similar to Sc protein FRA1 (Protein involved in negative 

regulation of iron regulon transcription) 
-1.25 

MSYG_3159 Similar to Sc protein FET5 (Multicopper oxidase) -4.75 
MSYG_1533 Similar to Sc protein NHA1 (Na+/H+ antiporter) 1.56 

Cell wall biosynthesis, modification, and integrity 
MSYG_1709 Similar to Sc protein CDA2 (Chitin deacetylase) -4.64 
MSYG_4357 Similar to Sc protein CDA2 (Chitin deacetylase) -1.81 
MSYG_0775 Similar to Sc protein CHS2 (Chitin synthase II) -1.32 
MSYG_3161 Similar to Sc protein CDA2 (Chitin deacetylase) -1.15 
MSYG_1888 Similar to Sc protein KRE6 (Type II integral membrane 

protein involved in beta-1,6-glucan synthesis) 
1.22 
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MSYG_2128 Similar to Sc protein KRE6 (Type II integral membrane 
protein involved in beta-1,6-glucan synthesis) 

-1.43 

MSYG_2819 Similar to Sc protein SKT5 (Activator of Chs3p (chitin 
synthase III) during vegetative growth) 

1.57 

MSYG_4116 Similar to Sc protein EXG1 (Major exo-1,3-beta-glucanase of 
the cell wall) 

-2.19 

MSYG_2546 Similar to Sc protein MKK2 (MAPKK involved in the protein 
kinase C signaling pathway) 

1.32 

Membrane biosynthesis 
MSYG_1115 Similar to Sc protein ERG7 (Lanosterol synthase) 1.04 
MSYG_3160 Similar to Sc protein ERG25 (C-4 methyl sterol oxidase) -3.41 
MSYG_2870 Similar to Sc protein ERG2 (C-8 sterol isomerase) -1.97 
MSYG_3979 Similar to Sc protein ERG4 (C-24(28) sterol reductase) -1.32 
MSYG_1962 Similar to Sc protein ERG5 (C-22 sterol desaturase) -1.18 
MSYG_0629 Similar to Sc protein ERG5 (C-22 sterol desaturase) 1.83 
MSYG_2164 Similar to Sc protein ERG1 (Squalene epoxidase) -1.33 
MSYG_3973 Similar to Sc protein ERG11 (Lanosterol 14-alpha-

demethylase) 
-1.04 

MSYG_1989 Similar to Sc protein ERG25 (C-4 methyl sterol oxidase) 2.83 
Malassezia allergens 

MSYG_0361 M. sympodialis allergen Mala s 13 1.01 
MSYG_3072 M. sympodialis allergen Mala s 12 -3.07 
MSYG_0888 M. sympodialis allergen Mala s 1 -1.58 
MSYG_0889 M. sympodialis allergen Mala s 8 -1.23 
MSYG_3852 M. sympodialis allergen Mala s 6 -1.09 
MSYG_3551 M. sympodialis allergen Mala s 7 2.07 
MSYG_3554 M. sympodialis allergen Mala s 7 1.94 

Stress response 
MSYG_4120 Similar to Sc protein CMD1 (Calmodulin) -4.13 
MSYG_0908 Similar to Sc protein CRZ1 (Transcription factor, activates 

transcription of stress response genes) 
1.06 

Nutrient acquisition 
MSYG_3059 Similar to Sc protein MUP1 (High affinity methionine 

permease) 
3.50 

MSYG_0981 Similar to Sc protein JEN1 (Monocarboxylate/proton 
symporter of the plasma membrane; pH-dependent carbon 
source uptake) 

3.24 

MSYG_2438 Similar to Sc protein RGT1 (Glucose-responsive transcription 
factor) 

-1.70 

MSYG_0070 Similar to Sc protein HXT15 (Protein of unknown function 1.87 
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with similarity to hexose transporters) 
ABC/multi-drug resistance transporter genes 

MSYG_0219 Similar to Sc protein YBT1 (Transporter of the ATP-binding 
cassette (ABC) family) 

2.65 

MSYG_2631 Similar to Sc protein QDR1 (Multidrug transporter of the 
major facilitator superfamily) 

2.00 

MSYG_3805 Similar to Sc protein YBT1 (Transporter of the ATP-binding 
cassette (ABC) family) 

1.69 

 

When examining the transcriptome of the rim101Δ mutant strain compared with 

the WT strain, some interesting trends emerge. At pH 4, there are very few genes 

differentially regulated between these two strains (2 genes greater than two-fold 

upregulated and 3 genes greater than two-fold downregulated), which is what would be 

expected if the Rim101 transcription factor is not activated at acidic pH. However, in 

tissue culture medium, 169 genes are significantly downregulated (greater than two-fold 

decreased) in the rim101Δ mutant strain compared to WT and 91 are significantly 

upregulated (greater than two-fold increase) in the rim101Δ strain compared to the WT 

strain, a subset of which are listed in Table 27.  

Table 27: rim101Δ vs. wild-type differentially expressed genes in DMEM. Genes 
represented displayed greater than two-fold change in expression with a corrected p-

value <0.05. 

Locus tag Gene Product Log2(FC) 
Ion homeostasis 

MSYG_1634 Similar to Sc protein ENA5 (P-type ATPase sodium pump) -5.29 
MSYG_2203 Similar to Sc protein ZRC1 (Vacuolar membrane zinc 

transporter) 
-2.60 

MSYG_3009 Similar to Sc protein NHA1 (Na+/H+ antiporter) -1.30 
MSYG_0582 Similar to Sc protein CTR3 (High-affinity copper transporter 

of the plasma membrane) 
-1.25 
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MSYG_1902 Similar to Sc protein FRE5 (Putative ferric reductase similar to 
Fre2p) 

-1.16 

MSYG_3261 Similar to Sc protein ZRT1 (High-affinity zinc transporter of 
the plasma membrane) 

-1.01 

MSYG_4229 Similar to Sc protein FTR1 (High affinity iron permease) 1.47 
MSYG_3301 Similar to Sc protein ARN1 (ARN family transporter for 

siderophore-iron chelates) 
1.16 

Cell wall biosynthesis and modification 
MSYG_2546 Similar to Sc protein MKK2 (MAPKK involved in the protein 

kinase C cell wall integrity signaling pathway) 
-1.77 

MSYG_3161 Similar to Sc protein CDA2 (Chitin deacetylase) 2.13 
MSYG_4357 Similar to Sc protein CDA2 (Chitin deacetylase) 2.02 
MSYG_4358 Similar to Sc protein CDA2 (Chitin deacetylase) 1.39 
MSYG_1183 Similar to Sc protein CHS3 (Chitin synthase III) 1.25 
MSYG_1961 Catalytic subunit of 1,3-β-D-glucan synthase FKS1 1.45 
MSYG_4116 Similar to Sc protein EXG1 (Major exo-1,3-β-glucanase of the 

cell wall) 
1.00 

Membrane biosynthesis 
MSYG_3214 Similar to Sc protein ELO2 (Fatty acid elongase, involved in 

sphingolipid biosynthesis) 
-2.17 

MSYG_1989 Similar to Sc protein ERG25 (C-4 methyl sterol oxidase) -2.80 
MSYG_0629 Similar to Sc protein ERG5 (C-22 sterol desaturase) -1.12 
MSYG_3368 Similar to Sc protein ERG26 (C-3 sterol dehydrogenase) 1.07 
MSYG_3160 Similar to Sc protein ERG25 (C-4 methyl sterol oxidase) 1.85 

Stress response genes 
MSYG_2126 Similar to Sc protein CRZ1 (Transcription factor, activates 

transcription of stress response genes) 
-1.56 

MSYG_3746 Heat shock protein that is highly induced upon stress 1.25 
MSYG_0335 Similar to Sc protein SHO1 (Transmembrane osmosensor for 

filamentous growth and HOG pathways) 
2.60 

ABC/MDR transporter genes 
MSYG_2632 Similar to Sc protein QDR1 (Multidrug transporter of the 

major facilitator superfamily) 
-1.08 

MSYG_3908 Similar to Sc protein YHK8 (Presumed antiporter of the major 
facilitator superfamily) 

2.47 

MSYG_1747 Similar to Sc protein SNQ2 (Plasma membrane ATP-binding 
cassette (ABC) transporter) 

1.42 
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Interestingly, Rim101 regulation only accounts for a subset of the genes that are 

up- or down regulated in response to alkaline pH (Figure 24). However, a large portion 

of the genes whose expression appears to be Rim101-dependent overlap with the up- or 

downregulated genes in the WT in response to DMEM. Again, the ENA5 gene is the 

most downregulated gene in the rim101Δ mutant compared to the WT, indicating that 

this sodium transporter gene is likely upregulated by Rim101 in response to tissue 

culture medium. Several other metal homeostasis genes are downregulated in the 

rim101Δ mutant strain, demonstrating that this transcription factor is likely responsible 

for the upregulation of metal homeostasis processes that were identified in the WT 

strain in tissue culture medium, similar to transcriptional responses seen in C. 

neoformans (31). Additionally, several cell wall biosynthesis and cell wall stress genes 

appear to be regulated by Rim101. The predicted MKK2 MAPKK homolog of the Pkc1 

cell wall integrity pathway is downregulated in the rim101Δ mutant compared to WT, 

but several cell wall biosynthetic genes, including chitin synthases and deacetylases, as 

well as the putative FKS1 β-1,3-glucan synthase catalytic subunit and the exo-1,3-

glucanase were upregulated in this mutant strain, suggesting that Rim101 might be 

involved in the downregulation of these genes in response to tissue culture medium. 

Additionally, genes involved in ergosterol biosynthesis appear to be significantly 

differentially regulated by Rim101 in these conditions. Overall, it appears that some 
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Rim101-regulated processes are conserved between M. sympodialis and its distant 

relative, C. neoformans. 

 

Figure 24: Differentially expressed genes in tissue culture medium are partially 
regulated by Rim101. A. Genes that were significantly downregulated (greater than 

two-fold, corrected p-value<0.05) in DMEM vs. pH 4 in the WT strain were compared 
to genes that were upregulated in the rim101Δ mutant strain compared to the WT in 
DMEM. B. Genes that were significantly upregulated in the WT in DMEM vs. pH 4 

(greater than two-fold, corrected p-value<0.05) were compared to those that were 
downregulated in the rim101Δ mutant strain compared to the WT in DMEM. (Venn 

diagrams made using BioVenn to compare gene lists.) 

5.4. Discussion 

Malassezia species are among the most common commensal fungi present in the 

skin microbiome (338). Although most skin sites have a relatively acidic pH, the pH of 

skin can vary dramatically based on health and disease states. As in most fungi, 

Malassezia species possess a full complement of genes predicted to encode the major 

components of the pH-responsive Rim signal transduction pathway. We have 

demonstrated that an intact Rim pathway is required for survival on neutral to alkaline 

pH as well as elevated salt concentrations. We have demonstrated that the Rra1 pH 

sensor is likely involved in pH sensing, making it a bona fide basidiomycete-specific 
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member of the Rim pathway. We have localized three Rim pathway components within 

the cell. Finally, we have begun to examine the transcriptional output of the Rim 

pathway in this organism. 

The Rim pathway regulates many genes required for survival in the human host 

in the fungal pathogen C. neoformans (1, 31). We therefore aimed to examine which genes 

are regulated in this pathway in response to tissue culture medium. Interestingly, 

similar genes involved in metal homeostasis and sodium efflux are upregulated by 

Rim101 in M. sympodialis as in C. neoformans. Unfortunately, due to the recent assembly 

and annotation of the M. sympodialis genome, many of the genes that are up- or 

downregulated in response to tissue culture medium by Rim101 are listed as 

hypothetical or uncharacterized proteins. In future work, it would be interesting to 

examine some of these proteins to see if they are specifically involved in the interaction 

between the commensal M. sympodialis and the human host.  

Recently, the C. neoformans Rra1 protein was identified as the first Rim pathway 

pH sensor in basidiomycete fungi (30). However, it was not clear whether this protein 

was functional in other basidiomycete fungi at that time. We demonstrated, not only 

that Rim101 appears to be functioning similarly in M. sympodialis as in other fungi, but 

that Rra1 is a conserved regulator of the Rim pathway in this organism. These results 

confirm that Cn Rra1 was a first-in-class protein. Therefore, though the proteolysis 

complex and the involvement of the ESCRT machinery are conserved between 
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ascomycete and basidiomycete fungi, it appears that fungi from these two phyla have 

developed similar but distinct pH sensing proteins and mechanisms through convergent 

evolution. In the future, it will be important to delve into how these proteins activate the 

Rim signaling cascade to determine whether these structurally and functionally similar, 

though distinct, proteins sense pH in the same manner.  
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6. Conclusions 
6.1. Thesis Conclusions 

The major goal of this thesis was to examine the ways in which fungal pathogens 

sense and respond to stressors in their environments. I have found through these studies 

that conserved pathways are involved in antifungal tolerance in C. neoformans as in other 

species, but also that additional pathways are involved in this organism. Additionally, I 

have expanded our knowledge of how basidiomycete fungi respond to alkaline pH 

stress. These studies have given us novel insights into how C. neoformans responds to 

antifungal and host stress and could potentially lead to novel clinical treatments for 

cryptococcal disease. Similarly, the work in a Malassezia species has given us 

evolutionary insight into the highly conserved Rim pathway and how novel proteins 

evolved or have been co-opted in activation of this signaling pathway. 

My first project in the lab examined the mechanism by which C. neoformans 

remains tolerant to the echinocandin antifungal drug, caspofungin. I identified several 

genes that, when deleted, lead to increased caspofungin susceptibility in C. neoformans. I 

confirmed that the calcineurin pathway was required for caspofungin tolerance, as 

previously described (194, 195). However, I also determined that the Ras1 signaling 

pathway is required for full caspofungin tolerance in C. neoformans. This result lead to 

the determination that certain farnesyltransferase inhibitors display synergy with 

caspofungin in this organism. I also saw an increase in chitin and chitosan levels in the 
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cell wall of cells treated with caspofungin, suggesting a potential compensatory 

mechanism for the inhibition of the β-1,3-glucan synthase. Additionally, there are 

concerted increases in the expression of certain cell wall genes over others in response to 

caspofungin treatment, indicating that it is likely that certain cell wall components—

such as chitin, chitosan, and β-1,6-glucan—might be involved in the response to 

caspofungin treatment.  

I then moved on to address the question of novel regulators of the Rim alkaline 

response pathway in C. neoformans. Previous studies from our lab had identified a novel 

Rim pathway pH sensor, the Rra1 protein, that was required for activation of the 

pathway and seemed to be specific to basidiomycete fungi. However, multiple other 

pathway components that are required for full activation of the pathway in ascomycete 

fungi remained elusive. We identified a novel, Cryptococcus-specific (and potentially 

basidiomycete-specific) interactor of the Rim pathway, the Nap1 protein. Nap1 is 

required for activation of the Rim pathway, likely through its ability to stabilize the Rra1 

protein. However, this role for Nap1 in the Rim pathway appears to be specific to at 

least Cryptococcus species, as the C. gattii nap1Δ mutant strain displays similar Rim 

pathway mutant phenotypes, but the S. cerevisiae nap1Δ mutant is not required for 

activation of the Rim pathway. Additionally, deletion of the NAP1 gene yields a strain 

that shares Rim pathway phenotypes, but also has additional, independent, phenotypes, 

indicating that the Nap1 protein may be playing many roles within the cell as described 
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in other fungi, such as S. cerevisiae and C. albicans (319, 321, 339–341). We also, through 

proteomics, examined other potential mechanisms for regulation of the Rra1 protein. 

Finally, to probe the conservation of the Rim pathway in another basidiomycete 

fungus, I examined important components of this pathway in the basidiomycete 

commensal fungus, Malassezia sympodialis. I determined that deletion of the RRA1 pH 

sensor and the RIM101 transcription factor genes both yielded mutant strains that were 

highly sensitive to alkaline pH and high salt stress, displaying conservation of 

phenotype with Rim pathway mutant strains in C. neoformans. Excitingly, this work 

confirmed that the Rra1 protein is a basidiomycete-specific, and not a Cryptococcus-

specific, regulator of the Rim alkaline response pathway. Additionally, using these 

mutant strains, we were able to identify genes that are specifically regulated by the Rim 

pathway in response to “host-like” tissue-culture conditions, giving us insight into how 

this pathway might be playing a role in how M. sympodialis responds to stress on the 

skin of the human host. 

6.2. Future Directions 

6.2.1. How does Rra1 phosphorylation affect the activation of the Rim 
pathway and the Rra1 protein? How is Rra1 regulated in response to 
alkaline pH? 

Phosphorylation of the Rim21/PalH pH sensor has been identified in ascomycete 

fungi. Phosphorylation of the A. nidulans PalH and S. cerevisiae proteins occurs in 

response to alkaline pH and seems to play a role in turnover of the protein (16, 32). It 
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seems that there are phosphorylation sites on the C. neoformans Rra1 protein that are 

specific to either acidic or alkaline pH. At this time, our data suggests that some of these 

are required for Rra1 function or stability. However, these phosphorylation sites have 

only been examined using alanine substitutions, which prevent phosphorylation. It 

would be interesting to examine the effect on the function and localization of Rra1 of 

constitutive “phosphorylation” via glutamic acid substitution of these residues. This 

could be achieved via RT-PCR of known Rim101 targets to examine the activation of the 

Rim pathway in these phosphomimetic mutants. Additionally, as the Rra1 C-terminus is 

required for the interaction with Nap1, immunoprecipitation experiments could probe 

the effect of phosphorylation at these sites on the Rra1-Nap1 interaction.   

In addition to examining the role of phosphorylation on Rra1 function, it is still 

unclear how localization of this protein contributes to pathway activation. Work from 

several labs has suggested that the Rim21/PalH protein is endocytosed upon pathway 

activation, though whether that is required for activation of the pathway or is acting as a 

signal dampening mechanism is unclear at this time (17, 18). Similarly, recent work from 

our lab has shown movement of Rra1-GFP puncta from the cell surface to intracellular 

sites (36). My proteomics data at pH 4 and pH 8 identified several proteins involved 

with trafficking throughout the cell, including several involved in endocytosis, as 

potential interactors of the Rra1 protein. Interestingly, many of these specifically 

interacted with Rra1 at pH 8, suggesting a potential mechanism for regulation of Rra1 
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and the Rim pathway. In order to assess the role of endocytosis in pathway activation or 

signal dampening, I would employ specific trafficking inhibitors during conditions of 

pathway activation or inactivation. For example, I would employ the clathrin-dependent 

and -independent endocytosis inhibitors DynaSore, which inhibits the GTPase activity 

of dynamin (required for clathrin-mediated endocytosis), and PitStop-1 and PitStop-2, 

which inhibit the complexing of clathrin with endocytic cargo (342, 343).  

If endocytosis is occurring, is it just cycling of the protein with the cell, or is Rra1 

being targeted for degradation? We could first determine whether Rra1 is being 

ubiquitinated upon pathway activation. Ubiquitination could explain the large Rra1-

GFP identified in our western blots (Figure 9). We could then use a combination of the 

proteasome inhibitor MG-132, to assess degradation, and the ribosomal inhibitor 

cycloheximide, to explore Rra1 protein dynamics under pathway-inactivating and -

activating conditions (344, 345). Currently, it is unknown if protein levels remain 

constant due to mechanism that involves only cycling protein from plasma membrane to 

endomembrane and back, or if Rra1 is being ubiquitinated and degraded upon pathway 

activation with new protein synthesis maintaining constant levels of the Rra1 protein 

within the cell. MG-132 could also be used to determine whether low protein levels 

associated with the nap1Δ mutant strain or certain Rra1 phosphorylation mutants is due 

to proteasomal degradation of these proteins by inhibiting proteasomal activity. 
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6.2.2. What are the other unidentified components in the 
Cryptococcus neoformans Rim pathway? 

Though recent work has identified novel Rim pathway components in C. 

neoformans and other basidiomycete fungi, there are still many questions about how the 

alkaline pH signal is sensed and transmitted through the pathway. Even in ascomycete 

fungi, in which this pathway has been extensively studied, it is not clear how this 

pathway senses and is activated in response to alkaline pH. Recent studies in S. cerevisiae 

have suggested that the C-terminal tail of the Rim21 protein senses changes in 

membrane charge due to rapid increases in pH (34, 35). Additionally, work from our lab 

has shown that the C-terminus of the Rra1 protein is membrane-bound at acidic pH but 

shifts to a more soluble form at neutral to alkaline pH (36). Though this could indicate a 

mechanism for a conformational change that activates the Rra1 protein, it is still unclear 

how that signal is transferred to the rest of the signaling pathway. My work 

demonstrated that plasma membrane foci of Rra1 do not colocalize with either the 

ESCRT component Vps23 or the Rim proteolysis complex component Rim23 at acidic or 

alkaline pH. Therefore, there is potentially some unidentified component that 

propagates the signal from the Rra1 pH sensing complex to the ESCRT machinery and 

the Rim proteolysis complex. The proteomics data presented here combined with 

genetic screens previously performed in our lab represent a rich dataset to be probed for 

novel, potentially basidiomycete-specific, Rim pathway activators (30, 36, 56). We could 

examine effects of mutants of some of the proteins identified in the assays described 
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above to determine whether they affect pH tolerance or activation of the Rim pathway. 

Additionally, we could screen some of these mutants to identify negative regulators of 

the Rim pathway. The first negative Pal pathway regulator was recently identified 

through a mutation that could repress Rim pathway mutant phenotypes, including the 

decreased expression of PacC gene targets (346). A similar method could be used for 

some of the potential interacting proteins identified here that might not have strong Rim 

pathway mutant-associated phenotypes. 

6.2.3. What effects do mutations in the Malassezia Rim pathway have 
on interactions with the host? What are effects of Rim pathway-
deficient mutants on the Malassezia cell? 

Recent advances in Malassezia genetics have facilitated my initial probe into the 

biology of pH sensing in Malassezia sympodialis. However, there is still much to be 

learned about the consequences of Rim pathway activation in this organism. For 

example, though the Rim pathway seems to be required for tolerance of similar stresses 

to C. neoformans, it is yet to be determined if strains deficient in Rim pathway 

components display other phenotypes. For example, does the Malassezia Rim pathway 

facilitate the tolerance of other stressors, such as low nutrient availability, that are often 

associated with increases in pH? Additionally, it seems that, in many organisms, 

including Malassezia, the Rim pathway regulates the transcription of many genes 

involved in the biosynthesis, modification, and organization of the cell wall (2, 328, 347). 
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Therefore, it would be interesting to assess effects of the Rim pathway on cell wall 

composition and organization in M. sympodialis. 

Interestingly, the NAP1 gene appears to be essential in both Malassezia species 

tested in these studies. Unfortunately, this makes it more difficult to assess the role of 

the Nap1 protein in activation of the Rim pathway in this organism. In C. neoformans, 

Nap1 seems to be an interactor of the Rim pathway through the Rra1 pH sensor. As the 

Rra1 pH sensor is conserved in M. sympodialis in function, it would be interesting to 

probe the role of Nap1 in this organism as well (56). Since C-terminal tagging of the 

Nap1 protein does not appear to affect function, as we could delete the WT copy after 

addition of the GFP-tagged copy, we can use the Nap1-GFP protein to examine 

functions of the Nap1 protein. However, to explore the consequences of the loss of NAP1 

gene function, we would need to explore other genetic tools. For example, we could 

attempt to use the Decreased Abundance by mRNA Perturbation (DAmP) method of 

disrupting the 3’ UTR of the NAP1 gene in order to create a hypomorphic allele (348, 

349). Potentially, this mutation would yield a strain that can survive but is deficient in 

Nap1 and, as such, could be assessed for Rim pathway and other characteristics. 

There is an interesting dichotomy in virulence phenotypes in vivo between 

ascomycete pathogenic fungi and C. neoformans. For many fungi, the deletion of Rim 

pathway components results in a hypovirulent strain due to loss of regulation of crucial 

virulence phenotypes, such as the hyphal morphology in C. albicans or tissue invasion in 
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A. nidulans (8–10). However, in C. neoformans, Rim pathway mutants display a 

hypervirulent phenotype, in which mice die much more quickly due to a hyperactive 

immune response to this fungus (2). This is believed to be due to increased recognition 

of pro-inflammatory cell wall components in this organism (2, 3). Host interaction 

studies would be crucial for determining the effect that alteration of the Rim pathway 

has on immune activation by this organism. This could be solved using in vitro, ex vivo, 

and in vivo studies. We could examine the effect that Rim pathway mutants have on 

activation of innate immune responses to Malassezia co-culture in in vitro skin culture 

models using keratinocytes. This model could potentially also be used to assess 

Malassezia survival on a skin model. Additionally, ex vivo skin models or mouse 

dermatitis models could provide a more complete picture of the interaction between 

Malassezia Rim pathway mutants and the host, giving more context to the role that the 

Rim pathway plays in host-pathogen interactions. 
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